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Abstract  
Introduction 

Improving the survival of patients with pancreatic ductal adenocarcinoma (PDAC) remains 

an oncological and surgical challenge. PDAC pathogenesis is underlined by numerous 

molecular aberrations occurring at a genetic and epigenetic level, however their spectrum of 

occurrence and clinical impact has not yet been fully elucidated. The majority of patients 

present with locally advanced or metastatic disease and even the 15-20% of patients who 

undergo resection for cure have a median survival limited to 18-24 months. Surgical 

treatment carries a high morbidity and identification of patients expected to have a poor 

prognosis could assist in the decision making process.  

Advances in the selection algorithms for therapy are mandatory if improvement in outcome 

and quality of life for these patients is to be achieved. Potentially the identification of 

pathological and molecular markers of poor prognosis could stratify outcome following 

resection as well as provide insight into the biological behaviour of these tumours resulting 

in novel therapeutic targets.  

It is hypothesised that enhancements to the pathological staging criteria and detailed 

molecular characterisation at a protein, gene, microRNA and copy number aberration level 

have the potential to improve PDAC characterisation resulting in improved stratification of 

survival following resection with potential to select treatment more appropriately.  

The overall aim of the thesis was to examine the prognostic impact of a selection of 

pathological, molecular and genomic factors in patients with PDAC undergoing resection 

with curative intent so as to potentially enhance outcome stratification. 
 

Chapter 3 

Resection margin involvement is a contentious issue associated with the management of 

PDAC. It is hypothesised that not all involved margins have equal prognostic influence. The 

aim of this chapter was to assess the frequency and prognostic impact of resection margin 

involvement, and furthermore to determine the prognostic influence of tumour involvement 

at individual margins. Following re-evaluation of the traditional pathological staging system 

and pathology resections from 148 patients with PDAC, tumour was identified at or within 1 

mm of a margin in 74% of specimens. Resection margin involvement was associated with 

poor overall survival independent of other pathological factors. Furthermore transection 

(pancreatic body and medial) margin involvement conferred a poorer prognosis than 

mobilisation (anterior and posterior) margin involvement. It may therefore be both 

appropriate and better practice to regard these novel definitions as separate categories. There 

was no significant difference in survival of the mobilisation margin involved group compared to 

the resection margin negative group. These data have implications for patient outcome 
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stratification and may impact upon adjuvant therapy allocation within the setting of future 

randomised controlled trials. 

Chapter 4  

Peripancreatic fat invasion is currently a component of the pathological staging criteria. It is 

hypothesised that invasion of tumour into the fat surrounding the pancreas may be a more 

powerful prognostic factor than is currently presumed. Therefore the aim of this chapter was 

to investigate firstly the influence of peripancreatic fat invasion on survival following 

resection and secondly the impact of clinicopathological factors including peripancreatic fat 

invasion on the pattern of recurrence. Following re-evaluation of the pathology specimens 

for 189 patients with PDAC, histological peripancreatic fat invasion was evident in 51 

(27%) patients and was associated with lymph node metastases and larger tumour size. It 

was identified that peripancreatic fat invasion provided prognostic information independent 

of tumour stage, grade and lymph node status following resection and subsequently may be 

a more important pathological factor than is currently acknowledged. Additionally, the 

presence of peripancreatic fat invasion appeared to be associated with locoregional disease 

as the primary site of recurrence. These data may have implications for the pathological 

staging of PDAC and the stratification of patients within adjuvant therapy trials. 
 

Chapter 5 

Molecular signalling pathways are notably deranged in pancreatic cancer and it is 

hypothesised that assessment of these aberrations could potentially stratify outcome, 

identifying patients with particularly deleterious outcome following resection. The aim of 

this chapter was to investigate the relationship of candidate protein biomarker expression 

with overall survival in a large PDAC tissue microarray cohort using 

immunohistochemistry. A systematic review of the prognostic marker literature identified 

candidate biomarker proteins along with a selection of other targets that were evaluated in a 

tissue microarray cohort of 119 patients along with traditional prognostic factors. These 

protein markers were categorised according to their functional role in cancer. It was 

established that a number of protein markers were associated with clinicopathological status 

and independently with overall survival following resection including Lkb1, p21, Cox-2, 

pAkt, β-catenin, GSK3β and E-cadherin. Furthermore, these data were integrated by 

hierarchical clustering to create a multimarker prognostic protein expression signature.  
 

Chapter 6 

PDAC is associated with an abnormal pattern of gene expression compared to normal 

pancreatic tissue. It was hypothesised that patient outcome can be stratified according to the 

gene expression signature of the tumour. The aim of this chapter was to assess the gene 

expression profiles associated with pancreatic cancer compared to normal tissue using gene 
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expression microarray analysis in 48 patients undergoing pancreatic cancer resection for 

which fresh frozen tissue was prospectively collected. Gene expression signatures associated 

with clinicopathological states including lymph node status, tumour grade and resection 

margin status were subsequently developed. In an attempt to further define important 

molecular signalling pathways that are associated with prognosis in pancreatic cancer, the 

development of an unbiased gene expression signature was performed. A 107-gene survival 

profile was identified, which clustered the 48 patient cohort into long- or short-survival 

groups. In multivariate analysis tumour stage, lymph node status and the 107-gene survival 

profile yielded independent prognostic value. The prognostic utility of this signature was 

successfully validated in data available from two independent pancreatic cancer microarray 

studies. The independent prognostic significance of a component of the gene survival 

profile, CLIC3, was subsequently validated at the protein level in the 119 patient tissue 

microarray cohort. Furthermore, a recently described gene expression signature from an 

independent study successfully stratified patient outcome in this cohort providing further 

evidence of the prognostic utility of gene expression signatures in PDAC. 
 

Chapter 7 

MicroRNAs, small non-coding RNA sequences, are increasingly associated with 

malignancy including pancreatic cancer. It is hypothesised that PDAC microRNA 

expression patterns could stratify patient outcome following resection. The aim of this 

chapter was to investigate the genome wide microRNA expression profile in the 48 patient 

PDAC cohort and corresponding normal tissues and to correlate this molecular signature 

with clinicopathological variables including survival. MicroRNA microarray expression 

profiling of fresh frozen tumour specimens was performed. The PDAC microRNA signature 

generated was reassuringly similar to previous profiling studies. Furthermore, microRNAs 

were identified that associated with clinicopathological factors including lymph node 

involvement, tumour grade, tumour stage and overall survival following resection. Aberrant 

expression of a number of microRNAs independently associated with reduced survival 

including over-expression of miR-21 and under-expression of miR-34a along with miR-30d. 

Successful validation of the expression of miR-21 and miR-34a in a separate cohort of 24 

patients provided valuable insight into the role played by these microRNAs in pancreatic 

cancer. 
 

Chapter 8 

Copy number aberrations are recognised to have an established role in pancreatic cancer 

tumourigenesis. It is postulated that chromosomal regions as well as the frequency of copy 

number change in PDACs may have prognostic implications for patients. The aim of this 
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chapter was to undertake a detailed analysis using array comparative genomic hybridisation 

of chromosomal imbalances in a cohort of 45 resected PDACs. Copy number change was 

examined in fresh frozen tumour tissue and correlated with clinicopathological factors 

including tumour stage, lymph nodes status and venous invasion. The genomic identification 

of significant targets in cancer algorithm methodology was used for the first time in PDAC, 

subsequently novel areas of copy number aberration were identified. Furthermore, a high 

rate of copy number aberration was identified as being associated with poor outcome and a 

number of novel chromosomal loci that correlate with outcome following resection, 

including 1p36.1 and 7q34, were also identified. 
 

Chapter 9 

The integration of high-throughput genomic technologies has the potential to improve 

understanding of PDAC tumour biology. It was proposed that key molecular features of 

PDAC not identified by analysis of the individual data sets from the previous chapters could 

be realised by the integration of the findings. The aim of this chapter was to identify 

potentially important regulator genes contributing to pancreatic tumourigenesis by 

integrating the data from chapter 6, 7 and 8. This successfully identified numerous genes for 

which expression and copy number correlated, providing a list of potential targets for future 

investigation and validation including mTOR, HNF4A, N-Cor, FBI-1 and SIRT2. mTOR 

protein expression was subsequently validated within the tissue microarray cohort and found 

to correlate with overall survival supporting an important role in pancreatic cancer biology. 

Finally, the integration of microRNA data with other genomic and protein expression data 

was investigated. This highlighted regulatory influences and targets of miR-21 and miR-34a 

in human PDAC. In particular miR-21 expression was found to correlate with expression of 

the downstream targets PTEN and Bcl-2, with miR-34a correlated with p53 protein 

expression while copy number loss was evident in the miR-34a loci. 
 

In this work a combination of enhanced pathological staging criteria along with the 

correlation of molecular marker expression and genomic profiling signatures with clinical 

outcome data has yielded interesting results in patients undergoing resection for pancreatic 

cancer that allowed detailed disease characterisation and subsequent clinically relevant 

outcome stratification. Further work is required to confirm the potential value of these 

factors in the individualisation and targeting of therapy for such patients, develop their 

incorporation into current staging systems as well as to perform mechanistic validation of 

novel targets.  
  



     v 

Abstract                            i 
Table of contents                         v 
Appendices                           viii 
List of tables                          ix 
List of figures                          x 
List of publications                        xi 
Acknowledgements                        xii 
Author’s declaration                        xiii 
Definitions/ abbreviations                      xiv 

Table of contents 

1 Introduction ..................................................................................................................................................................... 1 
1.1 Pancreatic ductal adenocarcinoma: a surgical and oncological challenge ....................................................... 1 

1.1.1 Epidemiology and aetiology of pancreatic cancer ........................................................................................... 1 
1.1.2 Pancreas anatomy and physiology ................................................................................................................... 3 
1.1.3 Pancreatic pathology ....................................................................................................................................... 3 
1.1.4 Pathophysiology of developing pancreatic neoplasms .................................................................................... 4 
1.1.5 Cellular origin of PDAC .................................................................................................................................. 6 
1.1.6 Tumour site and clinical presentation .............................................................................................................. 6 
1.1.7 Diagnosis of pancreatic cancer ........................................................................................................................ 7 
1.1.8 Principles of staging and management for resectable pancreatic cancer ........................................................ 8 

1.2 Prognostic factors in PDAC ................................................................................................................................ 10 
1.2.1 Biomarkers and prognosis in cancer .............................................................................................................. 10 
1.2.2 Pancreatic cancer a surgical dilemma: improving patient selection for pancreaticoduodenectomy ............. 10 
1.2.3 Pathological prognostic factors in PDAC ...................................................................................................... 11 

1.3 Molecular biology of pancreatic cancer ............................................................................................................. 13 
1.3.1 Molecular genetics and signalling pathway aberrations of PDAC ................................................................ 13 
1.3.2 Prognostic influence of molecular pathways in PDAC ................................................................................. 21 
1.3.3 Gene expression abnormalities in pancreatic cancer ..................................................................................... 22 
1.3.4 Epigenetics of pancreatic ductal adenocarcinoma ......................................................................................... 23 
1.3.5 MicroRNA expression abnormalities in PDAC ............................................................................................ 23 
1.3.6 Chromosomal and cytogenetic aberrations in PDAC .................................................................................... 27 
1.3.7 Integrative genomics ..................................................................................................................................... 29 
1.3.8 Hypothesis ..................................................................................................................................................... 29 

1.4 Project aims and objectives ................................................................................................................................. 31 

2 Methods and materials ................................................................................................................................................. 33 
2.1 Methods ................................................................................................................................................................. 34 

2.1.1 Investigation of pathological prognostic factors ........................................................................................... 34 
2.1.2 Investigation of immunohistochemical prognostic factors ............................................................................ 36 
2.1.3 Methods for genomic profiling in PDAC ...................................................................................................... 39 
2.1.4 Microarray experimentation .......................................................................................................................... 41 
2.1.5 Microarray image processing ........................................................................................................................ 44 
2.1.6 Microarray data analysis ................................................................................................................................ 44 
2.1.7 MiRNA microarray data analysis .................................................................................................................. 46 
2.1.8 ArrayCGH data .............................................................................................................................................. 47 
2.1.9 Reverse transcription ..................................................................................................................................... 48 
2.1.10 Polymerase chain reaction .......................................................................................................................... 49 
2.1.11 MiRNA polymerase chain reaction ............................................................................................................ 49 
2.1.12 Integration of gene expression and arrayCGH data .................................................................................... 49 

2.2 Materials ............................................................................................................................................................... 50 
2.2.1 Statistical analysis of prognostic factors ....................................................................................................... 50 
2.2.2 Meta-analysis of prognostic immunohistochemical markers ........................................................................ 50 
2.2.3 Equipment ...................................................................................................................................................... 50 
2.2.4 General plasticware ....................................................................................................................................... 51 
2.2.5 Chemicals ...................................................................................................................................................... 51 
2.2.6 Buffer and other solutions ............................................................................................................................. 52 
2.2.7 Tissue arrays .................................................................................................................................................. 52 
2.2.8 Immunohistochemistry .................................................................................................................................. 53 
2.2.9 Tissue microarray image acquisition, archiving and analysis software ........................................................ 53 
2.2.10 Samples for microarray and RT-PCR ......................................................................................................... 53 
2.2.11 Purchased DNA .......................................................................................................................................... 54 



     vi 

2.2.12 RNA extraction ........................................................................................................................................... 54 
2.2.13 DNase digestion of RNA ............................................................................................................................ 54 
2.2.14 DNA extraction ........................................................................................................................................... 54 
2.2.15 RNA and DNA quality assessment and quantification ............................................................................... 54 
2.2.16 Microarray experimentation ....................................................................................................................... 54 
2.2.17 Microarray, genomic and pathway data analysis software ......................................................................... 55 
2.2.18 Reverse transcription .................................................................................................................................. 56 
2.2.19 Polymerase chain reaction .......................................................................................................................... 56 
2.2.20 MicroRNA polymerase chain reaction ....................................................................................................... 56 

3 Positive mobilisation margins alone do not influence survival following pancreaticoduodenectomy for PDAC 64 
3.1 Introduction .......................................................................................................................................................... 65 

3.1.1 Aim ................................................................................................................................................................ 65 
3.2 Methods ................................................................................................................................................................. 66 

3.2.1 Operative procedure ...................................................................................................................................... 66 
3.2.2 Pathology assessment .................................................................................................................................... 66 

3.3 Results ................................................................................................................................................................... 66 
3.3.1 Clinicopathological characteristics of the patient cohort .............................................................................. 66 
3.3.2 Resection margin status relationship with pathological characteristics ........................................................ 66 
3.3.3 Survival and relationship with clinicopathological characteristics ............................................................... 66 
3.3.4 Relationship between survival and resection margin status .......................................................................... 67 
3.3.5 Survival and resection margin status: multivariate analysis .......................................................................... 67 

3.4 Discussion .............................................................................................................................................................. 67 
3.4.1 Summary ........................................................................................................................................................ 70 

4 Peripancreatic fat invasion is an independent predictor of poor outcome following pancreaticoduodenectomy 
for PDAC ................................................................................................................................................................................ 77 

4.1 Introduction .......................................................................................................................................................... 78 
4.1.1 Aim ................................................................................................................................................................ 78 

4.2 Results ................................................................................................................................................................... 78 
4.2.1 Clinicopathological characteristics of the patient cohort .............................................................................. 78 
4.2.2 Peripancreatic fat invasion and relationship with clinicopathological characteristics .................................. 78 
4.2.3 Survival and relationship with clinicopathological characteristics ............................................................... 79 
4.2.4 Relationship between survival and determinants of T3 status including peripancreatic fat invasion ........... 79 
4.2.5 Relationship between peripancreatic fat invasion, lymph node status, tumour size and survival ................. 79 
4.2.6 Relationship between fat invasion and adjuvant chemotherapy .................................................................... 80 
4.2.7 Peripancreatic fat invasion: multivariate analysis ......................................................................................... 80 
4.2.8 Impact of clinicopathological factors on disease recurrence ......................................................................... 81 

4.3 Discussion .............................................................................................................................................................. 81 
4.3.1 Summary ........................................................................................................................................................ 84 

5 Tissue biomarkers influencing prognosis in PDAC ................................................................................................... 91 
5.1 Introduction .......................................................................................................................................................... 92 

5.1.1 Aim ................................................................................................................................................................ 93 
5.3 Results ................................................................................................................................................................... 97 

5.3.1 Clinicopathological factors influencing outcome in the TMA cohort ........................................................... 97 
5.3.2 Prognostic influence of senescence markers ................................................................................................. 97 
5.3.3 Lkb1, p21 and p53: correlation with clinicopathological features ................................................................ 97 
5.3.4 Discussion ...................................................................................................................................................... 98 

5.4 Prognostic influence of apoptosis markers ...................................................................................................... 103 
5.4.1 Bcl-2: correlation with clinicopathological features and survival ............................................................... 103 
5.4.2 Discussion .................................................................................................................................................... 103 

5.5 Prognostic influence of invasion and metastasis signalling markers ............................................................ 105 
5.5.2 Discussion .................................................................................................................................................... 106 

5.6 Prognostic influence of angiogenesis markers ................................................................................................. 109 
5.6.1 COX-2: correlation with clinicopathological features and survival ............................................................ 109 
5.6.2 Discussion .................................................................................................................................................... 110 

5.7 Prognostic influence of self-sufficiency for growth signalling markers ........................................................ 113 
5.7.1 Cyclin D1, pAkt and Ki67: correlation with clinicopathological features and survival ............................. 113 
5.7.2 Discussion .................................................................................................................................................... 114 

5.8 Prognostic influence of insensitivity to growth inhibition markers .............................................................. 116 
5.8.1 SMAD4 and TGFβ1: correlation with clinicopathological features and survival ....................................... 116 
5.8.2 Discussion .................................................................................................................................................... 117 

5.9 Hierarchical clustering of protein expression defines subclasses of PDAC .................................................. 119 



     vii 

5.9.1 Hierarchical clustering based on all studied markers .................................................................................. 119 
5.9.2 Hierarchical clustering based on functional groups of markers .................................................................. 119 
5.9.3 Discussion .................................................................................................................................................... 120 

5.10 Overall discussion ........................................................................................................................................... 120 
5.10.1 Summary ................................................................................................................................................... 122 

6 Gene expression molecular profiles associated with diagnosis, clinicopathological criteria and survival in 
resectable PDAC .................................................................................................................................................................. 129 

6.1 Introduction ........................................................................................................................................................ 130 
6.1.1 Aim .............................................................................................................................................................. 130 

6.2 Results ................................................................................................................................................................. 130 
6.2.1 PDAC and normal pancreatic tissue: differentially expressed genes. ......................................................... 130 
6.2.2 Comparison of PDAC and normal pancreatic tissue: class prediction. ....................................................... 130 
6.2.3 Functional annotation of differential gene expression: PDAC and normal. ............................................... 131 
6.2.4 Gene expression analysis according to lymph node status .......................................................................... 131 
6.2.5 Gene expression analysis according to resection margin status .................................................................. 131 
6.2.6 Gene expression analysis according to peripancreatic fat invasion status .................................................. 131 
6.2.7 Gene expression analysis according to other pathological factors .............................................................. 131 
6.2.8 Prognostic gene expression signature following resection .......................................................................... 132 
6.2.9 Methodological validation of component of the overall survival profile .................................................... 133 
6.2.10 CLIC3 validation analysis ........................................................................................................................ 133 
6.2.11 Validation of prognostic gene signature in independent cohorts .............................................................. 134 
6.2.12 Validation of subtype gene signature in an independent cohort ............................................................... 134 

6.3 Discussion ............................................................................................................................................................ 135 
6.3.1 Summary ...................................................................................................................................................... 138 

7 MicroRNA molecular profiles associated with diagnosis, clinicopathological criteria and survival in resectable 
PDAC .................................................................................................................................................................................... 149 

7.1 Introduction ........................................................................................................................................................ 150 
7.1.1 Aim .............................................................................................................................................................. 150 

7.2 Results ................................................................................................................................................................. 150 
7.2.1 miRNA expression profiles between PDAC and normal pancreas ............................................................. 150 
7.2.2 miRNA profiles related to clinicopathological features .............................................................................. 151 
7.2.3 miRNA expression profiles associated with survival .................................................................................. 151 
7.2.4 RT-PCR analysis of the most prognostic miRNAs ..................................................................................... 151 
7.2.5 miRNA expression associated with site of recurrence ................................................................................ 152 
7.2.6 Multivariate analysis identifies three prognostic miRNAs ......................................................................... 152 
7.2.7 Validation of prognostic miRNAs in an independent cohort ...................................................................... 152 
7.2.8 The predictive utility of miR-21 .................................................................................................................. 152 
7.2.9 Bioinformatic enrichment of miRNA survival profiles ............................................................................... 153 

7.3 Discussion ............................................................................................................................................................ 154 
7.3.1 Summary ...................................................................................................................................................... 157 

8 Array comparative genomic hybridisation profiles associated with clinicopathological criteria and survival in 
resectable PDAC .................................................................................................................................................................. 166 

8.1 Introduction ........................................................................................................................................................ 167 
8.1.1 Aim .............................................................................................................................................................. 167 

8.2 Results ................................................................................................................................................................. 167 
8.2.1 Combination of previous arrayCGH data .................................................................................................... 167 
8.2.2 Assessment of copy number aberration in pancreatic cancer samples ........................................................ 167 
8.2.3 Pathway enrichment analysis for arrayCGH ............................................................................................... 168 
8.2.4 Genomic identification of significant targets in cancer (GISTIC) analysis ................................................ 168 
8.2.5 Association of clinicopathological factors with copy number aberrations ................................................. 169 
8.2.6 Prognostic impact of copy number aberration in PDAC ............................................................................. 170 

8.3 Discussion ............................................................................................................................................................ 170 
8.3.1 Summary ...................................................................................................................................................... 174 

9 Integration of genome wide methodologies .............................................................................................................. 184 
9.1 Introduction ........................................................................................................................................................ 185 

9.1.1 Aim .............................................................................................................................................................. 185 
9.2 Results ................................................................................................................................................................. 187 

9.2.1 Genomic clustering of differentially expressed genes ................................................................................. 187 
9.2.2 Integrative genomic workflow of copy number and gene expression in PDAC ......................................... 187 
9.2.3 Validation of targets identified by copy number and gene expression integration: mTOR ........................ 188 
9.2.4 miRNA integrative analysis ........................................................................................................................ 189 



     viii 

9.3 Discussion ............................................................................................................................................................ 192 
9.3.1 Summary ...................................................................................................................................................... 196 

10 Overall discussion and conclusion .......................................................................................................................... 210 
10.1 Thesis summary ............................................................................................................................................... 211 
10.2 Final discussion ............................................................................................................................................... 213 

10.2.1 Implications for staging and management algorithms .............................................................................. 217 
10.2.2 Limitations of the thesis ............................................................................................................................ 218 

10.3 Conclusion ........................................................................................................................................................ 219 

 

11 Appendices ............................................................................................................................................. 244 
11.1 Appendix 1 - Chapter 1 data .......................................................................................................................... 244 

11.1.1 Summary of IHC prognostic biomarker studies in PDAC ....................................................................... 244 
11.2 Appendix 2 - Chapter 2 data .......................................................................................................................... 244 

11.2.1 Supplementary methods ............................................................................................................................ 244 
11.3 Appendix 3 - Chapter 5 data: protein expression analysis .......................................................................... 244 
11.4 Appendix 4 - Chapter 6 data: gene expression analysis .............................................................................. 261 

11.4.1 Functional annotation of gene expression data ......................................................................................... 263 
11.4.2 Functional annotation of normal versus PDAC ........................................................................................ 263 
11.4.3 Functional annotation according to lymph node status ............................................................................ 263 
11.4.4 Gene expression analysis according to pathological features ................................................................... 263 
11.4.5 Gene expression survival analysis ............................................................................................................ 266 

11.5 Appendix 5 - Chapter 7 Data: miRNA analysis ........................................................................................... 273 
11.5.1 miRNA expression profiles between PDAC and normal pancreas .......................................................... 274 
11.5.2 Bioinformatic enrichment of miRNA survival profiles ............................................................................ 275 

11.6 Appendix 6 - Chapter 8 data: arrayCGH analysis ...................................................................................... 278 
11.6.1 ArrayCGH analysis: linking copy number aberrations with known gene alterations .............................. 279 
11.6.2 Circular binary segmentation analysis ...................................................................................................... 281 
11.6.3 Pathway analysis according to copy number aberration ........................................................................... 281 
11.6.4 Genomic identification of significant targets in cancer (GISTIC) analysis ............................................. 281 
11.6.5 Association of clinicopathological factors with CNAs in PDAC ............................................................. 281 

11.7 Appendix 7 - Chapter 9 data: integrative genomics .................................................................................... 291 
11.7.1 List of genes with concordant gene expression and copy number ........................................................... 291 
11.7.2 miRNA correlated with regions of copy number aberrations ................................................................... 292 

!

  



     ix 

List of tables 
Table 1.1 Pancreatic tumours and associated genetic alterations .............................................................................................. 4 

Table 1.2 Indicators of resectability in pancreatic cancer ......................................................................................................... 8 

Table 1.3 Genetic syndromes associated with familial pancreatic cancer .............................................................................. 21 

Table 1.4 Selection of aberrantly genes identified by PDAC expression profiling ................................................................ 23 

Table 1.5 MicroRNAs associated with prognosis in PDAC following resection ................................................................... 25 

Table 1.6 PDAC arrayCGH studies reporting gene copy number changes ............................................................................. 29 

Table 2.1 Characteristics of the patient cohorts used in the thesis .......................................................................................... 57 

Table 2.2 Histological classification of tumours used in tissue microarrays .......................................................................... 58 

Table 3.1 Demographic, operative, pathologic and treatment characteristics by resection margin status in 148 patients 

undergoing resection for PDAC .............................................................................................................................................. 73 

Table 3.2 Survival and relationship with clinicopathological characteristics in 148 patients undergoing PD for PDAC ...... 74 

Table 3.3 Survival relationship and resection margin status in 109 R1 resections ................................................................. 75 

Table 3.4 Multivariate analysis including resection margin status in 148 patients ................................................................. 76 

Table 3.5 Summary of the studies evaluating the impact of margin status on survival .......................................................... 76 

Table 4.1 Patient and tumour characteristics stratified by peripancreatic fat invasion ........................................................... 85 

Table 4.2 Survival and relationship with clinicopathological characteristics in 189 patients undergoing PD for PDAC ...... 86 

Table 4.3 Predictors of survival in 189 patients following PD - multivariate analysis ........................................................... 87 

Table 4.4 Predictors of survival in 171 T3 patients following PD - multivariate analysis ..................................................... 87 

Table 4.5 Factors associated with local recurrence following PD in 189 patients .................................................................. 88 

Table 4.6 Pattern of recurrence stratified by A) fat invasion and B) tumour grade ................................................................ 88 

Table 5.1 Univariate survival analysis of factors affecting outcome in TMA cohort ............................................................. 96 

Table 5.2 Survival analysis of putative IHC prognostic markers in TMA cohort ................................................................. 101 

Table 5.3 Multivariate Cox regression analysis of markers of senescence ........................................................................... 102 

Table 5.4 Multivariate Cox regression analysis for Bcl-2 ..................................................................................................... 104 

Table 5.5 Multivariate Cox regression analysis for markers of invasion and metastases. .................................................... 108 

Table 5.6 Multivariate Cox regression analysis including COX-2 expression ..................................................................... 112 

Table 5.7 Multivariate Cox regression analysis of COX-2 expression according to size ..................................................... 112 

Table 5.8 Multivariate Cox regression analysis for self-sufficiency for growth signalling .................................................. 115 

Table 5.9 Multivariate Cox regression analysis for SMAD4 expression .............................................................................. 118 

Table 5.10 Comparison between senescence expression clusters and pathological characteristics ...................................... 127 

Table 5.11 Multivariate Cox regression analysis for multi-marker senescence signature .................................................... 127 

Table 6.1 Association between overall gene survival profile and pathological characteristics ............................................ 139 

Table 6.2 Clinicopathological factors associated with survival-48 patient PDAC cohort .................................................... 139 

Table 6.3 Prognostic value of the overall gene survival profile adjusted for other clinicopathological parameters within a 

multivariate analysis .............................................................................................................................................................. 140 

Table 6.4 Multivariate prognostic influence of CLIC3: IHC validation analysis ................................................................. 140 

Table 6.5 Multivariate prognostic influence of CLIC3: RT-PCR validation analysis .......................................................... 140 

Table 6.6 Prognostic utility of prognostic gene signature within validation cohorts ............................................................ 141 

Table 6.7 Comparison of PDAC prognostic and pathological gene expression studies ....................................................... 141 

Table 7.1 Top 50 miRNAs dysregulated in PDAC compared with normal tissue ................................................................ 158 

Table 7.2. Microarray analysis identified miRNAs univariately associated with survival ................................................... 159 

Table 7.3 Association of miRNA expression levels measured by RT-PCR with overall survival: univariate analysis ....... 159 

Table 7.4 Multivariate Cox regression analysis including miRNA expression levels in 48 PDAC patients ........................ 160 

Table 7.5 Prognostic miRNAs: multivariate analysis of combined 72 patient cohort .......................................................... 160 

Table 8.1 CNAs calculated according to GISTIC methodology: validation cohort .............................................................. 181 

Table 8.2 Chromosomal location of prognostic copy number aberrations ............................................................................ 182 

Table 8.3 Survival in 45 patients undergoing PD stratified according to the presence or absence of chromosomal copy 

number aberrations ................................................................................................................................................................ 183 



     x 

Table 8.4 Prognostic value of the copy number aberration adjusted for other clinicopathological parameters within a Cox 

regression multivariate analysis ............................................................................................................................................. 183 

Table 9.1 Genes with a significant correlation between expression and copy number ......................................................... 197 

Table 9.2 Univariate survival analysis for mTOR expression ............................................................................................... 198 

Table 9.3 Multivariate Cox regression survival analysis according to mTOR expression ................................................... 198 

Table 9.4 Correlation of copy number aberration with microRNA expression .................................................................... 199 

List of figures 
Figure 1.1 Routes to pancreatic ductal adenocarcinoma development ..................................................................................... 5 

Figure 1.2 Aberrant signalling pathways in pancreatic cancer ................................................................................................ 13 

Figure 1.3 Illustrative overview of microRNA generation in pancreatic cancer ..................................................................... 26 

Figure 2.1 Characteristics of patient cohorts used in the thesis ............................................................................................... 59 

Figure 2.2 Microarray workflows and analysis schematics .................................................................................................... 60 

Figure 2.3 Images of microarray experimentation .................................................................................................................. 62 

Figure 3.1 Prognostic influence of resection margin status ..................................................................................................... 71 

Figure 4.1 Prognostic influence of peripancreatic fat invasion ............................................................................................... 89 

Figure 5.1 Manuscript selection algorithm and meta-analysis study characteristics .............................................................. 94 

Figure 5.2 Algorithm for integrating protein expression and clinicopathological data ........................................................... 95 

Figure 5.3 Senescence signalling clinicopathological correlation ......................................................................................... 123 

Figure 5.4 Hierarchical clustering related to IHC expression of senescence markers .......................................................... 125 

Figure 6.1 Hierarchical clustering of gene expression profiles for 48 PDAC versus 10 normal pancreas specimens ......... 142 

Figure 6.2 Multidimensional association plots: gene expression .......................................................................................... 142 

Figure 6.3 Gene expression associated with clinicopathological features in PDAC ............................................................. 143 

Figure 6.4 Unsupervised hierarchical clustering and resulting survival curves .................................................................... 144 

Figure 6.5 Semi-supervised gene survival analysis ............................................................................................................... 144 

Figure 6.6 Analysis of the prognostic gene signature ........................................................................................................... 145 

Figure 6.7 CLIC3 validation and survival analysis ............................................................................................................... 146 

Figure 6.8 Validation of the 107-gene prognostic profile in independent cohorts ................................................................ 148 

Figure 7.1 Differentially expressed microRNAs in PDAC versus normal pancreas ............................................................. 161 

Figure 7.2 MiRNAs associated with traditional clinicopathological features in PDAC ....................................................... 163 

Figure 7.3 Identification and validation of prognostic miRNAs in PDAC ........................................................................... 164 

Figure 7.4 Further validation of prognostic miRNAs and predictive utility of miR-21 ........................................................ 165 

Figure 8.1 Frequency of genomic regions found altered within compiled data set ............................................................... 175 

Figure 8.2 Plot of probes of all samples for Chromosome 17 ............................................................................................... 175 

Figure 8.3 Summary penetrance plot of genome wide alterations - 45 PDAC patients ........................................................ 176 

Figure 8.4 Overview of the GISTIC method ......................................................................................................................... 177 

Figure 8.5 Significant broad and focal copy number alterations in the PDAC genome ....................................................... 178 

Figure 8.6 Relationship between copy number aberration and clinicopathological status ................................................... 179 

Figure 8.7 Overall survival rate of patients with PDAC according to presence or absence of chromosomal abnormalities 180 

Figure 9.1 Integration of genomic data to identify key regulators of PDAC ........................................................................ 186 

Figure 9.2 Integration of gene expression with copy number aberrations ............................................................................ 200 

Figure 9.3 Correlation between copy number aberration and gene expression in PDAC ..................................................... 201 

Figure 9.4 Networks generated from genomic integration derived gene list ........................................................................ 202 

Figure 9.5 mTOR: clinicopathological association ............................................................................................................... 204 

Figure 9.6 Integration of miRNA expression with copy number and gene expression data ................................................. 206 

Figure 9.7 Investigation of gene targets of miR-21 and miR-34a in human PDAC ............................................................. 208 

Figure 10.1 Summary of project: hierarchical approach to prognostication ......................................................................... 212 

 



     xi 

List of publications 
Publications directly resulting from the thesis 

Jamieson NB, Foulis AK, Oien KA, Going JJ, Glen P, Dickson EJ, Imrie CW, McKay CJ, 

Carter R. (2010) Positive mobilisation margins alone do not influence survival following 

pancreatico-duodenectomy for pancreatic ductal adenocarcinoma. Ann. Surg., 251(6): 1003-10. 
 

Jamieson NB, Foulis AK, Oien KA, Dickson EJ, Imrie CW, Carter R, McKay CJ. (2010) 

Peripancreatic fat invasion is an independent predictor of poor outcome following 

pancreaticoduodenectomy for pancreatic ductal adenocarcinoma J.Gastrointest. Surg., 15:512-

524. 
 

Jamieson NB, Carter R, McKay CJ, Oien KA. (2011) Tissue biomarkers for prognosis in 

pancreatic ductal adenocarcinoma: a systematic review and meta-analysis. Clin. Cancer. Res., 

17:3316-3331. 
 

Steele CW, Oien KA, McKay CJ, Jamieson NB. (2011) Clinical potential of microRNAs in 

pancreatic ductal adenocarcinoma. Pancreas, 40:1165-71. 
 

Jamieson NB, Dickson EJ, Carter R, Evans TR, McKay CJ, Oien KA. (2012) MicroRNA 

molecular profiles associated with diagnosis, clinicopathological criteria, and overall survival in 

patients with resectable pancreatic ductal adenocarcinoma. Clin. Cancer. Res., 18:534-45. 
 

Publications indirectly resulting from the thesis 

Morton JP, Timpson P, Karim SA, Ridgway RA, Athineos D, Doyle B, Jamieson NB, Oien 

KA, Lowy AM, Brunton VG, Frame MC, Evans TR, Sansom OJ. (2010) Mutant p53 drives 

metastasis and overcomes growth arrest/senescence in pancreatic cancer. Proc. Natl. Acad. Sci. 

U S A., 107: 246-251. 
 

Morton JP, Jamieson NB, Karim SA, Athineos D, Ridgway RA, Nixon C, McKay CJ, Carter R, 

Brunton VG, Frame MC, Ashworth A, Oien KA, Evans TR, Sansom OJ. (2010) LKB1 

haploinsufficiency cooperates with kras to promote pancreatic cancer through suppression of 

p21-dependent growth arrest.  Gastroenterology, 139: 586-97. 
 

Kennedy AL, Morton JP, Manoharan I, Nelson DM, Jamieson NB, Pawlikowski JS, McBryan 

T, Doyle B, Oien KA, Enders GH, Zhang R, Sansom OJ, Adams PD. (2011) Activation of the 

PIK3CA/AKT pathway suppresses senescence induced by an activated RAS oncogene to 

promote tumourigenesis. Mol. Cell., 42:36-49. 
 

Jamieson NB, Denley SM, Logue J, McKenzie DJ, Foulis AK, Dickson EJ, Imrie CW, Carter 

R, McKay CJ, McMillan, DC. (2010) A prospective comparison of the prognostic value of 

tumour and patient related factors in patients undergoing potentially curative surgery for 

pancreatic ductal adenocarcinoma.  Ann. Surg. Oncol., 18:2318-28. 



     xii 

Acknowledgements 
 
 
I would like to thank Colin McKay (CJM) and Karin Oien (KO) for the opportunity to work 

on what has been a tremendous project and for their supervision over the last three years.  

Thanks also to my adviser Hing Leung for his support. I am grateful to Professor Paul 

Horgan for giving up his time to review the thesis in detail. 

Special thanks also to Ross Carter (CRC) who although not acknowledged as a supervisor 

has provided research ideas, technical assistance and encouragement to ensure that I 

submitted on time. Euan Dickson (EJD) has also provided support and encouragement to 

perform to the highest standard. Furthermore Professor Clem Imrie (CWI) has provided 

continual support and encouragement. Furthermore, Professor Donny McMillan has 

supported my research interests over many years.  

I would also like to thank members of the Beatson group including Professor Nicol Keith, 

Clare Cairney, Stacey Hoare and Alan Bilsland. Professor Owen Sansom and Jen Morton as 

well as Professor Jeff Evans have been valuable colleagues and collaborators. I hope to 

continue this in future translational projects. 

The staff of the GRI Department of Pathology in particular Alan Foulis (AKF) and James 

Going (JJG). For technical help and collaboration thanks to: Ian Downie (ID) for 

immunohistochemistry; Jane Hair (JH) and all BioBank staff for access to tissue resources; 

Alex King (AK) for help and advice with tissue microarrays; Maura Faquharson (MF) for 

PCR advice. 

Special thanks to my girlfriend Julie who has supported throughout this work.  

This research was funded and made possible by the Scottish Government, Chief Scientist 

Office (CSO) that provided me with a Clinical PhD Fellowship. 



     xiii 

Author’s Declaration 
 

I am the sole author of this thesis. All of the references have been reviewed by myself in the 

preparation of this manuscript. Except where otherwise stated, the work presented in this 

thesis was performed by myself. The thesis has not been previously submitted for a degree 

or diploma at this or any other institution. 

Nigel B Jamieson 

March 2012 



     xiv 

Definitions/abbreviations 
5FU 5-fluorouracil 
aCGH array comparative genomic hybridisation 
ADM acinar-ductal-metaplasia 
ATDC ataxia telangiectasia group D-associated  
AJCC American Joint Committee on Cancer  
APC adenomatous polyposis coli 
AQP aquaporin 
AMPK adenosine monophosphate-activated protein kinase 
BAC bacterial artificial chromosome  
BCL B-cell lymphoma 
BRCA2 Breast Cancer 2 susceptibility protein 
BRB Biometric Research Branch 
BSA bovine serum albumin  
CA19-9 carbohydrate antigen 19-9  
CAC centroacinar cells  
CBS circular binary segmentation 
cDNA complementary deoxyribonucleic acid 
CGH comparative genomic hybridisation 
CI confidence interval 
CLIC3 chloride ion transporter 3 
CN copy number 
CNA copy number aberration 
CT computerised tomography 
CP chronic pancreatitis 
Cy3 cyanine 3-deoxyribonucleotide 
Cy5 cyanine 5-deoxyribonucleotide 
CDK cyclin dependent kinase 
CSC cancer stem cells 
DAB diaminobenzidine 
DEPC diethylpyrocarbonate  
dH20 de-ionised and distilled water 
DMNT DNA methyltransferase 
DMSO dimethyl sulfoxide  
DNA deoxyribonucleic acid 
DUSP dual specificity phosphatases 
EDTA ethyleneidiaminetetracetic acid  
EGF epidermal growth factor 
EMT Epithelial-Mesenchymal Transition 
ERCP endoscopic retrograde cholangiopancreaticography 
ERK extracellular signal-regulated kinase 
ESPAC European Study of Pancreatic and Ampullary Cancer  
EUS endoscopic ultrasound 
FAP Familial Adenomatous Polyposis 
FAMMs Familial Atypical Multiple Mole syndrome 
FASL fas ligand 
FDR false discovery rate 
FGF fibroblast growth factor 
FFPE fresh frozen paraffin embedded 
FNA fine needle aspiration 
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
GISTIC Genomic Identification of Significant Targets in Cancer 
GO gene ontology 
GRI Glasgow Royal Infirmary 
GSK3β glycogen synthase kinase 3β 
GTP guanosine 5'-triphosphate 
Hh hedgehog 
HOP head of pancreas 
HNPCC hereditary nonpolyposis colorectal cancer 
HR hazard ratio 
H&E haematoxylin and eosin 
ICCC intra-class correlation coefficient 
IHC immunohistochemistry 
IMV inferior mesenteric vein 



     xv 

IPMN intraductal papillary mucinous neoplasia 
IVC inferior vena cava 
JNK c-jun N-terminal kinase 
KEGG Kyoto Encyclopedia of Genes and Genomes 
LOOCV leave-one-out cross-validation 
LNR lymph node ratio 
LKB1 liver kinase B1 
MAPK mitogen activated phosphorylated kinase 
MCN mucinous cystic neoplasm 
MEN1 multiple endocrine neoplasia 1 
MMP matrix metalloproteinase 
MSI microsatellite instability 
MRI magnetic resonance imaging 
MRCP magnetic resonance cholangiopancreaticography 
miRNA microribonucleic acid 
mRNA messenger ribonucleic acid 
mTOR mammalian target of rapamycin 
NSCLC non-small cell lung cancer 
OD optical density 
PanIN pancreatic intraepithelial neoplasia 
PD pancreaticoduodenectomy 
PDAC pancreatic ductal adenocarcinoma 
PET positron emission tomography 
PI3K phosphatidylinositol 3-kinase 
PITX1 Pituitary homeobox 1 
PJS Peutz-Jeghers syndrome 
Pol II polymerase II 
PSCA prostate stem cell antigen  
PTEN phosphatase and tensin homolog 
QM quasi-mesenchymal 
R0 resection margin negative 
R1 resection margin positive 
Rb retinoblastoma gene 
RCPath British Royal College of Pathologists 
REMARK REporting recommendations for tumour MARKer prognostic studies 
RIN RNA integrity number 
RISC RNA-inducing silencing complex 
RNA ribonucleic acid 
RT-PCR reverse transcription polymerase chain reaction 
SAM significance analysis of microarrays 
SD standard deviation 
SE standard error 
SELENBP1 selenium binding protein 1 
SMA superior mesenteric artery 
SMV superior mesenteric vein 
STK serine threonine kinase 
SAGE serial analysis of genes 
SPINK1 serine peptidase inhibitor kazal-type 1 
SUFU suppressor of fused 
TBS tris buffered saline 
TGFβ transforming growth factor β 
TGM2 transglutaminase 2 
TMA tissue microarray 
TNM Tumour Node Metastasis 
TNF tumour necrosis factor 
TSG tumour suppressor gene 
UICC International Union Against Cancer 
VEGF vascular endothelial growth factor 
VHL von Hippel-Lindau 
XPO5 exportin 5 
  



     xvi 
 

Units 
 

 

°C degree Celsius 
g gram 
g gravity 
K thousand 
L litre 
M molar 
m milli 
m meter 
n nano 
nt nucleotides 
p pico 
rpm revolutions per minute 
µ micro 
U unit 
 



      1 

 

 

1 Introduction 



  Introduction    1 

1.1 Pancreatic ductal adenocarcinoma: a surgical and oncological 
challenge 

Predicting the outcome of patients with pancreatic ductal adenocarcinoma (PDAC) remains 

an oncological and surgical challenge. The majority of patients present with locally 

advanced or metastatic disease and have a median survival of 6-8 months irrespective of 

treatment modality (1). In selected patients (15%) with localised PDAC, surgical resection 

remains the only treatment potentially offering long-time survival (2), however, 5-year 

survival rates remain low. Stratification and, ultimately, individualisation of therapy for 

cancer are currently major oncological challenges. While a number of clinicopathological 

factors have been identified to aid prognosis following pancreaticoduodenectomy (PD), all 

require post-operative pathological specimen assessment. In PDAC (3) as in other cancers 

(4, 5), tumours with identical clinicopathological parameters have markedly different 

mRNA expression profiles, and tumour subgroups classified by gene expression can have 

disparate outcomes. Therefore an urgent need exists to identify prognostic biomarkers for 

use in the management of operable PDAC, with a particular requirement for markers that 

can be determined preoperatively potentially augmenting the current staging criteria, which 

relies wholly on imaging modalities. The ultimate aim being enhanced patient selection for 

PD, with the most aggressive therapies focused on those most likely to benefit.  
 

1.1.1 Epidemiology and aetiology of pancreatic cancer 
PDAC is the 10th commonest cancer diagnosis in the UK associated with 8,085 new cases in 

2008, with similar numbers in men and women (6). Comparison between the 1997-1999 and 

2006-2008 periods demonstrates the incidence of pancreatic cancer in UK men appears to 

have risen, from 10.5 to 10.6 cases/100,000 (1% rise). For women this rate appears static at 

8.2 cases/100,000. It ranks as the 5th most common cause of cancer related mortality in 2008 

(7,781 deaths), with a UK 5-year overall survival rate of 2% in men and 3% in women, the 

poorest survival figures for any cancer. 

As the majority of patients present with incurable disease, identification and evasion of 

controllable contributors has become particularly important for those at greatest risk. These 

risk factors can be divided into those that are potentially modifiable and those that are not. 

Although most do not directly cause the disease, level of exposure often influences cancer 

development.  

1.1.1.1 Non-modifiable risk factors 
Pancreatic cancer is generally a disease of the elderly, rare before the age of 40, with 80% 

diagnosed between 60 and 80 years (median 73 years). Further non-modifiable risk factors 

include male gender, family history of chronic pancreatitis (CP) (7), non-O blood group (8) 

and African-American ethnicity. Evidence for the latter appears to be conflicting, and 
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potentially confounded by environmental factors, incidence of diabetes and differing 

mutation rates (9).  

Increased risk is seen in relatives of PDAC patients, and it is estimated that 10% of PDAC 

cases are associated with an inherited predisposition based on familial clustering (10). 

Patients with familial disease have more precancerous lesions than those with sporadic 

pancreatic tumours (11) and an increased risk of extra-pancreatic cancers (12). This ‘familial 

pancreatic cancer’ appears to be distinct from definite syndromes associated with an 

increased risk of developing PDAC discussed later in this chapter. In those families with 

three or more relatives affected, unaffected first-degree relatives were 57 times more likely 

to develop pancreatic cancer, suggesting an as yet undefined genetic risk factor (7). 

Hereditary pancreatitis is an autosomal dominant disorder accounting for 5% of pancreatitis 

resulting from a mutation in the cationic trypsinogen gene PRSS1 (13) or the serine 

peptidase inhibitor kazal-type 1 (SPINK1) (14) and carries a lifetime risk of 25-40% by age 

60 of PDAC development, increasing to 75% with paternal transmission of hereditary 

pancreatitis. 

A mutual association between pancreatic cancer and diabetes mellitus has been long been 

monitored. However, the linkage is complicated by the fact while long-term diabetes is 

considered a risk factor, newly developed diabetes is an early manifestation (15). Meta-

analysis data suggests an overall two-fold relative risk for developing PDAC (16). Of note 

metformin potentially may decrease pancreatic cancer risk (17). 

A number of studies have associated previous gastric surgery with pancreatic cancer risk, 

with the mechanism postulated to result from hypoacidity leading to excess N-nitroso 

carcinogens in gastric juice (18). Similarly, H. pylori infection has been proposed as a risk 

factor but the evidence is not strong (19). Further conditions associated with pancreatic 

cancer risk include ataxia telangiectasia (20) and pernicious anaemia. 

1.1.1.2 Modifiable risk factors 
While multifactorial interactions appear to underlie this disease, cigarette smoking 

dominates and remains the most consistently reported modifiable risk factor (21). The 

carcinogenic effect of tobacco on pancreatic tissue may be explained by the direct action of 

N-nitrosamines or their secretion into bile and subsequent reflux into the pancreatic duct. 

The relative risk of PDAC development was shown to be 2.5 fold in current smokers, 1.6 

fold for previous smokers, when compared to those with no history, with a dose dependent 

increase in risk also evident (22). The effect of smoking cessation has been assessed, with 

risk of former smokers decreasing precipitously, approaching that of those with no smoking 

history after 10 years (22). It is estimated that up to 20% of PDACs are attributable to 

cigarette smoking, with such cancers harbouring more genetic aberrations (23).  
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The evidence for alcohol consumption resulting in pancreatic cancer development is 

confounded by alcohol excess often being accompanied by cigarette smoking. A 

retrospective cohort study of 200,000 patients with a heavy alcohol intake demonstrated 

only a modest 40% increased risk of pancreatic cancer development when compared to a 

reference population (24). Unfortunately, smoking data was deficient, though following 

adjustment for the population-smoking rate it was felt that excess risk among alcoholics 

could conceivably be attributed to confounding by smoking.  

The role of alcohol is made more complex as it contributes risk to CP development. Two 

large retrospective analyses of risk of pancreatic cancer among patients with CP suggest an 

increased relative risk between 2.0 and 18.5, however, both were limited by poor definition 

of CP and reliance on patient registry data (25, 26). A prospective, single centre trial 

observing 373 patients with stringent CP diagnostic criteria demonstrated an increased risk 

of developing pancreatic cancer (27). However, this study was limited by only four cases of 

PDAC therefore limiting the conclusions that can be drawn from this CP data. Further 

modifiable risk has been attributed to obesity in men and women (28). Additionally a diet 

high in saturated fat and red meat (29) while low in folate and methiathione increases risk 

(30). 

1.1.2 Pancreas anatomy and physiology 
The pancreas, an organ of endodermal derivation, is the key regulator of protein and 

carbohydrate digestion and glucose homeostasis. The exocrine pancreas is composed of a 

branching network of acinar and duct cells that produce and deliver digestive zymogens into 

the gastrointestinal tract. The acinar cells that are organised in functional units along the 

duct network synthesise and secrete zymogens into the ductal lumen. Within the acinar units 

near the ducts are centroacinar cells (CAC). The endocrine pancreas, which regulates 

metabolism and glucose homeostasis through hormone secretion, is composed of specialised 

endocrine cell types gathered into the islets of Langerhans. 

1.1.3 Pancreatic pathology 
There is a spectrum of pancreatic malignancies that have histological and molecular features 

that recall the characteristics of the various normal cellular constituents. These multiple 

tumour types and hallmark features are summarised in Table 1.1. PDAC, whose 

nomenclature derives from histological resemblance to ductal cells, is the most common 

neoplasm accounting for 85% of pancreatic tumours.  
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Table 1.1 Pancreatic tumours and associated genetic alterations 
 

Pancreatic neoplasm Histological features Common genetic alterations 
Ductal adenocarcinoma Ductal morphology, stromal reaction, 

desmoplasia 
KRAS, p16 INK4a, TP53, SMAD4 (31) 

Variants of ductal adenocarcinoma   
Medullary carcinoma Poorly differentiated, intratumoural 

lymphocytes 
hMLH1, hMLH2 (32) 

Colloid (mucinous noncystic) 
carcinoma 

Mucin pools MUC2 overexpression (33) 

Acinar cell carcinoma Zygomen granules APC/β-catenin (34) 
Pancreatoblastoma Squamoid nests, multilineage 

differentiation 
APC/β-catenin (34) 

Solid pseudopapillary neoplasm “Pseudo” papillae, solid and cystic 
areas, hyaline globules 

APC/β-catenin, CD10 (35) 

APC – adenomatous polyposis coli gene 
 

1.1.4 Pathophysiology of developing pancreatic neoplasms 
Clinical and histopathological studies have identified three potential PDAC precursor 

lesions: pancreatic intraepithelial neoplasia (PanIN), mucinous cystic neoplasm (MCN) and 

intraductal papillary mucinous neoplasm (IPMN) (36). Of these, the most common and well 

studied is PanIN, found in small calibre pancreatic ducts and seen in up to 30% of 

specimens. PanINs show a spectrum of divergent morphological alterations relative to 

normal ducts representing graded stages of increasingly dysplastic growth (36). PanINs are 

graded in stages 1 to 3, with the early lesions PanIN-1A, then 1B (hyperplasia) characterised 

by a columnar, mucinous epithelium with increasing architectural disorganisation and 

nuclear atypia through to PanIN-2 then to PanIN-3 or carcinoma in situ (Figure 1.1B). There 

is evidence that high-grade PanINs ultimately transform into frank PDAC with evidence of 

areas of invasion beyond the basement membrane. Several molecular profiling studies have 

subsequently reinforced the PanIN-to-PDAC progression model through documentation of 

an increasing number of gene alterations in higher grade PanIN (37). The progression from 

stage PanIN1b to 2 was highlighted as being the source of most frequent aberrations 

suggesting this stage is the true preneoplastic phase (38). PanINs may provide an 

opportunity for the identification of novel early disease markers, however detection of these 

lesions is clearly problematic.  
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Figure 1.1 Routes to pancreatic ductal adenocarcinoma development 
A) Potential routes for PDAC development. Distinct pancreatic cell lineages may progress to different 

preneoplastic lesions by KRAS-induced ductal reprogramming. 

B) Genetic progression model of pancreatic adenocarcinoma. The progression from histologically normal 

epithelium to low-grade pancreatic intraepithelial neoplasia (PanIN), to high-grade PanIN, to invasive 

carcinoma (left to right) appear to associate with the accumulation of genetic alterations. On the basis of their 

temporal appearance, the molecular abnormalities can be classified as early (KRAS, telomere shortening), 

intermediate (CDKN2A, CDKN1A, CCDN1 - cell cycle progression), or late (SMAD4/TGFβ signalling, BCL-2 

– apoptosis, CTNNB1, CDH1, GSK3β – cell-adhesion and invasion, TP53 and BRCA2 - DNA damage repair, 

Notch and hedgehog signalling – embryonic pathways). These signature genomic alterations are accompanied 

by a multitude of expression abnormalities. Note this progression model is specific for PanINs; other 

recognised precursor lesions (IPMN and MCN) are likely to harbour a distinct compendium of genetic 

alterations in their path to invasive cancer (Central diagram modified from Reference 36). 
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1.1.5 Cellular origin of PDAC 
Although not fully defined, significant progress has been made in defining the specific 

population within the cancer that is able to initiate new tumours (Figure 1.1A). Recently the 

concept of cancer stem cells (CSC) has been applied to PDAC. This concept states that a 

small subpopulation of tumour cells, form the basis of tumour development with self-

renewal properties and ability to replenish the tumour. Normal stem cells undergo 

asymmetric cell division, with one daughter cell retaining self-renewal capacity and the 

other differentiating into a transit-amplifying cell. A CSC population in PDAC has been 

proposed measuring < 1% of the bulk population, characterised by CD44, CD34 and 

epithelial-specific antigen (39). Potentially, CSCs may harbour resistance to chemo-

therapeutics, a feature that has already been shown in pancreatic CSCs (40). While this 

concept is established in haematopoietic malignancy, in PDAC it may be that a facultative 

‘stem cell’ population exists in the pancreas that, under certain conditions, is recruited, 

acquiring stem cell like properties by de-differentiation. Recent evidence emerging is 

challenging the ductal system as the solitary site of PDAC origin. The centroacinar-acinar 

compartment may be a potential candidate, located at the acinar-ductal junction. 

Adenocarcinoma may develop through a process of acinar-ductal-metaplasia (ADM) or 

through expansion of the centroacinar cells accompanied by apoptosis of the acinar cells 

(41), with persistence of embryonic gene expression (42). 

1.1.6 Tumour site and clinical presentation  
Distribution is such that approximately 65% of PDACs are located in the head of the 

pancreas (HOP), 15% body, 10% tail with 10% multifocal. Early stage disease is clinically 

silent, becoming apparent following local invasion or distant metastases. Pancreatic cancer 

patients who undergo abdominal computerised tomography (CT) scanning for other reasons 

prior to diagnosis are often noted in retrospect to have had subtle abnormalities for up to 1 

year before symptoms develop (43), potentially providing an opportunity for early detection 

and treatment.   

Tumours of the HOP tend to present earlier with obstructive jaundice, abdominal and back 

pain and weight loss. The latter can be the result of anorexia, cachexia and maldigestion 

secondary to pancreatic duct obstruction. Rarely, duct obstruction results in presentation 

with acute pancreatitis. Deep and superficial venous thrombosis may also herald this 

malignant disease. At diagnosis, diabetes is present in approximately 25% of patients, with 

40% displaying impaired glucose tolerance (15). Potentially, new-onset diabetes in patients 

older than 50 may serve as high-risk screening group for the targeting of novel diagnostic 

biomarkers. Tumours of the body and tail tend to present late and are associated with an 

even worse prognosis. PDAC must be distinguished from carcinomas of the intrapancreatic 

bile duct, ampulla of Vater or duodenal mucosa as these tumours have a varying prognosis. 
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1.1.7 Diagnosis of pancreatic cancer 
 

1.1.7.1 Non-invasive imaging techniques 
Transabdominal ultrasound, an initial investigation, may detect tumours > 2 cm in size, 

biliary tract and main pancreatic duct dilatation or possible extrapancreatic spread, with a 

diagnostic accuracy of approximately 75% (44). Ultrasound is of limited value in early 

disease, if the bile duct is non-dilated or in obese patients. Therefore, contrast-enhanced 

multi-detector CT scan is currently considered the single most useful imaging modality 

(pancreas protocol CT−1 mm images) achieving diagnosis in approximately 97% (45). It has 

been reported that the accuracy for predicting an unresectable lesion is 90%, but the 

accuracy of predicting a resectable lesion is less at 80–85% (45, 46). The resolution of CT 

scans has reduced the need for staging laparoscopy, however understaging of disease can 

occur due to small hepatic and peritoneal metastases (< 1 cm). Magnetic resonance imaging 

(MRI) produces similar results to contrast-enhanced multi-slice CT and may be useful for 

patients unable to receive intravenous contrast (47). Positron emission tomography (PET) 

appears not to be useful in differentiating inflammatory conditions from pancreatic tumours 

accurately and the sensitivity is approximately 70–85% with specificity of approximately 

65–80% (48). Therefore, CT-PET scanning appears to add little to the use of CT alone (49) 

although a multi-centre UK trial is currently underway.  
 

1.1.7.2 Invasive imaging techniques 
Endoscopic ultrasonography (EUS) offers no clear advantage over CT in the staging of 

PDAC but appears to be better for the detection of early pancreatic tumours as small as 2–3 

mm (50). The addition of fine needle aspiration (FNA) cytology to EUS has been reported to 

improve accuracy for identifying malignancy in lesions identified on EUS and not seen on 

CT (50). The sensitivity and specificity of endoscopic retrograde cholangiopancreatography 

(ERCP) alone are approximately 70–82% and 88–94%, respectively, in symptomatic 

patients or those with suspected pancreatic cancer, but should no longer be used as a pure 

imaging modality with magnetic resonance cholangiopancreatography (MRCP) and EUS 

being widely available 
 

1.1.7.3 Diagnostic biopsy 
Percutaneous FNA cytology has a sensitivity and specificity of approximately 69% and 

100%, respectively, for tissue diagnosis, but concerns remain regarding the risk of 

intraperitoneal seeding, with an incidence approaching 16% (51). The diagnostic accuracy of 

EUS-FNA carries a sensitivity and specificity of approximately 90% and close to 100%, 

respectively, but requires an expert team with a cytologist available to examine the tissue 

specimens in the EUS suite, repeating the procedure until the diagnosis is conclusive (52). 
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The incidence of carcinomatosis has been reported to be less after EUS-guided biopsy than 

percutaneous biopsy (51). EUS-guided biopsy is currently the preferred procedure for 

cytological confirmation in advanced pancreatic cancer before chemotherapy or to diagnose 

small, uncharacterised lesions. However, a biopsy specimen is not always needed for 

resection when the suspicion of malignancy is high, as a negative biopsy result may not 

preclude resection where radiology and clinical presentation strongly suggest malignancy. 
 

1.1.7.4 Tumour markers 
The most commonly used serum marker, carbohydrate antigen 19-9 (CA19-9) has a 

sensitivity of 70–90%, specificity of approximately 90% and appears to be superior to other 

markers including CA-50 and carcinoembryonic antigen. It has been reported that levels of 

more than 100–200 U/mL predict unresectability and survival (53). False positives are 

associated with obstructive jaundice and CP. CA19-9 may be useful in assessing response to 

treatment in advanced cases, identifying early recurrence in resected cases and serve as a 

preoperative staging aid. New serum markers including osteopontin (54) have been 

evaluated, but have yet to impact clinical management. 

1.1.8 Principles of staging and management for resectable pancreatic cancer 
Patients with pancreatic cancer are best managed within a multidisciplinary environment.  

PDAC is a heterogeneous disease at the molecular, pathological and clinical level, 

consequently a patient’s response to treatment and outcome will depend on numerous 

factors including cancer biology, performance status and extent of disease progression. 

Patients require a thorough preoperative cardiorespiratory fitness assessment and for the 

tumour to be staged for resectability according to factors set out in Table 1.2.  

Table 1.2 Indicators of resectability in pancreatic cancer  
 

Factors contraindicating resection Factors not contraindicating resection 
Liver, peritoneal or other metastasis Continuous invasion of duodenum, stomach or colon 
Distant lymph node involvement Lymph node metastasis within the operative field 
Major venous encasement > 2 cm in length, > 50% 
circumference involvement 

Para-aortic lymph node involvement 

Severe comorbid illness Venous impingement or minimal invasion of 
superior mesenteric and hepatic portal veins 

Cirrhosis with portal hypertension Gastroduodenal artery encasement 
Superior mesenteric, coeliac or hepatic artery 
encasement 

Age of patient 
 

Table adapted from Reference (55)  

1.1.8.1 Surgical techniques 
The standard operation for PDAC is PD (56). With various options available for pancreatic 

reconstruction, the benefit of pancreaticogastrostomy over pancreaticojejunostomy remains 

unclear (57). The pylorus-preserving PD is the most commonly used approach, which 

appears as effective from an oncological perspective as a classical PD (58). There appears to 

be no role for total pancreatectomy unless there is no alternative to achieving clear margins 
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(59). An extended radical lymphadenopathy was associated with significantly increased 

morbidity without any survival benefit in a randomised trial (60). Postoperative morbidity 

remains high at 40% even in high-volume tertiary referral centres (61). Independent negative 

risk factors reported are age > 70 years, extended resection and main pancreatic duct 

diameter < 3 mm (62). Portal or superior mesenteric vein (SMV) resection is appropriate if it 

enables an R0 resection and can be carried out without increasing morbidity (63). 

Preoperative biliary drainage is considered mandatory in the setting of cholangitis or severe 

liver dysfunction. Otherwise, routine preoperative drainage might not be necessary, with 

recent study findings suggesting worse outcome for those undergoing routine preoperative 

drainage versus surgical resection alone (64). The potential complications associated with 

surgery result in many candidates not undergoing surgical resection because of associated 

comorbidity (65). 
 

1.1.8.2 Adjuvant therapy 
The basis of offering adjuvant chemotherapy to those resected with curative intent, has been 

established as a result of randomised control trials (GITSG, CONKO-001 and RTOG-9704) 

(66-68) and retrospective analysis (69, 70). The GITSG trial, demonstrated 5-FU augmented 

chemoradiation appeared to be superior to observation alone (66). The addition of radiation 

to adjuvant chemotherapy remains unproven, with the first European Study of Pancreatic 

Cancer (ESPAC-1) demonstrating that while adjuvant 5-FU afforded significant benefit over 

non-treatment, adjuvant chemoradiation failed to increase survival, although this trial had 

limitations in terms of variability of radiation regimen delivered (71). The RTOG-9704 trail 

compared gemcitabine with 5-FU before and after 5-FU-based chemoradiation, however 

little difference was noted (68). Gemcitabine appeared superior to observation in CONKO-

001 trial, with a modest survival benefit of 2.6 months. In ESPAC-3 there appeared to be no 

difference in outcome noted when gemcitabine was compared with 5-FU, although the 

former was associated with fewer complications (72). Certainly adjuvant chemotherapy (in 

the form of gemcitabine) would appear to be of benefit, however for chemoradiotherapy the 

evidence is weaker though it may be of benefit in some patients. 

1.1.8.3 Neoadjuvant therapy 
In an effort to improve the dismal outcome associated with even localised disease, efforts 

have focused towards neoadjuvant therapy (73). As yet no randomised controlled trials 

support neoadjuvant over adjuvant therapy, however, meta-analysis suggests the proportion 

of patients who can have resection is similar regardless of whether neoadjuvant therapy is 

given or not (74). This approach has the benefit of selecting out those patients who might 

not tolerate the stress of surgery or who might develop metastatic disease early in the 

treatment course and so avoid resection. It has the potential to downstage borderline 
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resectable disease (74), and has resulted in extended survival for a ‘super-selected’ cohort 

(75). A further potential advantage is that post-operative complications do not delay 

systemic therapy administration.  

1.1.8.4 Borderline resectable disease 
Despite the accuracy of imaging modalities, a wide range of tumour-vessel involvement 

relationships exist, from minimal tumour abutment of the superior mesenteric artery (SMA) 

to complete encasement with associated SMV occlusion. Tumours that demonstrate arterial 

abutment (tumour-vessel involvement of 180° or less) may be considered for surgery as part 

of a multimodality approach that includes neoadjuvant chemotherapy (76). Even short-

segment occlusion of the portal/ SMV confluence does not contraindicate resection, as long 

as a suitable vein exists proximally and distally to facilitate reconstruction (77). 

 

1.2 Prognostic factors in PDAC 
 

1.2.1 Biomarkers and prognosis in cancer 
A biomarker has been defined as ‘a characteristic that is objectively measured and evaluated 

as an indicator of normal biological, pathogenic processes or pharmacologic responses to a 

therapeutic intervention’ (78). These biological measurements may be used for a diverse 

range of medical purposes including diagnostic, prognostic or predictive end points. 

Effective development and validation of biomarkers depends critically on the intended use 

of the biomarker. One fundamental distinction that must be made in oncology is between 

predictive and prognostic markers. A prognostic factor is a marker showing a statistically 

significant association with outcome after a specific therapy. Standard, classical clinical 

examples include advanced stage of disease or tumour size, both associated with a poor 

outcome in multiple cancers. They can be more complex, such as abnormal levels of 

proteins, for example in patients with neuroblastoma amplification of N-Myc is associated 

with poor prognosis (79). A predictive marker, on the other hand, shows a statistically 

significant interaction with the benefit from being assigned to a treatment; e.g., defines 

patient subsets that are responsive to a specific therapy. 

1.2.2 Pancreatic cancer a surgical dilemma: improving patient selection for 
pancreaticoduodenectomy 

While only 15% of patients with PDAC are eligible for resection at the time of presentation, 

of those resected, 30% who undergo resection die within one year from progressive disease. 

Certainly current staging is unable to reliably select this poor survival cohort; however, 

preoperatively determined biomarkers have the potential to enhance the selection algorithm 

so as to avoid the potential morbidity and mortality associated with radical resection.  
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1.2.3 Pathological prognostic factors in PDAC 
 

1.2.3.1 TNM staging  
The current staging system of the Union for International Cancer Control (UICC) defines 

pancreatic exocrine malignancies in terms of the size and anatomic extent of the primary 

tumour (T), the presence or absence of lymph node metastases (N) and presence of distant 

metastases (M) (80).  The T1 and T2 designations describe tumours confined to the pancreas 

while T3 and T4 indicate extrapancreatic extension of the primary, with the latter being 

those with extension to the coeliac axis or SMA. A recent change in the TNM staging is that 

a neoplasm invading the portal or SMV is now deemed T3 disease if still resectable. 

Following resection various pathological variables are recognised as impacting upon 

survival as discussed below. 

1.2.3.2 Tumour grade 
Histological grading of PDAC into well, moderate and poorly differentiated states according 

to established criteria (81) appears to have independent prognostic value (61, 82, 83). 

1.2.3.3 Lymph node status 
Multivariate analysis has confirmed lymph node involvement to be an independent 

prognostic factor (61), however, evaluation of lymph node ratio (LNR) defined as the 

number of lymph nodes with evidence of metastatic disease among the total number of 

lymph nodes examined would appear to increasingly important in cancer staging. In PDAC 

it has potentially yielded further prognostic information amongst the lymph node positive 

cohort (84), but has yet to be incorporated within the staging system, principally as the 

definition for ratio cut-offs vary between studies. 

1.2.3.4 Perineural invasion 
A characteristic of PDAC is that there appears to be a strong association between 

intrapancreatic neural invasion and extrapancreatic plexus invasion (85), which is a major 

contributor to local recurrence. Although the reported rate varies, there is evidence 

supporting the role of perineural invasion as a significant prognostic factor (2, 86). 

1.2.3.5 Intratumoural vascular invasion 
Intratumoural vascular invasion is also a route of pancreatic cancer spread that has been 

shown to associate with poor outcome following surgical resection (2, 87, 88). The 

histopathologic characteristics of vascular invasion are poorly defined but it would appear to 

occur in approximately 50% of resected specimens (2, 88). 

1.2.3.6 Vascular invasion 
While radiological evidence of tumour extension into the coeliac axis is a surgical 

contraindication to surgery, SMA resection is possible (89). Resection of involved venous 

structures is also possible, with involvement diagnosed when a vein wall segment is attached 

to the specimen that is clearly infiltrated by tumour on histological examination. Often, 
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however, there is no histological evidence of invasion of the resected vessel wall, and the 

vessel tethering is the result of inflammatory changes. Controversy still exists as to whether 

microscopic tumour infiltration of the vessel wall influences survival (89, 90). 

1.2.3.7 Tumour size 
Tumour size in usually an independent prognostic factor for PDAC (61, 91), with tumours < 

2 cm, although rare, having better survival, however, nodal metastasis, SMV and resection 

margin involvement are seen in such small tumours (92). Therefore, they do not necessarily 

represent biologically early stage disease. 

1.2.3.8 Resection margin involvement: frequency and prognosis 
The rate of margin positivity following PD for PDAC is currently a topic of debate with the 

reported rate ranging from 10–84% (61, 93, 94). Clearly the definition of margin positivity 

(R1) is vital, with R1 status being defined by the UICC classification as microscopic tumour 

at the edges of the surgical specimen (80), while the British Royal College of Pathologists 

(RCPath) (95) regards the presence of tumour ≤ 1mm from a circumferential margin or 

surface of the pancreatic resection specimen, whether by direct invasion or by tumour within 

a lymph node, as an involved margin. Additionally, this degree of rate variation may be 

partly explained by under-reporting of R1 resections as a result of non-standardised 

pathology reporting. Indeed, it appears that the ability of R1 status to predict outcome 

correlates with greater frequency of R1 positivity. Certainly, the development of protocol 

driven reporting of pathological examination of specimens by Verbeke and co-workers has 

been integral to increasing R1 rates (93, 96), which then correlate more accurately with 

patient survival. 

1.2.3.9 The prognostic value of local tumour invasion and influence on recurrence  
The extension of the tumour beyond the pancreas to the surrounding tissues including the 

duodenum (and ampulla), the biliary tract and the peripancreatic fat promotes a tumour from 

T2 to T3 status. T stage correlates well with prognosis (97), and peripancreatic tissue 

invasion has been reported in up to 90% of resections, subsequently correlating with poor 

prognosis (88). There has been no specific study of the prognostic influence of 

peripancreatic fat invasion. 

1.2.3.10 Predictors of site of recurrence 
Almost all patients develop metastatic disease, most commonly of the liver and peritoneum 

but also the lungs, and this may occur with or without local recurrence. Despite the limited 

survival benefit associated with resection, further management challenges result from a high 

local failure rate that can reach 80% (98, 99). Adjuvant chemoradiotherapy has been 

proposed as a means to reduce the risk of local recurrence towards 20% (100, 101). 

However, evidence is lacking to support the routine use of chemoradiation. The main 
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outcome measure following PD for PDAC remains overall survival, with minimal data 

describing the pattern of recurrence (94, 98, 99, 102). To date, limited variables (resection 

margin status) have been compared to pattern of failure (94, 103), with no consideration 

made of association between the pattern of failure and the presence of venous, perineural or 

peripancreatic invasion, and furthermore, there has been limited investigation of the role 

molecular factors in the pattern of failure. 

 

1.3 Molecular biology of pancreatic cancer 
 

1.3.1 Molecular genetics and signalling pathway aberrations of PDAC 
Pancreatic cancer is a disease of specific inherited and somatic mutations as sequenced in 

Figure 1.1B. The molecular characteristics of PDAC as presented in Figure 1.1B are 

described in the subsequent sections including; KRAS signalling, cell cycle progression 

G1/S phase, cell-adhesion and invasion, transforming growth factor β (TGFβ) signalling, 

DNA damage repair and embryonic signalling pathway (Figure 1.2). Further important 

molecular concepts that have recently been applied to PDAC tumour biology including 

senescence and epithelial-mesenchymal transition (EMT) are also discussed below. 

 

Figure 1.2 Aberrant signalling pathways in pancreatic cancer 
 

 

 

 

 

 

 

 

 

 

 

 

 

A) Ras signalling network. Ras uses a multitude of downstream effectors. The three major signalling cascades that have 

been implicated in PDAC progression are depicted: Raf/ Map Kinase (ERK), PI3K pathway and RalGDS pathway.   
 

B) Mitogenic signals give rise to increased levels of cyclin D and consequently formation of active cyclin D/ cyclin-

dependent kinase 4 or 6 (CDK4/6) complexes leads to the phosphorylation of retinoblastoma (Rb), facilitating the 

transcription of E2F-reglated genes (including cyclin E) required for the S-phase. The TSG p16 inhibits this process by 

binding to CDK4/CDK6, thus preventing the formation of active cyclin D-CDK4/CDK6 complexes. p53, is activated in 

response to DNA damage or other cellular stress. MDM2, a p53 inducible gene keeps p53 levels low. Rb-dependent cell 

cycle arrest by p53, induces the transcription of p21 CIP1, which inhibits cyclin E-CDK2 or leads to apoptosis. 
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C) Apoptosis signalling. On the left the death receptor pathway is activated by binding of death receptor ligands like FAS 

ligand (FASL), tumour-necrosis factor (TNF), or TRAIL to the death receptor. This initiates formation of multiprotein 

death-inducing signalling complex (DISC) including the adaptor protein FADD. Conformational changes trigger catalytic 

activity of caspase 8 which in turn can activate caspase 3, the key executioner of apoptosis. cFLIP can either inhibit or 

potentiate binding of caspase 8 to FADD depending on its concentration. IAP inhibits caspase activity. In the 

mitochondrial (intrinsic) pathway proapoptotic BH-3 only proteins are activated by DNA damage. These proteins interact 

and inhibit antiapoptotic BCL2 or BCLXL. As a consequence, BAX and BAK induce mitochondrial permeabilisation with 

release of cytochrome C, which activates caspase 9 then caspase 3. Crosstalk between the pathways is mediated by 

truncated BID produced by caspase 8 cleavage. This can inhibit BCL2 and BCLXL and activates BAX and BAK. 
 

D) TGFβ signalling pathway. Upon binding of the dimeric TGFβ, the serine/threonine receptor assembles as a 

heterotetramer consisting of the TGFβ receptor I (TGFβRI) and TGFβ receptor II (TGFβRII) subunits. TGFβRII 

phosphorylates and activates TGFβRI which in turn phosphorylates and activates receptor bound SMAD proteins (SMAD2 

or 3). Activated SMAD2/3 forms a complex with SMAD4 and transports it to the nucleus where it influences SMAD target 

gene transcription. SMAD7 can inhibit TGFβ signalling through inhibition of TGFβR1 phosphorylation. 

 

E) Deregulated Wnt-β-catenin pathway activation in PDAC. Accumulated β-catenin can translocate into the nucleus and 

activate target genes in concert with TCF/LEF co-factors. Presently, the dominant mechanism of persistent β-catenin 

accumulation and activity in PDAC is unclear. There is evidence for both autocrine (owing to epithelial-derived Wnt 

ligands) and cell-autonomous activation (through Gli signalling and ataxia telangiectasia group D-associated [ATDC], 

which activates Dishevelled). The extracellular matrix may contribute to the promotion of β-catenin accumulation. 

F) Embryonic signalling pathways. Upon Notch ligand binding, ADAM performs the first cleavage followed by the second 

cleavage performed by γ-secretase. This releases the Notch intracellular domain (NICD) that results in gene transcription. 

The Patched receptor normally represses the smoothened receptor. Intracellularly, the hedgehog inhibitor suppressor of 

fused (SUFU) binds the GLI family zinc finger transcription factors GLI2/3 thereby inducing proteasomal cleavage 

resulting in repressor forms of GLI2/3. Hedgehog ligand binding to Patched, abrogates the inhibition on Smoothened. 

Smoothened inhibits proteasomal cleavage of GLI2/3 and thereby facilitates transcriptional activity. 
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1.3.1.1 KRAS signalling 
KRAS is a member of the RAS superfamily of GTPases that mediate a variety of cellular 

functions including proliferation, differentiation and survival. Mutations of the KRAS gene 

(chromosome 12p) have been report in approximately 30% of early pancreatic neoplasms. In 

PDAC the gene is almost always activated by a point mutation in codon 12 (glycine to 

aspartate, KRASG12D), of the GTP binding domain, leading to constitutively active Ras 

protein (104). This molecular switch remains in the ‘on’ position sending its potent 

oncogenic stimulating signal. The high frequency of mutation at an early point in 

development is consistent with an important role for KRAS mutation in PDAC 

tumourigenesis. Direct evidence that activating KRAS mutations can induce PDAC is 

provided by murine models expressing constitutively active KRAS in the pancreas that 

develop PanIN lesions that progress to invasive PDAC (105). Progression subsequently 

occurs if these mice are crossed with an appropriate tumour suppressor background. KRAS 

has three principal downstream pathways, all of which are implicated in PDAC 

tumourigenesis: 1) the RAF/ERK pathway, 2) phosphatidylinositol 3-kinase (PI3K) pathway 

and 3) RalGDS pathway (Figure 1.2A) 

The three foremost mitogen activated phosphorylated kinases (MAPKs) include: 

extracellular signal-regulated kinase (ERK), c-Jun N-terminal Kinase (JNK) and p38. For 

PDAC the ERK pathway is the most significant consisting of the Raf protein that 

phosphorylates MEK, resulting in ERK phosphorylation with subsequent gene transcription. 

Of the tumours with wild-type KRAS, a mutation in the BRAF oncogene (chromosome 7q) 

is present in ~5% of all PDACs, with Raf, the protein product, a downstream target in the 

Ras signalling pathway, hence the mutually exclusive nature of KRAS and BRAF mutations 

in PDAC (106). RAF mutations occur mainly in the medullary PDAC subtype, characterised 

by a lack of KRAS mutation (106). The KRAS and JNK pathways interact with 

phosphorylation of JNK partly accountable for induction of angiogenesis through KRAS. 

The PI3K pathway has been implicated in PDAC by several evidence strands: repressed 

phosphatase and tensin homolog (PTEN) (a PI3K inhibitor) being present in some PDACs 

(107); conditional knockout of PTEN in the mouse pancreas results in PDAC (42); 

activation of the PI3K pathway maintains KRAS initiated xenograft tumours; the 

downstream effector of PI3K, AKT2 is amplified in 10-20% of PDAC (108), while 

PI3K/Akt signalling is activated in approximately 60% of pancreatic cancers (109); 

inhibition of mammalian target of rapamycin (mTOR), another downstream effector in PI3K 

pathways inhibits PDAC xenograft growth (110).  

The RalGDS pathway, which can activate the RAL exchange factor enhancing cellular 

transformation (111), has been implicated in PDAC progression downstream of KRAS. 
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The NFκB pathway can be activated by multiple factors, notably proinflammatory signals 

including oncogenic KRAS signalling (112). Although absent from the normal pancreas, 

constitutive activity is common in PDAC and may influence anti-apoptotic and angiogenic 

pathways (113).  

1.3.1.2 Cell cycle progression G1/S phase 
The progression through G1/S-phase appears to play an important function in enabling 

unrestrained cancer cell progression. The tumour suppressor gene (TSG) CDKN2A gene 

(chromosome 9p21) is inactivated in approximately 90% of PDACs (114) by either 

homozygous deletion or an intragenic mutation in combination with loss of heterogeneity of 

the remaining wild type allele. Promoter hypermethylation is the cause for loss of CDKN2A 

in the remaining cases (114). The protein product p16, inhibits phosphorylation of 

retinoblastoma (Rb), thereby preventing G1/S transition and acting as a cell-cycle 

progression inhibitor (Figure 1.2B). Loss subsequently results in uncontrolled G1/S 

transition and unregulated cell division with associated tumour progression (115). CDNK2A 

mutations appear to act synergistically with KRAS in PDAC, hastening development (116). 

1.3.1.3 Apoptosis 
Programmed cell death or apoptosis, is a vital component of cancer development as 

resistance leads to cancer cell survival (Figure 1.2C). Contribution to PDAC tumourigenesis 

is however poorly defined. Two pathways can activate apoptosis: firstly by the death 

receptor pathway requiring binding of the ligands FASL, TRAIL and TNF to the death 

receptor. Secondly, the mitochondrial pathway in which a balance exists between 

proapoptotic (e.g. Bid, Bim, PUMA) and antiapoptotic (B-cell lymphoma 2 [Bcl-2], 

BCLXL). Both mechanisms are perturbed in PDAC resulting in a tumour less receptive to 

pro-apoptotic stimuli. The death receptor pathway can be inhibited by the high expression of 

the inhibitors of apoptosis specifically survivin, overexpressed in up to 85% of PanIN III 

lesions (117).  

At the level of the mitochondria, deregulated expression of Bcl-2 results in apoptotic 

resistance in PDAC. Anti-apoptotic genes Bcl-2, BclXL and Mcl-1 are expressed to varying 

degrees and repression was shown to enhance apoptosis in PDAC (118). Conversely, the 

pro-apoptotic Bax protein is reduced in 50% of PDAC (119).  

1.3.1.4 SMAD4/TGFβ signalling 
The TGFβ pathway is associated with cell proliferation, differentiation, apoptosis and 

angiogenesis (120) and has been strongly linked to PDAC tumourigenesis. Binding of a 

TGFβ ligand to the TGFβII receptor leads to phosphorylation and activation of the TGFβI 

receptor resulting in signal transduction of the SMAD protein family (SMAD 1-3, 5, 8), 

allowing that protein to integrate with SMAD4 (Figure 1.2D). The latter assists the regulator 
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SMAD complex in nuclear transfer with induction of transcription of the gene target. 

SMAD7 is the only characterised inhibitory SMAD acting via inhibition of the TGFβ 

receptor phosphorylation. TGFβ influences cellular proliferation through inhibition of the 

G1/S transition, via cyclin kinase inhibitors including p15, p21 and p27 (121). Additionally 

TGFβ signalling represses c-Myc expression, a powerful promoter of cell cycle progression.  

SMAD4 is the most commonly affected protein in the TGFβ pathway, with 90% of PDACs 

demonstrating loss of heterozygosity at the SMAD4 locus and 50% showing further 

inactivation of the remaining allele (122). Loss of SMAD4 has important effects on the 

tumour microenvironment and potentiation of invasion (123). The late loss of SMAD4 in 

PanIN lesions suggests that SMAD4 is necessary for PDAC maintenance. Furthermore, 

increased expression of the inhibitory SMADs has been observed (124). In many epithelial 

tissues, TGFβ exerts a growth inhibitory effect preventing cancer initiation, however it can 

promote fibroblast proliferation in breast cancer resulting in dedifferentiation and an 

aggressive phenotype (125). How SMAD4 mutations affect the balance remains to be 

elucidated but one study has shown that SMAD4 deficiency abolishes TGFβ mediated cell-

cycle arrest but not TGFβ induced EMT, thereby shifting the balance of TGFβ signalling 

towards a more aggressive phenotype (126). 

1.3.1.5 Cell adhesion and invasion 
A reduction in cell-to-cell adhesion and interaction plays an important role in 

carcinogenesis. The ability of cells to detach and metastasise in healthy pancreatic tissue is 

limited by anchoring attachments via multiple connections usually facilitated by junctions 

resulting from E-cadherin and catenins (127). E-cadherin is important for cell-to-cell 

cohesion, recognition and epithelial polarity. The extracellular domain of E-cadherin binds 

to other cadherins of neighbouring cells, while the intracellular cytoplasmic tail interacts 

with β-catenin, p120 catenin and Hakai protein, with resulting regulation of β-catenin 

signalling in the Wnt pathway (127). Free cytosolic β-catenin is also regulated by catenin 

destruction complexes including APC, Axin and Glycogen synthase kinase 3β (GSK3β) 

(Figure 1.2E). 

E-cadherin appears to suppress invasion, either by mediating direct tumour cell interaction 

or via its intracellular domain and β-catenin (128). Increased expression of β-catenin leads to 

nuclear translocation and induction of target genes. Reduced expression of E-cadherin, α- 

and β-catenins was demonstrated respectively in up to 60%, 40% and 60% of PDAC 

specimens (129).  

GSK3β can promote cell survival or apoptosis via activation of the intrinsic apoptosis 

pathway. Active GSK3β phosphorylates β-catenin, priming it for proteasome-mediated 

degradation (130), with GSK3β inhibition leading to β-catenin stabilisation resulting in 
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nuclear translocation, heterodimerisation, transcription of target genes and cell survival 

(131). There is limited information regarding the influence of GSK3β expression in human 

PDAC, or association with clinicopathological factors. 

1.3.1.6 DNA damage repair 
DNA damage control genes are responsible for maintaining DNA integrity. The TSG TP53 

gene (chromosome 17p) plays a vital role appearing in late stage PanINs. The frequent 

elimination of TP53 in PDAC (up to 40%), may account for the characteristic genomic 

instability, providing malignant cells with a survival advantage (132). Germline BRCA2 

gene mutations, integral to cross-linking DNA repair (133), are accountable for 

approximately 10% of familial pancreatic cancer; yet even in sporadic cases its frequency is 

up to 7% (134). 

The mismatch repair family of genes target base substitutions and insertion-deletion 

mismatches occurring following replication. Aberrations of MLH1, MSH2 and PMS2 

eventually lead to microsatellite instability (MSI) enhancing genomic vulnerability to further 

genetic errors. Although the incidence of pancreatic tumours with MSI is rare compared to 

other GI tract malignancies (~5%), medullary type pancreatic carcinomas have a distinct 

appearance similar to those occurring in the colon, and have a more favourable prognosis 

than classical PDAC (32). 

1.3.1.7 Embryonic pathways 
As embryogenesis shares many characteristics with carcinogenesis, different embryonic 

pathways are though to be involved in tumour development notably: Hedgehog (Hh), Notch 

and Wnt. The Hh signalling cascade plays an important role in GI tract development. 

Although absent from the developing pancreas, it is re-activated during tumourigenesis in 

70% of PDACs (135). Hh binding to its transmembrane receptor patched disinhibits the 

tonical inactivation of Smoothened, the cellular binding partner of Patched, resulting in 

signal transmission. Targets of the Hh pathway include Wnt proteins, Cyclin D1 and TGFβ 

assisted by GLI transcription factors (136). While the role of Hh signalling in PDAC 

requires clarification, inhibition by cyclopamine enhances survival in a murine pancreatic 

cancer model (137). Hh signalling also appears to have a role in PDAC stem-cell viability 

(138). 

The Notch signalling pathway is activated by the binding of Notch ligands to one of four 

Notch receptors resulting in proteolytic degradation with nuclear translocation. The Notch 

pathway plays a vital role in pancreatic embryonic development, but following pancreatic 

formation, signalling is limited to CACs (139), however appears reactivated in PanIN 

lesions (140). Up-regulation of the Notch pathway has been demonstrated in PDAC, with 

inhibition resulting in decreased tumour growth and accelerated apoptosis (140). Although 



  Introduction    19 

ectopic expression of Notch is not sufficient to induce PDAC in mouse progenitor cells 

(141), evidence suggests that Notch may well interact with KRAS to initiate PDAC (142). 

The third embryonic pathway, Wnt, shows increased activity in approximately 30-65% of 

PDACs, with increased Wnt-target expression correlating with poorer differentiation (143). 

Activation of the Wnt signalling cascade occurs through interactions with Hh, NFκB, TGFβ 

and Notch pathways (144) resulting in transcription of various target genes including Cyclin 

D1, matrix metalloproteinase 7 (MMP7) and c-Myc. 

1.3.1.8 Senescence 
Senescence has been proposed as a barrier to tumourigenesis in multiple cancer types. It has 

been suggested that cellular senescence is a key tumour suppressor pathway downstream of 

Ras signalling. Potentially, senescence in the context of the PanIN framework would be 

present at the early stages along with KRAS mutations, but prior to the development of 

mutations that allow the evasion of senescence. Cellular senescence is associated with 

senescence associated β-galactosidase and induction of cell cycle regulators including p16, 

p53 and its target p21 which is known to play a role in senescence/growth arrest (145). The 

initial reports in the pancreas suggest widespread evidence of senescence in response to 

endogenous expression of KRASG12V, as assessed by p16 and p15 and Dec1 (146). Certainly 

the role that senescence plays in PDAC tumourigenesis is a focus of much interest.  

1.3.1.9 Epithelial mesenchymal transition in pancreatic cancer 
EMT may be viewed as an initiating step in metastatic spread. The dissociation of cells from 

the epithelial layer necessitates the deregulation of cell-to-cell contacts and the acquisition 

of migratory abilities. A characteristic feature of EMT in PDAC is the switch of the 

epithelial-specific junction protein E-cadherin to mesenchymal N-cadherin along with up-

regulation of S100A4 and vimentin. Various factors can potentially trigger EMT including 

TGFβ, epidermal growth factor (EGF) and fibroblast growth factor (FGF) (147). Loss or 

reduced E-cadherin expression can be caused by somatic mutations, chromosomal deletions 

or furthermore the transcriptional factors Snail and Slug (zinc finger proteins) have been 

described as direct repressors of the E-cadherin promoter (148). Twist, a helix-loop-helix 

transcriptional factor is also potentially capable of suppressing E-cadherin in pancreatic 

cancer increasing the capability to invade and metastasise (149, 150). 

1.3.1.10 Genetic susceptibility 
As previously mentioned approximately 5–10% of PDAC patients have a positive family 

history of disease. An afflicted first-degree relative doubles the risk of development of 

PDAC with the risk increasing with number of affected relatives, implicating a hereditary 

component. Some cases will arise in the setting of a familial cancer syndrome; however, for 

most the genetic basis of the familial aggregation is not apparent (151). Five principal 
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hereditary syndromes are described which increase the risk of PDAC development. The 

Familial Atypical Multiple Mole syndrome (FAMMs) is the result of a CDKN2A germline 

mutation, carrying a 20–34 fold risk (152) especially when affecting a specific 19-base pair 

deletion (153). 

Peutz-Jeghers syndrome (PJS) is the result of mutation in the STK11/ liver kinase B1 

(LKB1) gene (154), a serine threonine kinase affecting multiple pathways in particular cell 

polarity and metabolism. It is associated with a 132-fold increased risk of PDAC 

development with a 30–60% lifetime risk by age 70 (155). Restoration of silenced LKB1 in 

PDAC cells induces apoptosis in vitro (156). Furthermore, LKB1 gene inactivation has been 

observed in IPMNs (157). Lkb1 activates a number of downstream kinases, including the 

AMP-activated protein kinase (AMPK), which responds to energy stress by negatively 

regulating the mTOR kinase (158). Lkb1 is also able to regulate cell growth and apoptosis, 

potentially through interaction with p53 (159). Ectopic expression of Lkb1 in cells lacking 

the endogenous protein induces p21 expression and cell cycle arrest in a p53-dependent 

manner, and chromatin immunoprecipitation analysis has revealed that Lkb1 is recruited to 

the p21 promoter by p53 (159). Lkb1 deficiency has also been shown to prevent culture-

induced senescence although, paradoxically, it renders cells resistant to subsequent 

transformation by H-Ras (160).  

The hereditary cancer susceptibility disorder, Falconi anaemia has a number of pathway 

components. The BRCA2 protein interacts with different genes in the pathway, including 

FANCC, FANCG and more recently PALB2 (161). Mutation in the DNA mismatch repair 

gene family results in Lynch syndrome, however, the exact role in PDAC development 

along with risk, requires further elucidation (162). 
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Table 1.3 Genetic syndromes associated with familial pancreatic cancer 
 

Cancer syndrome Gene mutation Pancreatic 
cancer lifetime 
risk 

Relative risk Histologic feature of 
neoplasm 

Extrapancreatic cancer 

Familial pancreatic 
cancer (10) 

BRCA in up to 
20% 

Variable risk – 
up to 50% 

10 fold Ductal Unknown 

Family X (163) Palladin Family X 
affected subjects 
carry the P239S 
variant 

Risk may have been 
over-estimated 

Ductal None 

FAMMM (152) CDKN2A 17% - p16 
Leiden mutation 

13-22 fold Ductal Melanoma 

Familial breast and 
ovarian cancer 
syndrome (161) 

BRCA1, BRCA2, 
FANCC, FANCG, 
PALB2 

Pedigree 
dependent 

6-10 fold Ductal Breast, ovary, prostate 

Peutz-Jeghers syndrome 
(155) 

STK1/LKB1 36% 132 fold Ductal, IPMN Small intestine, colorectal, 
oesophagus, stomach, lung, 
breast, ovary, uterus 

Hereditary pancreatitis  
(13) 

PRSS1 in up to 
80% 

35% 26-60 fold Ductal None 

von Hippel-Lindau 
disease (164) 

VHL Approx 5%  Not known Ductal, neuroendocrine, 
Pancreatic serous 
cystadenoma 

Renal, haemangioblastoma 

Ataxia telangiectasia 
(20) 

ATM Rare Not known Ductal Lymphoma, breast, 
ovarian, stomach, 
melanoma 

Li-Fraumeni syndrome 
(165) 

TP53 5% Not known Ductal Breast, brain, sarcoma 

Cystic fibrosis (166) CFTR 5%  5-6 fold Ductal Unknown 

FAP (164) APC Unsure 4 fold IPMN, ductal, 
pancreatoblastoma 

Colorectal, small intestine, 
stomach 

HNPCC (162) MLH1, MSH2 5% 8-9 fold Medullary Colorectal, small intestine, 
endometrium 

FAMMM – Familial atypical multiple mole melanoma, FAP – Familial adenomatous polyposis, HNPCC – Hereditary 

nonpolyposis colorectal cancer syndrome, IPMN – intraductal papillary mucinous neoplasm, VHL – von Hippel-Lindau 

1.3.1.11 Experience from the study of animal models 
The development of genetically engineered animal models of pancreatic cancer have 

enhanced comprehension of transcription factor activity in the developing pancreas and 

elucidated the sequence of genetic alteration in PDAC development. Targeted expression of 

oncogenic KRAS to pancreatic progenitor cells in mice resulted in the generation of 

progressive PanIN lesions, with subsequent low frequency progression to invasive 

adenocarcinoma (167). Pancreatic cancer development was accelerated by the inclusion of 

mutations in CDK2NA or TP53 (168), supporting the concept of KRAS initiating PanIN 

formation while key TSGs limit onward malignant conversion. 

1.3.2 Prognostic influence of molecular pathways in PDAC 
As discussed, there are a variety of molecular signalling abnormalities in PDAC. Despite a 

number of studies, no biomarker has found clinical use within a PDAC management 

algorithm. A summary of studies evaluating prognostic markers using immuno-

histochemistry (IHC) is found in Table 11.1, presenting the strength of evidence for each 

protein in terms of frequency, multivariate analysis and direction of prognostic influence.  
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1.3.3 Gene expression abnormalities in pancreatic cancer 
A gene expression signature is a biomarker in which the expression levels of multiple genes 

are combined in a defined manner to provide either a continuous score or a categorical 

classifier and have found utility as prognostic or predictive tools. The initial studies in 

cancer developed breast carcinoma portraits, profiling gene expression using unsupervised 

clustering of microarray data. An influential study identified four distinct subtypes, two of 

which where previously unknown (169). Subsequently, gene expression microarray profiling 

has been applied to other tumours including colon (170). Usually performed on 

oligonucleotide and complementary DNA (cDNA) microarrays, structures with several 

thousand gene specific nucleic acids placed by spotting or direct synthesis (171). The 

principles underlying microarray experimentation are shown in Figure 2.3. 

1.3.3.1 Prognostic genomic signatures  
Outcome prediction utilising gene expression signatures then developed, with the newly 

identified basal like type of breast carcinoma associated with poor prognosis (172). 

Subsequently a 70-gene set, able to predict metastasis development in young patients with 

breast carcinoma, was developed and subsequently validated in 295 early stage breast cancer 

patients (173). This signature predicted outcome more accurately than standard parameters 

(5). In a further breast cancer cohort, a gene set was described that identified distant 

recurrence within 5 years and subsequently has undergone extensive validation (174). 

1.3.3.2 Gene expression profiling of pancreatic ductal adenocarcinoma  
Potential exists for a variety of novel aberrations to exist that drive the pathological features 

of PDAC. Several studies have elucidated gene expression changes in PDAC utilising 

representational difference analysis, serial analysis of genes and microarrays (175-177). 

Eight studies using DNA microarray technology (175, 178-184) have generated large sets of 

new cancer genes dysregulated at the mRNA level. Logsdon and co-workers identified 

genes differentially expressed between PDAC and CP, revealing that many deregulated 

genes were common in both situations in comparison to normal ductal tissue, with the 

highest fold change evident in the PDAC tissue (180). A selection of the genes identified as 

overexpressed in PDAC from multiple profiling studies are listed in Table 1.4. 

Repositories of gene expression data exist as the Pancreatic Expression Database (185) 

(www.pancreasexpression.org) and the Oncomine database (www.oncomine.org) which 

contains six studies including 134 samples (38, 179, 180, 186-188). The Pancreatic 

Expression Database was used to generate a list of differentially expressed genes for PDAC 

versus normal ductal tissue and for PDAC versus CP. 132 genes were selected in total, 33 of 

which were expressed in at least five studies. From the Oncomine repository the 20 most 

highly over- and under-expressed genes were selected. The two lists shared seven 

components: CLPS, CPA2, THBS2, FN1, S100P, PNLIPRP1 and AMY1A. 
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Table 1.4 Selection of aberrantly genes identified by PDAC expression profiling 
 

 Aberrantly expressed genes in PDAC 
Gene Symbol Method Study source 
CEACAM5 DNA microarray (179, 180, 184, 189)  
ITGA2 DNA microarray (179, 180, 189, 190) 
MMP11 DNA microarray (188)  
MSLN DNA microarray (176) (180, 189, 191) 
MUC5AC DNA microarray (175, 179, 184, 189) 
S100P DNA microarray (179, 180, 184, 189, 192, 193) 
S100A11 DNA microarray (179, 180, 184, 189) 
SFN DNA microarray (179, 180, 184, 189) 
SPARC DNA microarray (181, 184, 189, 193) 
TFF2 DNA microarray (179, 191) 

 
1.3.4 Epigenetics of pancreatic ductal adenocarcinoma 
Epigenetics is defined as heritable changes in gene expression without accompanying 

changes in DNA sequence. The main epigenetic mechanisms that may affect gene 

expression include DNA methylation, histone modification and microRNA (miRNA) 

expression. 

1.3.4.1 DNA methylation 
DNA methylation is the covalent binding of a methyl group (CH3-) to cytosine residues, a 

process catalyzed and maintained by the DNA methyltransferases (DMNTs).  

Approximately 80% of PDAC overexpress dnmt1 protein (194). A major pattern of DNA 

methylation occurs in CpG islands, stretches of DNA with a high CG nucleotide content (> 

50%), frequently located near transcriptional start sites of genes. Aberrant hypermethylation 

of promoter CpG islands is tightly associated with gene silencing and may be associated 

with loss of TSG function (195). 

An increasing number of important genes undergo aberrant promoter CpG island 

hypermethylation in a subset of PDACs including CDKN2A (114). MLH1 undergoes DNA 

methylation in PDAC and is associated with microsatellite instability in medullary 

carcinomas (32). The CDH1 gene that encodes E-cadherin, is hypermethylated in a small 

proportion (196), while other targets that undergo methylation and subsequent gene 

silencing include RUNX3 (197) and SOCS-1 (198). 

Hypomethylation can result in loss of regulation and promotion of gene and protein 

expression. S100A4 (199), CLDN4 and prostate stem cell antigen (PSCA) (200) are 

frequently hypomethylated genes overexpressed in PDAC cells. 

1.3.5 MicroRNA expression abnormalities in PDAC 
miRNAs are a class of single stranded, evolutionary conserved, noncoding RNA molecules, 

19 to 25 nucleotides (nts) long that regulate gene expression by binding to sequences in the 

3’untranslated region of an expressed mRNA (201). miRNAs are first transcribed into long 

primary miRNAs (Figure 1.3) (202). A Drosha RNase III endonuclease, in complex with the 

double-stranded RNA-binding domain protein DGCR8, cleaves the primary miRNA leaving 

a hairpin loop structure ∼70 nt in length known as precursor miRNA. This is exported from 
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the nucleus to the cytoplasm by Exportin-5 (203). These small RNAs exert their 

functionality via sequence-specific regulation of post-transcriptional gene expression by 

targeting mRNAs for cleavage or translational repression (204). The RNA-induced silencing 

complex (RISC) is guided to the mRNA target site by the miRNA strand. Perfect or near-

perfect complementarity binding to the target site can induce gene silencing via the RNA 

interference pathway (205); causing cleavage of the mRNA transcript and degradation of the 

target mRNA. Predominantly, however, the miRNA-mRNA interaction is imperfect, 

resulting in translational repression and subsequent reduction of steady state protein levels 

of targeted genes (206), meaning that each miRNA can regulate a broad set of targets.   

1.3.5.1  MicroRNAs and cancer 
Recent reports have evidenced a role for miRNAs in the regulation of crucial processes 

including cell proliferation, apoptosis, development, inflammation (207) and recently have 

been linked to cancer. Deletions, local amplifications and chromosomal break points in 

regions harboring miRNA sequences, suggest a direct role in many aspects of tumour 

biology, including oncogenesis, progression, metastasis and angiogenesis (201). Indeed 

more than 50% of miRNAs are localised within genomic regions associated with cancer or 

fragile sites. 

Calin and co-workers originally showed that miR-15a and miR-16-1 are down-regulated or 

deleted in most patients with chronic lymphocytic leukemia. The gene coding for these two 

miRNAs is located at chromosome 13q14, a region deleted in 65% of cases (208). miRNAs 

influence various cancers with miR-21, miR-143 and miR-145 in colorectal (209), miR-221 

in thyroid (210) and miR-21 in breast cancer (211). Many have been demonstrated to act 

either as TSGs or oncogenes according to the mRNA target and are proven to accelerate the 

oncogenic process (212). miRNAs themselves can act as TSGs when down-regulated e.g. 

miR-15a (213) or as oncogenes when overexpressed e.g. miR-21 (214).   
 

1.3.5.2 Clinical applications of microRNAs in cancer 
The central involvement of miRNAs in cancer development and progression suggests 

potential diagnostic and prognostic utility. miRNA profiling studies have differentiated 

between normal and tumour cells, between different tumour subtypes and proven utility of 

miRNAs for diagnosis (215-217). Notably, miRNA profiling of 217 targets has been 

demonstrated to classify cancer types more effectively than 16,000 mRNA probes (215). 

Furthermore, prognostic miRNA signatures have been reported in non-small cell lung cancer 

(NSCLC) (218) and chronic lymphocytic leukemia (216). 
 

1.3.5.3 MicroRNA expression profiling in PDAC 
Attempts to determine the role of miRNAs for pancreatic cancer diagnosis have focused on 

both individual miRNAs and miRNA expression signatures. Analysis suggests that PDAC 
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has a unique miRNA signature that could help differentiate pancreatic cancer from other 

tumours. Initial studies profiling a large number of tumour types did not achieve a pancreatic 

cancer specific signature (215, 217), but did identify that miR-21, miR-191 and miR-17-5p 

were significantly overexpressed. miR-216 has been identified as pancreas specific and is 

regularly down-regulated in PDAC compared to normal pancreatic tissue.  

In order for miRNA expression data to be interpreted successfully and to be clinically 

relevant, it is vital to establish the profile of the specific tissues, in particular normal 

pancreas, CP and PDAC. Studies have succeeded in profiling miRNA expression of the 

three principal groups, however, expression profiles of normal pancreas could be further 

compartmentalised into acinar, islet, stromal and ductal tissue but as yet these data are not 

complete. Authors, focused solely on the miRNAome in PDAC, performed hierarchical 

clustering based on reverse-transcription polymerase chain reaction (RT-PCR) measured 

expression of 222 miRNA precursors in cancer, adjacent normal tissue and CP samples 

(219). They reported aberrant expression of > 100 miRNAs many differentially expressed in 

cancer. Localisation revealed that miR-221, miR-376 and miR-301 were expressed in 

tumour but not in stroma or normal ducts.   

A study based on a 377 miRNA microarray format was used to investigate the PDAC 

miRNAome using PDAC-derived cell lines, normal pancreas, PDAC and CP specimens 

(220). They identified miR-216 and miR-217 over-expression and lack of miR-133 as being 

specific for pancreatic tissue, while PDAC specimens showed a significantly altered miRNA 

profile. Using a semi-quantitative RT-PCR index including miR-217 and miR-196a, normal 

pancreas, CP and PDAC tissue were differentiated, highlighting the diagnostic utility of 

miRNA profiling in pancreatic disease. 

The results of these studies suggest that variability of individual miRNAs with tumour type 

makes the use of a single miRNA biomarker unrealistic. Therefore a combination will be a 

more successful method in PDAC detection and prognostication. A summary of the 

miRNAs so far established as yielding prognostic value in PDAC is presented in Table 1.5. 

 

Table 1.5 MicroRNAs associated with prognosis in PDAC following resection 
 

MiRNA Cohort  Authors (Ref) 
miR-21 Post-resection and metastatic 

disease  
Adjuvant therapy 

Giovannetti et al (221) 
Hwang et al (222) 

miR-155, miR-203, miR-210, miR-222 
miR-203  

Post-resection  
Post-resection  

Greither et al (223) 
Ikenaga et al (224) 

miR-196a-2, miR-219 Post-resection Bloomston et al (225) 

miR-200c Post-resection Yu J et al (226) 
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Figure 1.3 Illustrative overview of microRNA generation in pancreatic cancer 
 

RNA polymerase II (Pol II) produces a 500-3000 nucleotide transcript, called the primary microRNA (miRNA) 

or Pri-miRNA that is then cropped to form a pre-miRNA hairpin by a multi-protein complex that includes 

DROSHA. This double-stranded hairpin structure is exported from the nucleus by RNA GTPase and exportin 5 

(XPO5). Finally, the pre-miRNA is cleaved by DICER1 to produce two miRNA strands, a mature miRNA 

sequence, approximately 20nt in length and its short-lived complementary sequence, which is denoted miR*. 

The thermodynamic stability of the miRNA duplex termini and the identity of the nucleotides in the 3’ overhang 

determine which of the strands is incorporated into the RNA-inducing silencing complex (RISC). miRNAs in 

green have been shown to be down regulated in PDAC, while for those in red there is evidence to suggest they 

are up-regulated. Established targets for these miRNAs are shown opposite the controlling miRNA. 
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1.3.6 Chromosomal and cytogenetic aberrations in PDAC 
In addition to mutations in molecular signalling cascades, chromosomal aberration has long 

been known to play a critical role in human cancer pathogenesis (227) and is another 

mechanism leading to gene dysregulation in PDAC. The identification of regions of 

genomic gains and losses has resulted in the discovery of novel oncogenes and TSGs (228). 

PDAC cells show significant genomic instability, principally telomere abnormalities. 

Telomere shortening is encountered in virtually all precursor lesions and invasive pancreatic 

tumours (229). Telomerase, the gene that maintains telomere length, has low expression 

during early pancreatic tumourigenesis with prominent reactivation in invasive tumour. It is 

thought to restore genomic stability allowing effective tumour progression by preventing the 

accrual of lethal chromosomal damage (230). Chronologically, telomere shortening precedes 

loss of p53 function and it is possible that the chromosomal abnormality of short telomeres 

activates p53-mediated suppressor pathways. While its molecular basis is not clear there is 

evidence that mutation in genes controlling the kinetochore and centrosome formation and 

mitotic spindle checkpoint can lead to precursor lesions in PDAC (231).  

Conventional chromosome analysis carried out on low passage cells derived from primary 

tumours or metastases, has provided important insight into common PDAC chromosomal 

abnormalities. The most commonly reported alterations have been chromosome copy 

number changes affecting chromosome number. Overall chromosome losses have been 

observed more frequently than gains by conventional cytogenetic techniques, the most 

common being chromosome 18 (30% of tumours), with frequent losses affecting 

chromosome 6 (44%), 22 (42%), 17 (56%) and 21 (42%) and extra copies of whole 

chromosomes 2, 7 and 20 (232).  
 

1.3.6.1 Comparative genomic hybridisation  
Comparative genomic hybridisation (CGH) identifies and maps DNA copy number 

alteration across the whole genome in a single hybridisation, without need for the sample to 

be mitotically active and without knowledge of the sample’s genetic makeup. The 

chromosomal origin of these gains and losses of genetic material can be identified and 

mapped to specific chromosome bands. CGH has been widely used for the analysis of 

PDAC revealing chromosomal abnormalities in almost 100% of PDAC cell lines and in 67-

100% of primary tumours. The slightly lower frequency of aberrations in primary tumours is 

partly explained by the presence of normal cell contamination so typical of PDAC (233).  

The introduction of array-based CGH (aCGH) provided a high-resolution approach to detect 

copy number aberration (CNA), with the hybridisation targets being spotted DNA 

fragments, typically genomic bacterial artificial chromosome (BAC) clones, cDNA clones 

or oligonucleotides (234). An outline of the principles of aCGH is illustrated in Figure 2.3. 
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The resolution is dependent on the number of DNA fragments and their spacing along the 

genome. In addition to the higher resolution, the power of aCGH lies within the information 

available from each target sequence allowing access to multiple biological annotations along 

with chromosomal location. 

1.3.6.2 Array comparative genomic hybridisation profiling in PDAC 
To date, nine studies using aCGH technology for analysis of CNAs in PDAC have been 

published (235-243). The majority of these studies have focused on the analysis of 

pancreatic cancer cell lines, although primary tumours have been evaluated to a lesser 

extent, with similar concordance between cell lines and primary tumours (Table 1.6) (235, 

240). As expected, the spectrum of gains and losses detected by aCGH is very similar to that 

observed by chromosomal CGH but with improved resolution of CNA boundaries.  

Several amplifications events localised by aCGH correspond to known oncogene loci 

including KRAS (12p12.1), MYC (8q24) and AKT2 (19q13) (235-238, 242, 243). It is 

uncertain, however, if they are the real or sole target genes of these amplicons. The KRAS 

oncogene is known to be activated by point mutations rather than by gene amplifications. 

The identification of recurrent chromosomal amplifications and deletions indicate that the 

current compendium of known genetic lesions represents a very limited collection of 

molecular mechanisms driving this disease. Studies have demonstrated that there are other 

possible target genes for the 12p12 amplification identifying as many as 20 potential targets 

for this region. Furthermore high-resolution mapping analyses have indicated that there are 

several independent amplicons at 12p, proximal and distal to the KRAS gene, suggesting 

that there might be several important genes that are activated in this region.  

aCGH is also able to detect reliably homozygous and heterozygous deletions. In PDAC, 

regions showing copy number losses by aCGH correlate very well with chromosomal 

regions harbouring TSGs that are known to be altered in PDAC (235, 237, 238). Common 

homozygous deletions have been detected at the CDKN2A (9p21), SMAD4 (8q21) and the 

TP53 locus (17p31.1) (235, 237, 238) although these genes as well as others can be 

inactivated through various mechanisms e.g. epigenetic alterations that do not affect copy 

number, it is possible that regions of common loss identified by aCGH highlight additional 

TSGs important for PDAC pathogenesis. 

Genome wide CNA analysis of PDAC has identified that SKAP2/SCAP2 is amplified, with 

amplification associated with increased expression of gene product and may have an 

important role in pancreatic tumourigenesis (244). A further approach has identified 

SEC11L3 as being deleted in the majority of PDACs and therefore potentially represents a 

TSG (239). 
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1.3.6.3 Clinical utility of arrayCGH in PDAC 
Knowledge of CNAs can have immediate clinical use in diagnostics and potentially 

prognosis. Association of CNAs with prognosis has been found for a variety of tumour 

types, including prostate (245) and breast (246), however there is limited evidence for this in 

PDAC. 
 

Table 1.6 PDAC aCGH studies reporting gene copy number changes  
 

Study (Ref) Array 
format 

No. of 
samples 

Gains Losses 

Aguirre et al, 2004 (235) cDNA 
 
14,160 clones 

13 primaries 
 
24 cell lines 

5p15.13-15.33; 7p22.1-22.3; 
7q21.11-32.2; 8p11.21-p12; 
8q12.1-12.3; 8q21.3-24.3; 
11q14.1-14.2; 17q12-23.2; 20p13-
q13.33 

4q34.1-35.2; 6q21-22.31; 
8p12-23.3; 9p21.2-9p24.3; 
17p11.1-13.3; 18q11.2-21.1; 
18q22-23; 21p11.2-q11.2; 
22q11.1-13.2 

Bashyam et al, 2005 (237) cDNA 
39,632 clones 

22 cell lines 6p21; 7q21; 11q13; 11q22; 12p11; 
12p12; 14q24; 17q12; 19q13 

6q35; 8p22; 8p23; 9p21; 
18q21; 18q23; Xp 

Gysin et al, 2005 (238) BAC 
2464 clones 

25 cell lines 5p14.3-15.1; 8q24-24.2; 10p14; 
11q13; 11q22; 12p11.2-12; 
17q21.3; 20q11-qtel 

3p14-p21; 6p24; 6q26; 8p22-
23.2; 9p21 
13q21-32; 16q23; 18q21.1; 
Xp22.3; Xq27 

Heidenblad et al, 2004 
(236) 

BAC 
3200 clones 

16 cell lines 6p21-22; 7q21-31; 8p11-12; 8q23-
24 

9p21; 9p24; 9q32; 10p12; 
10q22; 12q24 

 cDNA 
25,648 clones 

15 cells lines 12p11-12; 18q11-12; 19q13.2 18q23 

Holzmann et al, 2004 
(240) 

cDNA 
812 clones 

6 primaries 1p22; 7p12; 7q21; 8q24; 11q12-
q13 

 

  13 cell lines 12p13; 12q13-15; 17q21  
Mahlamaki et al, 2002 
(247) 

cDNA 
12,232 clones 

13 cell lines 7q22; 11q13; 15q25; 17q21; 
19p13.3; 19q13.1; 20q13.3; Xq28 

 

Nowak et al, 2005 (243) BAC 
5400 clones 

9 cell lines 7p11.2-21.11; 7q31.32; 7q33 3p14; 4q31.3; 5q14.3; 6q24.3; 
6q26; 8p23.1 

  7 cell lines  
17 xenografts 

8q11.1-24; 11p13; 14q22.2; 
20p12.2; 20q11.23-13.33; 20q13 

9p21.3; 17p12; 18q21; 
22q13.1 

Studies in bold highlight where primary human tumours were analysed 

1.3.7 Integrative genomics 
As discussed, chromosomal instability is important in PDAC. Regions exhibiting CNA can 

affect expression of cis-localised TSGs and oncogenes. Several studies have integrated 

global patterns of gene expression and genomic data in cancer in an effort to identify 

alterations that are biologically relevant to tumourigenesis (248). While CNAs are structural 

changes, measuring the level of mRNA transcripts provides additional information on 

whether those changes have functional consequences. There have been initial reports of 

integrated genomic methods in PDAC, with limited relationship with patient prognosis. 

Furthermore, it may be that gene expression patterns are altered according to miRNA 

expression in human PDAC. There has been no such assessment performed in human PDAC 

at this time. 

 
1.3.8 Hypotheses 
Scope exists to improve the accuracy of the clinicopathological staging parameters and for 

the discovery of biomarkers that may add to existing prognostic criteria for PDAC, 

potentially resulting in the improved stratification of patient outcome. In the future this may 

provide the opportunity to modify treatment according to an improved characterisation of 



  Introduction    30 

PDAC allowing therapy to be targeted depending on the predicted outcome. From the 

appraisal of the literature a number of postulations are proposed that may improve the 

understanding of the clinical behavior of this challenging disease.  
From review of the traditional pathological factors that influence prognosis, it is apparent 

that controversy exists on the issue of the frequency of resection margin involvement. The 

definition of an R0 margin varies and the perceived influence on prognosis is not universally 

accepted. It is hypothesised that resection margins are frequently involved and that not all 

involved margins have equal prognostic influence. The determination of resection margin 

involvement is an important issue as currently adjuvant chemotherapy allocation as part of 

randomised controlled trials is allocated according to R1 status. Individuals most likely to 

benefit from adjuvant therapy are those who have undergone a resection with no evidence of 

disease at the margins. Clearly in the context of investigating the influence of established 

and novel adjuvant therapies the issue of resection margin involvement following PD is an 

important one that merits further investigation.  

Further to the issue of resection margin involvement, invasion into the peripancreatic fat, 

beyond the pancreas itself could potentially represent a more advanced process of disease. It 

is hypothesised that this pathological feature may influence survival and pattern of failure 

and warrants more detailed analysis. Potentially stratification of outcome according this 

factor may influence the targeting of adjuvant therapies. 

Identification of biomarkers that can be assessed prior to treatment would be of particular 

value, not simply as prognostic markers but potentially as predictive tools in relation to 

treatment response. Despite investigations of numerous molecular pathways in PDAC for 

potential prognostic utility (249), inadequate study size and inadequate clinicopathological 

correlation has limited their worth. It is therefore proposed that assessment of established 

pathways integral to pancreatic cancer tumourigenesis at a protein level by means of IHC in 

a large resectional cohort might relate pathological features of disease to these aberrant 

pathways. It is hypothesised that by determining the prognostic capability of the best 

candidate protein markers from the literature in a large TMA cohort it will be possible to 

stratify outcome following resection of PDAC. Furthermore it may be possible to generate 

combinations of protein markers that describe subgroups of PDACs with variable prognosis. 

Certainly detailed gene expression analysis of PDAC by microarray analysis has been 

undertaken, however only limited exploration of the relationship between gene expression 

patterns and clinicopathological factors exist. It is hypothesised that there is a potential for 

the development of novel gene sets or signatures in PDAC that describe pathological 

features, which could provide insight into the aggressive behaviour of this disease. 

Furthermore, it is proposed that a prognostic gene signature providing additional prognostic 
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information beyond traditional prognostic factors could be developed for PDAC, as has been 

generated for other cancer types. This could better characterise PDAC and allow 

stratification of outcome in addition to current pathological features.  

Only limited miRNA profiling has so far been performed in human PDAC specimens. 

However, sufficient evidence exists for this class of molecule to possess an integral role in 

PDAC tumour biology, with a number of the established molecular aberrations previously 

discussed being impacted upon by alterations in the miRNAome. Furthermore, it is noted 

that minimal exploration of the relationship between miRNA expression patterns and 

clinicopathological factors exist. It is proposed that the investigation of a PDAC miRNA 

expression signature could provide additional prognostic information beyond traditional 

prognostic factors and stratify patient outcome following resection. Additionally, 

investigation of miRNA expression may provide insight into the established molecular 

signalling patterns.  

To date nominal correlation between CNAs and human PDAC specimens have been 

performed, of which few have attempted to associate CNA with pathological features of the 

tumour or survival following resection. It is proposed that the CNAs identified by aCGH 

may associate with pathological features of pancreatic cancer and potentially with survival. 

Consequently, this may provide insight into the established molecular signalling patterns.  

Finally, it is hypothesised that alterations in copy number that affect gene expression levels 

are potentially more likely to modify protein expression. The integration of gene expression 

data with copy number changes may allow those changes most likely to be causally 

implicated in PDAC tumour evolution to be identified. This has proven effective in various 

other types (250) but has not been undertaken in human PDAC studies previously. Similarly 

integration of mRNA expression patterns according to miRNA expression may provide 

insight into human PDAC biology.  

1.4 Project aims and objectives  
As described above, the identification and establishment of methods to better characterise 

PDAC so as improve stratification of outcome following resection is vital if there is to be 

progress in the management of this deadly disease. The aim of the present work was 

therefore to evaluate potential prognostic factors at various levels to better understand the 

clinical behaviour of PDAC. This included the investigation of candidate pathological and 

protein factors, in addition to a genome wide exploration of gene expression, miRNA 

expression and copy number aberrations within a large cohort of patients with pancreatic 

cancer. While it is hypothesised that this hierarchical approach will provide unique insight 

into the underlying tumour biology, the concept of stratification of therapy according to 

certain prognostic criteria brings clinical relevance to this work. This methodology may 
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result in improved stratification of patient survival beyond what is currently possible with 

conventional pathological criteria. Furthermore it may also identify novel biomarkers that 

have potential for application in the clinical management of PDAC. 

Specifically, the objectives were to: 

1) Determine whether rigorous pathological assessment of PDAC resection specimens, in 

particular of the frequency and site of resection margin involvement, could enhance 

patient stratification following resection for PDAC.  

2) Determine whether the presence of peripancreatic fat invasion may enhance outcome 

prediction following resection for PDAC. Furthermore to investigate whether 

pathological factors including fat invasion are related with the site of tumour recurrence. 

3) Validate the prognostic value of a number of previously studied protein biomarkers using 

IHC in a TMA cohort of PDAC patients so as improve patient outcome stratification 

following resection. Furthermore an attempt will be made to combine expression of these 

markers into a prognostic protein expression signature. 

4) Identify microarray derived gene expression patterns using associated with PDAC and in 

particular gene expression profiles associated with clinicopathological factors focusing 

upon survival following resection in a fresh frozen tissue cohort. An attempt will be made 

to validate discovered prognostic gene expression signature within independent 

microarray data sets. Components of any prognostic gene expression signature will be 

validated by IHC in the larger TMA cohort. 

5) Define a microarray derived PDAC miRNA expression profile and investigate the 

association of miRNA expression with clinicopathological factors and survival following 

resection to improve patient outcome stratification. Furthermore an attempt will be made 

to validate prognostic miRNA targets using PCR in an independent cohort of patients 

with PDAC. 

6) Identify using aCGH genomic CNAs associated with PDAC and clinicopathological 

factors in fresh frozen tissue cohort. Furthermore the intention is to investigate whether 

individual CNAs in addition to the frequency of CNAs in the tumour are capable of 

stratifying patient outcome following resection. 

7) Undertake a combined genomic integration approach to the study of PDAC by integrating 

gene expression, aCGH, as well as IHC analysis of protein expression in PDAC TMAs to 

identify genes for which mRNA expression is correlated with copy number status. In 

particular there will be a focus upon the identification of potential key regulators 

underlying PDAC tumourigenesis. A further aim is to investigate the downstream gene 

targets of a selection of miRNAs in PDAC. 
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2.1 Methods 
 

2.1.1 Investigation of pathological prognostic factors 
2.1.1.1 Pancreaticoduodenectomy cohort 
All patients included in this thesis underwent surgery in the West of Scotland Pancreatic Unit, 

GRI, over a seventeen-year period (1st January 1992 to 31st December 2009). All patients 

underwent either classical or pylorus-preserving PD, performed by a team of four surgeons. 

Surgical death was defined as in-hospital mortality. This analysis was limited to patients 

undergoing PD for PDAC with curative intent. Patients undergoing a palliative bypass, who 

were unsuitable for a curative procedure, were excluded. The distribution of PDAC, 

ampullary, duodenal and cholangiocarcinoma resected over the study period is illustrated in 

Figure 2.1A and the inclusion of PDAC patients in each chapter is shown in Figure 2.1B with 

clinicopathological details presented in Table 2.1.  

The decision to perform resection was made by a multi-disciplinary team including surgeons, 

oncologists, radiologists and pathologists. The criteria for resectability were: a) CT evidence 

of localised tumour in the head of the pancreas; b) no greater than 180° circumferential 

involvement of SMV; c) no overt arterial involvement (251).  
 

2.1.1.2 Operative procedure  
The mobilisation phase of a classical PD involves the anterior, duodenal and posterior aspects 

of the HOP being fully mobilised back to the midline, leaving the medial lymphovascular 

structures intact (Figure 3.1A, B). The transection phase requires division of the jejunum, 

proximal jejunal mesentery, bile duct, pancreas, mesopancreas (medial transection margin) 

and distal stomach/ duodenum (+/- vein resection) to allow resection completion. Transection 

margin frozen section analysis is performed to establish the presence of residual disease, with 

further pancreatic body resection undertaken if required. The majority (95%) of patients had 

classical PD with reconstruction by a four layer, duct to mucosa pancreaticojejunostomy. 

The extent of resection remained constant during study, although the order in which 

individual steps were undertaken would vary, to facilitate early identification of locoregional 

inoperability. Uncinate process lesions or those sited medially would undergo an “artery first” 

exploration to ensure absence of arterial involvement, whereas lesions at the neck undergo an 

early dissection of the hepatico-duodenal ligament to ensure proximal clearance. Short 

segment (< 180°) venous involvement was managed by en-block resection and primary 

anastomosis. Arterial involvement was considered a contraindication to resection. 

2.1.1.3 Adjuvant therapy protocol 
Post-operatively, all patients were considered for adjuvant therapy. In the earlier years of the 

study, patients were considered for ESPAC-1 randomisation; in the later years, they were 

considered for ESPAC-3 randomisation. There is a range of five treatment options across both 



 Methods and Materials 35 

these studies, including 5-FU with folinic acid, gemcitabine, radiotherapy, 5-FU with 

radiotherapy and no therapy. Follow-up comprised a standardised protocol of out-patient 

reviews. CT scans were not performed routinely during follow-up but only when local 

recurrence or metastatic disease was suspected. In patients with CT confirmed recurrent 

disease, the patient was considered for chemotherapy if oncologically naïve, or for adjuvant 

chemotherapy re-challenge. Neo-adjuvant therapy was not used during the study period. 
  

2.1.1.4 Pathology assessment 
The pathology reports from all patients undergoing PD for PDAC between 1992 and 2009 

were reviewed. During the study period, the resection specimens were assessed by three 

senior pathologists (AKF, KO and JJG). AKF has led the local standardisation of “taking in” 

procedures and was a co-author of the RCPath National Pancreatic specimen guidelines (95). 

The gross and microscopic examination of PD specimens incorporated these guidelines and 

has done so since 1996. Prior to this time resection margins were not routinely inked.  

Pathological assessment began with the four pancreatic margins (pancreatic transection, 

medial, posterior and anterior surface) being identified and inked (Figure 3.1C, D). The 

medial margin describes a column running down from, and as wide as, the pancreatic 

transection margin and containing the beds of the mesenteric vessels. The anterior margin 

comprises the pancreatic surface lying in front of the medial margin. The posterior margin 

comprises the smooth pancreatic surface lying behind the medial margin. Thereafter three cuts 

were made from the luminal aspect of the second part of the duodenum into the HOP, in a 

transverse plane and the specimen fixed for 24–48 hours. After fixation, the specimen was 

again examined, sectioned and characterised, recording tumour location, size and proximity to 

margins. Blocks were taken for microscopic examination as follows: multiple tumour blocks; 

adjacent circumferential margin(s); other circumferential margin(s); bile duct, gastric or 

duodenal and jejunal resection margins; ampulla if near tumour; and macroscopically normal 

pancreas, gallbladder and lymph nodes. Microscopic assessment and reporting included: 

maximum tumour diameter and extent and location of local spread; tumour grade; perineural 

and venous invasion; total lymph nodes examined and number positive. TNM staging was 

performed in accordance with the UICC/AJCC staging system (252) which corresponds to the 

RCPath Guidelines (95). Tumour grade was categorised into high for poorly differentiated 

tumours and low for moderately and well-differentiated tumours (83). The original H&E 

slides for the entire cohort were reassessed (NBJ) under the supervision of a consultant 

pathologist, with the specific aim of identification of resection margin involvement and 

peripancreatic fat invasion. Where there was ambiguity new sections were cut and stained. 

As the standardised protocol driven studies (93, 96) assessed R1 status according to the 

RCPath criteria this methodology has been adopted in this work. The guidelines define 
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margin positivity as the presence of tumour at or ≤ 1 mm of a margin when assessed by 

microscopy of H&E stained slides (95). Marginal status was further categorised as: direct 

extension when directly infiltrating tumour was present at or ≤ 1 mm from a resection margin; 

or loco-regional extension when there was perineural, venous or lymphatic infiltration or 

tumour within a lymph node ≤ 1 mm from a margin. If major vessel resection was required to 

achieve a macroscopically negative resection the vessel margin is similarly assessed. To 

facilitate comparison with previous data, a parallel analysis of resection margin status was 

been performed according to the UICC/AJCC criteria, in which margins are regarded as 

positive only when tumour was present at the margin surface.  

2.1.1.5 Site of recurrence 
The first site/ sites of disease recurrence were classified as liver metastases or recurrence 

other than liver metastases. The latter included local recurrence (pancreatic bed and mesentery 

root), regional recurrence (soft tissues or lymph nodes beyond pancreatic bed or peritoneal 

cavity) or other distant recurrence (lungs or other distant organs). Radiographic findings 

consistent with recurrent disease were considered adequate proof, while only occasionally 

was tissue evidence obtained. Only the first site at presentation with recurrence was 

considered. Data regarding recurrence site were collated prospectively from the late 1990’s. 

2.1.1.6 Statistical analysis of clinicopathological data  
The relationships between categorical variables were analysed using the Mantel–Haenszel (χ2) 

test. The Mann-Whitney U test was used to compare continuous variables. The principal 

outcome measure was length of overall survival as measured from time of the original 

surgery. Length of survival following surgery and cause of death were obtained from 

prospectively maintained database and validated using the NHS Scotland Information 

Services Department (http://www.isdscotland.org). Kaplan-Meier survival analysis was used 

to analyse the overall survival from time of surgery with a Log-rank test to compare curves. 

Patients alive at time of follow-up point were censored. The last follow-up period for patients 

still alive was October 2010. A Cox proportional-hazards model was used for multivariate 

analysis to adjust for competing risk factors, and the hazard ratio (HR) with 95% confidence 

intervals (CIs) reported as an estimate of the risk of disease-specific death. Only variables 

found to be significant on univariate analysis at p < 0.10 were included in multivariate 

analysis in a backwards-stepwise fashion. Statistical significance was set at p ≤ 0.05.  

2.1.2 Investigation of immunohistochemical prognostic factors 
 

2.1.2.1 TMA construction 
Conventional IHC used whole tissue sections and therefore was reagent and sample intensive. 

More recently, TMA technology was developed as a high-throughput platform for gene 

validation enabling integration of DNA, RNA and protein expression, easing correlation of 
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targets with tumour and clinicopathological data. Appropriate H&E stained sections were 

reviewed. Multiple representative areas of tumour as well as normal pancreatic ducts, islets, 

duodenum and bile duct were marked on the slides. Due to the heterogeneous nature of 

PDAC, six cores were felt to be necessary to provide representation of the overall tumour. 

Areas were selected on the basis of: first, high tumour content (minimal inclusion of 

contaminants e.g. stromal tissue); second, definite invasive PDAC (avoiding PanIN) and third, 

tumour size (sufficient for 18 x 0.6 mm cores, leaving sufficient residual tissue).  

2.1.2.2 Array design and construction 
Prior to construction, the layout of the array was designed to incorporate: number of tumour 

cores (six) and normal cores (two) per patient; control tissue; ability to differentiate and 

orientate each TMA, and minimum distance between block to maximise space (Appendix 

Figure 11.1). Array outlines are traditionally asymmetrical to allow sample identification and 

ideally cores should be randomised and interspersed throughout the block 

Arrays were constructed in a recipient block of Paraplast wax using a manual tissue arrayer. A 

hollow needle was used to remove a wax core at least 5.7 mm from the recipient block edges. 

A core of tumour was then removed from the first donor block, using its corresponding 

marked H&E slide as a guide. The tumour core was deposited in the recipient block, whose 

position was then changed using digital micrometres. A minimum distance of 0.8 mm was left 

between cores. This process was repeated, positioning, a total of 215, 0.6 mm cores (6 x 215 = 

1290 cores), across 7 easily differentiated arrays, each in triplicate. A series of 10 control 

tissues (breast, testis, pancreatic ducts, pancreatic acinar tissue, islets, bile duct, duodenum, 

liver and prostate) were arrayed in duplicate in each array. Arrays were placed in a 40°C 

incubator for 15 minutes and followed by cooling prior to sectioning. A practice TMA (25 

cores) was also created for antibody optimisation. 

2.1.2.2.1 Sectioning 
Arrays were sectioned using a tape-transfer system and a Leitz 1512 microtome. Prior to 

sectioning, tissue blocks were cooled to -10°C (Tissue Tec©
 cooler). An adhesive tape 

window was rolled onto the array surface. The microtome blade was positioned under one 

window edge and 5 µm sections were cut. The cut section was then fixed onto an adhesive 

slide by UV curing for 35 seconds. TPC solvent then released the tape window from the 

adhered section. Finally slides were baked at 80°C for 5 minutes and stored at 4°C. 

2.1.2.2.2 Haematoxylin & eosin staining 
Sections, de-waxed in Histoclear and taken through graded alcohol, were immersed in 

haematoxylin (4 minutes) then rinsed in water. Following brief immersion in acid alcohol, 

slides were placed in Scott’s tap water for 1 minute, rinsed in water and then placed in eosin 

Y for 30 seconds. Sections were dehydrated through graded alcohol and Histoclear. 
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2.1.2.3 Immunohistochemistry 
For the IHC protocol FFPE sections were dewaxed in xylene for 20 minutes and rehydrated 

through intermediate alcohols. Antigen retrieval was necessary in 15 cases, outlined below. 

Protocols were optimised using FFPE sections then applied to practice PDAC TMAs and then 

the final TMA sections. (Additional IHC was kindly performed by a pathology technician, 

ID). Sections were stained in a DAKO Autostainer as follows: firstly incubated in goat serum 

blocker for 20 minutes, then primary antibody for 30 minutes. Following washing in 

TBS/Tween, endogenous peroxidases were blocked in 0.3% hydrogen peroxidase for 5 

minutes, then again washed in TBS/Tween. Detection was by Envision ChemMate for 30 

minutes, followed by visualisation with 3,3-diaminobenzidine for 10 minutes and enhanced 

with copper sulphate. Antibody diluent was used for the negative controls. When enzyme 

digestion pre-treatment was required slides were digested in Tris buffer containing 0.1% 

Trypsin and 0.1% calcium chloride for 25 minutes at 37°C. When microwave pressure cooker 

pre-treatment was necessary, slides were immersed in boiling dH20 containing 0.55g EDTA 

and 0.87% Tris base. Slides were heated at full pressure for 5 minutes then cooled.  

2.1.2.3.1 Tissue microarray and image capture and archiving 
Following staining of TMA sections, the slides were digitally captured, stored and archived 

by CO. The Slidepath Digital Image Hub (http://ld.dih.slidepath.com/login.php) was used as a 

cloud based digital microscope to visualise and score the TMAs. Scores were linked via a 

unique identifier to the tumour specimen allowing integration within SPSS. 

2.1.2.3.2 TMA assay quantification - modified histoscore 
The default method for analyses of TMAs has been by trained visual inspectors, (pathologist), 

using a semi-quantitative ordinal scoring system. This considers three factors: percentage of 

positive staining cells, staining intensity and percentage of core occupied by tumour. The 

troublesome feature of visual assessment, however, is the semi-quantitative nature, which 

reduces continuous biomarker expression to ordinal scaling. Scoring of the IHC was 

performed in this thesis using a weighted histoscore. When scoring each core, the investigator 

multiplies the proportion of cells staining by intensity of staining to give an overall histoscore 

out of 300 for each cell compartment (membrane, cytoplasm and nucleus). The proportion of 

cells staining is given as a percentage and the intensity is based upon a 0 - 3 scale, where 0 is 

nil, 1 is weak, 2 is moderate and 3 is strong staining. The total score out of 300 is achieved by 

adding the following: (0 x % not staining) + (1 x % weakly staining) + (2 x % moderately 

staining) + (3 x % strongly staining). For example, a section with 50% of tumour staining 

with an intensity of 1; 25% staining with intensity of 2; and 25% staining with an intensity of 

3 would have a total histoscore of: (50 x 1) + (25 x 2) + (25 x 3) = 175. 
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All of the antibodies were scored by NBJ and double scored for the most part by the 

pathologist (KO) along with other adequately trained members of the research team (MM). 

Scoring consistency confirmed using the intra-class correlation coefficient (ICCC). If the 

histoscore varied by a difference of 50 or greater for any score then the two observers looked 

at the core again and came to an agreement about the appropriate score. 

2.1.2.3.3 IHC evaluation  
Semiquantitative analysis of protein expression was performed for the panel of putative 

prognostic markers using the Histoscore method. The correlations between all pairwise 

combinations of the studied putative prognostic markers in all specimens including: Lkb1, 

p21, cyclin D1, β-catenin, E-cadherin, COX-2, Bcl-2, pAkt, Ki67, SMAD4, GSK3β, TGFβ1 

and p53 were evaluated by Spearman’s Correlation Coefficient analysis. Measures of 

association were obtained between the prognostic markers and the clinicopathological factors. 

2.1.2.3.4 Cutoff point determination for survival analysis 
The cohort was dichotomised, divided into tertiles or quartiles according to the histoscores for 

each putative prognostic marker following which Kaplan-Meier analysis and Cox 

proportional-hazards modeling was executed. For Lkb1, p21, GSK3β and pAkt the cohort was 

divided into quartiles, with histoscore for the lower quartile corresponding to 100, 40, 20 and 

100 respectively. For β-catenin, E-cadherin, Bcl-2, cyclin D1, TGFβ1 and COX-2 tertiles 

were determined and either the three groups were compared or the low and middle group/ 

middle and high group were compared with the remaining group. For p53 and SMAD4 

absence or < 5% of tumour cells showing expression was set as the lower limit of expression 

as had previously been used in the literature, this corresponded to a histoscore of less than 15 

that was used to distinguish high from low expression. Table 5.2 contains cut-offs used for 

each marker and justifying evidence for each. 

2.1.2.3.5 Hierarchical clustering 
IHC results were combined to create a multi-marker descriptor. The patients were clustered 

based on IHC expression of markers as a continuous variable. Hierarchical clustering of target 

protein expression using the average-linkage clustering algorithm was performed using the 

Cluster/Treeview software package (253). This was undertaken for all patients with IHC 

results available (119 patients) following log transformation to normalise the semi-

quantitative histoscore results for each target. 

 
2.1.3 Methods for genomic profiling in PDAC 

 

2.1.3.1 RNA extraction protocol (TRIzol) 
Following bench and equipment cleansing with RNase Zap, macrodissected samples were 

homogenised in two stages. First appropriately sized (50 mg) frozen samples (-80°C) were 
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broken down in liquid N2 using a pestle and mortar. These small fragments were added to 900 

µL of TRIzol in a MagNAlyser tube and left at room temperature for 5 minutes. Tubes were 

homogenated in a MagNAlyser for 30 seconds (6000 rpm) and left for 10 minutes. 

200 µL of chloroform was added per mL of TRIzol, tubes were shaken for 30 seconds then 

incubated for 10 minutes at room temperature. Samples were centrifuged in a Beckman 

centrifuge for 15 minutes at 13200 rpm (4°C). The clear top layer (aqueous) was removed and 

transferred to 1.5 mL eppendorf tube (contains RNA), to which 500 µL of isopropanol was 

added and vortexed for 10 seconds. Tubes were incubated (20°C) for 5 minutes then 

centrifuged for 10 minutes at 13200 rpm (4°C), causing RNA pellet precipitation. The tubes 

were emptied and excess liquid blotted. A further 400 µL of 75% ethanol was added to the 

pellet and gently shaken. The tubes were again spun for 10 minutes and the supernatant 

removed. The wash step and blotting were repeated and the samples left to dry for 5 minutes. 

The RNA was dissolved and re-suspended in 50 µL RNase free H20 and stored at -80°C. 

RNA samples contaminated with genomic DNA were treated with DNA-free (Ambion, 

Huntingdon, UK). RNA samples were incubated with 0.1 volume 10xDNAse buffer and 1 µL 

(2U) DNase at 37°C for 30 minutes. DNase was inactivated with 5 µL inactivation agent, 

which was then removed by centrifugation at 12000 rpm. 

2.1.3.2 DNA extraction protocol 
DNA extraction was performed in two stages. Initially the digestion step required 360 µL of 

Qiagen buffer ATL to be added to the 50 mg tumour sample. This was vortexed, 40 µL of 

proteinase K added and incubated overnight in a thermomixer at 55°C (450 rpm). The 

digested sample was then transferred into a fresh tube and placed in a 70°C heat block to 

inactivate the proteinase K. Samples were cooled to room temperature and briefly centrifuged 

(6,000 rpm). 8 µL of RNase A (100 mg/mL), was added then incubated for 2 minutes. The 

samples were centrifuged and 400 µL of Buffer AL added, mixed thoroughly and incubated in 

a circulating water bath. 440 µL of 100% ethanol was then added and vortexed. Samples were 

then centrifuged for 30 seconds. The sample mixture was split between two DNeasy Mini spin 

columns (660 µL each) then centrifuged for 1 minute. 500 µL AW1 Buffer was added and 

centrifuged for 1 minute. The DNeasy Mini spin columns were placed in fresh collection 

tubes. 500 µL of 80% ethanol was added to each column and centrifuged for 3 minutes 

(20,000 rpm) until dry. For DNA elution, 50 µL water added directly to each column, left to 

stand for 1 minute and centrifuged. 
 

2.1.3.3 Nucleic acid quality assessment and quantification 
RNA quantification and quality assessment was performed using the RNA 6000 Nano assay 

with the Agilent 2100 Bioanalyser standard protocol. 400 µL gel matrix was mixed with 4 µL 

sample buffer. 9 µL gel-dye mix was applied to the appropriate well in the RNA Nano 
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LabChip and pressure applied for 30 seconds, ensuring all capillaries were filled with gel. An 

additional 9 µL gel dye mix, 5 µL sample buffer and 1 µL RNA 6000 ladder were applied to 

appropriate wells. 1 µL sample buffer and sample were loaded to sample wells, the chip 

vortexed for 1 minute then run on the Agilent Bioanalyser. Samples with a RNA integrity 

number (RIN) > 7.0 were deemed suitable for downstream analysis. Quantification was 

performed using a NanoDrop ND-1000 UV-VIS Spectrophotometer measuring optical density 

(OD) at wavelengths of 230, 260 and 280 nm. The recorded values were: 

•Cyanine 3 (Cy3)/ Cyanine 5 (Cy5) dye concentration (pmol/µL) 

•RNA/DNA absorbance ratio (260 nm/280 nm) 

•RNA/DNA concentration (ng/µL) 

Sample purity was indicated by an OD260 nm/OD280 nm ratio reading of approximately 1.8 for 

DNA and 2.0 for RNA. For DNA a secondary measurement of nucleic acid purity is provided 

by the OD260 nm/OD230 nm ratio; a value < 1.8–2.2 suggests contamination. 

2.1.4 Microarray experimentation 
 

2.1.4.1 Gene expression microarray methodology 
A workflow outlining the protocol for gene expression microarray analysis is shown in Figure 

2.2A. Agilent 44K whole genome microarrays were used to assess gene expression. Figure 

2.3 outlines the principles underlying microarray methods. 

2.1.4.2 Preparation of labelling reaction 
One colour microarray analysis required 1000 ng of total RNA to be added to a 1.5 mL 

microcentrifuge tube in an appropriate volume of nuclease free water to bring the combined 

volume to 11.5 µL. 1.2 µL of T7 promoter primer was added followed by 5 µL of diluted 

Spike-In mix. The primer and the template were denatured at 65°C for 10 minutes, followed 

by cooling on ice for 5 minutes. 8.5 µL of cDNA Master Mix was added to each sample tube. 

Samples were incubated in a 40°C water bath for 2 hours, transferred to a 65°C water bath for 

15 minutes, then ice. Tumour RNA samples were then labelled with Cy3-CTP. Finally 60 µL 

of Transcription Master Mix were added to each sample and incubated at 40°C for 2 hours. 
 

2.1.4.3 Purification of the labelled/amplified RNA 
Purification of the labelled/amplified RNA required the addition of 20 µL of nuclease-free 

water to the cRNA sample, followed by 350 µL of Buffer RLT. 250 µL of ethanol (96%-

100% purity) was added and mixed thoroughly. 700 µL of the cRNA sample was transferred 

to an RNeasy mini column in a 2 mL collection tube and centrifuged at 4°C for 30 seconds 

(13,000 rpm). The RNeasy column was transferred to a new tube, 500 µL of buffer RPE 

added and centrifuged again. A further 500 µL of buffer RPE was added to the column 

followed by centrifugation at 4°C for 60 seconds (13,000 rpm). The cleaned cRNA sample 
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was eluted by transferring the RNeasy column to a new 1.5 mL tube with the addition of 30 

µL RNase-free water onto the filter membrane for 60 seconds, then centrifuging at 4°C for 30 

seconds (13,000 rpm). The cRNA flow-through was incubated on ice.   

2.1.4.4 Quantification of RNA  
See section 2.1.3.3. Yield and specific activity of each reaction were determined as follows: 

A) cRNA (ng/ µL) to determine the µg cRNA yield as follows: (Concentration of cRNA) x 30 

µL (elution volume)/ 1000 = µg of cRNA. 

B) cRNA (ng/ µL) and Cy3 (pmol/µL) to determine the specific activity as follows: 

(Concentration of Cy3)/ (Concentration of cRNA) x 1000 = pmol Cy3 per µg cRNA. 

If yield was < 1.65 µg and the specific activity is < 9.0 pmol Cy3 per µg cRNA then the 

hybridisation step was not performed and instead cRNA preparation was repeated. 

2.1.4.5 Preparation of samples for hybridisation 
Prior to hybridisation 1.65 µg Cy3-labeled, amplified cRNA, 6 µL 10x Blocking agent, 1.2 µL 

25x fragmentation buffer were combined and brought up to 30 µL with DEPC water and 

equilibrated to 60°C. To fragment RNA the mixture was incubated at 60°C for 30 minutes. 30 

µL 2x GEx Hybridisation Buffer HI-RPM was added to the fragmentation mix at the 

appropriate volume to stop the reaction and mixed with care to avoid bubble formation. The 

mixture was then spun (13,000 rpm) for 1 minute and loaded onto the hybridisation chamber. 

2.1.4.6 Hybridisation assembly for gene expression 
100 µL of hybridisation sample mixture was dispensed onto the gasket well held in the 

SureHyb chamber base in a “drag and dispense” manner. A microarray slide was placed 

“active side” down onto the gasket slide, so the numeric barcode side is facing up and 

“Agilent” labeled barcode is facing down. The chamber cover was clamped onto both pieces 

and the chamber placed in the hybridisation oven (65°C) rotating at 15 rpm for 17 hours. 

2.1.4.7 Microarray washing 
During the post-hybridisation period, prior to washing the array slides were kept in the dark. 

The microarray slides were disassembled from the hybridisation chambers in a staining dish 

#1 (Gene Expression Wash Buffer 1 - 20°C), transferred to dish #2 (Gene Expression Wash 

Buffer 1 - 20°C) for 5 minutes then transferred to dish #3 (Gene Expression Wash Buffer 2 - 

37°C on a warming plate) for 1 minute for a final wash step. Care was taken when removing 

the slides from the wash solution to ensure that no streaking and adequate drying. Slides were 

scanned immediately to minimise impact of oxidants on signal intensities. 

2.1.4.8 MiRNA microarray methodology 
Total RNA extraction methods differ in numerous ways and impact substantially on yield, 

inclusion of small RNAs, total RNA extraction and quantification of total RNA. It is therefore 

vital that uniform extraction method is used to obtain consistent miRNA profiles. miRNA 
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expression profiling was performed using Agilent’s Human miRNA Microarrays (Version 

2.0, based on Sanger miRBase version 10.1), carrying 723 human miRNAs 

(http://microrna.sanger.ac.uk). The workflow followed is shown in Figure 2.2C 

2.1.4.9 MiRNA labelling reaction, ligation and purification 
The initial step involved dephosphorylation of total RNA. The sample was diluted to 25 ng/ 

µL with 1xTE pH 7.5. To 4 µL of this sample, 3 µL of Calf Intestine Alkaline Phosphatase 

was added. Dephosphorylation was initiated by incubation at 37°C. 5 µL of DMSO was added 

followed by incubation in 100°C heat block for 5 minutes, then ice to halt the reaction. The 

ligation reaction was initiated by adding 8.0 µL of T4 RNA ligase master mix which 

comprised 10x T4 RNA ligase buffer (2.0 µL), dH20 (1.0 µL), pCp-Cy3 (3.0 µL) and Ambion 

T4 RNA ligase (5U/ µL), bringing the reaction to 20 µL and incubated at 16°C for 2 hours. 

The sample was made up to 50 µL with 1xTE pH 7.5 buffer. To desalt the samples this 

volume was added to a Micro Bio-spin 6 column and eluted by centrifuging for 4 minutes. 

2.1.4.10 Hybridisation, hybridisation assembly and washing steps 
The 50 µL Cy3-labelled samples were dried with a speed-vac at 45°C, resuspended in 18 µL 

of RNase free water and 4.5 µL of 10xGE blocking agent. 22.5 µL of hiRM hybridisation 

buffer was added to each sample, with incubation at 100°C for 5 minutes followed by ice. The 

slide gasket arrangement was performed as in 2.1.4.6 however with 45 µL of hybridisation 

sample mixture and with the oven set at 20 rpm (55°C) for 20 hours incubation. miRNA 

microarrays washing was performed as for Gene Expression microarrays (2.4.6.7). 

2.1.4.11 ArrayCGH methodology 
The aCGH (244K Agilent array) protocol was performed according to Figure 2.2B workflow. 
 

2.1.4.12 Restriction digestion of amplified gDNA 
3.0 µg of genomic DNA was brought up to a final volume of 20.2 µL with DEPC water for 

both samples and controls. The aCGH procedure was initiated with the preparation of the 

Digestion Master Mix requiring per reaction 2 µL of DEPC water, 2.6 µL of 10x Buffer C, 0.2 

µL BSA, 0.5 µL Alu I and 0.5 µL Rsa I. 5.8 µL of Digestion Master Mix was added to each 

tube and incubated at 37°C for 2 hours, then a heat block at 65°C for 20 minutes then to ice. 

2.1.4.13 Fluorescent labeling of genomic DNA 
Specimen samples required comparison with gender-matched reference DNA (pooled 

individuals). Specimens were labeled with Cy3 and reference DNA with Cy5. The 5 µL of 

Random Primers (Agilent Genomic DNA Labeling Kit PLUS) were added to each reaction 

tube containing 24 µL of digested gDNA. The sample tubes were transferred to a heat block at 

95°C for 3 minutes and to ice for 5 minutes. The Labeling Master Mix including 10 µL 5x 

Buffer, 5 µL 10x dNTP, 4 µL of Cy3-dUTP/ Cy5-dUTP as appropriate (Reference Cy3, 

Tumour Cy5), 1 µL Exo-Klenow fragment with 21 µL of master mix added to each reaction 
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tube containing the gDNA and incubated at 37°C for 2 hours. Samples were placed on a heat 

block at 65°C for 10 minutes to inactivate the enzyme before chilling on ice.  

2.1.4.14 Clean-up of labelled genomic DNA and preparation for hybridisation 
To clean up the genomic DNA 430 µL of 1X TE (pH 8.0) was added to each reaction tube 

and the contents transferred to a Microcon YM-30 filter in a 1.5 mL microfuge tube. This was 

centrifuged for 10 minutes at 8,000 rpm at 20°C. A further 480 µL of 1X TE (pH 8.0) was 

added to each filter and centrifuged again. The purified sample was collected into fresh 1.5 

mL microfuge tube following a 1 minute spin. Each sample volume was measured: if the 

volume > 80.5 µL, the sample was returned to its filter, spun again until volume was ≤ 80.5 

µL. All sample volumes were then standardised with 1X TE (pH 8.0) to 80.5 µL. The yield 

and specific activity was then determined (2.1.3.3). The Cy5-labeled sample (tumour) and 

Cy3-labeled sample (reference DNA) were combined for a total mixture volume of 158 µL. 

To the complementary labeled gDNA 50 µL Cot-1 DNA, 52 µL 10x blocking agent and 260 

µL 2x hybridisation buffer, were added, centrifuged, incubated at 95°C for 3 minutes and 

transferred to a 37°C water bath for 30 minutes. Human Cot-1 DNA is essential to block 

repetitive sequences in the human genome. Tubes were spun for 1 minute at 17,900 rpm. 

2.1.4.15 Hybridisation assembly and aCGH microarray washing 
Hybridisation assembly was performed as in 2.1.4.6 however; hybridisation sample volume 

was 490 µL with the oven set at 15 rpm (65°C) for 17 hours incubation. The microarray slides 

were disassembled in dish #1 (Oligo aCGH Wash Buffer 1 at 20°C), then transferred to dish 

#2 (Oligo aCGH Wash Buffer 1 at 20°C) for 5 minutes before finally being transferred to dish 

#3 (Oligo aCGH Wash Buffer 2 at 37°C) for 1 minute for a final wash step and then scanned. 

2.1.5 Microarray image processing  
2.1.5.1 Microarray scanning and image acquisition and feature extraction 
The fluorescent intensity data were collected from hybridised array slides by scanning them 

on the Agilent G2505B Microarray Scanner. Recommended scan settings were used for the 

Feature extraction software (v9.5, Agilent). Target probe location and identification details 

were then imported into the software, which provided a replicate spot average value for each 

probe. Absent or poor quality spots were identified on the screen array image and flagged. 

Abnormal spots occur either when flecks of dust interfere, in relation to problematic array 

construction, or with a hybridisation (bubble not rotating), or wash artefact. These were 

excluded from subsequent data analysis. Quality control metrics allowed poor quality 

hybridisations to be identified and excluded from downstream analysis.  

2.1.6 Microarray data analysis 
Since the advent of global expression profiling technologies a wealth of studies have been 

published reporting their application to biology, with particular focus on cancer. Although 
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there is currently no ‘gold standard’ solution for analysis and interpretation of expression 

data, there are a number of commonly used techniques and important principles.  

2.1.6.1 Gene expression microarray data 
Gene expression analysis was performed using the publically available BRB-ArrayTools 

software package. Array data generated from feature extraction were uploaded as .txt file 

using the appropriate filter (one colour Agilent 44K microarray). An excel file was created 

containing expression data and flagged (outlier probes). Gene expression probes annotation 

enrichment of the probe list was performed to include Gene Symbol and Refseq identifiers. 

Chromosomal probe position annotation data was also included at this point.  

2.1.6.2 Normalisation and filtering  
After excluding negative values with hybridisation intensity below background, normalisation 

was performed by using normalisation to the median array as reference. Genes showing 

minimal variation across the arrays were excluded from the analysis. Genes whose expression 

differed by at least 1.5 fold from the median in at least 20% of the arrays were retained.  

2.1.6.3 Identification of differentially expressed genes 
To identify differentially expressed genes between two groups, the class comparison analysis 

was performed computing a t-test separately for each gene using the normalised log-

intensities for one-colour arrays. Class prediction algorithms were also used to identify genes 

best describing subgroups. Visualisation of differentially expressed genes was performed 

using multidimensional scaling methods. 

2.1.6.4 Gene set comparison  
The gene set comparison tool analyses pre-defined gene sets for differential expression among 

pre-defined classes. The pre-defined gene sets were based on Gene Ontology (GO) categories, 

BioCarta and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, protein 

domains, transcription factor targets, miRNA targets and the Broad Institute’s Molecular 

Signature Database gene set collections. The evaluation of which GO categories are 

differentially expressed among phenotype classes was performed using a functional class 

scoring analysis (254). This is potentially a more powerful method of identifying 

differentially expressed gene classes than over-representation analysis or annotation of gene 

lists based on individually analysed genes. 

2.1.6.5 Gene expression microarray data survival analysis  
The identification of genes whose expression associated with survival time following PD 

required the fitting of Cox proportional-hazards models relating survival to each gene, with p 

value computation for each gene to test the hypothesis that survival is independent of the 

expression level. Cross validation is an alternative to the test/ validation group method of 

estimating prediction accuracy while preserving the key separation principle. With leave-one-
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out cross-validation (LOOCV), one case was omitted and a predictive classifier developed 

based on the remaining cases (n-1). That classifier was used to classify the omitted case with a 

record made of the prediction result. A different case was omitted, with the one omitted 

initially now included and a new classifier developed from scratch on the new training set of 

n-1 cases. That classifier was subsequently used to classify the omitted case with the 

prediction result recorded. In particular, the gene selection was repeated for each loop of the 

cross-validation, as failure to include the full dataset in the cross-validation fitting of the 

model would result in a highly biased estimate of prediction accuracy (255). 

2.1.6.6 Gene set analysis survival 
Similar to the gene set comparison, this method was used to identify sets of genes that are 

associated with survival following PD. A proportional-hazards model was fitted to survival 

time, one gene at a time and the corresponding p value for the gene set then computed.  

2.1.7 MiRNA microarray data analysis 
2.1.7.1.1 Normalisation and filtering 
Following a similar method to the gene expression data analysis, an average value of the 

replicate spots for each miRNA were normalised and uploaded into BRB-ArrayTools. After 

excluding negative values with hybridisation intensity below background, normalisation was 

performed by using the median normalisation method and normalisation to the median array. 

476 miRNAs with consistent log values present in > 50% of samples were selected. This 

filtering method was agreed upon a priori to eliminate probes with unreliable expression.   

2.1.7.1.2 Identification of differentially expressed miRNAs 
miRNAs that were differently expressed among groups using the class comparison analysis 

and the significance analysis of microarray (SAM) analysis (p < 0.001) were identified. Class 

prediction algorithms in BRB-ArrayTools were used to determine whether miRNA 

microarray expression patterns could accurately differentiate tumour from non-tumour tissue. 

For these analyses, Bayesian compound covariate and nearest centroid algorithms were 

arbitrarily chosen with the percentage of correctly identified tissues reported.   

2.1.7.1.3 miRNA microarray survival analysis 
Based on the dichotomised expression of the individual miRNAs using the median value as a 

cut-off, miRNAs were identified whose expression was significantly related to patient 

survival. A statistical significance level for each miRNA based on a univariate Cox 

proportional-hazards regression model was computed. These p values were then used in a 

multivariate permutation test in which the survival times and censoring indicators were 

randomly permutated among the arrays. miRNAs were considered statistically significant if 

the p < 0.05 according to a Log-rank analysis. By this means low and high-risk groups based 

on miRNA expression were determined. 
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2.1.7.2 Bioinformatic tools for miRNA enrichment analysis 
Stem–loop quantitative RT–PCR has become the method of choice for quantitative and 

qualitative miRNA analysis (256). miRNAs are catalogued in the miRNA international 

Sanger database; in which each mature miRNA is assigned a unique identifier e.g. microRNA 

21 is assigned miR-21. The most recent update Sanger v17.0 (April 2011), lists over 950 

human miRNAs (http://www.mirbase.org). Although putative miRNA targets may be defined 

by bioinformatic algorithmic approach, the actual miRNA downstream influence cannot be 

reliably predicted by algorithm because it targets by imperfect base pairing. Prediction 

algorithms including PicTar, Targetscan and Miranda provide ranked lists of targets (257). 

Each miRNA can regulate several mRNA transcripts and conversely one mRNA can be 

regulated by several miRNAs. The predicted targets of miRNAs of interest were determined 

by using DIANA LAB (http://diana.cslab.ece.ntua.gr), which combines prediction algorithms 

from DIANA-microT v3.0, PicTar and Targetscan. Predicted targets were analysed with 

respect to over-representation within different biological pathways. 

2.1.8 ArrayCGH data  
2.1.8.1 Data quality evaluation and preparation for analysis 
The aCGH text files were uploaded into the Agilent Genomic Workstation version 5.0 (Figure 

2.2D). Initially quality control metrics (background noise, signal intensity and signal to noise) 

were used to evaluate the adequacy of hybridisations for downstream analysis. The reference 

versus specimen DNA spot intensity was calculated (i.e. Cy5/Cy3) and the median all of spot 

ratios within each block calculated. Normalisation of each spot intensity ratio was achieved 

by dividing the intensity ratio by the median of all spot ratios within each block. For each 

probe, the mean and standard deviation (SD) across the identical triplicate spots were 

calculated. Any spot with a SD > 0.2 was discarded from further analysis.  

2.1.8.1.1 Dye-swap hybridisation 
For 10 PDAC samples dye swap reactions were performed. Hybridisations were repeated with 

the specimen and reference dye labelling reversed (Cy5 or Cy3). This was designed to 

improve the accuracy of hybridisation results, as a genuine gain indicated by a high intensity 

ratio in the first hybridisation will be represented as a low intensity. Also, the dyes are 

incorporated differently within GC-rich DNA regions, generating artefactual false positives. 

Full aCGH experimentation dye swap was not performed due to prohibitive cost and little 

difference being noted in aberrations between dye swaps experiments. 

2.1.8.2 Aberrations and copy number variation detection 
Analysis of the volume of data generated by aCGH creates numerous challenges. Although 

the major aberrations in a genome are frequently evident by inspection, many tumours, owing 

to their non-diploid genomes or heterogeneity, have closely spaced ratio levels that partially 

overlap because of noise measurement. Use of smoothing by averaging the ratios on 
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neighbouring array elements improves the behaviour of thresholding but blurs the locations of 

boundaries and reduces the amplitude of aberrations, involving fewer elements than the 

smoothing window. A number of aberration detection algorithms were used and 

simultaneously remove noise from the data (Figure 2.2E): The Z-score algorithm is a quick 

method of detecting aberrant regions assessing genomic intervals with an over- or under-

abundance of probes with log ratios that deviate significantly from baseline. It scores intervals 

using sliding window of specified fixed size. The Aberration Detection Method identifies all 

aberrant intervals with consistently high or low log ratios based on the statistical score. The 

algorithm automatically determines optimal size of a statistically significant aberration with 

incorporation of quality information about each log ratio measurement. The Hidden Markov 

Model algorithm identifies aberrant intervals based upon the individual likelihood of such 

signals in a genomic context (258). The Circular Binary Segmentation (CBS) is used to 

identify regions in chromosomes such that the copy numbers in each region are equal (259). 

For each chromosome, the data is recursively split until no further change points are found. 

Based on the segmentation mean log ratio data, copy number at a particular genomic location 

was assigned as one of five states: amplification, gain, no change, loss and homozygous 

deletion. Two methods were used to determine copy number status, the first method selects 

thresholds based on the segmented log ratios, while the second determines the thresholds 

based on a factor multiplied by the median absolute deviation of log ratio data of each array. 

One important goal for many aCGH studies is to identify the regions with frequent CNA 

among multiple samples using the Genomic Identification of Significant Targets in Cancer 

(GISTIC) tool (260) in BRB-CGHTools (further detailed in Chapter 8). 

2.1.8.3 Pathway enrichment based on arrayCGH analysis 
Gene enrichment associated with specific BioCarta or KEGG pathways was conducted based 

on chromosomal aberrations and presence of particular clinicopathological states. The test 

statistic was generated by consideration of the total number of specific pathway genes that fell 

into gain/ loss regions. The null-hypothesis being that the number of genes in the specific 

pathway in the gain/ loss regions is a random event. Analysis was conducted at 1) whole 

genome scale; 2) individual chromosomes; 3) on each individual chromosome arm.  

2.1.8.4 Survival analysis based on arrayCGH data 
The presence of particular genomic aberrations was correlated with outcome following PD 

similar to the mRNA survival correlation. BRB-CGHTools allowed survival correlation of 

genomic aberrations in a univariate manner using a Cox proportional-hazards model. 

2.1.9 Reverse transcription 
First strand cDNA synthesis was performed using Invitrogen’s Superscript First Strand 

Synthesis System. 3 µL total RNA (1 µg/µL) was added to 21 µL DEPC water, 3 µL oligo 

(dT)12-18 (500 µg/mL) and 3 µL 10 mM dNTPs. The mixture was heated to 65°C for 5 minutes 
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and chilled on ice. 12 µL 25 mM MgCl2, 6 µL 0.1 M DTT, 6 µL 10X RT buffer and 3 µL 

RNase inhibitor was added, incubated at 42°C for 2 minutes and placed on ice. 3 µL (200 U) 

Superscript II Reverse Transcriptase was then added and incubated at 45°C for 50 minutes. 

The reaction was stopped by heating at 70°C for 15 minutes. 3 µL (6 U) E. coli RNase H was 

added and incubated at 37°C for 20 minutes to RNA complementary to the cDNA.  

2.1.10 Polymerase chain reaction 
PCR amplifications were performed using the DyNAMo™ Hot star SYBR® Green kit and 

the Opticon 2 DNA Engine. Each 50 µL DyNAMo reaction contained 25 µL 2x Master Mix 

(containing T. brockianus DNA Polymerase, SYBR Green I dye, optimised PCR buffer, 5 

mM MgCl2, dNTP mix including dUTP), 0.5 µL each of two 25 µM oligonucleotide primers, 

1 µL of input cDNA made up to the final volume with dH20. Cycling conditions included an 

initial denaturation at 95°C for 10 minutes, with 40 cycles of denaturation at 94°C for 10 

seconds, annealing for 20 seconds and extension at 72°C for 20 seconds. The relative 

transcript abundance of target genes were calculated based on the 2-∆∆CT method (261). 

2.1.11 MiRNA polymerase chain reaction 
Reverse transcription (RT) was conducted with the mirVanaTM quantitative (q)RT-PCR 

miRNA detection kit according to the manufacturer’s instructions. The reaction master mix, 

containing mirVanaTM 5 x RT Buffer, 1 x mirVanaTM RT primer, Array-ScriptTM Enzyme Mix 

and nuclease-free water was mixed with 20 ng of each total RNA sample. The RT reaction 

was performed at 37°C for 30 minutes then 95°C for 10 minutes. Using the DyNAmo Hot star 

SYBR Green kit and the Opticon 2 DNA Engine. The PCR master mix containing mirVanaTM 

5 x PCR Buffer (with SYBR® Green), 50x ROX, SuperTaq Polymerase, mirVanaTM PCR 

primers and RT products was processed as follows: 95°C for 3 minutes and then 95°C for 15 

seconds, 60°C for 35 seconds for up to 40 cycles. All quantitative PCRs were normalised to 

the small nuclear RNA, U6, as the normalisation control. All assays were performed in 

triplicate.  

2.1.12 Integration of gene expression and arrayCGH data 
Integration of copy number variation with gene expression data was successfully achieved by 

a BRB-CGHTools CNA and gene expression integration function. Additionally, a further R 

based program, the Correlate analysis tool was used to integrate these technologies using 

Spearman’s rho correlation and is discussed in more detail in Chapter 9. 
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2.2 Materials 
Materials used in the experiments described in this thesis are listed below. 
 

2.2.1  Statistical analysis of prognostic factors  
 

IBM, SPSS Inc. (Chicago, Il, USA) 
SPSS version 18  

 

Microsoft  (Reading, UK) 
Microsoft Access database and Excel spreadsheet programs 

 

2.2.2 Meta-analysis of prognostic immunohistochemical markers 
 

Microsoft  (Reading, UK) 
Microsoft Access database and Excel spreadsheet programs 

 

Cochrane collaboration (Oxford, UK) 
REVMAN systematic review and meta-analysis software v5.0 (www.cochrane.org). 

 

National Center for Biotechnology Information (NCBI)  
http://www.ncbi.nlm.nih.gov/pubmed/ 

 

2.2.3 Equipment 
Equipment standard to most laboratories not included in the list below, but used in this work, 

included: wet and dry ice, 37°C incubators, vortex mixers, refrigerators, freezers   (-20°C and 

-70°C), liquid nitrogen, flasks for liquid nitrogen, microwave oven, pressure cooker, sterile 

and non-sterile glass pipettes, flasks, plastic bottles, beakers, measuring cylinders, aluminium 

foil, Clingfilm, autoclave tape, platform shaker, forceps, scalpels, spatulas, pestle, mortar, 

slide holders and magnetic stir bars. 
 

Agilent Technologies UK Ltd (Stockport, UK) 
2100 Bioanalyser 
Agilent Microarray Scanner  
Hybridisation Chamber, stainless  
Hybridisation oven  
Hybridisation oven rotator for Agilent Microarray Hybridisation Chambers  
Human Genome CGH Microarray 244K  
Human 4x44K mRNA gene expression arrays  
Human MiRNA Version 2 microarrays  

Anachem Ltd (Luton, UK) 
Gilson PIPETMAN pipettes (2 µL, 20 µL, 20 µL, 200 µL, 1000 µL) with separate 
sets for RNAase-free work and general use. 

Beckman (RIIC) Ltd (High Wycombe, UK) 
Centrifuge tubes 
Microfuge R centrifuge 
GS-6R centrifuge 
Vacuum spin centrifuge 
Magnetic stir plate 
Heat blocks 
Thermomixer 

Dako Cytomation (Ely, UK) 
Auto stainer 

Hamamatsu (Japan) 
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NanoZoomer Digital Pathology Scanner 
Millipore (Watford, UK) 

Milli-Q plus PF water purification system 
MJ Research (Rayne, UK) 

Opticon 2 DNA Engine 
Qiagen 

RNeasy Mini Kits   
Stratagene Ltd (Cambridge, UK) 

UV Stratalinker2400 
Thermo Hybaid (Ashford, UK) 

Ribolyser 
Thermo Fisher Scientific (Waltham, Mass, USA) 

NanoDrop ND-1000 UV-VIS Spectrophotometer 
2.2.4 General plasticware 

Becton Dickinson UK Ltd (Oxford, UK) 
Falcon conical tubes (15 ml) 

Elkay laboratory Products (UK) Ltd (Basingstoke, UK) 
Microcentrifuge tubes (0.5, 1.5, 2.0 ml) 
Standard pipette tips 

Greiner Labortechnik Ltd (Stonehouse, UK) 
Aerosol-resistant pipette tips (10 µL, 20 µL, 200 µL and 1000 µL) 

 

2.2.5 Chemicals 
Stock solutions were made up with distilled water. For RNA work, distilled water was pre-

treated with diethylpyrocarbonate (DEPC). 

Ambion (Huntingdon, UK) 
RNase ZAPTM 

DNA ZAPTM 
Braun Medical Ltd (Sheffield, UK) 

Water for injection 
Fisher Scientific UK Ltd (Loughborough, UK) 

Chloroform 
Glycerol 
Histoclear 
Hydrochloric acid 
Isopropanol 
Methanol 
Sodium chloride (5 M stock solution) 
Sodium hydroxide (0.5 M stock solution) 
Propan-2-ol 
Tris base 
Xylene 

Hayman Ltd (James Borrough) (Witham, UK) 
Absolute alcohol (ethanol, analytical reagent grade 100% and 70% stock solutions) 

Sigma (Dorset, UK) 
Acetonitrile  
DEPC 
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Ethidium bromide (10 mg/mL stock solution) 
Ethyleneidiaminetetracetic acid (EDTA) 
Hydrogen peroxide 
Phenol: chloroform: isoamyl alcohol (25:24:1) 
Sodium acetate buffer solution 

Surgipath Europe Ltd (Peterborough, UK) 

Haematoxylin 
Eosin Y 
 

2.2.6 Buffer and other solutions 
Stock solutions made with distilled water. For RNA work, distilled water was DEPC treated. 

Phosphate Buffered Saline (PBS) 
Sodium Citrate Buffer (0.1M Sodium citrate) 
Tris Buffered Saline (TBS)/Tween (2.5 mL Tween) 
TE (10mM Tris-HCL (pH 7.5), 1 mM EDTA (pH 7.5) 
 

2.2.7 Tissue arrays 
 

2.2.7.1 Primary tumours 
Following curation of the pancreatic cancer database containing all pancreatic tumours 

managed within GRI from 1992 to January 2007, patients with appropriate tumours (n = 224) 

were selected for the creation of the pancreaticobiliary TMAs (Table 2.1, Figure 2.1B). 

Samples suitable for TMA inclusion were identified from pathology reports including 119 

PDACs, 56 ampullary adenocarcinomas, 23 cholangiocarcinomas and ancillary tumours 

(Table 2.2). Only PDACs were studied in this thesis with ampullary, duodenal, distal bile duct 

adenocarcinomas, MCNs and IPMNs excluded from further analysis. Archival formalin fixed, 

paraffin embedded (FFPE) tumour specimens were obtained from the pathology archive of 

the Department of Pathology, GRI. 

2.2.7.2 Ethical approval for immunohistochemical experiments 
Ethical approval was granted by the North Glasgow Hospitals University NHS trust ethics 

committee for the formation of TMAs to allow the investigation of prognostic markers in 

pancreaticobiliary disease. Computerised records were pseudoanonymised to prevent 

association of pathological diagnosis and experimental results with individual patients. 

2.2.7.3 TMA construction and sectioning 
Beecher Instruments (Silver Spring, MD, USA)  

Manual Tissue Multi-arrayer. Rotating platform allows construction of 4 arrays. 
0.6 mm punches 

Thermo Shandon UK (Runcorn, UK) 
Paraplast Paraffin 

Instrumedics Inc (Hackensack, NJ, USA) 
Paraffin Tape-Transfer Slides 
Tape Windows 

Leica Microsystems (UK) Ltd (Milton Keynes, UK) 
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1512 Rotary microtome 
2.2.8 Immunohistochemistry 

 
2.2.8.1 Primary antibodies 

Dako Ltd (Ely, UK) 
Ki67 (Monoclonal Mouse Anti-Human; MIB-1) 
Bcl-2 (Monoclonal Mouse Anti-Human; clone 124) 
β-catenin (Monoclonal Mouse Anti-Human; clone β-catenin) 
E-cadherin (Monoclonal Mouse Anti-Human; clone NCH-38) 
p53 (Monoclonal Mouse Anti-Human; clone DO-7) 
p21 (Monoclonal Mouse Anti-Human; clone SX118) 

Santa Cruz (Ca, USA) 
SMAD-4 (Monoclonal Mouse Anti-Human; clone B-8) 
TGFβ1 (Polyclonal Rabbit Anti-Human; clone sc146) 
COX-2 (Polyclonal Rabbit Anti-Human) 

Abcam (UK) 
Lkb1 (Polyclonal Rabbit Anti-Human; clone ab58786) 

Cell Signalling (Danvers, Ma, USA) 
Phospho-AKT ser-473 (Monoclonal Rabbit Anti-Human; # 4060) 
Phospho-mTOR ser-2448 (Polyclonal Rabbit Anti-Human; #2971) 
GSK3β ser-9/21 (Polyclonal Rabbit Anti-Human; #9331) 
PTEN (Polyclonal Rabbit Anti-Human; #9552) 

Lab-Vision Neomarkers (Fremont, Ca, USA) 
Cyclin D1 (Monoclonal Rabbit Anti-Human; clone SP4) 

 BD Biosciences, PharMingen (San Diego, Ca, USA)  
Maspin (Monoclonal Mouse Anti-Human; clone G167-70) 

2.2.8.2 Secondary staining 
Vector Laboratories Ltd (Peterborough, UK) 

ChemMate Envision Kit 
Peroxidase Substrate Kit 

 

2.2.9 Tissue microarray image acquisition, archiving and analysis software 
Slidepath (Dublin, Ireland) 

Digital Image Hub and Distiller 
opTMA and Tissue Image Analyser 

2.2.10 Samples for microarray and RT-PCR 
 

2.2.10.1 Primary tumours 
Immediately following resection, the specimens were transported on ice to the pathology 

department where a senior pathologist (KO, AKF, JJG) performed immediate tumour 

specimen sampling. The time from resection to freezing was kept to a minimum. 1-2 mm 

blocks of tumour were immediately frozen in liquid N2 and stored at -70°C. Quality 

assessment was performed by H&E sectioning of these blocks to confirm the satisfactory 

presence of tumour (minimum 50% carcinoma content). 76 PDAC tissue samples were 

collected prospectively. 
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2.2.10.2 Ethical approval for microarray experiment 
Ethical approval was granted by the North Glasgow Hospitals University NHS trust ethics 

committee for microarray experimentation. Informed consent was gained from all patients 

detailing the storage and use of their resected tissue specimen. This aspect of the study was 

granted specific approval with reference to the use of genomic DNA for research purposes. 

Samples were stored at -70°C within the GRI BioBank, managed by JH. The 

clinicopathological characteristics of the PDAC cohort are illustrated in Table 2.1. 

2.2.11 Purchased DNA 
Promega UK Ltd (Southampton, UK) 

Male and female genomic DNA 

2.2.12 RNA extraction 
Ambion (Huntingdon, UK) 

DNAzap 
RNasezap 

Invitrogen Life Technologies Ltd (Paisley, UK) 
TRIzol Reagent 

 

2.2.13 DNase digestion of RNA 
Ambion (Huntingdon, UK) 

DNA-freeTM  

2.2.14 DNA extraction 
Qiagen Ltd (Crawley, UK) 

Qiagen DNeasy Blood & Tissue Kit  
Qiagen Proteinase K (>600 mAU/mL, solution)  
Qiagen RNase A (100 mg/mL)  
RLT buffer 
RPE buffer  

 

2.2.15 RNA and DNA quality assessment and quantification 
Agilent technologies UK Ltd (Stockport, UK) 

2100 Bioanalyser 
RNA 6000 Nano Assay (RNA Series II Kit)  

Thermo Fisher Scientific (Waltham, Mass, USA) 
NanoDrop ND-1000 UV-VIS Spectrophotometer 
 

2.2.16 Microarray experimentation 
 

2.2.16.1 Gene expression microarray 
Agilent technologies UK Ltd (Stockport, UK) 

Gene Expression Hybridisation Kit  
Low RNA Input Linear Amplification Kit, PLUS, One-Color  
RNA Spike-In Kit, One-Color  
Gene Expression Wash Buffer 1  
Gene Expression Wash Buffer 2  

Invitrogen (UK) 
DNase/RNase-free distilled water  
Human Cot-1 DNA  
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Sigma (Dorset, UK) 
Triton X-100 

2.2.16.2 MicroRNA microarray experimentation 
Agilent Technologies UK Ltd (Stockport, UK) 

MiRNA labelling reagent and Hybridisation kit 
Ambion (Huntingdon, UK) 

T4 RNA ligase 
Calf Intestine Alkaline Phosphatase (CIP) 
X10 CIP buffer 

Fisher Scientific UK Ltd (Loughborough, UK) 
Dimethyl Sulphoxide (DMSO) 

Sigma (Dorset, UK) 
Triton X-102 

Bio-Rad Laboratories (Hercules, Ca, USA) 
Bio-spin 6 column 

2.2.16.3 ArrayCGH microarray experimentation 
Agilent Technologies UK Ltd (Stockport, UK) 

Agilent Genomic DNA Labeling Kit PLUS (50)  
Agilent Oligo aCGH Hybridisation Kit (25)  
Agilent Oligo aCGH Wash Buffer 1 and 2 set  
Agilent Oligo aCGH Spike-in Kit (50)  
Stabilisation and Drying Solution, 500 mL  

 

Promega UK Ltd (Southampton, UK) 
Acetylated bovine serum albumin (BSA) 10 µg/µL 
1 x TE (pH 8.0), Molecular grade  
Alu I (10 U/µL)  
Rsa I (10 U/µL)  
Human Genomic DNA (female)  
Human Genomic DNA (male)  

Millipore 
Microcon YM-30 filter units  
 

2.2.17 Microarray, genomic and pathway data analysis software 
Agilent Technologies UK Ltd (Stockport, UK) 

Agilent Feature Extraction (version 9.5) 
Genespring version 10 
Agilent CGH analytic suite  

Partek 
Partek 

Biometric Research Branch (BRB)(National Cancer Institute, USA) 
BRB Array Tools 3.9.0 http://linus.nci.nih.gov/BRB-ArrayTools.html 
BRB CGH tools 1.1 

IBM SPSS Inc. (Chicago, Ill, USA) 
SPSS version 15 

R  www.r-project.org 
Pollack Laboratory 

Correlate 
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GeneGO™ Inc (St Joseph’s, MI, USA) MetaCore™ 
MetaCore™ is an integrated software suite for functional analysis of experimental data. 

The scope of data types includes microarray, SNPs, aCGH, proteomics, metabolomics and 

pathway analysis. MetaCore™ is based on a proprietary manually curated database 

(MetaBase™) of human protein-protein, metabolic and signalling pathways. The analytical 

package includes data visualisation tools, multiple networking algorithms and filters.  

2.2.18 Reverse transcription 
Invitrogen Life technologies Ltd (Paisley, UK) 

Superscript First Strand Synthesis System for RT-PCR 

2.2.19 Polymerase chain reaction 
 

2.2.19.1 Reagents 
Finnzymes (Espoo, Finland) 

DyNAmoHot star SYBR green Kit 

2.2.19.2 Oligonucleotides 
Oligonucleotide primer sequences used for RT-PCR validation of genes predicted by analysis 

of gene expression microarray data were as follows: 

TGM2   5’-CTGGTCACTAACCAACAT-3’,   5’-GAGCAGGAGATAAAGTC-3’ 
CLIC3   5’-GGACGGCGACAGGCTCAC-3’,  5’-AGGATCTCGGCGCTGTGC-3’ 
DUSP5  5’-GTCCTCACCTCGCTACTC-3’,   5’-CATCCACGCAACACTCAG-3’ 

 

2.2.20 MicroRNA polymerase chain reaction 
 

2.2.20.1 Reagents 
Ambion (Huntingdon, UK) 

MiRVANATM qRT-PCR miRNA detection kit 
MiRVANATM qRT-PCR miRNA set for normalisation (U6) 
SuperTaqTM polymerase 

Finnzymes (Espoo, Finland) 
DyNAmo Hot star SYBR green kit  

2.2.20.2 Primer sets 
Ambion (Huntingdon, UK) 

hsa-miR-21  UAGCUUAUCAGACUGAUGUUGA 
hsa-miR-29c  UAGCACCAUUUGAAAUCGGU 
hsa-miR-30d  UGUAAACAUCCCCGACUGGAAG  
hsa-miR-34a  UGGCAGUGUCUUAGCUGGUUGUU 
hsa-miR-221  CCACACCGUAUCUGACACUUU 
hsa-miR-224  CAAGUCACUAGUGGUUCCGUUUA 
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Table 2.1 Characteristics of the patient cohorts used in the thesis 
 

 
!

C
ha

ra
ct

er
is

tic
 

A
) 1

48
 P

at
ie

nt
 c

oh
or

t 
B

) 1
89

 P
at

ie
nt

 c
oh

or
t 

C
) 1

19
 P

at
ie

nt
 c

oh
or

t 
D

) 4
8 

Pa
tie

nt
 c

oh
or

t 
E

) 2
4 

Pa
tie

nt
 c

oh
or

t 
F)

 4
5 

Pa
tie

nt
 c

oh
or

t 

D
em

og
ra

ph
ic

 
 

 
 

 
 

 

G
en

de
r (

F:
 M

) 
73

/7
5 

86
/1

03
 

59
/6

0 
19

/2
9 

10
/1

4 
19

/2
6 

A
ge

 (≤
65

/ >
 6

5 
yr

s)
 

83
/6

5 
10

4/
85

 
64

/5
5 

25
/2

3 
10

/1
4 

23
/2

2 

Pa
th

ol
og

ic
al

 
 

 
 

 
 

 

Tu
m

ou
r s

ta
ge

 (T
2/

 T
3)

 
14

/1
34

 
18

/1
71

 
13

/1
06

 
4/

44
 

1/
23

 
5/

40
 

Ly
m

ph
 n

od
e 

m
et

as
ta

si
s 

(n
o/

 y
es

) 
28

/1
20

 
37

/1
52

 
24

/9
5 

8/
40

 
5/

19
 

9/
36

 

Tu
m

ou
r s

iz
e 

(≤
30

/ >
 3

0m
m

) 
85

/6
3 

98
/9

1 
63

/5
6 

28
/2

0 
13

/1
1 

25
/2

0 

Tu
m

ou
r g

ra
de

 (l
ow

/ h
ig

h)
 

99
/4

9 
12

7/
62

 
85

/3
4 

32
/1

6 
17

/7
 

31
/1

4 

Pe
rin

eu
ra

l i
nv

as
io

n 
(n

o/
 y

es
) 

11
/1

37
 

16
/1

73
 

11
/1

08
 

3/
45

 
0/

24
 

3/
42

 

V
en

ou
s 

in
va

si
on

 (n
o/

 y
es

) 
75

/7
3 

94
/9

5 
58

/6
1 

15
/3

3 
10

/1
4 

15
/3

0 

Ly
m

ph
at

ic
 in

va
si

on
 (n

o/
 y

es
) 

10
9/

39
 

13
1/

58
 

84
/3

5 
31

/1
7 

15
/9

 
30

/1
5 

O
pe

ra
tiv

e,
 tr

ea
tm

en
t a

nd
 o

ut
co

m
e 

 
 

 
 

 
 

V
as

cu
la

r r
es

ec
tio

n 
(n

o 
/ y

es
) 

13
0/

18
 

15
8/

31
 

10
6/

13
 

36
/1

2 
16

/8
 

34
/1

1 

R
es

ec
tio

n 
m

ar
gi

n 
st

at
us

 (R
0/

 R
1)

 
39

/1
09

 
51

/1
38

 
29

/9
0 

10
/3

8 
6/

18
 

11
/3

4 

A
dj

uv
an

t c
he

m
ot

he
ra

py
 (n

o/
 y

es
) 

86
/6

2 
11

4/
75

 
79

/4
0 

20
/2

8 
14

/1
0 

17
/2

8 

Su
rv

iv
al

 (m
on

th
s)

 (m
ed

ia
n/

 m
ea

n)
 

17
.6

/2
3.

8 
18

.9
/2

8.
2 

16
.7

/2
3.

2 
18

.0
/2

4.
9 

20
.7

/2
1.

5 
18

.0
/2

4.
6 

!

    D
em

og
ra

ph
ic

, o
pe

ra
tiv

e,
 p

at
ho

lo
gi

ca
l a

nd
 tr

ea
tm

en
t c

ha
ra

ct
er

is
tic

s 
of

 A
) 

14
8 

PD
AC

 p
at

ie
nt

s 
an

al
ys

ed
 in

 C
ha

pt
er

 3
. B

) 
18

9 
PD

AC
 

pa
tie

nt
s 

an
al

ys
ed

 in
 C

ha
pt

er
 4

. C
) 1

19
 P

D
AC

 p
at

ie
nt

s 
in

cl
ud

ed
 in

 th
e 

Ti
ss

ue
 m

ic
ro

ar
ra

y 
an

al
ys

ed
 in

 C
ha

pt
er

 5
. D

) 4
8 

PD
AC

 p
at

ie
nt

s 
fo

r 
w

hi
ch

 t
um

ou
rs

 u
nd

er
w

en
t g

en
e 

ex
pr

es
si

on
 m

ic
ro

ar
ra

y 
an

d 
m

iR
N

A 
ex

pr
es

si
on

 m
ic

ro
ar

ra
y 

pr
of

ili
ng

 i
n 

C
ha

pt
er

 6
 a

nd
 7

. 
E)

 T
he

 
ch

ar
ac

te
ri

st
ic

s 
of

 a
 fu

rt
he

r 
24

 p
at

ie
nt

s 
us

ed
 a

s 
a 

va
lid

at
io

n 
co

ho
rt

 fo
r 

m
iR

N
A 

ex
pr

es
si

on
 in

 C
ha

pt
er

 7
. F

) T
he

 c
ha

ra
ct

er
is

tic
s 

of
 th

e 
45

 
pa

tie
nt

s u
nd

er
go

in
g 

aC
G

H
 p

ro
fil

in
g 

C
ha

pt
er

 8
. N

ot
e 

th
at

 in
 C

ha
pt

er
 9

 w
hi

ch
 o

ve
rl

ap
pi

ng
 d

at
a 

w
as

 o
nl

y 
av

ai
la

bl
e 

fo
r 

37
 p

at
ie

nt
s.

 
!



  Methods and Materials    58 

Table 2.2 Histological classification of tumours used in tissue microarrays 
 
Expression pattern of a number of markers were assessed by immunohistochemistry in a series of 224 

primary pancreaticobiliary tumours. The histological classification of the tumours is listed. All specimens 

were assessed and marked with supervision of a hepatobiliary pathologist prior to use (KO). 

Tumour primary site and histology No. of specimens 
Total 224 
Pancreatic  
    Ductal adenocarcinoma 119 
    Cystadenocarcinoma mucinous 3 
    Adenosquamous carcinoma 2 
    Carcinosarcoma 1 
      
Ampullary  
    Adenocarcinoma 56 
  
Common bile duct  
    Cholangiocarcinoma 26 
  
Duodenal  
    Adenocarcinoma 17 
 

" "
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Figure 2.1 Characteristics of patient cohorts used in the thesis 
 
A) Illustration of the pancreaticoduodenectomy specimens performed for PDAC, ampullary, duodenal and 

cholangiocarcinoma. Note for the year 2009, cases were recorded until June. 

B) The PDAC cohort studied in this thesis illustrating the groups used in individual chapters, which are 

described in detail in Table 2.1.    
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Figure 2.2 Microarray workflows and analysis schematics 

 

Workflow for sample preparation and microarray processing for:  

A) Gene expression microarray, B) aCGH, C) microRNA expression microarray. 

D) Schematic diagram of the aCGH data analysis process from image file acquisition to copy number 

aberration. 

E) Detection algorithms for aCGH analysis. ADM – Aberration Detection Model, HMM – Hidden Markov 

Model , CBS – Circular Binary Segmentation. 
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Figure 2.2  
  

D"

E"
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B"

A"

Figure 2.3 Images of microarray experimentation 
   
A) Gene expression analysis. Schematic depiction of a two-colour microarray-based expression profiling 

method. mRNA isolated from test and reference samples (or test and spike in RNA control for single colour 

experiment) are differently labelled using two different fluorescent dyes and then co-hybridised to a 

microarray comprising an ordered array of gene specific DNA probes (left). Labelled mRNAs bind their 

cognate probes on the microarray by Watson-Crick base pairing. Following hybridisation and imaging 

(centre), the ratio of red to green fluorescence for each gene spot reflects that gene’s relative expression 

level in the test compared to reference sample approximately proportional to the number of molecules of 

cDNA bound to the probe. The AKT gene, shown in red spot on the scanned image, is more highly expressed 

in the test sample. Analysis of multiple samples produces a heatmap of gene expression ratios (right), each 

column represents a different sample and each row represent a different gene on the array. The column and 

rows have been ordered by unsupervised hierarchical cluster analysis to reveal patterns in the data, where 

the dendrogram (tree) branches indicate relationships among samples and genes. 

B) Array CGH analysis. Schematic depiction of array-based comparative genomic hybridisation (aCGH) 

method. Genomic DNA (gDNA) isolated from tumour and normal samples is differentially labelled (shown as 

red and green dyes, respectively) and then co-hybridised to a microarray comprising DNA probes of known 

chromosome location. Following hybridisation and imaging, the ratio of red to green fluorescence for each 

DNA spot on the array reflects that gene’s relative copy number in the tumour genome. The KRAS gene, 

shown as a red spot in the scanned image, is amplified in the tumour genome. Plotting fluorescence ratios by 

genome map position is useful in defining DNA amplifications and deletions. Illustrative data is shown for 

chromosome 12 (right) for a series of pancreatic tumours. Peaks to the right represent high copy number 

while peaks to the left represent low copy number. 
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Introduction to Candidate Prognostic Marker Chapters 
 
The first three results chapters of this thesis investigate candidate markers influencing 

prognosis in patients who have undergone resection for pancreatic cancer. In particular, the 

prognostic influence of resection margin status (Chapter 3), peripancreatic fat invasion 

(Chapter 4) and immunohistochemically assessed protein biomarkers (Chapter 5) will be 

investigated.  
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3 Positive Mobilisation Margins Alone Do Not 

Influence Survival Following Pancreatico-

Duodenectomy for PDAC 
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3.1 Introduction 
The impact of a microscopically positive resection margin on outcome following PD for 

PDAC has been variable. While some have shown it to have important independent 

prognostic significance, others have not (94, 262, 263). However, even after an R0 resection 

there remains a high rate of tumour recurrence with the majority of patients succumbing to 

the disease within 5 years (2, 61) of which 60–86% develop local recurrence (98, 99), 

suggesting considerable underestimation of true R1 status.  

Currently all resection margins are considered important, with tumour at or close to any 

margin considered of equal prognostic significance. However, this may not be the case. 

Lymphovascular pancreatic drainage is a combination of mid- and foregut origins, resulting 

in a complex network which drains the HOP initially toward the midline or the 

hepaticoduodenal ligament, but not posteriorly to the retroperitoneum, anteriorly to the 

colon or laterally beyond the duodenum (264). During resection, mobilisation of the colon 

from the duodenum anteriorly or posteriorly from the inferior vena cava (IVC) and kidney 

restores the midline (embryological) position of the pancreas and does not transect any 

tissue, vascular or lymphatic planes. By contrast, division of the pancreatic parenchyma, the 

medial mesopancreas adjacent to the portal vein, SMA and SMV or hepaticoduodenal 

ligaments involves division of contiguous adventitia and lymphovascular outflow, which is 

the likely primary route of dissemination. The circumferential margin of a PD specimen 

consists of (a) transection margins where tissue has been surgically divided e.g. pancreatic 

body transection margin or mesopancreatic margin adjacent to mesenteric vessels and (b) 

mobilisation margins where two adjacent organ surfaces have been simply separated by 

developing embryological planes e.g. posterior margin, anterior surface or lateral duodenal 

margin. Therefore, tumour at or close to different margins of a PD specimen, although all 

currently defined as R1, may confer differing prognostic significance (82, 93, 265). 

Accurate assessment of R1 status following resection has important implications beyond 

prognosis. Currently, stratification within the setting of randomised control trials of adjuvant 

therapy is based partly upon margin positivity. Appropriate determination of those patients 

who would most benefit is vital if the true potential of novel and existing therapies is to be 

established.  
 

3.1.1 Aim 
Consequently, the aim of this chapter was to assess the frequency and prognostic impact of 

R1 status within the cohort, and furthermore, to determine the prognostic influence of 

tumour involvement of a mobilisation margin compared to a transection margin following 

PD for PDAC. 
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3.2 Methods 
3.2.1 Operative procedure  
Full details are outlined in section 2.1.1.2 and as illustrated in Figure 3.1A and B, during a 

PD the anterior, duodenal and posterior aspects of the HOP are fully mobilised back to the 

midline, leaving the medial lymphovascular structures intact. 
 

3.2.2 Pathology assessment 
The full pathology assessment is outlined in 2.1.1.4. The four pancreatic resection margins 

are identified and inked (Figure 3.1C, D). For this study, as the medial circumferential 

pancreatic resection margin requires tissue transection, as opposed to separation of planes, it 

was combined with the traditional transection margins (pancreatic body, duodenal, bile duct) 

to form the transection margin group (R1Transection). The anterior pancreatic surface, posterior 

pancreatic margin and duodenal serosal margin were grouped together as mobilisation 

margins (R1Mobilisation) (Figure 3.1E). 

3.3 Results 
3.3.1 Clinicopathological characteristics of the patient cohort 
As inking of the pancreatic resection specimens had been standard pathology practice in the 

department since 1996, only the specimens since that time point until 2007 (time point of 

analysis), formed the cohort analysed in this chapter as described in Table 2.1.  
 

3.3.2 Resection margin status relationship with pathological characteristics 
When the RCPath criteria (R1 if tumour is ≤ 1 mm from margin) are applied, 109 (74%) of 

the 148 patients had histologically positive margins and were thus R1 resections. During the 

study period the R1 rate did not vary significantly being 76.3% prior to 2001 and 72.5% 

following this time. The relationship between the clinicopathological characteristics 

according to R0/R1 resection margin status is shown in Table 3.1. The only characteristics 

significantly associated with R1 status were the presence of lymph node metastasis and 

venous invasion. If the UICC/AJCC criteria (R1 only if tumour at margin surface) are 

applied, then 82 (55%) cases had histologically positive margins and were thus R1 

resections. From this point on all results are according to the RCPath criteria. However, 

parallel analysis according to the UICC/AJCC criteria did not impact upon findings. 

Of the 109 R1 resections, 63 (58%) had only a single margin involved and 46 (42%) had 

two or more margins involved (median size 30.0 versus 31.0 mm respectively, p = 0.33, 

Mann-Whitney U test). The overall frequency of involvement of each resection margin is 

shown in Table 3.2. For the 63 patients with a single margin involved, tumour was present 

at: posterior margin only (R1Posterior) in 21; anterior surface only (R1Anterior) in 14; medial 

margin only (R1Medial) in 21 and pancreatic transection margin only in 7 patients (Table 3.3).  

3.3.3 Survival and relationship with clinicopathological characteristics 
The overall median survival for the 148 patients was 17.6 months (95%CI: 13.8-21.3). 

Univariate analysis of the clinicopathological characteristics in relation to survival is shown 
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in Table 3.2. The factors significantly associated with poorer overall survival were higher T 

stage, positive lymph node status, high tumour grade, venous invasion, tumour size > 30 

mm, major vascular resection and R1 margin status. 
 

3.3.4 Relationship between survival and resection margin status 
The 109 (73.6%) patients with R1 resections had a significantly shorter overall survival 

compared to the 39 (26.4%) R0 resections, the median survival being 15.4 months (95% CI: 

13.0–17.8) and 26.5 months (95%CI: 21.2–31.8) respectively (p = 0.011, Figure 3.1F). R1 

resections were divided into single margin (n = 63), two margins (n = 39) or ≥ three margins 

involvement (n = 7). Multiple margin involvement was associated with poorer outcome: 8.4 

months (95%CI: 7.9–9.0) for ≥ three margins versus 12.3 months (95%CI: 10.0–14.6) for 

two versus single margin 16.8 months (95%CI: 14.6–18.9) (Table 3.3). R1Mobilisation 

involvement (R1Anterior, R1Posterior and duodenal serosa positive patients [n = 48]) had a 

significantly longer median survival of 18.9 months (95%CI: 13.7–24.8) compared to 11.1 

months (95%CI: 7.1–15.0) (p < 0.001) for the R1Transection group (R1Medial and other 

traditional transection margins [n = 61]) (Table 3.3, Figure 3.1F, G). Patients with 

synchronous mobilisation and transection margin involvement were allocated to the 

R1Transection group. There was a non-significant difference in outcome between R1Mobilsation 

involvement compared to R0 cases: 18.9 months (95%CI: 13.1–24.8) versus 26.5 months 

(95%CI: 21.2–31.8) (p = 0.52). The outcome of resections identified to have tumour present 

at the margin did not differ significantly from those with tumour ≤ 1 mm from the margin, 

13.9 months (95%CI: 10.8–17.1) versus 15.4 months (95%CI: 9.9–20.8) (p = 0.81) (Table 

3.3). All survival comparisons were calculated using the Log-rank test. 

3.3.5 Survival and resection margin status: multivariate analysis  
Factors that independently adversely affected overall survival (Table 3.4) were high tumour 

grade (HR: 2.22; 95%CI: 1.51–3.28), higher tumour stage (HR: 2.11; 95%CI: 1.15–3.87), 

tumour size > 30 mm (HR: 1.55; 95%CI: 1.07–2.25) and R1 status (HR: 1.73; 95%CI: 1.13–

2.63). A further multivariate analysis using R1Transection status did not alter the covariates 

present in the model but resulted in R1Transection contributing greater prognostic impact (HR: 

2.76; 95%CI: 2.12–3.91). 

3.4 Discussion 
It is accepted that various pathological factors including tumour grade, lymph node status 

and perineural invasion influence outcome following PDAC resection (2, 61, 83, 86, 266). 

Additionally, while many investigators have reported resection margin involvement to be an 

independent prognostic factor (61, 87, 266, 267), a number have concluded otherwise (94, 

251, 268, 269). Wide variation exists in the published R1 resection rates from 10–84% 

(Table 3.5) with many of the previous studies reporting particularly low rates of margin 

involvement failing to demonstrate that R1 status influences outcome. There is a concern 
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that these studies are under-reporting involved resection margin frequency. Furthermore, 

specific details of the involved individual margins are lacking in many of these reports. 

Recently, these issues have been addressed by a seminal prospective study in which the 

standardised pathological examination of PD specimens was demonstrated to influence the 

R1 rate, with a positive correlation between R1 status and sampling frequency of 

circumferential margins (93). This protocol resulted in an R1 rate of 84%, which associated 

with outcome in univariate analysis with a trend towards multivariate significance. Further 

support was provided by an increase in R1 frequency from 14% to 76% following the 

introduction of a similar pathological protocol in an institute where all other factors 

remained constant (96). In another prospective standardised protocol of a periampullary 

cohort, R1 status predicted outcome although with a non-significant difference in the PDAC 

subgroup (270). Despite the high R1 rate of these studies, their overall survival figures 

matched studies reporting lower R1 rates. A recent retrospective analysis of a similar 163 

patient cohort to that studied in this work revealed a comparable R1 rate (79%) (271).  

Certainly based upon embryological origins, PD resection margins can be clearly 

differentiated. Moreover, while it is accepted that a positive resection margin adjacent to 

lymphovascular drainage of the HOP or a positive pancreatic body transection margin, 

which may occur due to errors in frozen section, would likely influence prognosis, it is felt 

that involvement of the mobilisation margins, devoid of lymphatic or venous drainage, may 

impact upon outcome to a lesser extent. It was the aim to determine firstly the prognostic 

impact of margin involvement and secondly the influence on survival conferred by the 

involvement of particular groups of margins, notably R1Mobilisation and R1Transection groups. 

The strength of this cohort stems from no R2 resections being included owing to detailed 

radiological assessment preoperatively; a standardised surgical technique used throughout, 

and detailed consistent pathological reporting of resection margin status over the last decade 

in the West of Scotland Pancreatic Unit. The definition of pancreatic resection margins 

match closely those used in previous prospective studies (93, 96, 270), with the 

circumferential margins subdivided into the anterior pancreatic surface, and posterior and 

medial resection margin. The nomenclature surrounding the latter term is somewhat 

confusing (272, 273). Occasionally described as the retroperitoneal or uncinate margin, in 

this work it referred to the 3–4 cm2 of HOP inferior to the pancreatic body transection 

margin, between the anterior and posterior resection margin. 

Despite the retrospective nature of this study, resection margin involvement rate was high at 

74%, matching rates achieved in studies that have applied prospective protocol driven 

specimen assessment (93, 96), but contrasting with the majority of the literature in this 

regard. In terms of demographics and clinicopathological characteristics, the studied cohort 
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compares favourably with these prospective studies and conforms to the accepted literature 

(61, 267). The overall high R1 rate in the present study may be a consequence of different 

specimen handling techniques, careful histological assessment of all soft tissue margins and 

use of ≤ 1 mm definition for margin involvement. Additional inclusion of tumour 

locoregional spread including lymph node invasion within the definition contributes a 

further 5% to the R1 total. These factors are common amongst the current study and those 

prospectively evaluating resection margin status (93, 96). The shared high rate of R1 

resections in these studies is likely a reflection of high-quality reporting rather than 

inadequate operative technique. Furthermore, the studied cohort is in line with previous 

studies that have analysed the relative frequency of involvement of individual margins in R1 

resections, with medial and posterior margins being most commonly involved (up to 77%) 

(93, 96, 270). Likewise, involvement of the anterior surface occurred less frequently, 

however, at a higher rate (36.7%) compared to previous studies (10–25%) (93, 274). One 

particular prospective evaluation found 10% involvement but only in 1% was it the only 

positive margin (96). Those with venous invasion and lymph node involvement were more 

likely to be R1, supporting claims that R1 tumours are more biologically aggressive (251). 

The use of a minimum clearance > 1 mm as a gauge of complete resection appears to be 

appropriate, as it was not possible to distinguish an improved outcome for those cases with 

tumour present ≤ 1 mm from the margin compared to those with tumour extending to the 

margin. Currently the RCPath (95) supports this definition, however, it is not explicit within 

other guidelines. However, in recent study optimal survival was achieved only when 

minimal clearance was more than 1.5 mm (275). The lack of detailed analysis regarding 

minimal distance of margin clearance represents a limitation of this analysis.  

Despite the relatively high R1 rate, the overall median survival time is comparable to groups 

reporting a much lower rate of R1 resections. Univariate analysis revealed that traditional 

clinicopathological factors predict outcome, furthermore R1 status associated with worse 

outcome. Notably, R1 status was an independent predictor of poor outcome along with high 

T stage, large tumour size and high-grade. Involvement of two or more margins has been 

observed previously in over 40% of R1 cases (93, 96, 269) as the current data supports. 

Multiple margin involvement associated with a significantly worse outcome, a finding 

supported by a previous retrospective analysis of 79 patients (269). The influence of tumour 

infiltration at multiple margins does not appear to be merely a function of tumour size, as 

there were no significant differences in the mean maximum tumour diameter between those 

with single and multiple margin involvement (p = 0.33). 

R1 sub-grouping by comparison of the embryologically separate R1Mobilisation group with the 

R1Transection group, revealed a significant prognostic benefit of an R1Transection negative 



  Chapter 3 Resection Margins    70 

resection. This was despite the R1Mobilisation group containing nine patients with multiple 

positive mobilisation margins and no differences in adjuvant therapy. The favourable 

outcome is highlighted by a lack of difference in survival between the R1Mobilisation group and 

R0 cases. While the medial circumferential margin is a true transection margin, creation of 

the posterior margin or anterior surface, requires simple mobilisation of structures towards 

the midline. Anterior surface involvement has been previously shown to negatively impact 

upon outcome (274, 276), however, in the studied cohort, survival of this group was 

significantly better than R1Transection cases. Indeed, it has been suggested that anterior surface 

involvement should be assessed by a separate criterion with only tumour cells at this inked 

margin (not < 1 mm) counting (273). 

It is clear from these data that R1Transection tumour presence has a deleterious impact on 

outcome compared to both R1Mobilisation and R0 cases. Consequently it is proposed that 

differentiation of R1Posterior from R1Medial involvement is paramount if these potential survival 

benefits are to be identified. Indeed, it has been shown that completion pancreatectomy for 

those with pancreatic body transection margin involvement can improve outcome (277). 

Additionally, routine use of an artery first approach (278) with intra-operative frozen 

sections could reduce the frequency of both pancreatic body transection and medial margin 

involvement. While inherent value is gained from accurate prognostic information for the 

individual, greater utility would be achieved if such information could be used to generate 

comparable cross-centre datasets and guide adjuvant therapy decisions. A recent meta-

analysis of adjuvant therapy that considered marginal status concluded that while beneficial 

effects of chemotherapy were apparent in the R0 group this was not so for R1 cases (268). 

The rather low combined rate of R1 resections for this meta-analysis at 32% (18–83%) 

however, is in contrast with more recent standardised assessments including data generated 

by this work. Furthermore, a meta-analysis of radio-chemotherapy suggested that R1 cases 

experience survival benefit (279). If the efficacy of adjuvant therapy is indeed influenced by 

resection margin status then a standardised sampling and assessment technique is urgently 

required to ensure appropriate allocation of therapy in randomised control trials.  

3.4.1 Summary 
In conclusion, it has been demonstrated that the R1 rate in this cohort was 74% and it is an 

independent predictor of outcome. Furthermore, patients with R1Mobilisation tumour extension 

(posterior margin and anterior surface either singly or in combination) have a similar 

outcome to R0 resections, while true R1Transection involvement results in significant survival 

reduction. This is a single centre retrospective evaluation but should future validation of 

these findings occur in the form of a prospective protocol driven study, consideration of the 

R1Mobilisation group separately from those with R1Transection involvement may improve 

prognostication and serve to guide adjuvant therapy allocation with improved efficacy. 
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Figure 3.1 Prognostic influence of resection margin status  
 
Intraoperative image of head of pancreas mobilisation 

Creation of mobilisation margins: A) Anterior surface and B) Posterior surface (without division of vascular 

or lymphatic structures). 

 
Pancreaticoduodenectomy specimen handling 

C) Pancreaticoduodenectomy resection specimen prior to formalin fixation illustrating the anterior pancreatic 

surface, medial margin including the SMV groove and pancreatic body transection margin. The smooth nature 

of the anterior pancreatic surface is in contrast to rough surface of the medial margin. 

D) Inking of the specimen clearly identifies the medial resection margin including the SMV groove (yellow), 

which lies below the pancreatic body transection margin (blue) and separates the posterior resection margin 

(black) from the anterior pancreatic surface (green). 

E) Illustration of R1Transection which includes medial and pancreatic body transection margins (broken line) and 

R1Mobilisation which includes anterior pancreatic surface and posterior margin (solid line). 

 
Kaplan-Meier survival curves following pancreaticoduodenectomy for PDAC  

F) Illustration of the survival benefit of an R0 resection in contrast to all other R1 resections. The median 

survival for the 39 R0 cases was 26.5 months compared to 15.4 months for the 109 R1 cases (Log-rank test, p 

= 0.011). 

G) The median survival of the 48 R1 cases with mobilisation margin involvement (R1Mobilisation) was 18.9 

months compared to 11.1 months for the 61 R1 cases with transection margin involvement (R1Transection) (p < 

0.0001). There was no difference in survival when comparing R1Mobilisation with R0 resections (Log-rank test, p 

= 0.52). 
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Table 3.1 Demographic, operative, pathologic and treatment characteristics by resection margin status 
in 148 patients undergoing resection for PDAC 
 
 

 

   

 No. (%) patients 
 R0 Resection R1 Resection p value a 
Total No. of patients 39 (26.4) 109 (73.6)  
Gender    

Female 22 (56.4) 51 (46.8) 0.35 
Male 17 (43.6) 58 (53.2)  

Age (yrs) b    
Median 65.1 64.1 0.31 
Mean 63.8 61.8  
Range 41 - 77.1 40.2 - 77.6  

Tumour stage    
T2 5 (12.8) 9 (8.3) 0.53 
T3 34 (87.2) 100 (91.7)  

Lymph node status    
N0 12 (30.8) 16 (14.7) 0.04 
N1 27 (69.2) 93 (85.3)  

Tumour size (mm) b    
Median 28 30 0.16 
Mean 29.1 33.3  
Range 5 - 55 15 - 65  

Tumour grade    
Low 24 (61.5) 75 (68.8) 0.43 
High 15 (38.5) 34 (31.2)  

Perineural invasion    
No 4 (10.3) 7 (6.4) 0.48 
Yes 35 (89.7) 102 (93.6)  

Venous invasion    
No  26 (66.7) 49 (45.0) 0.025 
Yes 13 (33.3) 60 (55.0)  

Vascular resection     
No 36 (91.7) 94 (86.3) 0.40 
Yes 3 (8.3) 15 (13.7)  

Adjuvant chemotherapy    
No 22 (56.5) 64 (58.7) 0.85 
Yes 17 (43.5) 45 (41.3)  

a χ2 tests were used to compare categorical variables. 
b Mann-Whitney U test was used to compare continuous variables. 
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Table 3.2 Survival and relationship with clinicopathological characteristics in 148 patients undergoing 
PD for PDAC 
 

Univariate analysis identifying significant prognostic factors. 

 

Prognostic Variable No. of Patients Median Survival 
(months) 

95% CI p value a 

Overall 148 17.6 14.7 - 19.4 - 
Gender     

Female 73 18.2  14.8 - 21.5 0.11 
Male 75 16.4  11.9 - 20.8  

Age (yrs)     
≤ 65 81 18.4  14.7 - 22.1 0.09 
> 65 67 20.9 15.3 - 26.5  

Tumour stage     
T2 14 36.2  26.9 - 45.5 0.01 
T3 134 16.2  13.4 - 19.3  

Lymph node status     
N0 28 21.8  2.8 - 40.8 0.01 
N1 120 16.7  14.3 - 19.3  

Tumour size (mm)     
≤ 30 85 19.6  15.8 - 23.5 0.011 
> 30 63 13.5 8.4 - 19.1  

Tumour grade     
Low 99 19.6  16.5 - 22.8 0.005 
High 49 12.9  8.7 - 17.4  

Perineural invasion     
No 11 18.2  13.5 - 22.9 0.82 
Yes 137 16.7  14.0 - 19.5  

Venous invasion     
No 75 20.9  15.8 - 26.1 0.005 
Yes 73 15.4  12.1 - 18.6  

Resection margin status b     
R0 39 26.5  21.1 - 31.9 0.01 
R1 109 15.4  13.0 - 17.8  

Vascular resection     
No 130 17.8 15.6 - 20.1 0.039 
Yes 18 13.4 3.8 - 23.1  

Adjuvant chemotherapy     
No 86 14.8  9.9 - 19.7 0.37 
Yes 62 18.0  14.4 - 21.7  

a p value according to Log-rank test 
b  Mobilisation margins No. (%)   Transection Margins   No. (%) 

 Posterior    48 (44.0)   Medial      50 (45.9) 

 Anterior surface  40 (36.7)   Pancreatic body   15 (13.7) 

 Duodenal surface  1 (0.9)   Bile duct     3  (2.7) 

            Gastric     1  (0.9) 

            Jejunal     0  (0) 
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Table 3.3 Survival relationship and resection margin status in 109 R1 resections 
 

Margin Involvement No. of cases (% of R1) Median Survival 
(months) 

95% CI p value 

Multiple margins     

1 63 (57.8) 16.8 14.6 - 18.9 a 

2  39 (35.8) 12.3 10.0 - 14.6  

3 or more 7 (6.4) 8.4 7.9 - 9.0  

Mobilisation margin     

Posterior  21 (19.3) 28.3 12.3 - 44.8 0.25 

Anterior surface  14 (12.8) 19.8 13.8 - 26.2  

Duodenal serosa 1 (0.9) 23.2 -  

Total mobilisation margins 48 (44.0) 18.9 13.1 - 24.8 < 0.001 b 

Transection margin     

Medial  21 (19.3) 11.5  3.5 - 25.5 0.8 

Pancreatic body transection  7 (6.4) 6.7  4.6 - 8.7  

Total transection margins c 61 (66.0) 11.1 7.1 - 15.1  

Tumour margin clearance     

At margin 84 (77.1) 13.9 10.8 - 17.1 0.81 

Present within 1 mm 25 (22.9) 15.4 9.9 - 20.8  
a 1 margin versus 2 margins p = 0.049, 1 margin versus ≥ 3 margins p = 0.029, 2 margins versus ≥ 3 margins p = 0.121 
b Log-rank test comparing total mobilisation margins (R1Mobilisation) versus total transection margins (R1Transection) 

c All cases with transection margin involvement including synchronous mobilisation margin involvement  
"

! "
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Table 3.4 Multivariate analysis including resection margin status in 148 patients 
 

Prognostic Variable Hazard Ratio 95% CI p value 
Age (yrs)    
≤ 65 1.00 - 0.12 
> 65 1.34 0.93 - 1.94  

Tumour stage    
T2 1.00 - 0.01 
T3 2.20 1.20 - 4.02  

Tumour size (mm)    
≤ 30 1.00 - 0.01 
> 30 1.63 1.12 - 2.36  

Lymph node status    
N0 1.00 - 0.12 
N1 1.51 0.91 - 2.51  

Resection margin status    
R0 1.00 - 0.009 
R1 1.76 1.15 - 2.68  

Tumour grade    
Low 1.00 - < 0.001 
High 2.14 1.44 - 3.15  

Venous invasion    
No 1.00 - 0.38 
Yes 1.18 0.81 - 1.72  

Vascular resection    
No 1.00 - 0.48 
Yes 1.22 0.69 - 2.23  

 

Table 3.5 Summary of the studies evaluating the impact of margin status on survival 
 

Study (ref) Year Study period No. of Patients R1 rate R1 Survival 
(months) a 

R0 Survival 
(months) a 

Gall et al (280) 1991 1969-1987 260 17% 7 11 

Willet et al (281) 1993 1978-1991 72 51% 12 20 

Nitecki et al (282) 1995 1981-1991 172 16% 9 NA 

Sperti et al (283) 1996 1970-1992 113 17% 7 14 

Yeo et al (1) 1997 1990-1996 282 29% 10 18 

Nishimura et al (284) 1997 1980-1995 157 45% 6 12 

Millikan et al (285) 1999 1980-1997 75 29% 8 17 

Sohn et al (266) 2000 1984-1999 616 30% 12 19 

Benassai et al (286) 2000 1974-1995 75 20% 9 17 

Neoptolemos et al (71)  2001 1994-2000 541 19% 11 17 

Richter et al (287) 2003 1972-1998 194 37% 12 24 

Wagner et al (2)  2004 1993-2001 165 24% 15 20 

Kuhlmann et al (82) 2006 1992-2001 160 50% 10 16 

Verbeke et al (93) 2006 1995-2003 26 85% 11 37 

Winter et al (61) 2006 1970-2006 1175 42% 14 21 

Raut et al (94) 2007 1990-2004 360 17% 22 28 

Esposito et al (96) 2008 2005-2006 111 76% 15 22 

Campbell et al (271) 2009 1997-2007 163 79% 14 25 

Present Study 2010 1996-2007 148 74% 15 27 

 a Median survival (months) 
 NA, Not available 
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4 Peripancreatic Fat Invasion is an Independent 

Predictor of Poor Outcome Following 

Pancreaticoduodenectomy for PDAC 
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4.1 Introduction 

Resection margin status and in particular the site of margin involvement appears to 

influence overall survival in PDAC. T stage correlates well with prognosis, however the 

prognostic impact of the different components determining T stage are less clear. In 

particular there is a lack of investigation of the influence of peripancreatic fat invasion. 

Therefore it is unclear whether local tumour invasion to each compartment constituting T3 

stage progression (duodenum, bile duct and peripancreatic fat), carries with it equal 

prognostic impact.  

Furthermore, in view of the variation in the reported frequency of resection margin 

involvement, investigation is required into the influence of R1 status and other pathological 

factors on recurrence pattern. In particular it may be proposed that spread into the 

surrounding adipose tissue could result in residual tumour in the pancreatic bed and hence 

negatively influence survival and associate with local recurrence.  

4.1.1 Aim 
In this chapter the influence of peripancreatic fat invasion on survival was investigated, 

furthermore the impact of clinicopathological factors including peripancreatic fat invasion 

on the pattern of primary recurrence was assessed. 
 

4.2 Results 
 

4.2.1 Clinicopathological characteristics of the patient cohort 
As peripancreatic fat invasion could be assessed from standard H&E sections, the extended 

cohort available for analysis in this chapter (n = 189) covered the entire study period from 

1992 until 2009 and is described in Table 2.1. 

4.2.2 Peripancreatic fat invasion and relationship with clinicopathological 
characteristics 

Detailed review of pathology specimens revealed that 51 (27%) patients had histological 

involvement of the peripancreatic fat (Figure 4.1A, B). During the study period the rate of 

peripancreatic fat invasion did not vary significantly being 29% prior to 2002 and 25% 

following this time. The relationship between clinicopathological and treatment 

characteristics of the cohort according to presence or absence of peripancreatic fat invasion 

is shown in Table 4.1. Excluding T stage, the only characteristics significantly associated 

with peripancreatic fat invasion were larger tumour size and lymph node metastasis. There 

was no significant difference in rate of peripancreatic fat invasion based on resection margin 

involvement. Of the 51 resections without evidence of resection margin involvement, 11 

(22%) patients had histological evidence of peripancreatic fat invasion. For those patients 

identified as having peripancreatic fat invasion, 15 specimens (29%) showed evidence of 
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widespread adipose tissue invasion present at two or more locations. In 15 specimens (29%) 

it was present at the anterior or inferior aspect of the pancreas (six which had peripancreatic 

fat invasion adjacent to the common bile duct or ampulla), while 11 specimens (22%) had 

fat invasion near the medial/ SMV margin or the pancreatic transection region. In the 

remaining 10 specimens (20%) it was present at posterior or superior aspects.  
 

4.2.3 Survival and relationship with clinicopathological characteristics 
The factors significantly associated with poorer overall survival (p < 0.05, Log-rank test) 

were high T stage, tumour size > 30 mm, lymph node metastasis, high tumour grade, venous 

invasion, perineural invasion, R1 margin status, no adjuvant chemotherapy and 

peripancreatic fat invasion (Table 4.2). 
 

4.2.4 Relationship between survival and determinants of T3 status including 
peripancreatic fat invasion 

The presence of duodenal invasion (including spread to the ampulla) was not associated 

with a significant reduction in survival as shown in Table 4.2. The 86 (46%) patients with 

evidence of bile duct invasion had a shorter median survival compared to the 103 (55%) 

patients with no invasion; the median survival being 16.8 months (95%CI: 13.1–20.4) and 

23.1 months (95%CI: 16.3–29.3) respectively (p = 0.049). The 51 (27%) patients with 

peripancreatic fat invasion had a significantly shorter overall survival compared to the 138 

(73%) patients with no fat invasion, the median survival being 12.4 months (95%CI: 9.9–

15.0) and 22.6 months (95%CI: 18.5–26.7) respectively (p < 0.0001) (Figure 4.1C). All 

survival comparisons were calculated using the Log-rank test. 

4.2.5 Relationship between peripancreatic fat invasion, lymph node status, 
tumour size and survival 

As peripancreatic fat invasion was related to lymph node involvement and more frequently 

present in larger tumours, survival was assessed according to both of these established 

prognostic markers stratified by the presence of peripancreatic fat invasion (Figure 4.1D, E). 

The presence of peripancreatic fat invasion had a significant negative impact on overall 

survival both for patients with lymph node involvement (median survival of 20.7 months 

[95%CI: 17.4–23.9] without fat invasion versus 13.3 months when fat invasion was present 

[95%CI: 10.4–16.2, p = 0.035]) and for those without lymph node metastases  (median 

survival 36.6 months with no fat invasion [95%CI: 13.8–59.5] versus 10.1 months with fat 

invasion [95%CI: 1.9–17.1, p = 0.012]). Likewise peripancreatic fat invasion significantly 

negatively influenced the overall survival for patients with tumour size > 30 mm with a 

median survival of 20.0 months (95%CI: 14.1–25.9) versus 11.3 months (95%CI: 6.1–16.5, 

p = 0.036) when fat invasion was absent and present respectively. For those with tumours < 

30 mm in size fat invasion significantly reduced overall survival with a median survival of 

25.8 months (95% CI: 19.9–31.8) versus 13.3 months (95%CI: 11.0–15.6, p = 0.014) when 
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fat invasion was absent. While there was a trend towards peripancreatic fat invasion at the 

medial/SMV margin and transection margin being associated with a worse prognosis than 

other sites, sample size prevented more detailed analysis. All survival comparisons were 

calculated using the Log-rank test. 

4.2.6 Relationship between fat invasion and adjuvant chemotherapy  
For those patients receiving adjuvant therapy (n = 78), there was a range of five treatment 

options from both these studies, with 40 patients (51%) receiving 5-FU with folinic acid, 32 

(41%) receiving gemcitabine, three (4%) receiving radiotherapy alone and three (4%) 

receiving 5-FU with radiotherapy. Of those who did not receive adjuvant therapy (n = 111), 

11 (10%) were randomised to the observation arm of the ESPAC study. 4 patients (4%) 

were commenced on adjuvant chemotherapy however received only one cycle before 

suffering from complications. 2 patients (2%) had a previous malignant diagnosis (breast 

and colorectal) and so were not eligible for trial entry. 55 (50%) were considered unsuitable 

for randomisation on the basis of poor performance status, prolonged hospitalisation 

following resection or persistent pancreatic fistula. The remaining 39 (35%) patients 

declined randomisation. 

There was a non-significant trend towards adjuvant chemotherapy being used less frequently 

in those patients with no peripancreatic fat invasion (p = 0.15, χ2 test). Adjuvant 

radiotherapy was only rarely used in these patients, as its routine use was not supported by 

the outcome of the original ESPAC-1 study (251). Certainly adjuvant chemotherapy in any 

form provides a significant survival benefit within this cohort of PDAC (Table 4.2) (p = 

0.014). For the 138 patients without peripancreatic fat invasion, when all chemotherapy 

regimens were combined, there was no significant improvement in outcome (p = 0.41). 

Subsequent analysis revealed that those patients receiving adjuvant gemcitabine (n = 27) did 

survive significantly longer (median overall survival 27.6 months, 95%CI: 21.3–33.4]) than 

those receiving 5-FU combinations (22.6 months, 95%CI: 15.9–29.2, p = 0.048) or no 

adjuvant therapies (19.8 months, 95%CI: 17.9–21.6, p = 0.01). Adjuvant chemotherapy 

(both 5-FU/ gemcitabine regimens) did significantly improve overall survival when 

employed in patients with peripancreatic fat invasion (median survival for patients receiving 

chemotherapy 16.2 months [95%CI: 11.7–20.7] versus 11.6 months [95%CI: 9.3–13.8] 

without adjuvant therapy, p = 0.015). All survival comparisons were calculated using the 

Log-rank test. 

4.2.7 Peripancreatic fat invasion: multivariate analysis  
Covariates that affected survival at the p < 0.05 level of significance were included in a 

multivariate Cox proportional-hazards model (Table 4.3). Factors that independently 

adversely affected overall survival were high tumour grade, higher tumour stage, lymph 
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node involvement, venous invasion, resection margin involvement and the histological 

presence of peripancreatic fat invasion (HR: 1.93, 95%CI: 1.18–3.45, p = 0.007). Adjuvant 

chemotherapy was associated with prolonged survival following resection. 

Multivariate survival analysis was repeated including only T3 tumours (n = 171) (Table 

4.4). Within this model peripancreatic fat invasion again independently negatively 

influenced survival (HR: 1.93, 95%CI: 1.18–3.45, p = 0.009) as did high grade, venous 

invasion and R1 status. Although adjuvant therapy continued to provide independent 

survival benefits following resection for the T3 only cohort, lymph node involvement was 

no longer an independent predictor of poor outcome (HR: 0.61, 95%CI: 0.40–0.95). 
 

4.2.8 Impact of clinicopathological factors on disease recurrence 
The median follow-up for censored patients was 25.8 months (95%CI: 19.0–32.5) and for all 

patients including those who had died, was 21.4 months (95%CI: 17.2–23.7). During the 

study period recurrent disease occurred in 144/189 patients (76%). Distant metastases 

(including liver and lung) occurred in 78 patients (54%) with 66 (46%) developing 

locoregional recurrence. Among the entire cohort, univariate analysis revealed that lymph 

node status and peripancreatic fat invasion were associated with local recurrence (Table 

4.5). By multivariate analysis, only peripancreatic fat invasion (HR: 2.95, p < 0.001) 

remained independently associated with local recurrence. Further χ2 test analysis revealed 

that recurrent disease was identified in 105/138 (76%) patients who had no evidence of 

peripancreatic fat invasion and in 39 (76%) patients who had evidence of peripancreatic fat 

invasion following resection (Table 4.6). Peripancreatic fat invasion affected the site of first 

recurrence, with 50.9% (26/51) of patients with locoregional recurrence in those tumours 

exhibiting peripancreatic fat invasion representing a significantly greater proportion than in 

the 29% (40/138) of patients whose tumours had no evidence (p = 0.002). High tumour 

grade was associated with distant metastases being the primary site of recurrence, with 

distant metastases developing in 53% (33/62) of those with high-grade tumours compared to 

38% (48/126) of those with low-grade tumours. Resection margin status, perineural 

invasion, venous invasion, tumour size or use of adjuvant chemotherapy failed to impact on 

the pattern of recurrence following PD. 
 

4.3 Discussion 
While spread of tumour to the peripancreatic tissue including adipose tissue, upgrades the 

lesion from T2 to T3 disease, the individual prognostic influence of peripancreatic fat 

invasion has not previously been investigated following PD for PDAC. As discussed in the 

previous chapter progress has been made towards the redefinition of the pathology 

terminology associated with pancreatic resection margins and retroperitoneal spread (93, 
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270, 272). It was proposed therefore to determine the relationship of peripancreatic fat 

invasion with prognosis and its influence on the pattern of failure.   

In the present chapter, peripancreatic fat invasion was evident in 27% of tumours. 

Peripancreatic fat invasion was associated significantly with larger tumours; however, it was 

a rare finding in the absence of lymph node metastases. It was demonstrated that 

peripancreatic fat invasion was significantly and independently associated with poorer 

survival (12.4 versus 22.6 months). The two other determinants of T3 disease are duodenal 

and common bile duct spread and while there was a trend towards poor survival in the latter 

group, this was not an independent prognostic factor. While the majority of tumours 

resected for PDAC are T3 (61), a figure supported by the current study, it was demonstrated 

that T3 categorisation has a spectrum of outcomes based upon the site of peripancreatic 

spread. Despite the association of peripancreatic fat invasion and lymph node involvement, 

it was demonstrated that even in those cases where adipose invasion was identified in the 

LN0 group, this associated with a significant survival reduction. If these results are 

confirmed then reclassification of the current pathological staging system (T3a and T3b) to 

account for this powerful prognostic factor may be appropriate. 

Data on both patterns of failure and factors associated with disease recurrence following PD 

remain poorly defined. Distant recurrence is presumed to occur in the majority following 

potentially curative resection (94, 103) and this fact combined with the overall poor 

survival, results in the issue of local recurrence being largely ignored. Locoregional 

recurrence can have important clinical implications notably severe pain along with biliary 

and GI tract obstruction. Indeed when the pattern of recurrence was investigated in advanced 

PDAC according to a protocol of immediate autopsy to obtain primary and metastatic tissue, 

12% showed no evidence of metastatic disease (265). 

The incidence of local recurrence varies greatly in the literature. In terms of the pattern of 

failure in the present study, there was a slight excess of the first site of failure being distant 

metastases including liver (54%) compared to locoregional failure (46%).  Some report 

locoregional recurrence rates from 50%–80%. In contrast, other studies in which the 

majority of patients received adjuvant chemo-radiotherapy have noted a lower risk of local 

recurrence (71, 94, 100, 103, 288, 289). In particular those studies utilising radiotherapy 

have noted local recurrence rates of 10–40%. In the present study although 74 patients 

received adjuvant therapy, only two patients received adjuvant radiotherapy.   

Identification of patients who are at higher risk of local recurrence may be important. 

Factors previously correlated with pattern of recurrence include, a high degree of lymph 

node disease burden relating to local recurrence in N1 resection (103), although margin 

status failed to reach significance when adjustment was made for lymph node status. Margin 
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status did not significantly impact upon pattern of recurrence in a study of 360 patients 

treated by PD, which reported locoregional recurrence in 16.7% of R0 versus 13.4% of R1 

resections (94). Peripancreatic fat invasion was found to associate with the pattern of 

recurrence, with invasion into the surrounding adipose tissue resulted in a significantly 

increased proportion of locoregional recurrence compared to those with no involvement of 

the peripancreatic fat (51.0% versus 28.9% respectively, p = 0.002). While many of the 

clinicopathological factors including resection margin status and lymph node status were not 

found to be associated with the site of primary recurrence, high-grade tumours were 

associated with recurrence at a distant site. This finding is in contrast to the findings of 

Asiyanbola and co-workers who identified high-grade tumours being associated with local 

recurrence (103). Regarding resection margin status, the discrepancy of R1 rates between 

recent studies and previous investigations (Table 3.5) may influence the association between 

patterns of failure and requires reassessment in future studies.   

The identification of peripancreatic fat invasion at the time of assessment of resectability 

could potentially identify a group at high risk of locoregional recurrence and poor survival. 

In terms of preoperative imaging, dynamic enhanced MRI has a sensitivity and specificity 

equal to or better than that of helical CT for the detection of local tumour extension and 

vascular involvement (290). MRI was recently shown to demonstrate extrapancreatic neural 

plexus invasion successfully in patients with resected PDAC (291). 80% of patients with 

pathological proof of extrapancreatic neural plexus invasion had abnormal signal intensity in 

background fat on MRI. Unfortunately MRI was not available for all patients to enable 

correlation between preoperative macroscopic and microscopic appearance in the current 

study.  

In a recent study, the term “isolated solitary ductal unit” described clusters of cancer cells 

forming solitary ducts completely surrounded by adipose tissue without accompanying 

acini, islets or fibrosis and appear to be a reliable indicator of adenocarcinoma (292). The 

identification of such cell clusters distant from the tumour bulk in the adipose tissue has 

implications for tumour size and margin characterisation. Identified in approximately 50% 

of resections a number of tumours were subsequently upstaged (T1 to T3). Certainly while 

this finding was of interest it requires validation, furthermore, no attempt was made to 

correlate the presence of “isolated solitary ducts” with outcome. The current cohort was not 

assessed for “isolated solitary ducts”, but as the reported rate was greater than direct 

extension of tumour into the adipose identified in the present study, recognition of these 

structures may further stratify outcome.  

Evidence that the presence of increased intra-pancreatic fat is associated with poor outcome 

and disseminated disease was recently demonstrated in a case controlled analysis of 40 
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PDACs (293). The authors report that increased pancreatic fat may itself be a contributing 

factor to PDAC’s aggressive phenotype. Great focus has been placed upon the role of the 

tumour microenvironment in PDAC tumourigenesis including inflammatory mediators, 

stellate cells and myofibroblasts (294). Potentially adipocytokines including leptin and 

adiponectin, produced as a result of tumour infiltration may influence the inflammatory 

milieu and contribute to the tumour microenvironment, enhancing PDAC tumourigenesis, as 

demonstrated in colorectal cancer (295). 

A recent study identified that high total body adiposity (body mass index [BMI] > 35) 

correlated with an increased incidence of lymph node positivity (296). However, this finding 

was not corroborated in a recent larger study (297), and so the influence of adipose tissue on 

tumour progression remains unclear. BMI is a crude measure of adiposity therefore more 

accurate assessments of total body fat (cross sectional imaging), are required to answer 

whether total body, peri- or intratumoural adiposity influences tumour aggressiveness.   

It is acknowledged that the present study has a number of limitations. Notably the cohort 

had a relatively low rate of adjuvant chemotherapy and this may explain why the presence 

of pancreatic fat invasion was associated with locoregional recurrence. Clearly this is the 

first study to identify the independent prognostic significance of pancreatic fat invasion and 

therefore the findings require validation in a further cohort, in particular the study should be 

repeated in a cohort receiving standardised adjuvant therapy. While the data regarding 

tumour recurrence was collected prospectively from 1999, evidence of local recurrence was 

based upon follow-up CT scan imaging and therefore there is potential for incorrect 

designation. 

4.3.1 Summary 
The results of this chapter demonstrate that the presence of peripancreatic fat invasion 

assessed by histological examination following PD for PDAC in 189 patients provides 

independent prognostic information in addition to the categorisation of T3 disease and other 

clinicopathological factors including resection margin status. Additionally, the presence of 

peripancreatic fat invasion, but not resection margin involvement, was associated with 

locoregional disease as the primary site of recurrence. Modification of future staging 

systems to improve outcome stratification may be justified if these findings are replicated. 

Furthermore, there is potential for this poor prognostic factor to be identified preoperatively 

by advanced cross sectional imaging techniques.  

 



    Chapter 4 Fat Invasion   85 

 

Table 4.1 Patient and tumour characteristics stratified by peripancreatic fat invasion 

  
 No. (%) patients 
 Peripancreatic Fat Invasion  
 Absent Present p value a 
Total No. of patients 138 (26.4) 51 (73.6)  
Gender    

Female 64 (46.4) 21 (41.2) 0.513 
Male 74 (53.6) 30 (58.8)  

Age (yrs) b    
Median 63.6 64.8 0.289 
Mean 62.2 64.2  
Range 37.4 - 77.6 38.9 - 86.0  

Tumour stage    
T2 18 (13.0) 0 (0) 0.001 
T3 120 (87.0) 51 (100)  

Tumour size (mm) b    
Median 30.0 35 0.045 
Mean 31.7 36.1  
Range 5 - 65 15 - 60  

Tumour grade    
Low 93 (67.4) 34 (66.7) 0.925 
High 45 (32.6) 17 (33.3)  

Lymph node status    
N0 34 (24.6) 3 (5.8) 0.004 
N1 104 (75.4) 48 (94.2)  

Margin involvement    
R0 40 (28.9) 11 (21.5) 0.359 
R1 98 (71.1) 40 (78.5)  

Perineural invasion    
No 13 (9.4)  3 (5.9) 0.564 
Yes 125 (91.6) 48 (94.1)  

Venous invasion    
No  74 (53.6) 21 (41.2) 0.129 
Yes 64 (46.4) 30 (58.8)  

Vascular resection     
No 117 (84.7) 41 (80.4) 0.469 
Yes 21 (15.3) 10 (19.6)  

Adjuvant therapy    
No 79 (57.2) 35 (68.6) 0.145 
Yes 59 (42.8) 16 (31.4)  

a χ2 tests were used to compare categorical variables. 
b Mann-Whitney U test was used to compare continuous variables. 
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Table 4.2 Survival and relationship with clinicopathological characteristics in 189 patients undergoing 
PD for PDAC 
 

Univariate analysis identifying significant prognostic factors. 

 

Prognostic Variable No. of Patients Median Survival 
(months) 

95% CI p value a 

Overall 189 18.9 15.7 – 22.2 - 
Gender     

Female 86 20.4 16.1 – 24.7 0.072 
Male 103 17.8 13.5 – 22.2  

Age (yrs)     
≤ 65 104 18.2 14.8 – 21.6 0.081 
> 65 85 21.9 14.9 – 29.1  

Tumour stage     
T2 18 36.2 17.5 – 54.9 0.002 
T3 171 17.8 15.0 – 20.7  

Peripancreatic fat invasion     
       Absent 138 22.6 18.5 – 26.7 0.0001 
       Present 51 12.4 9.9 – 15.0  
Duodenal invasion     
       Absent 60 22.3 15.4 – 29.8 0.155 
       Present 129 17.8 14.2 – 21.4  
Bile duct invasion     
       Absent 103 23.1 16.3 – 29.3 0.049 
       Present 86 16.8 13.1 – 20.4  
Lymph node status     

N0 37 35.9 13.7 – 58.1 0.002 
N1 152 18.4 15.6 – 21.1  

Tumour size (mm)     
< 30 98 21.8 15.8 – 27.8 0.022 
≥ 30 91 16.2 11.7 – 20.6  

Tumour grade     
Low 127 21.8 16.8 – 26.8 0.028 
High 62 13.1 9.0 – 17.2  

Perineural invasion     
       Absent 16 18.2 13.5 – 22.9 0.023 
       Present 173 16.7 14.0 – 19.5  
Venous invasion     
       Absent 94 24.7 18.3 – 31.1 0.001 
       Present 95 15.6 12.9 – 18.2  
Resection margin status     

R0 51 27.5 23.8 – 31.2 0.0001 
R1 138 16.2 13.0 – 19.3  

Vascular resection     
No 158 19.8 16.1 – 23.5 0.056 
Yes 31 13.4 7.02 – 19.9  

Adjuvant therapy     
No 114 14.8 9.7 – 19.8 0.021 
Yes 75 21.9 16.9 – 26.9  

 a p value according to Log-rank test 
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Table 4.3 Predictors of survival in 189 patients following PD - multivariate analysis  
 

  Overall survival 
Prognostic variable Category HR (95% CI) p value 
   Tumour stage T2/ T3 2.45 (1.30 - 4.62) 0.006 
   Peripancreatic fat invasion Absent/ Present 1.93 (1.18 - 3.45) 0.007 
   Bile duct invasion Absent/ Present 1.11 (0.78 - 1.59) 0.542 
   Tumour size (mm) <30/ ≥ 30 1.29 (0.89 - 2.15) 0.172 
   Lymph node status Absent/ Present 1.89 (1.11 - 3.31) 0.025 
   Tumour grade Low/ High 1.80 (1.25 - 2.61) 0.002 
   Perineural invasion Absent/ Present 1.27 (0.53 - 3.04) 0.586 
   Venous invasion Absent/ Present 1.42 (1.01 - 2.08) 0.045 
   Margin involvement R0/ R1 1.91 (1.24 - 2.92) 0.003 
   Vein resection No/ Yes 0.96 (0.57 - 1.63) 0.906 
   Adjuvant therapy No/ Yes 0.61 (0.41 - 0.90) 0.014 
  

Table 4.4 Predictors of survival in 171 T3 patients following PD - multivariate analysis 
 

  Overall survival 

Prognostic variable Category HR (95% CI) p value 

   Peripancreatic fat invasion Absent/ Present 1.61 (1.11 - 2.58) 0.009 
   Bile duct invasion Absent/ Present 1.09 (0.76 - 1.58) 0.625 
   Tumour size (mm) <30/ ≥ 30 1.43 (0.99 - 2.08) 0.056 
   Lymph node status Absent/ Present 1.45 (0.89 - 2.81) 0.102 
   Tumour grade Low/ High 1.89 (1.29 - 2.79) 0.001 
   Venous invasion Absent/ Present 1.49 (1.03 - 2.17) 0.033 
   Margin involvement R0/ R1 1.86 (1.19 - 2.87) 0.006 
   Vein resection No/ Yes 0.94 (0.55 - 1.61) 0.824 
   Adjuvant therapy No/ Yes 0.63 (0.40 - 0.95) 0.038 
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Table 4.5 Factors associated with local recurrence following PD in 189 patients 
 

Factors associated with local recurrence following resection: univariate and multivariate analysis. 

 Univariate   Multivariate   

Prognostic variable Hazard Ratio 95% CI p value Hazard Ratio 95% CI p value 
Tumour stage       

T2  -     
T3 1.95 0.77 – 4.89 0.155 - - - 

Peripancreatic fat invasion       
     Absent  -     
     Present 3.31 1.92 – 5.70 < 0.001 2.95 1.71 – 5.10 < 0.001 
Duodenal invasion       
     Absent  -     
     Present 1.04 0.61 – 1.75 0.884 - - - 
Bile duct invasion       
     Absent  -     
     Present 1.20 0.72 – 1.99 0.472 - - - 
Lymph node status       
     N0  -     
     N1 2.29 1.04 – 5.02 0.038 1.63 0.71 – 3.74 0.235 
Tumour size (mm)       
≤ 30  -     
> 30 1.46 0.88 – 2.43 0.137 - - - 

Tumour grade       
Low  -     
High 0.86 0.48 – 1.54 0.616 - - - 

Perineural invasion       
     Absent  -     
     Present 0.43 0.13 – 1.40 0.163 - - - 
Venous invasion       
     Absent  -     
     Present 1.47 0.87 – 2.47 0.144 - - - 
Resection margin status       

R0  -     
R1 1.49 0.82 – 2.73 0.192 - - - 

Adjuvant therapy       
No  -     
Yes 0.84 0.49 – 1.42 0.510 - - - 

 

Table 4.6 Pattern of recurrence stratified by A) fat invasion and B) tumour grade 
 

 Peripancreatic Fat Invasion  
A Absent 

n = 138 (%) 
Present 
n = 51 (%) 

 
p value a 

Site of first recurrence    

  Liver/ distant metastases 65 (47.1) 13 (25.5) 0.002 
  Locoregional  40 (28.9) 26 (51.0)  

   
No Recurrence 

 
33 (24.0) 

 
12 (23.5) 

 
0.889 

 

 Tumour Grade  
B Low 

n = 126 (%) 
High 
n = 62 (%) 

 
p value a 

Site of first recurrence    

  Liver/ distant metastases 48 (38.1) 33 (53.2) 0.041 
  Locoregional  47 (37.3) 16 (25.8)  

   
No Recurrence 

 
32 (24.6) 

 
13 (20.9) 

 
0.813 

a χ2 tests were used to compare categorical variables 
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Figure 4.1 Prognostic influence of peripancreatic fat invasion 
 
Illustrations of PDAC invading into the peripancreatic fat 

A) Low power image of fibro-fatty tissue containing infiltrating adenocarcinoma (black arrows). B) Higher 

power image of individual infiltrating ductal structures (black arrows). (Both haematoxylin-and-eosin).   

 
Kaplan-Meier survival curves for PDAC following PD – influence of peripancreatic fat invasion 

C) Illustration of the survival benefit associated with an absence of peripancreatic fat invasion in contrast to a 

resection with evidence of pancreatic fat invasion. The median survival for the 138 patients with no 

peripancreatic fat invasion was 22.6 months compared to 12.4 months for the 51 patients with fat invasion 

(Log-rank test, p = 0.0001). 

 
Kaplan-Meier survival curves interaction of lymph node status and tumour size with peripancreatic fat 

invasion 

D) Lymph node status stratified by peripancreatic fat invasion with peripancreatic fat invasion significantly 

reducing the survival for patients with lymph node negative resections. The overall median survival for LN0 

patients with no fat invasion was 36.6 months, significantly longer than for LN0 patients with fat invasion (p = 

0.012, Log-rank test). LN1 patients with fat invasion patients survived significantly longer (median survival of 

20.7 months, 95%CI: 17.4–23.9) compared with LN1 patients with no fat invasion patients (median survival of 

13.3 months, 95%CI: 10.4–16.2, p = 0.035, Log-rank test).  

 

E) Tumour size stratified by peripancreatic fat invasion with peripancreatic fat invasion significantly reducing 

survival even when tumour is less than 30 mm in size.  For patients with tumour size > 30 mm with no fat 

invasion the overall median survival was 20.0 months (95%CI: 14.1–25.9) versus 11.3 months (95%CI: 6.1–

16.5, p = 0.036) when fat invasion was present (p = 0.036, Log-rank test). For small tumours fat invasion 

significantly reduced overall survival with a median survival of 25.8 months (95% CI: 19.9–31.8) versus 13.3 

months (95%CI: 11.0–15.6, p = 0.014, Log-rank test) when fat invasion was absent. 
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Figure 4.1 
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5 Tissue Biomarkers Associated With Prognosis in 

PDAC 
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5.1 Introduction 
As discussed in the previous chapters, clinicopathological factors determined at PD establish 

risk stratification for patients with PDAC (61, 83, 84). Unfortunately, these factors alone do 

not account for all the observed variability in outcome. A need therefore exists for superior 

markers of prognosis to potentially enhance management of operable PDAC. Molecular 

analysis is one source of such clinically useful biomarkers. Indeed, tumours with similar 

clinicopathological characteristics can be shown to contain molecular aberrations, which 

may underpin some variances in clinical behaviour, as demonstrated in pancreatic as well as 

other cancers (3, 4, 169, 298). 

A comprehensive review and meta-analysis of IHC based prognostic biomarkers following 

PDAC resection was performed (presented in part in this chapter) (299). While reviews have 

been published on the prognostic utility of IHC markers in PDAC (249, 300), the meta-

analysis assessed the available data according to the REporting recommendations for tumour 

MARKer prognostic studies (REMARK) guidelines (301). The meta-analysis sought to 

determine candidate biomarkers for which there were sufficient evidence to support 

prospective validation in a controlled environment or the need for additional investigation 

due to insufficient rigor in the previous studies. Furthermore, it aimed to identify functional 

pathways potentially involved with PDAC prognosis prediction. 

The search of the PDAC IHC prognostic literature yielded 1992 manuscripts (Figure 5.1A) 

of which 378 manuscripts were assessed. 83 high-quality cohort studies from 34 research 

groups met the eligibility criteria by presenting multivariable survival estimates for 

differential levels of candidate protein expression in operative cohorts. 21 

clinicopathological factors were incorporated in one or more of the included studies’ 

multivariate analyses. The most commonly included prognostic factor was lymph node 

involvement (Figure 5.1B). The frequency of clinical covariate integration is shown in 

Figure 5.1C. The 83 studies present data on 103 unique proteins, for 89 of which a 

multivariate HR and associated 95%CI were available from a single study only. For the 

remaining 14 markers, outcome data were available from two or more studies and could be 

combined to give a single summary statistic (299). The proteins evaluated for overall 

survival were sorted according to Hanahan-Weinberg functional capabilities of cancer (302), 

modified to include pancreatic differentiation markers, immunocompetence and markers 

associated with DNA damage repair and chemotherapeutic metabolism (Table 11.4). 84% of 

the candidate markers demonstrated a significant association with outcome (p < 0.05).  

In summary, based on functional capabilities, markers facilitating invasion and metastases 

were most likely to be associated with prognosis. In total 21 markers were significantly 

associated with overall survival, however all were identified in single studies except for E-
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cadherin for which data from two studies were included. Despite numerous studies 

investigating catenins none were eligible for analysis. Regulators of angiogenesis were also 

highlighted. The few markers related to pancreatic development yielded prognostic 

relevance, however the Wnt signalling pathway, vital in embryogenesis and GI cancer 

development, was underrepresented.  

Rather than targeting a single marker, which potentially only evaluates marginal effects of 

proteins on prognosis, multi-marker phenotypes, defined here as combinations of 

clinicopathological and/ or tumour markers, may better identify prognostic sub-groups. 

11/83 studies assessed the prognostic utility of multiple-markers. Notably, apoptotic marker 

combinations were more powerful than single protein evaluation (119) while Bcl-2 and 

lymph node status combined were more powerful than pathological status alone (303). 

Certainly if clinically useful prognostic biomarkers for PDAC are to be achieved, the 

collective research community should address the persistence of incomplete adoption of the 

2005 REMARK guidelines (301). The studies evaluating IHC markers in PDAC are 

generally limited in terms of power and with a failure to control consistently for 

clinicopathological factors. Therefore a need exists for the evaluation of these markers in a 

large dataset of PDAC patients with complete and mature follow-up. 

5.1.1  Aim 
To further elucidate the prognostic utility of signalling pathways in PDAC following PD, the 

relationship of candidate biomarkers with overall survival was assessed in a large PDAC 

TMA cohort using IHC. Selection of the best-evidenced markers biomarkers was based 

primarily upon findings from the systematic review (299) selected with the aim of testing 

their prognostic utility in a large cohort. To assist in the data presentation, the candidate 

markers’ correlation with clinicopathological features and prognosis were made according to 

biological functional groupings: senescence, apoptosis, angiogenesis, invasion and 

metastasis, insensitivity to growth inhibition and self-sufficiency for growth signals. The 

primary goal was to determine whether these most evidenced markers associated 

independently with overall survival adjusting for clinicopathological features. Secondly, the 

study aimed to assess the cross-sectional relationship amongst individual markers. The final 

aim was to combine marker expression in a multi-marker phenotype, in an attempt to 

describe discrete subpopulations of patients based on protein expression, as a means to 

assess the relationship between the expression of functional groups of proteins and 

prognosis. 
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Figure 5.1 Manuscript selection algorithm and meta-analysis study characteristics 
  

A) Flow diagram of the literature search and selection of included studies. 
B) Frequencies with which adjustments were made for various clinicopathological parameters. 
C) Distributions of the total number of clinicopathological covariates that were adjusted for across the 83 
eligible cohort studies.  
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Figure 5.2 Algorithm for integrating protein expression and clinicopathological data 
 

The prognostic relevance of a selection of protein biomarkers assessed within the tissue microarray cohort. 

The markers were grouped by functional characteristics. Association with other proteins, pathological features 

and survival was determined. An attempt was made to cluster the patients according to protein expression to 

potentially determine a multimarker phenotype. 
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 Table 5.1 Univariate survival analysis of factors affecting outcome in TMA cohort 
 

Clinicopathological determinants of outcome in 119 patients with PDAC studied within the TMA cohort. 

 
 

 

 

 

 

 

 

 

 

 
 

a p value according to Log-rank test, CI = confidence interval 

 

  

   Overall Survival  

Prognostic variable  Patients (%) 

N = 119 (%) 

Median (months) 95% CI p value a 
Gender Female 59 (49.0) 20.4 15.5 - 25.4 0.121 

 Male 60 (51.0) 18.0 13.8 - 22.3  

Age (yrs) ≤ 65 64 (53.7) 18.1 13.6 - 20.5 0.104 

 > 65 55 (46.2) 21.9 14.9 - 29.0  

Tumour stage T2 13 (10.9) 36.2 17.5 - 54.9 0.002 

 T3 106 (89.1) 17.6 14.5 - 20.6  

Tumour size (mm) ≤ 30  63 (52.9) 21.3 15.8 - 27.8 0.018 

 > 30  56 (47.1) 16.1 11.7 - 20.6  

Tumour grade Low 85 (71.4) 23.1 17.8 - 28.3 0.001 

 High 34 (28.6) 13.1 9.10 - 17.2  

Lymph node status Absent  24 (20.2) 35.9 10.4 - 61.5 0.001 

 Present 95 (79.8) 18.4 15.6 - 21.2  

Margin involvement R0 29 (24.4) 27.5 22.5 - 32.5 < 0.001 

 R1 90 (75.6) 16.2 12.6 - 18.6  

Perineural invasion Absent 11 (9.2) 54.4 21.6 - 83.6 0.014 

 Present 108 (90.8) 18.5 15.7 - 21.8  

Venous invasion Absent 58 (48.7) 24.7 18.3 - 31.1 0.001 

 Present 61 (51.3) 15.6 12.8 - 18.2  

Vascular resection No  116 (89.1) 18.4 14.7 - 22.1 0.088 

 Yes 13 (10.9) 11.3 2.12 - 20.4  

Adjuvant therapy" No! 79 (66.4)! 14.8! 9.71 - 19.8! 0.051!

" Yes! 40 (33.6)! 21.9! 16.9 - 27.3! !
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5.3 Results 
 

5.3.1 Clinicopathological factors influencing outcome in the TMA cohort  
The TMA cohort was limited to 119 patients for which adequate tissue blocks were 

available. The majority of patients in the TMA cohort had tumours that were T3, < 30 mm, 

low-grade, lymph node positive, R1, with perineural invasion (Table 2.1). Only 34% 

received postoperative chemotherapy. Details of the clinicopathological factors that 

influenced univariate survival analysis are displayed in Table 5.1 and Figure 11.1. 

5.3.2 Prognostic influence of senescence markers 
p21 and p53 have well established roles in the pathogenesis of PDAC and there is evidence 

to suggest that their aberrant expression can provide prognostic information. Recently it has 

been suggested that another genetic lesion, mutation of the Lkb1 gene, may influence p21 

and p53 expression in PDAC. Investigation of Lkb1 expression in this PDAC cohort, along 

with assessment of the influence of p21 and p53 on outcome, would provide an opportunity 

to assess the interactions between these putative senescence-associated lesions. 
 

5.3.3 Lkb1, p21 and p53: correlation with clinicopathological features  
5.3.3.1 Lkb1 staining characteristics 
The relevance of the Lkb1 pathway to PDAC progression was investigated. As expected 

Lkb1 staining was observed primarily in the cytoplasm of epithelial cells (Figure 11.3A) 

with presence in 98% of stained normal ductal tissue. In PDAC, 23% of cases expressed 

Lkb1 at a low level (histoscore < 100). 
   

5.3.3.2 Lkb1 clinicopathological correlation 
Expression levels of Lkb1 did not differ in terms of lymph node status or tumour size, 

however, high tumour stage and grade were significantly associated with lower median 

Lkb1 expression (Figure 5.3A, B). In univariate analysis, low Lkb1 expression (n = 27) was 

associated with significantly decreased overall median survival compared with high 

expression (n = 91) following resection, (12.9 months [95%CI: 10.5–15.4] versus 20.4 

months [95%CI: 15.5–25.3], p = 0.008, Log-rank test) (Figure 5.3C, Table 5.2). Most 

importantly, in multivariate analysis, low Lkb1 expression remained an independent 

predictor of poor survival (HR: 1.90, 95%CI: 1.15–3.15, p = 0.012) (Table 5.3A).  
 

5.3.3.3 p21 staining characteristics 
p21 staining was evident in only the nuclear compartment of malignant epithelial cells 

(Figure 11.3A) and in 14% of normal pancreatic ductal tissue nuclei.   
 

5.3.3.4 p21 clinicopathological correlation 
p21 expression was not significantly altered in relation to clinicopathological parameters, 

however low p21 expression (n = 92) was associated with decreased overall survival 

following resection (16.2 months, 95%CI: 12.3–20.0), compared with high expression (n = 
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27) (30.1 months, 95%CI: 20.2–39.9, p = 0.005, Log-rank test ) (Figure 5.3D, Table 5.2).  
 

5.3.3.5 p53 staining characteristics 
Investigation of whether p53 accumulation correlated with clinicopathological findings in 

PDAC was performed. p53 staining was evident in the nuclear compartment only (Figure 

11.3A) and was present in only 3% of normal pancreatic ductal tissue. 
 

5.3.3.6 p53 clinicopathological correlation 
Although no significant associations were found with tumour progression parameters or 

overall survival (Table 5.3C), a significant correlation between p53 accumulation and lymph 

node metastasis was demonstrated. In particular, lymph node negative resections were 

associated with a lower tumour accumulation of p53, compared with lymph node positive 

resections (median histoscore 12.3 versus 64.7 [p = 0.019, Mann-Whitney U test]).  

Furthermore, specimens with a LNR < 50% were associated with lower tumour p53 

accumulation, compared with resections with a LNR ≥ 50% (median histoscore 56.5 versus 

103.8, [p = 0.011, Mann-Whitney U test]) (Figure 5.3G).  
  

5.3.3.7 Interrelationship between the Lkb1, p21 and p53  
Strikingly, in these PDAC specimens, Lkb1 expression was demonstrated to correlate 

directly with p21 expression (Figure 5.3F) (Spearman’s rho (ρ) correlation coefficient = 

0.34; p < 0.001). Significantly, high expression of both Lkb1 and p21 identified a group of 

patients with a more favourable outcome, with a median survival of 25.7 months (95%CI: 

12.9–40.3) (Figure 5.3E). Multivariate analysis revealed that reduced p21 expression was an 

independent predictor of poor outcome (Table 5.3B). However, when both Lkb1 and p21 

expression are entered into the multivariate model, p21 status was displaced (Table 5.3C). 

Given the TP53 gene is frequently mutated in PDAC (40–70%) (304) and Lkb1 is down-

regulated in around 20%, it was hypothesised that loss of Lkb1-mediated p53/p21 induction 

might be able to circumvent the need for p53 mutation in PDAC and thus should not be 

down-regulated in tumours with p53 mutated. Intriguingly, in tumours with low Lkb1 levels 

and hence low levels of p21, accumulation of mutant p53 was not observed (median 

histoscore = 4.00, n = 20). In contrast, in the subset of tumours that had low p21 with high 

Lkb1 expression, significantly higher levels of p53 were found, indicative of accumulation 

of mutant p53 (median histoscore = 71.3, n = 58, p = 0.05, Mann-Whitney U test, Figure 

5.3H). 
 

5.3.4 Discussion 
5.3.4.1 Lkb1 
In PDAC these data have shown that Lkb1 deficiency correlates with loss of p21 expression 

and with poorer prognosis, and that Lkb1 deficiency may act as an alternative to p53 

mutation in pancreatic tumourigenesis. These results support the hypothesis that Lkb1 may 
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act as a TSG in the pancreas and that may function, at least in part, by inducing p21 

expression (Figure 5.3I).  

In the present study of PDAC, low levels of p21 and Lkb1 are correlated, data that are 

consistent with the previous findings that Lkb1 loss prevents culture induced cellular 

senescence (160) and allows BRAF mutant melanoma cells to proliferate (305). One 

important question that has been raised through the study of Lkb1 in mice (160) is whether 

biallelic mutations in Lkb1 are required for tumourigenesis. PJS patients develop benign 

hamartomas of the GI tract and develop IPMNs and cystadenomas. The previous work of 

Hezel and co-workers (306), showed complete loss of pancreatic Lkb1 leads to formation of 

benign cystadenomas, with cooperating oncogenic event required to drive carcinoma 

formation, and that the timing of the cooperating oncogenic event may be critical – if this 

occurs too late the tumour may not progress from a benign state.  

Data from this chapter is consistent with this hypothesis; 27/118 tumours showed a down-

regulation of Lkb1 compared to normal ductal epithelium and, remarkably, low levels of 

Lkb1 can act as an independent prognostic indicator of poor outcome in resected PDAC. 

The lack of Lkb1 mutations so far observed in human RAS-driven pancreatic tumours may 

instead be explained by down-regulation at the protein level, or inactivation of the gene by 

epigenetic means, since hypermethylation of Lkb1 in hamartomatous polyps and in tumours 

commonly associated with PJS has been demonstrated in the absence gene mutation (154). 

5.3.4.2 p21 
The CDK inhibitor p21 inhibits progression through the cell cycle mainly at S phase and the 

meta-analysis identified it as influencing prognosis in PDAC, while p27 did not (299). 

Although p21 expression did not correlate with any clinicopathological factors in the current 

chapter, loss of expression negatively impacted on survival independent of traditional 

prognostic factors. However, when Lkb1 expression was included in the multivariate 

analysis the influence of p21 was displaced providing more evidence that Lkb1 limits the 

p21 pathway. Remarkably, no PDAC tumours with low Lkb1 expression had high p21 

expression. There was a subset of tumours that had low p21 with high Lkb1 expression 

presumably due to the fact that multiple different events can cause p21 down-regulation, 

e.g., TP53 mutation or TBX2 over-expression (307). Indeed this group of tumours exhibited 

high p53 levels; indicative of mutant p53 accumulation, suggesting Lkb1 deficiency can 

substitute for p53 mutation in pancreatic tumourigenesis. 

5.3.4.3 p53 
TP53 triggers cell cycle arrest or apoptosis via Bax in response to DNA damage, and is 

frequently mutated in PDAC predominantly through missense mutations (304). The fact that 

TP53 is mutated, rather than deleted, in the majority of cancers, suggests that mutant p53 
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provides some tumour cell growth advantage. Despite over 40 studies assessing the 

prognostic impact of p53, few identified a significant association. Pooling of the eligible 

data sets assessing overall survival impact failed to support a prognostic role for p53 in 

operable PDAC (p = 0.14) (299). 

In pancreatic cancer TP53 mutation following an initiating activating KRAS mutation, 

frequently result in expression of a stable protein, p53R175H, rather than complete loss of 

protein expression. Mice carrying endogenous p53 missense mutations in a model of Li 

Fraumeni syndrome, develop a distinct spectrum of tumours compared with those arising in 

p53 heterozygous null mice (osteosarcomas and carcinomas) (308). This indicates that the 

p53R172H mutant is not simply a loss-of function allele, but rather its tumourigenicity is 

enhanced through a gain-of-function or dominant negative function. These data also suggest 

that depending on tumour type and collaborating oncogenic or tumour suppressive events, 

mutant p53 may confer extra properties on tumour cells affecting cell proliferation, 

differentiation and metastasis. The IHC assessment of p53 performed in this chapter 

suggests that while p53 mutation status does not correlate with survival, the expression of 

mutant p53 was associated with metastasis promotion as measured by an increased LNR. 

These data suggest that strategies aimed at knocking down mutant or reactivating mutant 

p53 may have therapeutic efficacy in PDAC. 
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Table 5.2 Survival analysis of putative IHC prognostic markers in TMA cohort 
 

Summary of univariate outcome according to the expression of IHC markers (Log-rank analysis). Includes 

immunostaining cut-offs that determine group allocation for survival analysis, as well as evidence for the 

selection of cut-off criteria. 
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Table 5.3 Multivariate Cox regression analysis of markers of senescence 
 

Association of A) Lkb1, B) p21 and clinicopathological parameters with overall survival in 119 patients 

following PD for PDAC. In C) when Lkb1 and p21 expression are combined within the same multivariate 

analysis p21 is displaced from the model. 

 

A  Overall survival  
Prognostic variable Category Hazard ratio (95% CI) p value 
Tumour stage  T2/ T3 2.67 (1.37 - 5.23) 0.04 
Lymph node involvement Absent/ Present 1.11 (0.59 - 2.01) 0.76 
Tumour size (mm) <30/ ≥30 1.68 (1.10 - 2.54) 0.015 
Tumour grade  Low/ High 2.81 (1.76 - 4.45) 0.0001 
Venous invasion  Absent/ Present 0.98 (0.62 - 1.55) 0.94 
Perineural invasion  Absent/ Present 0.89 (0.37 - 2.32) 0.82 
Resection margin status  R0/ R1 2.62 (1.54 - 4.47) 0.0001 
Lkb1 expression High/ Low  1.90 (1.15 - 3.12) 0.012 
 

 

B  Overall survival  
Prognostic variable Category Hazard ratio (95% CI) p value 
Tumour stage  T2/ T3 1.95 (0.99 - 3.81) 0.051 
Lymph node involvement Absent/ Present 1.42 (0.78 - 2.58) 0.26 
Tumour size (mm) <30/ ≥30 1.68 (1.10 - 2.54) 0.015 
Tumour grade  Low/ High 2.11 (1.35 - 3.32) 0.001 
Venous invasion  Absent/ Present 1.19 (0.77 - 1.82) 0.43 
Perineural invasion  Absent/ Present 0.91 (0.34 - 2.12) 0.67 
Resection margin status  R0/ R1 2.35 (1.39 - 3.95) 0.001 
p21 expression Low/ High  0.57 (0.34 - 0.95) 0.031 
 

 

C  Overall survival  
Prognostic variable Category Hazard ratio (95% CI) p value 
Tumour stage  T2/ T3 2.67 (1.37 - 5.23) 0.04 
Lymph node involvement Absent/ Present 1.11 (0.59 - 2.01) 0.76 
Tumour size (mm) <30/ ≥30 1.68 (1.10 - 2.54) 0.15 
Tumour grade  Low/ High 2.81 (1.76 - 4.45) 0.0001 
Venous invasion  Absent/ Present 0.98 (0.62 - 1.55) 0.82 
Perineural invasion  Absent/ Present 0.89 (0.37 - 2.32) 0.82 
Resection margin status  R0/ R1 2.62 (1.54 - 4.47) 0.0001 
p21 expression Low/ High 0.92 (0.54 - 1.56) 0.75 
Lkb1 expression High/ Low 1.90 (1.15 - 3.12) 0.012 
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5.4  Prognostic influence of apoptosis markers 
The apoptotic pathway is one of the most extensively investigated intracellular pathways; 

however, it comprises a multitude of signalling redundancies. As evident in the systematic 

review (299) various markers associated with apoptosis, including survivin, Bcl-2 and Bax 

were consistently and significantly associated with overall outcome in multiple studies, of 

which validation of the prognostic utility of Bcl-2 was performed. 
 

5.4.1 Bcl-2: correlation with clinicopathological features and survival 
Bcl-2 was expressed both within the nucleus and cytoplasm of PDAC epithelial cells, but 

not within the stromal component (Figure 11.3B). Bcl-2 was present in 11% of normal 

ductal tissue.   

5.4.1.1 Bcl-2 clinicopathological correlation 
Cytoplasmic expression levels of Bcl-2 did not differ in terms of clinicopathological 

features, however in univariate analysis, high Bcl-2 expression (n = 38) was associated with 

significantly prolonged overall survival compared with low or medium cytoplasmic 

expression (n = 81) following resection of PDAC, (24.4 months [95%CI: 13.1–35.6] versus 

17.1 months [95%CI: 12.5–21.7, p = 0.005, Log-rank analysis]) (Figure 11.4) (Table 5.2). 

Notably, in multivariate analysis, high Bcl-2 expression remained an independent predictor 

of prolonged overall survival (HR: 0.37, 95%CI: 0.21–0.67, p = 0.001) (Table 5.4). 
 

5.4.1.2 Correlation of Bcl-2 with other markers 
Bcl-2 was weakly inversely correlated with p53 expression (Spearman’s ρ = -0.21, p = 

0.048), however, did not correlate significantly with any other marker. 
 

5.4.2 Discussion 
There is strong clinical data supporting a positive correlation between Bcl-2 expression and 

survival following pancreatic cancer resection (119, 303, 309, 310), although some studies 

found no correlation (311). In particular, evidence is provided by a high fraction of apoptotic 

cells correlating with longer overall survival following resection independent of lymph node 

involvement (119). Certainly the data from this chapter is the largest single study of the 

prognostic role of Bcl-2 in PDAC, validating the findings of previous studies. The 

observation that Bcl-2 positivity, an anti-apoptotic factor, results in longer survival is 

somewhat paradoxical and may only be explained when more information regarding the role 

of other members of the Bcl-2 family is obtained. However, this finding is mirrored in other 

malignancies including breast cancer where it provided prognostic value independent of the 

Nottingham Prognostic Index (312). This effect may be explained by a complex interaction 

of competitive dimerisations between pro- and anti-apoptotic proteins that govern a cell’s 

fate in response to apoptotic stimuli (313). The tumourigenic potential of Bcl-2 has been 

suggested in animal models (314) and supported by over-expression in lymphoma as a result 
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of chromosomal translocation (315). However, it would appear that the mechanism of over-

expression in other tumours including PDAC is less certain. These data describing a 

negative correlation between p53 and Bcl-2 reflects negative regulation by a p53-dependent 

mechanism in breast (316). A possible explanation for the prognostic role of Bcl-2 may be 

consequent on a nonapoptotic role, with in vitro experiments demonstrating that high Bcl-2 

can result in dramatic growth inhibition in different cell types (315).  

From the meta-analysis data it would appear that Bax expression is associated with a 

favourable outcome in PDAC, concordant with its physiological role (299). While, the 

intention was to assess Bax expression in this cohort and investigate not only its prognostic 

role but also the relationship with Bcl-2 expression, unfortunately reliable IHC staining 

could not be achieved in the PDAC TMA. 

"
Table 5.4 Multivariate Cox regression analysis for Bcl-2  
 

Clinicopathological parameters and Bcl-2 expression in patients undergoing resection for PDAC. 
 

  Overall survival 
Prognostic variable Category Hazard ratio (95% CI) p value 
Tumour stage  T2/ T3 2.28 (1.42 - 3.64) 0.019 
Lymph node positivity  Absent/ Present 1.38 (0.72 - 2.65) 0.332 
Tumour size (mm) < 30/ ≥ 30 1.83 (1.22 - 2.81) 0.005 
Tumour grade  Low/ High 2.26 (1.43 - 3.65) 0.001 
Venous invasion  Absent/ Present 1.45 (0.92 - 2.26) 0.118 
Perineural invasion  Absent/ Present 0.98 (0.78 - 3.44) 0.882 
Resection margin status  R0/ R1 2.53 (1.48 - 4.31) 0.001 
Bcl-2 expression (cytoplasmic) Low/ High 0.37 (0.21 - 0.67) 0.001 
Adjuvant chemotherapy No/ Yes 0.76 (0.47 - 1.23) 0.001 
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5.5 Prognostic influence of invasion and metastasis signalling markers 
As identified within the meta-analysis, markers of invasion and metastasis were very 

strongly linked to outcome. Therefore, to further investigate the prognostic influence of 

markers of invasion and metastasis, β-catenin, E-cadherin and GSK3β IHC were performed 

on the PDAC TMAs. 
 

5.5.1.1 β-catenin, E-cadherin and GSK3β: correlation with clinicopathological features 
and survival 

Investigation of the relevance of the invasion and metastasis markers to pathological factors 

or prognosis in PDAC was performed. As expected β-catenin and E-cadherin staining was 

observed primarily in epithelial cell membranes but also within the cytoplasm and nucleus 

(Figure 11.3C). GSK3β staining was evident principally in the cytoplasm of epithelial cells 

with no evidence of staining in tumour stroma (Figure 11.3C). β-catenin, E-cadherin and 

GSK3β were present in 95%, 97% and 80% of normal ductal tissue respectively. 

5.5.1.2 β-catenin clinicopathological correlation 
In PDAC, 31% of cases expressed β-catenin at a low level (histoscore < 100). Membranous 

expression levels of β-catenin did not differ in terms of lymph node status, tumour size, 

tumour stage, perineural or venous invasion; however, high tumour grade was significantly 

associated with lower median β-catenin expression level (Figure 11.5A) (p = 0.001, Mann-

Whitney U test). In univariate analysis high membranous expression (n = 36) resulted in a 

prolonged median overall survival of 25.7 months (95%CI: 17.1–34.3) versus medium 

expression (n = 38) of 18.4 months (95%CI: 14.3–22.5) and low expression (n = 44) of 13.1 

months (95%CI: 10.5–15.50, p = 0.006, Log-rank test) (Table 5.2) (Figure 11.5B). Most 

importantly, in multivariate analysis, high membranous β-catenin expression remained an 

independent predictor of good outcome (HR: 0.54, 95%CI: 0.35–0.84, p = 0.005) (Table 

5.5A). 
 

5.5.1.3 E-cadherin clinicopathological correlation 
In 23% of tumours, E-cadherin was expressed at a low level (histoscore < 50). High tumour 

grade was significantly associated with lower median membranous E-cadherin expression 

(Figure 11.5C) (p = 0.002, Mann-Whitney U test). In univariate analysis, high expression (n 

= 92) resulted in a prolonged median overall survival of 19.6 months (95% CI: 15.6–23.6) 

versus low expression (n = 26) of 10.3 months (95%CI: 7.3–13.2, p = 0.002, Log-rank test) 

(Table 5.2). Complete loss of membranous E-cadherin expression was noted in seven 

patients associating with a very poor overall median survival of 8.7 months (95%CI: 6.2–

11.2). Most importantly, in multivariate analysis, high E-cadherin expression remained an 

independent predictor of good outcome (HR: 0.31, 95%CI: 0.18–0.53, p < 0.0001) (Table 

5.5B). 
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5.5.1.4 GSK3β clinicopathological correlation 
In PDAC the majority of cases showed negligible or no expression with 15.9% of cases (n = 

19) expressing GSK3β at a high level (histoscore > 100). Expression levels of GSK3β did 

not differ in terms of lymph node status, tumour size, tumour stage, or the presence of 

venous invasion; however, the presence of perineural invasion was significantly associated 

with a higher mean GSK3β histoscore of 23.9 (95%CI: 16.9–30.9) compared to those 

tumours without perineural invasion with a histoscore of 5.5 (95%CI: 1.1–9.9) (Figure 

11.5F) (Mann-Whitney U test, p = 0.025). In univariate analysis, low expression (n = 100) 

resulted in a prolonged overall survival of 27.8 months (95%CI: 22.0–33.8) versus high 

expression (n = 19) of 15.3 months (95%CI: 11.5–19.1, p = 0.015, Log-rank test) (Table 5.2) 

(Figure 11.5E). Most importantly, in multivariate analysis, high GSK3β expression 

remained an independent predictor of poor survival (HR: 1.4, 95%CI: 1.13–1.62, p = 0.011) 

(Table 5.5C) 

5.5.1.5 Multivariate analysis including β-catenin, E-cadherin and GSK3β 
All three markers provided prognostic information independent of the clinicopathological 

factors. When all were entered into a multivariate model both E-cadherin and GSK3β 

remained within the multivariate model along with other clinicopathological factors, 

however, β-catenin was removed (Table 5.5D). 

5.5.1.6 Relationship between markers of invasion and metastasis 
There was a strong positive correlation between membranous β-catenin and E-cadherin 

expression in this cohort (Spearman’s ρ = 0.843, p < 0.001) (Figure 11.5G). Furthermore 

both β-catenin and E-cadherin were significantly inversely related to GSK3β (ρ = -0.289, p 

= 0.031; ρ = -0.312, p = 0.025) (Figure 11.5H, I). Cyclin D1 expression related inversely to 

GSK3β expression (ρ = -0.277, p = 0.013). 
 

5.5.2 Discussion 
β-catenin/ E-cadherin interactions are important for the maintenance of cell to cell adhesion 

and in contributing to β-catenin activation (317). A spectrum of expression for both proteins 

was observed. This study is the largest to date evaluating the prognostic role of the cadherin-

catenin complex in PDAC, demonstrating loss of either membrane E-cadherin or β-catenin 

was indicative independently of poor prognosis. As demonstrated in this chapter, reduced E-

cadherin expression has been shown to correlate with high tumour grade and poor patient 

survival (317-319). To ensure that tumour grade did not confound the prognostic utility of 

E-cadherin, sub-group analysis of the poorly differentiated tumours confirmed E-cadherin 

expression status provided additional prognostic value. Furthermore, although complete loss 

of expression of E-cadherin membranous expression was rare, this group had an especially 

poor outcome highlighting the potential prognostic role of this biomarker. This finding has 

been confirmed in recent large cohort assessing E-cadherin expression (320). A strong 
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correlation between the expression of these proteins was demonstrated (Figure 11.5G). For 

β-catenin a complete or near complete loss of expression was associated with an especially 

poor outcome. A previous study assessing β-catenin and E-cadherin expression in a small 

PDAC cohort suggested a consistent increase in cytoplasmic expression for both, suggesting 

translocation to this compartment (321). The present evaluation showed that cytoplasmic 

expression was less apparent in normal ducts; however, no correlation between cytoplasmic 

expression and survival was apparent. It is plausible that local environmental factors 

including hypoxia mediated by tumour-stromal interactions could suppress E-cadherin 

expression by transcriptional repression (322).  

Recently diffuse expression of E-cadherin was associated with a deleterious outcome (320). 

Analysis of the variation in E-cadherin expression between TMA cores in the present data 

failed to identify a significant difference. Further analysis of whole sections may be 

necessary to confirm the prognostic impact of focal versus diffuse loss of E-cadherin and β-

catenin expression. 

The loss of E-cadherin in cancers is often attributed to the induction of an EMT program 

(149, 150). Clearly the prognostic relevance of loss of E-cadherin expression highlights the 

necessity for further investigation of the prognostic utility of EMT markers in human PDAC 

tissue. This has the potential to explain the loss of architecture structure and poor 

differentiation associated with loss of E-cadherin expression, while also providing targets 

for antimetastatic therapies. 

The expression of nuclear β-catenin was not thought to be reproducible and therefore not 

formally assessed in this cohort. While it is characteristic of solid-pseudopapillary 

neoplasms, it is not a common feature of PDACs (323), and undifferentiated PDAC lacking 

E-cadherin expression typically lack nuclear β-catenin. Certainly, nuclear localisation is 

thought to be the mechanism by which β-catenin modifies gene expression and therefore 

future work is required to resolve the prognostic relevance of nuclear localisation. 

The chapter provides the first evidence of GSK3β expression relating to perineural invasion 

and outcome in PDAC. These data suggest that increased expression of GSK3β was 

independently associated with reduced survival following resection underscoring the 

significance of GSK3β phosphorylation in PDAC. Furthermore, for the first time it has been 

demonstrated that GSK3β is inversely related to membranous expression of E-cadherin and 

β-catenin in resected specimens. This supports the theory that β-catenin expression is altered 

or inactivated in part by GSK3β. Certainly further interrogation of the interaction between 

GSK3β and β-catenin is required, however, it is has been suggested that GSK3β is 

potentially involved in the apparent resistance of pancreatic cell lines to radiotherapy (324). 
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Table 5.5 Multivariate Cox regression analysis for markers of invasion and metastases.   
 

A) β-catenin, B) E-cadherin, C) GSK3β with overall survival following PD. In D) all three markers are 

included within the model. 

 

A  Overall survival 
Prognostic variable Category Hazard ratio (95% CI) p value 
Tumour stage  T2/ T3 3.05 (1.54 - 6.02) 0.001 
Lymph node positivity  Absent/ Present 1.22 (0.83 - 2.08) 0.11 
Tumour size (mm) < 30/ ≥ 30 1.74 (1.15 - 2.63) 0.009 
Tumour grade  Low/ High 2.62 (1.64 - 4.19) 0.0001 
Venous invasion  Absent/ Present 1.20 (0.77 - 1.88) 0.42 
Perineural invasion  Absent/ Present 0.65 (0.34 - 1.72) 0.39 
Resection margin status  R0/ R1 2.63 (1.59 - 4.61) 0.0001 
β-catenin expression (membranous) Low/ High  0.54 (0.35 - 0.83) 0.005 
 

B  Overall survival 
Prognostic variable Category Hazard ratio (95% CI) p value 
Tumour stage  T2/ T3 2.20 (1.15 - 4.38) 0.018 
Lymph node positivity  Absent/ Present 1.71 (0.99 - 3.11) 0.06 
Tumour size (mm) < 30/ ≥ 30 1.69 (1.10 - 2.61) 0.017 
Tumour grade  Low/ High 2.27 (1.43 - 3.60) 0.0001 
Venous invasion  Absent/ Present 1.37 (0.88 - 2.15) 0.16 
Perineural invasion  Absent/ Present 0.54 (0.21 - 1.44) 0.22 
Resection margin status  R0/ R1 2.51 (1.43 - 4.29) 0.002 
E-cadherin expression (membranous) Low/ High 0.31 (0.18-0.53) <0.0001 
  

C  Overall survival 
Prognostic variable Category Hazard ratio (95% CI) p value 
Tumour stage  T2/ T3 2.51 (1.27 - 4.95) 0.008 
Lymph node positivity  Absent/ Present 1.59 (0.89 - 2.85) 0.11 
Tumour size (mm) < 30/ ≥ 30 1.23 (0.89 - 1.95) 0.17 
Tumour grade  Low/ High 2.19 (1.39 - 3.46) 0.001 
Venous invasion  Absent/ Present 1.18 (0.77 - 1.82) 0.44 
Perineural invasion  Absent/ Present 1.12 (0.87 - 1.62) 0.39 
Resection margin status  R0/ R1 1.92 (1.12 - 3.27) 0.01 
GSK3β expression Low/ High 1.38 (1.19 - 1.77) 0.008 
 

  

D  Overall survival 
Prognostic variable Category Hazard ratio (95% CI) p value 
Tumour stage  T2/ T3 3.06 (1.54 - 6.11) 0.001 
Lymph node positivity  Absent/ Present 1.19 (0.74 - 2.21) 0.57 
Tumour size (mm) < 30/ ≥ 30 1.72 (1.14 - 2.61) 0.01 
Tumour grade  Low/ High 3.01 (1.89 - 4.80) 0.0001 
Venous invasion  Absent/ Present 1.20 (0.78 - 1.89) 0.43 
Perineural invasion  Absent/ Present 0.51 (0.19 - 1.37) 0.18 
Resection margin status  R0/ R1 2.91 (1.69 - 5.03) 0.0001 
β-catenin expression (membranous) Low/ High  0.71 (0.42 - 1.17) 0.18 
E-cadherin expression (membranous) Low/ High 0.34 (0.19 - 0.59) 0.0001 
GSK3β expression Low/ High 1.21 (1.01 - 1.46) 0.037 
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5.6 Prognostic influence of angiogenesis markers  
According to the meta-analysis, regulators of angiogenesis that influenced overall mortality 

following resection included eleven candidates, highlighting the importance of this 

functional grouping in PDAC. COX-2 was investigated in two studies with an elevated level 

associated with a significantly worse outcome (p = 0.002). Despite vascular endothelial 

growth factor (VEGF) being a heavily studied marker, only three studies were eligible (299), 

a combination of which did not suggest that over-expression influenced overall survival 

(HR: 1.34, 95%CI: 0.87–2.06, p = 0.18). There is strong epidemiological and experimental 

evidence to suggest that COX-2 plays an important role in both the development and 

progression of gastrointestinal malignancies. Having been identified as a robust prognostic 

marker (299), the prognostic role of COX-2 expression was chosen to be validated and 

integrated within the TMA cohort dataset. 

5.6.1 COX-2: correlation with clinicopathological features and survival 
COX-2 staining primarily was observed in the cytoplasm and membrane of epithelial cells 

and also within the nucleus (Figure 11.3B). COX-2 expression was not evident in the 

surrounding fibroblasts or inflammatory cells. COX-2 staining was present in 27% of 

stained normal ductal tissue. 

5.6.1.1 COX-2 clinicopathological correlations 
19 tumours (16%) had no COX-2 expression, while 100 (84%) had a degree of COX-2 

cytoplasm expression of which 21 tumours (18%) had high expression of COX-2 (> 100 

histoscore). COX-2 expression was lower in T2 compared to T3 tumours (p = 0.04, Mann-

Whitney U test), while all tumours with an absence of perineural invasion had no or low 

expression of COX-2 (p = 0.03, Mann-Whitney U test). Furthermore large tumours 

demonstrated higher COX-2 expression (p = 0.02, Mann-Whitney U test). While COX-2 

expression did not differ significantly based on lymph node positivity, those tumours with a 

LNR > 0.5 had significantly greater COX-2 than those tumours with a lower LNR (Figure 

11.6B) (p = 0.035, Mann-Whitney U test). Expression levels of COX-2 did not significantly 

differ in terms of tumour grade, resection margin status, or venous invasion. Patients with 

high COX-2 expressing tumours were more likely to receive adjuvant therapy.  

In univariate analysis, high COX-2 expression (histoscore > 100 [n = 21]) was associated 

with significantly reduced median overall survival (9.0 months, 95%CI: 7.9–10.2) compared 

to patients with low expression (n = 79) (17.1 months, 95%CI: 13.6–20.5) or no expression 

(n = 19) (39.6 months, 95%CI: 19.6–59.6, p = 0.001, Log-rank test) (Table 5.2) (Figure 

11.6A). Most importantly, in a multivariate analysis, high COX-2 expression remained an 

independent predictor of poor survival (HR: 1.31, 95%CI: 1.05–1.71, p = 0.005) (Table 5.6). 
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5.6.1.2 Prognostic influence of COX-2 expression stratified by tumour size 
Stratification by tumour size and COX-2 expression was performed to assess the joint effects of these 
factors (Figure 11.6C). Large tumours with high COX-2 cytoplasmic expression (n = 12) had 
significantly shortened survival (median 6.1 months, 95%CI: 2.5–9.7) compared to small tumours (n = 
50) with low cytoplasmic COX-2 expression (20.7 months, 95%CI: 12.2–29.2, p = 0.002, Log-rank test). 
Among tumours > 30 mm, the mean size of the COX-2 negative tumours was similar to those of the 
COX-2 positive tumours (40.0 mm). Indicating the observed effect of COX-2 on survival is not the result 
of COX-2 expressing tumours being larger than low COX-2 expressing tumours. Furthermore, in a 
multivariate model stratified by tumour size ( 

Table 5.7), the HR associated with COX-2 expression in tumour < 30 mm in size was 1.19 

(95%CI: 0.83–1.74) compared to a HR of 1.55 (95%CI: 1.06–2.28) in tumours ≥ 30 mm (p 

= 0.02). 

5.6.1.3 Correlation of COX-2 expression with other markers   
The correlation of COX-2 expression with important signalling pathways in PDAC was 

studied. High Lkb1 expression was associated with over expression of COX-2 (Figure 

11.6D), (ρ = 0.54, p < 0.001). Stratification was then performed by both COX-2 and Lkb1 

expression, identifying patients with low Lkb1 and elevated COX-2 expression (n = 9) with 

a very poor prognosis (7.1 months, 95%CI: 2.1–12.0, p = 0.001). β-catenin and E-cadherin 

cytoplasmic expression correlated strongly with COX-2 expression (ρ = 0.61, p < 0.001) (ρ 

= 0.41, p < 0.001), respectively (Figure 11.6E). 

5.6.2 Discussion  
Consistent with previous studies this work has confirmed that high COX-2 expression in 

PDAC tumour epithelium was independently associated with poor prognosis. Merati and co-

workers studied patients receiving radiotherapy identifying worse survival for those high 

COX-2 expressors compared to low expressors (14.0 versus 19.5 months) (325). Juuti and 

co-workers showed that COX-2 expression was associated with worse overall survival 

independent of stage and tumour histological grade (326). Matsubayashi and co-workers 

confirmed that COX-2 expression was a poor prognosticator especially in tumours > 30 mm 

(327). In the current cohort tumour size > 30 mm was significantly associated with COX-2 

expression confirming the previous study results (327). It should be noted, the 30 mm cut-

off is not based on biological rationale but rather is a reflection of a common cutoff size 

used to determine the influence of size on outcome following resection. It was determined 

that a high LNR was associated with high COX-2 expression although lymph node positivity 

itself was not, a novel finding. In addition to being associated with poor prognosis in 

colorectal cancer it has been demonstrated that greater COX-2 expression correlated with 

larger tumour size, lymph node involvement and more advanced stage (328). The reason for 

the interaction between tumour size, COX-2 expression and outcome are unknown but could 

arise from the association of COX-2 expression with tumour hypoxia, which is more likely 

in larger tumours. The pro-survival characteristics of COX-2 may be more important for the 

survival of larger compared to smaller tumours. While COX-2 expression has an established 
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relationship with angiogenesis (329), no correlation with intratumoural venous invasion was 

identified.   

It is uncertain whether COX-2 inhibition remains a worthwhile therapy for PDAC. 

Compared to strong evidence for COX-2 inhibition preventing colorectal cancer, 

epidemiological studies do not show the same chemo-preventative effect in PDAC. Despite 

initial promise, a phase II study of Celecoxib in addition to gemcitabine and cisplatin for 

advanced PDAC showed no benefit over chemotherapy alone (330). To ascertain whether 

inhibition has a therapeutic role requires patient selection based upon COX-2 expression 

status to avoid missing potential therapeutic benefit.  

There is certainly molecular evidence that COX-2 plays an important role in PDAC 

progression, with inhibition limiting progression of PanINs in the KRASG12D model (331). 

The precise molecular pathways impacted in this model are incompletely described, 

however, stronger cytoplasmic expressions of β-catenin and E-cadherin, suggests alterations 

in cell adhesion. There is evidence that COX-2 influences Lkb1 expression, with a PJS study 

comparing Lkb1 and COX-2 demonstrating that polyps expressing Lkb1 overexpressed 

COX-2, with the reverse also holding true (332). A murine study suggested that the 

RAS/RAF/MEK/ERK signalling pathway is most likely to mediate COX-2 induction in 

murine Lkb1 polyposis (333). In the present study a correlation was demonstrated between 

Lkb1 and COX-2 expression in PDAC in a novel investigation of this relationship. 

Furthermore it was identified for the first time that low Lkb1/ high COX-2 expression was 

associated with an especially poor outcome in human PDAC. Certainly it has been 

suggested that COX-2 may inactivate TSGs including Lkb1 (334), however, it appears that 

in PDAC a positive correlation exists suggesting a direct suppressive effect is not present in 

vivo. Further evidence of the interaction between COX-2 and Lkb1 has been provided by 

COX-2 inhibition resulting in suppression of PJS in Lkb1+/- mice (335).  

! "
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Table 5.6 Multivariate Cox regression analysis including COX-2 expression 
 

Clinicopathological parameters and COX-2 expression in patients undergoing resection for PDAC. 

 

  Overall survival 
Prognostic variable Category Hazard ratio (95% CI) p value 
Tumour stage  T2/ T3 2.51 (1.27 - 4.95) 0.008 
Lymph node positivity  Absent/ Present 1.59 (0.89 - 2.85) 0.11 
Tumour size (mm) < 30/ ≥ 30 1.23 (0.89 - 1.95) 0.17 
Tumour grade  Low/ High 2.19 (1.39 - 3.46) 0.001 
Venous invasion  Absent/ Present 1.18 (0.77 - 1.82) 0.44 
Perineural invasion  Absent/ Present 1.12 (0.87 - 1.62) 0.39 
Resection margin status  R0/ R1 1.92 (1.12 - 3.27) 0.01 
COX-2 expression (Low/ High) 1.31 (1.05 - 1.71) 0.005 

 

Table 5.7 Multivariate Cox regression analysis of COX-2 expression according to size 
 

Patient cohort (n = 119) stratified by tumours < 30 mm as compared to ≥ 30 mm.  

 

  Overall survival 
 Category Hazard ratio (95% CI) p value 
Small tumours    
  Tumour stage  T2/ T3 2.11 (0.82 - 2.13) 0.122 
  Lymph node positivity  Absent/ Present 2.52 (1.20 - 5.28) 0.015 
  Tumour grade  Low/ High 2.19 (0.62 - 2.13) 0.67 
  Venous invasion  Absent/ Present 1.58 (0.85 - 2.91) 0.15 
  Perineural invasion  Absent/ Present 0.78 (0.17 - 3.67) 0.77 
  Resection margin status  R0/ R1 1.92 (1.12 - 3.27) 0.01 
  COX-2 expression (Low/ High) 1.19 (0.83 - 1.74) 0.34 
   
Large tumours    
  Tumour stage  T2/ T3 2.25 (0.83 - 6.14) 0.11 
  Lymph node positivity  Absent/ Present 1.11 (0.54 - 2.91) 0.015 
  Tumour grade  Low/ High 5.47 (2.54 - 11.8) 0.0001 
  Venous invasion  Absent/ Present 1.09 (0.58 - 2.06) 0.78 
  Perineural invasion  Absent/ Present 0.84 (0.37 - 3.97) 0.67 
  Resection margin status  R0/ R1 2.51 (1.05 - 5.92) 0.037 
  COX-2 expression (Low/ High) 1.55 (1.06 - 2.28) 0.02 
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5.7 Prognostic influence of self-sufficiency for growth signalling markers 
Among the 22 proteins associated with limitless replicative potential that were assessed as 

part of the systematic review, pAkt and Ki67 appear to be most consistently associated with 

overall survival. Therefore the prognostic influence of cyclin D1, pAkt and Ki67 as markers 

representing the functional group of self-sufficiency for growth signalling was assessed. 
 

5.7.1 Cyclin D1, pAkt and Ki67: correlation with clinicopathological features 
and survival 

Cyclin D1 staining was evident only within the nucleus of malignant epithelial cells (Figure 

11.3D), not within the surrounding fibroblasts or inflammatory cells. Cyclin D1 was rarely 

expressed in normal ductal tissue (11%). pAkt staining was evident within the cytoplasm 

and nucleus of tumour epithelium (Figure 11.3D), not in the surrounding fibroblasts or 

inflammatory cells. pAkt was expressed in 6% of normal ductal structures. Ki67 staining 

was evident only within the nuclear compartment of tumour epithelium with no staining 

evident in surrounding fibroblasts or inflammatory cells (Figure 11.3D). Ki67 was rarely 

present in the normal ducts (4%). 

5.7.1.1 Cyclin D1 clinicopathological correlations 
With the cohort separated into tertiles, the 32% expressing cyclin D1 at an elevated level 

(histoscore >100) were deemed high expressors. LN0 tumours had a significantly higher 

median cyclin D1 level (median histoscore 88.1 versus 62.3; p = 0.002) (Figure 11.7A), 

however, no other pathological factors were related. 

In univariate analysis high cyclin D1 expression (n = 38) was associated with a better 

outcome (21.8 months, 95%CI: 15.5–28.3) than low cyclin D1 expression (n = 81) (15.7 

months, 95%CI: 12.5–18.6, p = 0.043, Log-rank test) (Figure 11.7B) (Table 5.2). Cyclin D1 

negative tumours where then stratified by lymph node status identifying a group of lymph 

node negative patients (n = 12) that had a very good prognosis median 35.9 months (95%CI: 

23.7–49.3) versus 13.9 months (95%CI: 10.5–17.3). In a multivariate analysis high cyclin 

D1 remained an independent predictor of good outcome (HR: 0.61, 95%CI: 0.61–0.39, p = 

0.026) (Table 5.8A). 

5.7.1.2 pAkt clinicopathological correlations 
With the cohort separated into quartiles, the lowest 25% of cases expressing pAkt with a 

histoscore > 50, were deemed low expressors. pAkt expression did not differ in terms of 

clinicopathological factors. Univariate analysis demonstrated that patients with low pAkt 

expressing tumours (n = 26) were associated with a prolonged median overall survival of 

24.7 months (95%CI: 6.9–42.5) compared to those with high pAkt expression (n = 92) that 

had a median survival of 16.1 months (95%CI: 12.1–20.1) (p = 0.031, Log-rank Test) (Table 

5.2) (Figure 11.7C). Most importantly, in a multivariate analysis, high pAkt expression 
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remained an independent predictor of poor survival (HR: 2.02, 95%CI: 1.19–3.43, p = 

0.008) (Table 5.8B). 

5.7.1.3 Ki67 clinicopathological correlations 
The cohort was separated into two groups based on the median proliferative index value. 

Expression levels of Ki67 were not significantly related to any clinicopathological factor. 

Counter-intuitively elevated Ki67 was associated with a more favourable outcome following 

resection. Within univariate analysis low Ki67 (n = 59) expression was associated with a 

median survival of 13.5 months (95%CI: 10.5–16.5), significantly less than for those 

patients with tumours with high expression of Ki67 (n = 60) who had a median survival of 

20.1 months (95%CI: 16.8–23.4) (p = 0.048, Log-rank test) (Figure 11.7D) (Table 5.2). 

Multivariate analysis however did not support Ki67 as a predictor of outcome (HR: 0.67, 

95%CI: 0.43–1.20, p = 0.168) (Table 5.8C). 

5.7.1.4 Correlation of Cyclin D1, pAkt and Ki67 expression with other markers   
Cyclin D1 correlated extensively with other markers as demonstrated in Figure 11.7E. There 

was a strong positive correlation with SMAD4 (ρ = 0.43, p < 0.001), p21 (ρ = 0.37, p < 

0.001), p53 (ρ = 0.34, p = 0.002) and COX-2 (ρ = 0.39, p < 0.001). pAkt expression 

correlated with Lkb1 (ρ = 0.36, p = 0.005), COX-2 (ρ = 0.35, p < 0.001) and Ki67 (ρ = 0.29, 

p = 0.01). 

5.7.2 Discussion  
Up-regulation of cyclin D1 is known to be important in the regulation of the cell cycle 

pathway, with an increase in expression permitting loss of G1 restriction point integrity. Of 

the 12 studies that assessed the prognostic significance of cyclin D1 in PDAC, four had 

found an association with outcome. These data provide evidence that supports cyclin D1 

expression being associated with favourable outcome. The reason for this somewhat 

paradoxical relationship is not clear, although this relationship has previously been 

identified in a number of breast cancer studies (336). Further investigation of this 

relationship is required before any firm conclusion can be drawn particularly in view of the 

previous finding of cyclin E1 associating with poor outcome a single study. However, 

further validation of cyclin E1 by the original authors in a well-powered study failed to 

support the finding (337). 

There is increasing evidence that Akt is activated in various cancers, and that this signalling 

pathway confers a potent survival signal (338). pAkt had been assessed for prognostic utility 

in only two previous studies; however both of these suggested it was an independent 

predictor of survival although in opposing directions. Certainly the data from this chapter is 

the largest single study of the prognostic role of pAkt in PDAC, providing support for a 

negative role in survival. The previous study suggesting pAkt expression was independently 

associated with a favourable outcome, was limited in size (339) and this limitation may in 
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part account for the conflicting results. Certainly, there are numerous genetic events that 

could lead to activation of Akt, including mutations of KRAS or PTEN. Certainly, the 

correlation of PTEN and pAkt expression is an important investigation that would provide 

further insight into this signalling pathway in PDAC. Further implications of pAkt 

associating with poor outcome include evidence that Akt activation inhibits gemcitabine-

induced apoptosis, and the addition of Akt inhibitors enhances apoptosis (340).  

Regarding Ki67 expression being associated with a favourable outcome, in view of the 

literature both for PDAC and for other cancers it is difficult at this time to rationalise this 

finding. The association was not borne out in multivariate analysis. Potentially a 

methodological error either at the staining or scoring level may account for these findings.  

Certainly this work does not support Ki67 as a useful prognostic marker in resected PDAC 

specimens. Theoretically this may be the result of chemosensitivity in those tumours with a 

higher proliferative rate responding to adjuvant chemotherapy, and therefore resulting in 

prolonged survival. 

Table 5.8 Multivariate Cox regression analysis for self-sufficiency for growth signalling 
Correlation of A) Cyclin D1, B) pAkt, C) Ki67 with overall survival following PD. 

A  Overall survival 
Prognostic variable Category Hazard ratio (95%CI) p value 
Tumour stage  T2/ T3 2.23 (1.15 - 4.62) 0.018 
Lymph node positivity  Absent/ Present 1.77 (0.93 - 3.31) 0.089 
Tumour size (mm) < 30/ ≥ 30 1.74 (1.14 - 2.65) 0.009 
Tumour grade  Low/ High 2.29 (1.45 - 3.66) < 0.001 
Venous invasion  Absent/ Present 1.22 (0.70 - 1.99) 0.393 
Perineural invasion  Absent/ Present 0.89 (0.57 - 2.01) 0.448 
Resection margin status  R0/ R1 2.60 (1.51 - 4.35) 0.001 
Cyclin D1 expression Low/ High 0.61 (0.39 - 0.94) 0.026 
   

B  Overall survival 
Prognostic variable Category Hazard ratio (95%CI) p value 
Tumour stage  T2/ T3 2.20 (1.12 - 4.32) 0.023 
Lymph node positivity  Absent/ Present 1.87 (1.02 - 3.45) 0.049 
Tumour size (mm) < 30/ ≥ 30 1.62 (1.05 - 2.54) 0.034 
Tumour grade  Low/ High 2.09 (1.33 - 3.31) 0.001 
Venous invasion  Absent/ Present 1.23 (0.79 - 1.92) 0.355 
Perineural invasion  Absent/ Present 1.09 (0.77 - 1.54) 0.448 
Resection margin status  R0/ R1 2.27 (1.34 - 3.88) 0.002 
pAkt expression Low/ High 2.03 (1.20 - 3.43) 0.008 
 

C  Overall survival 
Prognostic variable Category Hazard ratio (95%CI) p value 
Tumour stage  T2/ T3 2.05 (1.06 - 3.97) 0.034 
Lymph node positivity  Absent/ Present 1.87 (1.02 - 3.45) 0.061 
Tumour size (mm) < 30/ ≥ 30 1.67 (1.05 - 2.51) 0.028 
Tumour grade  Low/ High 2.01 (1.29 - 3.75) 0.002 
Venous invasion  Absent/ Present 1.46 (0.93 - 2.31) 0.102 
Perineural invasion  Absent/ Present 1.10 (0.77 - 1.54) 0.448 
Resection margin status  R0/ R1 2.20 (1.29 - 3.73) 0.003 
Ki67 expression Low/ High 0.67 (0.43 - 1.20) 0.168 
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5.8 Prognostic influence of insensitivity to growth inhibition markers 
The TGFβ pathway, which includes the TSG SMAD4, is inactivated in approximately 50% 

of PDAC, either by mutation of one allele plus loss of the other allele or by homozygous 

deletion of both alleles. Loss of the SMAD4 is an early event in PDAC, however combining 

two studies within the meta-analysis (341, 342), each reporting prognostic impact but in 

opposing directions, did not reveal any prognostic impact on overall survival (p = 0.21). A 

further component of the TGFβ pathway, TGFβ1 itself was also an independent predictor of 

outcome following resection. The prognostic influence of this functional grouping was 

assessed in PDAC TMA cohort. 

5.8.1 SMAD4 and TGFβ1: correlation with clinicopathological features and 
survival 

SMAD4 staining was evident within the nucleus and cytoplasm of tumour epithelium 

(Figure 11.3E), but not evident in surrounding fibroblasts or inflammatory cells. SMAD4 

was present in the cytoplasm of normal ducts in 86% of specimens. TGFβ1 staining was 

evident within the nucleus and cytoplasm of tumour epithelium (Figure 11.3E), but was 

rarely present in the surrounding stromal tissue. 

5.8.1.1 SMAD4 clinicopathological correlations 
32% of patients (n = 38) had low or absent expression of SMAD4 in the cytoplasm of 

tumour cells compared to 68% with maintained expression (n = 81). Only 15% of patients (n 

= 18) had evidence of loss of expression of SMAD4 in the nucleus. Loss of SMAD4 

expression did not correlate with any clinicopathological feature. Loss of SMAD4 

expression in the cytoplasm (< 5% of tumour cells showing evidence of staining) was 

related to a significant reduction in survival with a median survival of 13.4 months (95%CI: 

9.8–17.0) compared to 20.7 months (95%CI: 16.2–25.8) for tumours with SMAD4 

expression maintained (p = 0.027, Log-rank test) (Table 5.2). Most importantly, in a 

multivariate analysis, low SMAD4 expression remained an independent predictor of poor 

survival (HR: 1.73, 95%CI: 1.11–2.69, p = 0.011) (Table 5.9). When nuclear expression was 

assessed however, there was no significant correlation with outcome with high SMAD4 high 

expression having a median survival of 17.6 months (95%CI: 14.6–20.8) compared to 24.6 

months for those with low SMAD4 expression (95%CI: 5.6–43.0) (p = 0.33, Log-rank test). 

5.8.1.2 TGFβ1 clinicopathological correlations 
51% (n = 61) had low or absent expression of TGFβ1 in tumour cytoplasm compared to 

49% with high expression (n = 58) (Histoscore = 120). TGFβ1 expression failed to correlate 

with any clinicopathological feature. Cytoplasmic expression in PDAC cells did not 

correlate significantly with outcome, as patients with high cytoplasmic expression (n = 58) 

survived for 14.8 months (95%CI: 11.3–18.3) compared to those patients with low 
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expression (n = 61) who survived 19.6 months (95%CI: 15.7–22.4, p = 0.52, Log-rank test) 

(Table 5.2). 

5.8.1.3 Association of protein biomarker expression and site of recurrence 
Limited investigation of the influence of molecular marker expression in PDAC on the site 

of primary recurrence has been performed. IHC based molecular markers were investigated 

for potential correlation with site of tumour recurrence within the TMA cohort. The median 

cytoplasmic expression of SMAD4 was significantly reduced in tumours with distant 

metastases as the primary site of failure (median histoscore = 10.2) compared with local 

recurrence (median histoscore = 26.8, p = 0.043) (Figure 11.8). All other IHC assessed 

markers failed to correlate significantly with site of recurrence.  

5.8.2 Discussion  
Using IHC, these data confirm that reduced SMAD4 expression is associated with poor 

survival (265) and furthermore on a subset of the total cohort it was confirmed that SMAD4 

expression is significantly reduced in those patients who developed distant metastases as the 

primary site of failure. No other protein marker measured by IHC was associated with the 

site of tumour recurrence. IHC is not an ideal methodology for analysis of a gene inactivated 

by mutation, however a more recent study considering mutation analysis confirmed that, of 

the genes investigated, only inactivation of SMAD4 was associated with poor survival 

following resection (122). The utility of molecular markers to predict the pattern of 

recurrence has been evaluated in a study by Iacobuzio-Donahue and colleagues (122), in 

which tumours with extensive metastatic disease burden showed SMAD4 loss rates of 75%, 

compared to locally advanced PDAC from patients with no evidence of metastases which 

had a loss rate of only 22%. It has been suggested that the association between loss of 

SMAD4 and poor survival may result from an increased propensity of PDAC with 

inactivated SMAD4 to metastasise widely. Despite no other clinicopathological factor 

correlating with SMAD4 expression, the current study supports the concept that a poorer 

survival is associated with SMAD4 inactivation (342). None of this work however, confirms 

that SMAD4 plays a direct role in metastasis. Further correlation of molecular marker 

expression with site of recurrence may conceivably identify a group of patients that benefit 

from more aggressive neoadjuvant or adjuvant therapies. The association of SMAD4 gene 

inactivation with poor prognosis and an increased propensity to metastasise has direct 

clinical implications. Namely, patients with borderline resectable tumours, with especially 

high risk of resection margin involvement, might be spared the morbidity of surgical 

resection, as their tumours may be more likely to metastasise widely. Those patients with 

borderline resectable PDAC and intact SMAD4 may benefit from local control provided by 

neoadjuvant chemotherapy followed by PD. 
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While TGFβ1 is an integral component of PDAC tumour biology, these data do not confirm 

the previous prognostic literature and therefore do not support the use of TGFβ1 as an IHC 

marker of prognosis in the studied cohort.   

 

Table 5.9 Multivariate Cox regression analysis for SMAD4 expression 
 

Clinicopathological parameters and SMAD4 expression in patients undergoing resection for PDAC. 
 
  Overall survival 
Prognostic variable Category Hazard ratio (95%CI) p value 
Tumour stage  T2/ T3 2.20 (1.13 - 4.28) 0.019 
Lymph node positivity  Absent/ Present 1.10 (0.90 - 2.89) 0.061 
Tumour size (mm) < 30/ ≥ 30 1.73 (1.11 - 2.68) 0.015 
Tumour grade  Low/ High 2.42 (1.53 - 3.95) <0.001 
Venous invasion  Absent/ Present 1.31 (0.83 - 2.07) 0.234 
Perineural invasion  Absent/ Present 1.12 (0.89 - 1.34) 0.628 
Resection margin status  R0/ R1 2.03 (1.19 - 3.46) 0.009 
SMAD4 expression High/ Low 1.73 (1.11 - 2.69) 0.011 
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5.9 Hierarchical clustering of protein expression defines subclasses of 
PDAC 

While the previous sections have illustrated that individual or paired markers can have 

prognostic value, there is interest in the identification of protein expression patterns that 

relate to outcome. It is also hoped that investigation of the inter-relationships underlying a 

prognostic protein expression signature would provide information underlying PDAC 

tumour biology. 

5.9.1 Hierarchical clustering based on all studied markers 
Hierarchical clustering of the 119 patients based on all IHC markers studied for prognostic 

utility was performed. This identified 4 distinctive clusters as illustrated in Figure 5.4A.  

Cluster 1 (n = 30), cluster 2 (n = 13), cluster (n = 37) and cluster (n = 39). Correlation with 

clinicopathological features including survival was performed but failed to identify 

significant relationships.  

5.9.2 Hierarchical clustering based on functional groups of markers  
Subsequently hierarchical clustering was performed based on the functional groups. Firstly, 

the markers related to senescence appear to have an important role in pancreatic 

tumourigenesis. Although not a functional grouping described by Hanahan and Weinberg, 

members of this pathway are perturbed in PDAC development. The initial senescence 

grouping was expanded to include other important targets including pAkt and Bcl-2. 

Hierarchical clustering of patients using markers related to senescence identified 5 

distinctive clusters in Figure 5.4B. Cluster 1 (n = 37) is characterised by high pAkt 

expression and low p21 expression, cluster 2 (n = 27) by low expression of p53, p21 and 

Bcl-2. Cluster 3 (n = 30) demonstrated high expression of Lkb1 and pAkt, cluster 4 (n = 15) 

high expression of p53, Lkb1 and pAkt, while cluster 5 (n = 12) had high expression of p21, 

Lkb1 and low Bcl-2.  

Subgroup analysis of the clusters based on pathological features revealed that 15/15 patients 

in cluster 4 had lymph node involvement (χ2 test, p = 0.032). Venous invasion also differed 

significantly (χ2 test, p = 0.039), with a trend towards a difference in R1 status (χ2 test, p = 

0.07) (Table 5.10). Furthermore, a higher proportion of liver metastases occurred as the 

primary site of failure in Cluster 5 patients (χ2 test, p = 0.041) (Table 5.10). Survival 

analysis revealed a significant association with overall survival (p = 0.002, Log-rank test) 

with cluster 5 having the most favourable (47.7 months, 95%CI: 27.3–68.1) and cluster 4 the 

least favourable outcome (13.5 months, 95%CI: 9.3–17.6) (Figure 5.4C). A multivariate 

analysis was performed using cluster 5 as the reference group. This clustering based 

prognostic signature remained an independent predictor of good outcome following 

resection (HR: 0.49, 95%CI: 0.35–0.63, p = 0.004) (Table 5.11).  
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When patients were clustered by the expression pattern of invasion and metastases proteins, 

four clusters were identified (Figure 5.4D) although no clinicopathological correlations were 

demonstrated. Cluster 1 had a shortened survival compared to other clusters but this was not 

statistically significant (p = 0.54, Log-rank test) (Figure 5.4E). 

5.9.3 Discussion 
Using semi-quantitative scoring of protein expression in a large TMA cohort of PDAC 

samples, hierarchical clustering analysis was applied in an attempt to develop a multi-

marker phenotype. The initial attempt to cluster the cohort based on a large panel of markers 

generated well-defined clusters, however, these did not correlate with survival. The 

expression of p53 and p21 appeared to drive this clustering pattern and so focus was given 

to clustering on the functional grouping of senescence with successful results. The cluster 

analysis introduces five subclasses of PDAC that can be distinguished by their overall 

survival following resection. Importantly, cluster 5, which showed down-regulation of Bcl-2 

and p53 with up-regulation of p21, Lkb1 and pAkt was independently associated with a 

significantly prolonged survival. The relatively weak HR may suggest that further 

refinement of the protein expression signature is possible. However, it may be that 

molecular profiling cannot greatly supplement the prognostic value of the established 

clinicopathological factors such as resection margin status. 

This is the first example of protein expression being utilised to cluster PDAC patients to 

firstly identify subgroups with aberrant pathway activation and secondly identify clusters 

that vary in survival outcome. It has provided an unbiased means of identifying marker 

profiles associated with prognosis. Failure to identify prognostic clusters related to markers 

of invasion and metastasis was disappointing in view of the influence of the individual 

markers, however, repetition with a modified selection of markers will be of interest. 

Proteins are subject to modulation by intricate molecular interactions, employed in pathways 

to induce cellular effects. Rather than targeting investigations on individual protein targets, 

multi-marker phenotypes that include combinations of clinicopathological features and 

tumour markers can be helpful in the identification of poor prognostic subgroups, as 

demonstrated by a panel of 13 IHC markers identifying a high-risk group of node-negative 

colorectal tumours (343). Only a selection of markers have been utilised and further IHC to 

investigate additional pathways including angiogenesis and apoptosis will be important 

future steps.  

5.10 Overall discussion 
Even in the era of novel high-throughput molecular assays, IHC remains a versatile tool for 

cancer biology investigation. Providing a direct link between the characterisation of protein 

expression and histological appearance of a specimen (344), it additionally provides cellular 

localisation information. IHC is routinely employed as a relatively inexpensive diagnostic 
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test, however, it has failed to find routine application for prognostic markers in PDAC 

despite morphological features inadequately stratifying survival following surgery. While 

considered a homogenous disease, in which all patients develop metastases and progress 

rapidly to death, molecularly defined sub-groups of PDAC can identify patients with distinct 

clinicopathological features (299).  

TMA technology has extended the utility of IHC-based biomarker assessment by facilitating 

high-throughput analysis across large cohorts (345), standardising staining conditions and 

reducing misclassification. This is a advancement as studies utilising TMA datasets more 

frequently report significant results in PDAC (299). Tremendous variation exists in the 

experimental procedures, including antigen retrieval, observer variability and cut-off point 

selection, which could potentially influence the prognostic value of the proposed 

association. It is likely that even adherence to the REMARK guidelines is not enough (301), 

as these do not currently adequately account for, or standardise variation in, the staining of 

individual proteins, which remains a considerable source of inter-study variation. 

The data in the current chapter is the first time that semi-quantitative assessment of multiple 

markers has been performed in PDAC, with these results being consistent with the previous 

literature. While only an evaluation of a selection of markers; the majority of those chosen 

were prognostic based on a review of the literature. Such methodology requires large 

numbers and although the current work used a cohort of hundred and nineteen patients, 

further larger cohorts are required to test this profiling method. Despite use of a semi-

quantitative scoring method, which resulted in a continuous score for protein expression, 

there is still the potential for bias associated with subjective categorical assessment. The use 

of automated quantitative image analysis has the potential to eliminate this bias (346), 

however the difficulty created by tissue heterogeneity and intense stromal reaction in PDAC 

has limited its use. The original intention was to assess immunostaining using an automated 

algorithm, however despite a great deal of time spent optimising the Slidepath image 

analysis software (data not shown), it was not possible to reliably identify all cellular 

compartments. It is hoped that with future with development this will become the routine 

method.   

The chosen markers are not a complete set and systematic review of the literature suggests 

that markers such as S100A2 may serve as a powerful component of a profile. Ideally a 

further validation set would have been used to test any findings of the current work. In the 

future any further IHC prognostic profiling studies will be conducted with a definite test set 

and validation set structure. For PDAC research this degree of rigor is lacking as 

exemplified recently in assessment of S100A2 (337). The original intention had been to test 
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Bax as part of the apoptosis functional grouping. Unfortunately, antibody optimisation 

proved challenging in the PDAC TMA. 

For the majority of markers the findings of the previous literature were confirmed. For E-

cadherin and COX-2 these data provide a degree of confidence that these markers are 

prognostically independent of established clinicopathological factors in PDAC. A potential 

subsequent step is investigating the prognostic utility of these markers in preoperatively 

collected EUS-FNA specimens. 

A completely novel aspect of this thesis has been the clustering of PDACs based on protein 

marker expression in an attempt to develop a multi-marker IHC prognostic signature. In this 

preliminary investigation, successful identification of clinically relevant subgroups of 

resected PDAC patients, based on markers relating to senescence and apoptosis, was 

performed. Further, more complete profiling is required in a further validation group before 

confident conclusions can be drawn. However, this work has provided evidence that such a 

method is useful in advancing understanding of the influence of pathways and protein 

expression on outcome in resected PDAC. Various methods have been employed in other 

cancers including the Classification and Regression Tree method (347), and therefore 

comparison of techniques would be necessary.  

5.10.1 Summary 
Scoring immunostaining for a number of markers by semi-quantitative evaluation methods 

may enhance the clinical value of IHC in PDAC. These data have provided evidence that 

hierarchical clustering of IHC expression data identifies patient sub-groups with significant 

variation in outcome. The assessment of multiple-markers and phenotype combinations may 

hold promise for the discrimination of prognosis in resectable PDAC.!!
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Figure 5.3 Senescence signalling clinicopathological correlation  
 
A) Boxplot of Lkb1 median histoscore versus tumour grade: Low grade tumours (n = 81) exhibited a higher 

level of Lkb1 expression (median histoscore = 128) versus high-grade tumours (n = 33) (median histoscore = 

100) (p = 0.01, Mann-Whitney U test). 

 

B) Boxplot of Lkb1 median histoscore versus tumour stage: Stage T2 tumours (n = 13) had a higher level of 

Lkb1 expression (median histoscore = 150) versus stage T3 tumours (n = 111) (median histoscore = 105) (p = 

0.02, Mann-Whitney U test). 

 

C) Kaplan-Meier analysis showing cases with low Lkb1 expression (n = 29) have poorer outcome compared to 

those with high expression (n = 80) following PD (Log-rank test, p = 0.008). 

 

D) Kaplan-Meier analysis illustrates that cases with p21 low expression (n = 92) have poorer outcome 

compared to those with high expression (n = 27) following PD (Log-rank test, p = 0.006). 

 

E) Kaplan-Meier analysis illustrates that Lkb1high/p21high have a more favourable outcome compared to 

Lkb1high/p21low and Lkb1low /p21low cases (Log-rank test, p = 0.002). 

 

F) Correlation of Lkb1 with p21 protein expression in 118 cases of PDAC (Spearman’s ρ = 0.34; p < 0.001). 

 

G) p53 drives metastasis of PDAC. p53 histoscore in relation to lymph node status in cases of PDAC (Lymph 

node (LN) negative, metastatic disease present in < 50% of lymph nodes sampled, metastatic disease present 

in > 50% of lymph nodes sampled) (Mann-Whitney U test). Mean number of nodes reviewed per resection = 

21. 

 

H) Boxplot of p53 histoscore in Lkb1low/p21low tumours (Red bar, n = 20) compared with Lkb1high/p21low 

tumours (Blue bar, n = 58) (p < 0.05, Mann-Whitney U test). 

 

I) Lkb1 a serine/threonine kinase that activates the AMP kinase cascade. Furthermore it is a negative 

regulator of mTOR signalling and Lkb1 associates with p53 and regulates p53-dependent apoptosis and 

transactivation of p21. 
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Figure 5.4 Hierarchical clustering related to IHC expression of senescence markers 
 
A) Hierarchical clustering of PDACs using Cluster and Treeview application based on all markers studied. 

Red represented high expression, green low expression. 4 clusters are defined. Cluster 1 had low expression of 

p53 and p21 as did Cluster 4. Cluster 3 had high expression of p53. Cluster 1 had specimens with low β-

catenin and E-cadherin. The clustering failed to correlate with survival following resection. According to the 

logarithmic colour bar, red represents high protein expression while green represents low protein expression. 

 
B) Hierarchical clustering of PDACs using Cluster and Treeview application based on senescence markers for 

119 patients.  5 clusters are defined. Cluster 1 had high expression of pAkt and low expression of p21. Cluster 

2 had low expression of p53, p21 and Bcl-2. Cluster 3 had high expression of Lkb1 and pAkt. Cluster 4 had 

high expression of p53, Lkb1 and pAkt while cluster 5 had high expression of p21, Lkb1 and low Bcl-2 

expression.  

 

C) Kaplan-Meier survival analysis for 119 PDACs with respect to overall survival according to senescence 

based cluster assignment. Cluster 5 survival time was significantly prolonged compared to the combination of 

the other clusters (Log-rank test, p = 0.002). 

 

D) Hierarchical clustering of PDACs using Cluster and Treeview application based on invasion and 

metastases markers for 119 patients. Four clusters are defined. Cluster 1 had high expression of pAkt and low 

expression of p21. Cluster 2 had low expression of p53, p21 and Bcl-2. Cluster 3 had high expression of Lkb1 

and pAkt. Cluster 4 had high expression of p53, Lkb1 and pAkt. 

 

E) Kaplan-Meier survival analysis for 119 PDACs with respect to overall survival according to invasion and 

metastases based cluster assignment (Log-rank test, p = 0.54). 
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Table 5.10 Comparison between senescence expression clusters and pathological characteristics 
 

  Cluster 1+3 Cluster 2+3 Cluster 5 Cluster 4 p value a 

Pathological variable  n = 37 (%) n = 57 (%) n = 12 (%) n = 15 (%)  

Tumour stage T2 3 (8) 5 (9) 4 (33) 1 (7) 0.299 

 T3 34 (92) 52 (91) 8 (67) 14 (93)  

Tumour size (mm) <30  16 (43) 35 (61) 7 (58) 6 (40) 0.226 

 ≥30  21(57) 22 (39) 5 (42) 9 (60)  

Tumour grade Low 25 (68) 42 (73) 9 (75) 11 (73) 0.917 

 High 12 (32) 15 (27) 3 (25) 4 (27)  

Lymph node status Absent  7 (19) 12 (23) 6 (50) 0 (0) 0.032 

 Present 30 (81) 45(77) 6 (50) 15 (100)  

Margin involvement R0 12 (32) 12 (21) 5 (42) 1 (7) 0.07 

 R1 25 (68) 45 (79) 7 (58) 14 (93)  

Perineural invasion Absent 2 (5) 7 (13) 2 (20) 1 (7) 0.720 

 Present 35 (95) 51(87) 10 (80) 14 (93)  

Venous invasion Absent 13 (35) 34 (59) 8 (67) 5 (33) 0.039 

 Present 24 (65) 23 (41) 4 (33) 10 (67)  

Site of first recurrence Liver 9 (38) 11 (29) 8 (89) 5 (46) 0.041 

 
Other sites of 

recurrence  

15 (62) 28 (71) 1 (11) 6 (54)  

a χ2 tests were used to compare categorical variables  
Cluster 1 and 3 were combined for purpose of this analysis 

 

Table 5.11 Multivariate Cox regression analysis for multi-marker senescence signature 

  
Prognostic significance of Cluster 5 compared to the other clusters. 

  Overall Survival  
Prognostic variable Category Hazard ratio (95% CI) p value 
Tumour stage  T2/ T3 2.37 (1.21 - 4.66) 0.012 
Lymph node involvement Absent/ Present 1.53 (0.83 - 2.87) 0.175 
Tumour size (mm) < 30/ ≥ 30 1.56 (1.04 - 2.35) 0.031 
Tumour grade  Low/ High 3.65 (2.19 - 5.79) < 0.0001 
Venous invasion  Absent/ Present 1.08 (0.68 - 1.70) 0.752 
Perineural invasion  Absent/ Present 0.76 (0.46 - 1.89) 0.662 
Resection margin status  R0/ R1 2.29 (1.37 - 3.85) 0.0001 
Multi-marker senescence 
clustering 

Good/ Poor prognosis 0.49 (0.35 - 0.63) 0.004 
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Introduction to genome wide analysis chapters 
 
In the preceding chapters investigation of the influence of a number of candidate markers on 

outcome following pancreatic cancer resection was performed. The remaining four results 

chapters of the thesis will cover the investigation of potential prognostic markers in 

pancreatic cancer using a genome wide approach. In particular they will evaluate firstly in 

what way gene expression signatures vary according to clinicopathological features, 

including survival (Chapter 6). Secondly, the manner in which miRNA expression relates to 

clinicopathological states including survival (Chapter 7) and thirdly, how 

clinicopathological features impact upon copy number change (Chapter 8). Finally, data 

from these chapters will be integrated in an attempt to identify critical gene targets that may 

be involved in PDAC tumourigenesis (Chapter 9).   
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6 Gene Expression Molecular Profiles Associated 

with Diagnosis, Clinicopathological Criteria and 

Survival in Resectable PDAC 
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6.1 Introduction 
Large-scale transcriptional profiling can identify differentially expressed genes and 

molecular signatures in numerous biological systems including malignancy (4). Recent 

efforts in cancer to derive clinical predictors of survival from gene expression data have 

focused on discrete patient groups clustered at either end of the survival spectrum. For 

pancreatic cancer several studies have identified differentially expressed genes compared 

with normal pancreas (Table 1.4), but there has been a scarcity of signatures developed for 

PDAC that relate to pathological features or prognosis. 

6.1.1 Aim 
The aim in this chapter was to investigate, using whole-genome oligonucleotide arrays, the 

gene expression signatures associated with clinicopathological states in patients with PDAC. 

Furthermore, the identification and validation of a prognostic gene expression signature was 

attempted. Additionally, validation of a recently generated PDAC prognostic gene signature 

was performed using the gene expression profiled cohort from this thesis. 

6.2 Results 
6.2.1 PDAC and normal pancreatic tissue: differentially expressed genes. 
The analysis workflow for this chapter is shown in Figure 11.9. Gene expression profiling 

was performed for 48 primary PDACs and 10 matched normal pancreatic samples on 

Agilent 44K-Human oligonucleotide microarrays to generate signatures of malignant 

transformation. The clinicopathological features of the cohort are summarised in Table 2.1. 

Only patients for which fresh frozen tissue from which high quality RNA could be extracted 

were included in this analysis. 

Following global normalisation and filtering of the array data, 31,296 of 44,200 features 

were available for analyses. Based on a group comparison t-test, 1359 genes were 

differentially expressed at p < 0.001, with 573 genes differentially expressed at p < 0.0005 

(Figure 6.1). To increase the confidence that identified genes were relevant to pancreatic 

carcinogenesis, further selection of only those genes with p < 1x10-5 and at least 2-fold 

deregulation between matched normal pancreatic tissue and PDACs was performed. 48 

genes were up-regulated and 28 showed reduced expression (76 genes in total) (Table 

11.5A, B). 

6.2.2 Comparison of PDAC and normal pancreatic tissue: class prediction. 
Gene expression levels in PDACs and normal pancreatic samples were explored to 

determine whether they were sufficiently different to discern the two groups. One classifier, 

support vector machines analysis, resulted in a correct prediction rate of 96%. A 

multidimensional scaling analysis plot (Figure 6.2A) illustrates PDAC separation from 

normal specimens based on the 573-gene classifier. 
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6.2.3 Functional annotation of differential gene expression: PDAC and normal. 
A problem encountered in the analysis of expression data is biological interpretation of the 

generated gene lists. The functional annotation of differentially expressed lists and their 

affiliation with signalling pathways were interrogated using DAVID and GeneGo software. 

The search was targeted to the 76 genes with > 4-fold expression difference between PDAC 

and matched normal pancreatic tissue. Genes of interest included those known to be aberrant 

in PDAC: PSCA, S100P, S100A2 and several novel targets including: Aquaporin (AQP) 5, 

PITX1, CLIC3, IRX5 and TRIM29. 20 networks were generated with the most significant 

related to S100A2 and PITX1. Further detail is provided in Appendix 11.4.1 and Figure 

11.11. 

6.2.4 Gene expression analysis according to lymph node status 
Gene expression patterns were then assessed according to lymph node status, potentially 

informing as to whether the propensity for lymph node spread is an inherent feature of the 

primary tumour. 138 genes that were differentially expressed (p < 0.01) between the lymph 

node–negative (LN0) and positive (LN1) PDACs (Table 11.6). 71 genes were down-

regulated in LN1 tumours, and 67 were up-regulated compared with LN0 tumours. The most 

significantly up-regulated genes included VEGFB, MMP13 and SPEG. EYA4 and 

SERPINB11 were strongly down-regulated in the LN1 group. Group separation based on 

this 138-gene profile is displayed in Figure 6.2B. A class prediction analysis employing this 

set achieved sensitivity for the detection of LN1 tumours of 83% and a specificity of 66%. 

Functional gene annotation between LN0 and LN1 tumours is presented in Appendix 11.4.3. 

6.2.5 Gene expression analysis according to resection margin status 
Investigation as to whether R1 status associated with an altered gene expression signature 

identified 154 genes (p < 0.005) differentially expressed including MIP, SYVN1, PLOD2 

and ADCY1 (Figure 11.11). There was significant enrichment for T cell mediated immune 

response, SODD/TNFR1 signalling pathway and PITX2 transcription.  

6.2.6 Gene expression analysis according to peripancreatic fat invasion status 
The presence of fat invasion was associated with differential expression of 739 genes (p < 

0.001) with significant up-regulated targets including SCGB1A1, EPN1, NTRK3 and BOK 

while down-regulated genes included PCDH7, AQP4 and NOX-1. Pathway enrichment 

identified highlighted neural invasion and Wnt signalling. 

6.2.7 Gene expression analysis according to other pathological factors 
Additional gene expression analysis according to tumour grade, stage, venous invasion and 

site of recurrence are included in Appendix 11.4.4. These gene signatures, and their overlap, 

are illustrated in Figure 6.3. Three genes were differentially expressed in association with all 

four of tumour grade, stage, resection margin status and lymph node status: EPN3, TRIB3 

and BTBD14B. 
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6.2.8 Prognostic gene expression signature following resection 
Gene expression patterns were then investigated in the context of prognosis. Hierarchical 

average-linking clustering analysis was used initially, which grouped patients according to 

similar overall gene expression patterns for all genes. Two groups were identified containing 

23 and 25 patients respectively (Figure 6.4A). Kaplan-Meier analysis of the resulting 

unsupervised clustering groups demonstrated a trend towards a significant difference (Figure 

6.4B), with the median overall survival for the poor prognostic group (cluster 1) being 13.0 

months (95%CI: 2.6–23.8) versus 26.4 months (95%CI: 23.8–29.0) for the favourable 

outcome group (cluster 2) (p = 0.061, Log-rank test). 

As a survival difference was evident according to unsupervised gene expression cluster 

analysis, those genes most significantly associated with survival were defined using a Cox 

proportional-hazards model. This serially assessed the individual prognostic influence of all 

genes within the cohort (Figure 11.12). 332 genes most significantly associated with overall 

survival were identified (p = 0.001, Table 11.7) and used to re-cluster the 48 patients (Figure 

6.5A). The two clusters differed significantly in terms of survival outcome, with the 

favourable prognosis group having a median overall survival of 39.6 months (95%CI: 16.6–

62.5) versus 13.0 months (95%CI: 5.9–20.1) for the poor prognosis group (Log-rank test, p 

< 0.001, Figure 6.5B).  

To determine the extent that survival could be predicted based on a multivariate prognostic 

index, a LOOCV model was used to classify patients into longer or shorter survival groups. 

Nine of the most powerful predictors of this 107-gene prediction model (Table 11.8) are 

illustrated in Figure 6.6A. The survival difference was statistically significant as determined 

by the permutation distribution of the cross validation Log-rank χ2 statistic (p < 0.05). The 

longer surviving group (23 patients) had a median survival of 30.1 months (95% CI: 12.3–

47.8) versus 13.0 months (95%CI: 5.1–20.9). A selection of powerful prognostic genes (p < 

1x10-6) included chloride ion transporter 3 (CLIC3), transglutaminase 2 (TGM2), dual 

specificity phosphatase 5 (DUSP5), NT5E and selenium binding protein 1 (SELENBP1) 

(Figure 6.6A). There was a trend towards high-grade tumours being associated with a high-

risk gene profile (p = 0.065, χ2 Test) and adjuvant therapy usage was more common in the 

low-risk group (p = 0.045, χ2 Test) (Table 6.1). In addition to the overall survival profile, 

tumour stage, lymph node status, R1 status, venous, perineural invasion and adjuvant 

chemotherapy showed prognostic value (p < 0.05) within univariate analysis (Table 6.2, 

Figure 11.13). In multivariate analysis T stage, R1 status, adjuvant therapy allocation and 

the 107-gene survival profile yielded independent prognostic value (HR: 5.36, 95%CI: 2.22–

12.9, p < 0.001, Table 6.3).  

To assess which gene sets associated with survival, Gene Set Enrichment Analysis (GSEA) 

was performed. 140 GO groups were significant including cullin-RING ubiquitin ligase 
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complex, MAPKKK cascade and SMAD phosphorylation (Table 11.9). In terms of BioCarta 

and KEGG pathway analysis, 53/303 (Table 11.10) and 29/171 (Table 11.11) were 

associated with overall survival respectively including bone remodeling, Cyclin E 

destruction, CD40L and PPARα pathways, with predicted significant transcription factors 

shown in Table 11.12. 
 

6.2.9 Methodological validation of component of the overall survival profile 
To validate the gene expression microarray data, qRT-PCR was performed for the 48 

samples included in the microarray analysis. 3 genes, CLIC3, DUSP5 and TGM2, were 

selected from the top scoring 107-gene survival profile according to biological plausibility. 

Relative expression levels for each gene were correlated with the corresponding microarray 

signal intensities confirming strong relationships for all three genes (Figure 6.6B). 
 

6.2.10 CLIC3 validation analysis 
As one of the most highly ranked genes in the prognostic signature, validation of the 

prognostic utility of CLIC3 was performed by analysing protein expression in the TMA 

cohort. CLIC3 was undetectable in either normal pancreatic ductal or acinar tissues (Figure 

6.7A). Examination of early PanINs revealed that CLIC3 expression was low within well-

organised epithelia (Figure 6.7A; green arrows), whereas dysplastic regions of the PanIN 

were more abundant in CLIC3 (Figure 6.7A; red arrows). CLIC3 was highly expressed in 

PDAC (Figure 6.7A) being localised to cytoplasmic granules, but also observable in the 

nucleus of cancers with high CLIC3 levels (Figure 6.7B). Moreover, CLIC3 expression was 

highly enriched in regions where tumours invaded normal tissue (Figure 6.7B), suggesting a 

role for CLIC3 in the invasive behaviour of PDAC. Levels of CLIC3 did not differ in terms 

of traditional clinicopathological factors, however in univariate survival analysis, high 

CLIC3 expression (n = 37) was associated with significantly decreased overall survival 

(11.5 months, 95%CI: 7.9–15.1) compared with low expression (n = 85) (20.5 months, 

95%CI: 15.6–24.6, p < 0.01, Figure 6.7E). Moreover, tumours from patients with a LNR > 

50% had elevated levels of CLIC3 compared to LN0 tumours (p < 0.005) and those with 

lower levels of lymph node involvement (p = 0.01, Figure 6.7F). In multivariate analysis, 

high CLIC3 protein expression remained a predictor of poor survival (HR: 1.34, 95%CI: 

1.06–1.78, p = 0.026, Table 6.4), independent of grade and lymph node status. 

Using CLIC3 PCR mRNA data, it was confirmed that consistent with the histoscore 

analysis, high levels of CLIC3 were associated with poor survival for the 48 patients with a 

median overall survival for high expressors being 15.4 months (95%CI: 9.6–21.7) versus 

49.0 months (95%CI: 31.1–57.3) for low CLIC3 expressors (Figure 6.7H, p = 0.012). 

Multivariate analysis confirmed that CLIC3 gene expression remained independently 

prognostic (HR: 4.81, 95%CI: 1.86–12.3, p = 0.001, Table 6.5). 
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6.2.11 Validation of prognostic gene signature in independent cohorts 
Validation of the prognostic value of the gene survival profile within two independent 

microarray cohorts was performed. The signature genes were mapped to the validation data 

sets by Genebank accession or UniGene Symbol. Using validation cohort 1 (348), the initial 

analysis confirmed no significant differences in the frequency of pathological variables 

between low (n = 13) and high-risk groups (n = 14) (Table 6.1). 

Visualisation of the gene signature, along with successful stratification of the cohort into 

low and high-risk groups was performed (Figure 6.8A). The prognostic utility of the 107-

gene profile was then explored along with T stage, grade, lymph node status and R1 status 

within the validation cohort. Patients in the high-risk group, as determined by the 107-gene 

survival profile, had a significantly poorer outcome (HR: 4.34, 95%CI: 1.55–12.2, p = 

0.005, Table 6.6A, Figure 6.8B). The gene expression signature was an independent 

predictor of poor overall survival along with lymph node status.  

Validation cohort 2 was then analysed (349), with no significant difference in the 

distribution of T stage or lymph node status according to the low (n = 50) and high-risk 

groups (n = 51) (Table 6.1). Seven patients who died within three months of resection were 

censored from analysis. Visualisation of the gene signature along with successful 

stratification into low (n = 51) and high-risk groups (n = 51) was performed (Figure 6.8C). 

Allocation to the high-risk group resulted in a trend towards poor survival (HR: 1.59, 

95%CI: 0.96–2.64; p = 0.067, Table 6.6B, Figure 6.8D), along with lymph node status. A 

further stratification into low, medium and high-risk groups identified a subgroup with 

particularly poor prognosis (HR: 2.11, 95%CI: 1.15–3.87, p = 0.016, Table 6.6C, Figure 

6.8E) independent of lymph node status.  

6.2.12 Validation of subtype gene signature in an independent cohort 
Validation cohort 1 had previously been used to develop a gene expression signature 

identifying three PDAC subtypes with differing prognosis. This prompted analysis of this 

72-gene signature within the 48 patient cohort from this thesis, clustering the patients as 

illustrated in Figure 11.14A. 15 patients were identified as belonging to the classical PDAC 

cohort, 25 to the exocrine-like cohort and 8 to the quasi-mesenchymal (QM) type. The 

relationship between clinicopathological factors and the PDAssigner subtypes are shown in 

Table 11.13. As in the original study, stratification by PDAssigner subtype provided 

significant prognostic information (Figure 11.14B, Table 11.14). Classical subtype patients 

had a significantly longer overall survival (43.0 months) than those categorised as QM-

subtype (13.0 months, p = 0.002, Log-rank test). A multivariate analysis revealed 

independent predictors of poor outcome included T stage, LN1 status, R1 status, adjuvant 

therapy and the QM-subtype (HR: 5.86, 95%CI: 2.07–16.5, p = 0.001, Table 11.15). 
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6.3 Discussion 
This chapter focused on the development of a microarray derived gene expression profile for 

PDAC. These data support the hypothesis that a gene expression profile can distinguish 

between PDAC and comparative normal pancreas, and between tumours with differing 

pathological features. Furthermore, these data provide evidence that a PDAC gene 

expression signature can provide prognostic information following resection. Therefore, 

these results add to the understanding of the molecular basis underlying the clinical behavior 

of PDAC.   

When a number of gene expression microarray studies were compared by meta-analyses, 

568 genes were consistently deregulated in PDAC. There was little concordance between the 

respective gene sets generated by the individual studies, with only 22% described in the 

published individual analysis (3). Several potential reasons exist for the low concordance: 

first, tumour histology, and type of normal tissue used (commercial RNA, normal from 

resected tumours or donor organs) varied. Second, microdissection was not universally 

applied. Third, differing array technologies were used and fourth, no gold standard exists for 

microarray analysis. More recently, Badea and colleagues identified genes specifically 

overexpressed in tumour epithelium (350) by combining their data with other studies 

including stromal, normal, PDAC, CP and tumour cell lines (175), providing a robust list of 

differentially expressed genes. 

In this chapter cataloguing the difference in gene expression pattern between normal 

pancreas tissue and PDAC, genes were identified with established PDAC associations as 

previously noted (Table 1.4). Of note were genes not previously identified as being 

dysregulated, including AQP5, a water channel, putative oncogene and prognostic factor in 

colorectal cancer, potentially acting through the ERK/p38 MAPK pathway which is known 

to be aberrant in PDAC (351). Pituitary homeobox 1 (PITX1) is a potential TSG in lung 

cancer, down-regulating the RAS pathway through RASAL1 (352). Remarkably, PITX1 

expression was significantly up-regulated in PDAC suggesting an altered role in this cancer. 

Pathway enrichment highlighted Notch, SRC and Wnt signalling as well as novel pathways 

including PML and Reelin signalling. Transcription factors associated with differentially 

expressed genes included SP1, a potential contributor to the transcriptional response of 

PDAC cells to TGFβ (353).  

In LN1 tumours, many genes are up-regulated that associate with cancer progression 

including VEGFB, IRF7, MMP13 and SPEG. A number of potential TSGs with low 

expression in the LN1 group included EYA4 and SERPINB11, the latter a putative 

squamous cell carcinoma TSG (354). Based on a class prediction analysis, LN1 tumours 

could be distinguished to an extent from LN0 tumours. It may therefore be possible to 
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determine by examining resected primary tumours whether it is associated with synchronous 

lymph node metastases. Two studies have assessed microarray PDAC gene expression 

stratified by lymph node status (355, 356), however, there was little overlap with the current 

data, possibly reflecting small cohort size, array platform and analytical strategy. It has been 

suggested that R1 status reflects an inherent biological tumour property rather than merely a 

pathological criteria (251). Supporting this theory, numerous genes were differently 

expressed, many which are recognised as having a role in carcinogenesis. Aquaporin 0 with 

a cell adhesion role (357), and CASP8, an apoptosis regulator (358), were down-regulated 

three-fold in the R1 group suggesting apoptosis control may be lost. While insufficient to 

definitively support the biological argument, it highlights the need for further evaluation. 

Overlap between the pathological based signatures revealed numerous shared components, 

which warrant further analysis. 

A lack of long-term survivors following PDAC resection and hence a narrow outcome 

spectrum, creates a challenge for gene expression signature identification. This problem may 

be surmountable by large cohort size; however, tissue availability and reagent cost are 

limiting factors. Using a semi-supervised Cox proportional-hazards model (359), a 107-gene 

survival profile was identified (p < 0.001), which clustered the cohort into long- or short-

survival groups. These results infer an underlying organisation within the gene expression 

profile of the PDAC tumours relating to patient survival may exist. By grouping the cohort 

into ‘high-risk’ and ‘low-risk’ groups, the overall survival profile maintained independent 

prognostic significance in multivariate analysis. Limited overlap between individual genes, 

was found between the present survival profile and those reported in previous non-

prognostic PDAC microarray studies (3).  

Investigation then focused on an individual component of the prognostic signature, CLIC3, 

with validation of this novel prognostic factor in a large patient group an encouraging 

finding. Further investigation of the molecular role of CLIC3 in PDAC tumourigenesis is 

necessary. The gene survival profile contains several interesting genes (Figure 6.6, Table 

11.7) many that have potential biologically plausible roles in cancer that offer potential 

insight into PDAC biology. The validity of this approach is confirmed by the observation 

that for many of these genes, earlier non-array methodologies have indicated relevance to 

PDAC, e.g. PLAU associated with poor prognosis in the present study, as previously 

reported (360). Additional markers of interest that will require validation as performed for 

CLIC3 include DUSP5: expression of which has been shown to influence ERK signalling in 

a breast cancer cell model (361). This is first report of DUSP expression relating to 

pathological features in PDAC. SELENBP1: loss is associated with reduced survival in 

ovarian cancer (362). TGM2: may play a role in cell growth through anti-apoptosis 
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signalling and may predict poor prognosis in colon cancer (363). Caveolin-3: while there has 

been no previous report of CAV3 associating with outcome, caveolin-1, a scaffolding 

protein, has been reported to be a poor prognostic factor in PDAC (364). NT5E: a T 

lymphocyte signalling molecule that may prevent tumour death by inhibiting antitumour 

immunity (365).  

Gene set analysis identified potential novel prognostic pathways in PDAC including 

stathmin, which associates with PIK3CA activation and is a marker of poor prognosis in 

endometrial cancer (366). CXCR4 expression was previously correlated with poor outcome 

in PDAC (367), possibly enhancing cell proliferation through AKT and ERK pathways. 

Interestingly E2F1 amplification has been associated with poor outcome in PDAC (241).  

The gene survival profile was validated in two independent data sets (Table 6.7), 

demonstrating prognostic utility in both. The first dataset had been used previously to 

develop a gene signature describing three novel PDAC subtypes with disparate outcomes 

(PDAssigner) (348). Data was combined from two cohorts to generate the signature, 

however the study was limited by the small sample size (n = 27) of the original validation 

cohort. Successful validation of the PDAssigner signature within the 48 patient cohort from 

this thesis, confirmed the prognostic utility of this novel signature. The second validation 

cohort, profiled PDAC tumours compared to matched metastatic lesions (349). This 

identified a prognostic six-gene signature initially applied to training and validation cohort 

confirming the prognostic utility, independent of pathological factors. The signature 

included KLF6, FOSB, NFκBIZ, ATPA4, GSG1 and SIGLEC11. KLF6 is a transcription 

factor with a putative TSG role in ovarian cancer, with over-expression previously noted to 

be prognostic in PDAC (368). It should be noted that disparate outcomes between the test 

and validation set within this study might have influenced the development of this 

prognostic signature. This signature failed to stratify outcome in the 48 patient cohort from 

this thesis (data not shown). 

It was encouraging that the gene survival profile developed in this chapter predicted 

outcome in two further datasets. The limited overlap of the prognostic gene signatures may 

suggest that multiple sets of gene expression biomarkers exist in PDAC that could be useful 

for prognostication. This may explain in part the heterogeneity associated with PDAC gene 

expression profiles studies, exemplified by the meta-analysis that identified only seven 

shared genes (3). Comparison of the prognostic profile developed in this study and the two 

previous prognostic classifiers indicate there are large differences in sample numbers, 

microarray platform and classifier design methodology. Out of the total 185 potentially 

prognostic genes identified, only five were shared between studies (Figure 6.8F). Validation 

of the PDAssigner signature in the present cohort supports the concept that gene expression 
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signatures can discriminate PDAC subtypes and stratify outcome. Of the genes shared 

between the PDAssigner set and the gene survival profile (S100A2, NT5E, PAPPA, LOX 

and TWIST) biological plausibility exists for each to have a role in PDAC. S100A2 has 

been discussed in the previous chapter, while TWIST has previously been noted to be over-

expressed and associated with EMT in PDAC (149). Interestingly, TWIST overexpression 

has been shown to decrease E-cadherin expression (369) that was shown in the previous 

chapter to be associated with poor overall survival. These findings support the concept of a 

‘prognostic space’ of genes that may have critical prognostic relevance. Although the true 

test of clinical efficacy for a prognostic signature lies in prospective validation, initial 

development requires demonstration of prognostic utility when testing retrospectively. 

While this signature is clearly not ready for clinical use, it provides a building block for 

development. The importance of reducing variability of study heterogeneity as outlined in 

other cancers (370) should now be applied to PDAC.  

The failure to perform laser capture microdissection prior to RNA extraction represents a 

significant limitation of this work. Microdissection of tumour epithelium from surrounding 

stromal tissue and contaminating normal epithelium would have enhanced the ability to 

identify overexpressed transcripts in PDAC. A further factor limiting this analysis has been 

that normal comparison pancreatic tissue was derived from resected specimens, not true 

normal pancreas. This could have been achieved ideally by the use of normal pancreas tissue 

resected during donor harvesting. Attempted validation in the independent cohorts was 

limited by heterogeneity between the studies in terms of patients, treatment, methodology 

and uniformity of the clinicopathological factors included within multivariate analysis. 

6.3.1 Summary 
The original hypothesis proposed that a gene expression a signature could be generated that 

relates to outcome following resection of PDAC. In this chapter, a gene signature associated 

with PDAC has been described, which in addition to confirming previous pancreatic 

profiling studies, has identified potential tumourigenesis targets. Furthermore, a gene 

expression signature was described associated with poor prognosis independent of 

clinicopathological parameters and with validated utility in further independent cohorts of 

PDAC patients. It is hoped that the development of such classifiers will enhance the 

understanding of PDAC biology, and may lead to the development of more refined 

prognostic gene signatures. 
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Table 6.1 Association between overall gene survival profile and pathological characteristics 
 

Training and validation cohorts were divided into two groups (low and high risk) according to their overall 
gene survival profile. 
  Training Cohort  Validation Cohort 1  Validation Cohort 2  

Prognostic variable  Low Risk 
n = 24 (%) 

High Risk 
n = 24 (%) p value a Low Risk 

n = 13 (%) 
High Risk 
n = 14 (%) p value a Low Risk 

n = 51 (%) 
High Risk 
n = 51 (%) p value a  

Gender Female 11 (46) 8 (33) 0.556 - - - - - - 
 Male 13 (54) 16 (67)        
Age (yrs) b < 65 

≥ 65 
13 (54) 
11 (46) 

14 (58) 
10 (42) 

0.973 5 (39) 
8 (61) 

9 (64) 
5 (36) 

0.257 - - - 

Tumour stage c T2 
T3 

3 (13) 
21 (87) 

3 (13) 
21 (87) 

0.990 
 

2 (18) 
9 (82) 

4 (36) 
7 (64) 

0.635 
 

9 (18) 
42 (82) 

9 (19) 
38 (81) 

0.990 
 

Tumour size (mm) < 30 
≥ 30 

14 (53) 
9 (47) 

14 (56) 
11 (44) 

0.721 - - - - - - 

Tumour grade Low 
High 

19 (79) 
5 (21) 

13 (54) 
11 (46) 

0.125 10 (77) 
3 (23) 

6 (43) 
8 (57) 

0.120 - - - 

Lymph node status d Absent  
Present 

6 (25) 
18 (75) 

4 (17) 
20 (83) 

0.724 4 (36) 
7 (64) 

3 (27) 
11 (73) 

0.997 17 (34) 
33 (66) 

11 (22) 
40 (78) 

0.187 

Margin involvement R0 
R1 

7 (29) 
17 (71) 

4 (21) 
21 (79) 

0.740 10 (77) 
3 (23) 

6 (43) 
8 (57) 

0.120    

Perineural invasion Absent 
Present 

4 (17) 
20 (83) 

2 (8) 
22 (92) 

0.601 - - - - - - 

Venous invasion Absent 
Present 

11 (46) 
13 (54) 

6 (25) 
18 (75) 

0.227 - - - - - - 

Peripancreatic fat invasion Absent 22 (92) 18 (75) 0.122       
 Present 2 (8) 6 (25)        
Adjuvant chemotherapy No 

Yes 
7 (29) 
17 (71) 

14 (58) 
10 (42) 

0.085 - - - - - - 

a χ2 tests were used to compare categorical variables.  b For validation cohort 1 median age was 68 yrs 
c For validation cohort 2 tumour stage data available only for 98 patients. d For validation cohort 2 lymph node status available for 101 
patients. 

Table 6.2 Clinicopathological factors associated with survival-48 patient PDAC cohort 
 
Factors univariately associated with survival following PD. 
 

Prognostic Variable No. of Patients Median Survival 
(months) 

95% CI p value a 
Overall 48 26.3 15.7 - 36.9 - 
Gender     

Female 19 28.3  15.3 - 41.3 0.072 
Male 29 18.0  7.07 - 28.9  

Age (yrs)     
≤ 65 27 26.3  14.1 - 38.5 0.711 
> 65 21 27.5 15.9 - 39.1  

Tumour stage     
T2 6 36.2  17.5 - 54.9 0.017 
T3 42 17.8  15.7 - 36.9  

Lymph node status     
N0 10 38.9  29.7 - 49.1 0.007 
N1 38 18.0 7.55 - 28.5  

Tumour size (mm)     
< 30 28 28.3  25.6 - 31.1 0.089 
≥ 30 20 17.6 3.8 - 31.3  

Tumour grade     
Low 32 26.4  15.1 - 37.7 0.091 
High 16 13.4  9.01 - 17.8  

Perineural invasion     
        Absent 6 27.5  23.8 - 31.2 0.003 
        Present 42 16.2  13.0 - 19.3  
Venous invasion     
        Absent 17 49.0  23.3 - 74.7 0.006 
        Present 31 16.5 13.3 - 19.6  
Resection margin status     

 R0 12 49.0  38.9 - 59.1 0.009 
 R1 36 17.8  12.6 - 23.1  

Peripancreatic fat invasion     
 Absent 40 27.4 15.4 - 39.4 0.066 
 Present 8 16.2 14.1 - 18.2  

Adjuvant chemotherapy     
 No 20 11.5  2.89 - 20.0 0.042 
 Yes 28 27.5  24.7 - 30.3  

a p value calculated from Log-rank analysis  
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Table 6.3 Prognostic value of the overall gene survival profile adjusted for other clinicopathological 
parameters within a multivariate analysis  
 

  Overall survival   
Prognostic variable Category HR (95% CI) p value!a HR (95% CI) p value!b 
Tumour stage T2/ T3 4.22 (0.93 - 19.1) 0.062 3.14 (1.12 - 9.6) 0.046 
Tumour size (mm) < 30/ ≥ 30 1.96 (0.95 - 3.99) 0.065 1.91 (0.94 - 3.87) 0.075 
Lymph node status Absent/ Present 1.84 (0.36 - 9.39) 0.464 2.56 (0.91 - 7.68) 0.066 
Tumour grade Low/ High 2.52 (1.08 - 5.86) 0.032 1.84 (0.77 - 4.46) 0.172 
Perineural invasion Absent/ Present 3.56 (0.77 - 8.04) 0.222 1.56 (0.77 - 3.04) 0.612 
Venous invasion Absent/ Present 2.68 (1.09 - 6.61) 0.031 1.56 (0.54 - 4.47) 0.411 
Margin involvement R0/ R1 3.92 (1.25 - 12.3) 0.019 4.32 (2.08 - 7.19) 0.002 
Peripancreatic fat invasion Yes/No 2.04 (0.91 - 3.74) 0.253 1.93 (0.85 - 3.12) 0.353 
Adjuvant chemotherapy Yes/ No 0.34 (0.14 - 0.81) 0.014 0.27 (0.11 - 0.65) 0.003 
Gene survival profile Low/ High Risk - - 5.36 (2.22 - 12.9) < 0.001 

a Multivariate Cox proportional-hazards regression analysis (n = 48) – clinicopathological parameters only. 
b Multivariate Cox proportional-hazards regression analysis (n = 48) – including gene survival profile. 
 

Table 6.4 Multivariate prognostic influence of CLIC3: IHC validation analysis 
 

CLIC3 protein expression assessed by IHC in 118 patents. Only clinical variables prognostic within univariate 
analysis included in multivariate model.  
 
  Overall survival 

Prognostic variable Category HR (95% CI) p value 

Tumour stage T2/ T3 2.08 (1.07 - 4.05) 0.031 

Tumour size (mm) < 30/ ≥ 30 1.65 (1.06 - 2.65) 0.026 

Lymph node status Absent/ Present 1.54 (0.76 - 2.93) 0.121 

Margin involvement R0/ R1 2.23 (1.32 - 3.76) 0.003 

Tumour grade Low/ High 2.07 (1.29 - 3.29) 0.002 

Perineural invasion Absent/ Present 0.71 (0.27 - 1.85) 0.482 

Venous invasion Absent/ Present 1.32 (0.85 - 2.09) 0.213 

Peripancreatic fat invasion Absent/ Present 1.78 (1.12 - 2.87) 0.019 

CLIC3 (cytoplasm) a Low/ High 1.34 (1.06 - 1.78) 0.026 

Adjuvant chemotherapy Yes/ No 0.76 (0.46 - 1.16) 0.112 
a  CLIC3 median expression used to determine low and high grouping 

 
Table 6.5 Multivariate prognostic influence of CLIC3: RT-PCR validation analysis 
 

CLIC3 mRNA expression assessed by RT-PCR in 48 patients. Only clinical variables prognostic within 
univariate analysis included in multivariate model.  
 
  Overall survival 

Prognostic variable Category HR (95% CI) p value 

Tumour stage T2/ T3 2.29 (1.35 - 3.82) 0.023 

Tumour size (mm) < 30/ ≥ 30 2.67 (1.08 - 6.57) 0.033 

Lymph node status Absent/ Present 2.43 (0.81 - 9.11) 0.199 

Margin involvement R0/ R1 2.83 (1.77 - 4.14) 0.002 

Tumour grade Low/ High 1.83 (0.71 - 4.68) 0.210 

Venous invasion Absent/ Present 2.10 (0.78 - 5.68) 0.142 

Peripancreatic fat invasion Absent/ Present 1.54 (0.87 - 3.77) 0.232 

CLIC3 expression a Low/ High 4.81 (1.86 - 12.3) 0.001 

Adjuvant chemotherapy Yes/ No 0.34 (0.12 - 0.93) 0.036 
a  CLIC3 median expression used to determine low and high grouping 
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Table 6.6 Prognostic utility of prognostic gene signature within validation cohorts 
 

A) Multivariate analysis in independent validation cohort 1 (27 patients). 
  Univariate  Multivariate  Multivariate  

Prognostic Factor Category HR (95% CI) p value HR (95% CI) p value HR (95% CI) p value 

Age (yrs) <65/ ≥ 65 1.27 (0.50 - 3.18) 0.616 - - - - 

Tumour stage T2/ T3 2.20 (0.64 - 7.61) 0.211 - - - - 

Lymph node status Absent/ Present 3.79 (1.08 - 13.3) 0.038 5.77 (1.49 - 22.5) 0.011 5.42 (1.43 - 20.5) 0.013 

Tumour grade Low/ High 2.44 (0.96 - 6.19) 0.061 3.79 (1.35 - 10.7) 0.012 2.53 (0.84 - 7.65) 0.100 

Margin involvement R0/ R1 1.59 (0.63 - 3.88) 0.341 - - - - 

Gene survival profile Low/ High risk 3.14 (1.20 - 8.19) 0.020 - - 4.34 (1.55 - 12.2) 0.005 

 

B) Multivariate analysis in independent validation cohort 2 (101 patients) 2 risk groups comparison. 
  Univariate  Multivariate  

Prognostic Factor Category HR (95% CI) p value HR (95% CI) p value 

Tumour stage T2/ T3 0.89 (0.48 - 1.65) 0.720 - - 

Lymph node status Absent/ Present 1.93 (1.08 - 3.45) 0.027 1.85 (1.05 - 3.26) 0.035 

Gene survival profile Low/ High risk 1.87 (1.18 - 3.15) 0.017 1.59 (0.96 - 2.64) 0.067 

 

C) Multivariate analysis in independent validation cohort 2 (101 patients) 3 risk groups comparison. 
  Univariate  Multivariate  

Prognostic Factor Category HR (95% CI) p value HR (95% CI) p value 

Tumour stage T2/ T3 0.89 (0.48 - 1.65) 0.720 - - 

Lymph node status Absent/ Present 1.93 (1.08 - 3.45) 0.027 1.81 (1.02 - 3.19) 0.042 

Gene survival profile Low risk 

Medium risk 

High risk 

- 

1.51 (0.78 - 2.89) 

2.68 (1.42 - 5.04) 

- 

0.213 

0.002 

- 

1.27 (0.68 - 2.38) 

2.11 (1.15 - 3.87) 

- 

0.454 

0.016 

 

Table 6.7 Comparison of PDAC prognostic and pathological gene expression studies 
 

Comparison of the 2 prior studies that have generated a PDAC prognostic gene signature and the study 
generating a signature associated with lymph node status. 

        
Study (ref) Signature Platform Signature 

model 
Classification Survival 

Analysis 
Hazard ratio 
(95% CI) 

p value 

Stratford et al 
(349) 

6 genes 
(101 pts) 

Agilent SAM/ X-tile 
classification 

Genes associated 
with metastatic 
cohort 

Multivariate 
Independent 
cohort 

4.1 (1.7 - 10.0) 0.002 

Collisson et al 
(348) 

72 genes 
(27 pts) 

Affymetrix Unsupervised 
Clustering 

Exocrine-like 
Quasi-mesenchymal 
Classical PDAC 

Multivariate 0.21 (0.068 - 0.65) 
 

0.024 

Kim et al (355) 155 genes 
(10 pts) 
 

Applied 
Biosystems 

Supervised 
hierarchical 
clustering 

Lymph node 
negative/ positive 

NA NA NA 

This study 107 genes 
(48 pts) 

Agilent Semi-
supervised 

Cox proportional-
hazards risk index 

Multivariate 
Independent 
cohort 

5.36 (2.22 - 12.9) < 0.001 

SAM – Significance analysis of microarray  
NA – Not applicable 
pts – patients 
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Figure 6.1 Hierarchical clustering of gene expression profiles for 48 PDAC versus 10 normal pancreas 
specimens  
 

Clustering of 573 genes differentially expressed (vertical axis) (Class comparison test, p < 0.0005) between 

normal pancreas tissues (Green) compared to PDAC (Orange - horizontal bar). Red represents high gene 

expression while blue represents low gene expression.  

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6.2 Multidimensional association plots: gene expression 
 

A) Multidimensional association plot of 48 PDACs (red) and 10 matched control pancreatic tissue samples 

(green) based on the set of 573 differentially expressed genes. 

B) Multidimensional association plot of 9 lymph node negative (blue) and 39 lymph node positive (red) 

PDACs based on the set of 138 differentially expressed genes. 
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Figure 6.3 Gene expression associated with clinicopathological features in PDAC 
 

Venn diagram of genes that are associated in PDAC with tumour grade, tumour stage, lymph node status and 

resection margin status. The numbers are attached to lists of the genes associated with each component of the 

diagram. The genes in the boxes are over expressed. Genes associated with the presence of peripancreatic fat 

invasion are listed separately at bottom left: those genes which are common in two groups in the Venn 

diagram are shown in black, those common to three or more are highlighted in red. 
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Figure 6.4 Unsupervised hierarchical clustering and resulting survival curves 
 

A) Dendrogram created by unsupervised clustering demonstrating two major groups of patients.  

B) Kaplan-Meier survival curve based on the two groups of patients from A (Log-rank test, p = 0.061). 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 6.5 Semi-supervised gene survival analysis 
 

A) Cluster matrix of 332 genes most significantly associated with survival. The matrix colours represent up- 

(red) or down-regulation (blue) relative to the median for each gene. Column height in the bar graph below 

the matrix represents length of survival (days) following resection; green bars represent patients alive at 

follow-up. The dendrogram depicts the two major patient groups. 

B) The Kaplan-Meier survival curves illustrate the divergence in survival between the good prognosis group 

(39.6 months) (Blue) and the poor prognosis group (13.0 months) (Red) (Log-rank test, p < 0.001).  
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Figure 6.6 Analysis of the prognostic gene signature 
 
A) From the top 25 genes most significantly related to survival in univariate analysis, survival curves are 

presented for 9 candidate genes (Log-rank analysis). 

B) Scatter plots showing the microarray gene expression signal versus the ΔCt obtained by qRT-PCR for three 

individual genes. Validated genes were CLIC3, DUSP5 and TGM2. A ΔCt of the gene is obtained by 

subtracting the mean Ct value of GAPDH from the mean Ct value of the gene. Both axes are on the log2 scale. 
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Figure 6.7 CLIC3 validation and survival analysis 

 
A) CLIC3 levels in normal pancreatic tissue, PanIN and PDAC. Green arrows indicate preserved normal 

structure of ductal epithelium; red arrows point to dysplastic areas.  

 

B) H&E and CLIC3 IHC of an invasive margin of PDAC. High magnification of CLIC3 immunostaining in 

PDAC showing granular cytoplasmic and nuclear distributions. 

 

C) CLIC3 IHC scoring of PDAC TMA; negative (0), weak (1), moderate (2), strong (3) and insets with 

corresponding H&E staining. 

 

D) Box plot illustrating stratification of PDAC patients into low and high CLIC3 expressors based on 

histoscore.  

 

E) Kaplan-Meier analysis indicates that patients with high CLIC3 expression (n = 37) have a poorer outcome 

than those with low expression (n = 81) following tumour resection (Log-rank test, p < 0.01). 

 

F) Box plot indicating that tumours from patients with more than 50% lymph node involvement have increased 

levels of CLIC3 in comparison to those with no lymph node involvement (Mann-Whitney U test, p = 0.005) and 

those with less than 50% lymph node positivity following resection (Mann-Whitney U test, p = 0.01). 

 

G) Box plot illustrating stratification of PDAC patients into low and high CLIC3 expressors based on 

normalised mean gene expression.  

 

H) Kaplan-Meier analysis showing that patients with high CLIC3 mRNA expression (n = 31) have a poorer 

survival than those with low expression (n = 17) following tumour resection (Log-rank test, p = 0.001). 

!
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Figure 6.8 Validation of the 107-gene prognostic profile in independent cohorts 
 

A) Visualisation of the 107-gene profile for validation cohort 1 (27 independent samples). Samples are ranked 

according to their prognostic risk score. Red represents high gene expression while green represents low gene 

expression.  

B) Kaplan-Meier survival plot of overall survival estimates for the 27 samples in validation cohort 1, low (21.6 

months) versus high risk (6.6 months, p = 0.005, Log-rank analysis). 

C) Visualisation of the profile for validation cohort 2 (102 independent samples). Samples are ranked 

according to their prognostic risk score. 

D) Kaplan-Meier survival plot of overall survival estimates of the 102 samples in validation cohort 2, low 

(22.0 months) versus high risk (16.0 months, p = 0.013, Log-rank analysis). 

E) Kaplan-Meier survival plot of overall survival estimates of the 102 samples in validation cohort 2, low 

(21.6 months) versus medium (18.0 months) versus high risk (13.0 months, overall p = 0.003, Log-rank 

analysis). 

F) Gene overlap between PDAC prognostic signatures. The overlap of genes between the studies was limited 

to 5 from a total of 185 genes (PAPPA, TWIST, NT5E, S100A2, LOX). Potentially, all the identified signatures 

form subsets of a larger PDAC prognostic super-group. Green – prognostic-based signature, Blue – 

pathological based signature, Yellow – over-lapping signatures. 
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7 microRNA Molecular Profiles Associated with 

Diagnosis, Clinicopathological Criteria and 

Survival in Resectable PDAC  
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7.1 Introduction 
The analysis of protein expression and mRNA expression levels has contributed to defining 

the molecular network of PDAC carcinogenesis. Although the investigation of gene and 

protein expression has yielded new information, it has become apparent that studying non-

coding RNA gene products may provide additional insights into PDAC biology (371). To 

date only three large-scale profiles of miRNAs in PDAC have been published (219, 220, 

225).  

7.1.1 Aim 
Given the diagnostic, prognostic and therapeutic potential for miRNAs in cancer, the aim of 

the current chapter was to investigate the genome wide miRNA expression profile in a 48 

patient PDAC cohort and corresponding normal tissues and to correlate this molecular 

signature, not only with diagnosis, but also with clinicopathological variables including 

patient survival. A subset of candidate miRNAs was validated by RT-PCR in the 48 patients 

and in a further 24 patients.  

7.2 Results 
 

7.2.1 miRNA expression profiles between PDAC and normal pancreas 
The initial miRNA profiling was performed on 48 patients with resectable PDAC who 

underwent PD as described in the previous chapter (Table 2.1). A further 24 patients were 

used as a validation set (Table 2.1). The prognostic influence of clinicopathological factors 

were evaluated univariately and multivariately in Chapter 6 (Table 6.2, Table 6.3).  

The miRNA expression profiles in 48 PDACs and 10 paired samples of non-cancerous 

pancreas tissue were analysed and compared according to the workflow in Figure 11.15. 97 

miRNAs showed statistically different expression between the two groups (p < 0.001, t-test 

class comparison). 39 miRNAs were up-regulated and 58 were down-regulated in cancer (the 

top 25 up and down-regulated miRNAs are shown in Table 7.1 [complete list in Table 

11.16]). miRNAs up-regulated in PDAC compared to normal pancreas included miR-10a, 

miR-21, miR-143 and miR-145; miRNAs down-regulated in PDAC compared to normal 

included miR-148, miR-216 and miR-217. Using a multivariate permutation test to control 

for multiple comparisons, the probability of identifying 97 miRNAs by chance at p < 0.001, 

was estimated at 0. A comparison of the miRNA profiles for PDAC and normal pancreatic 

tissue is illustrated in Figure 7.1A, with hierarchical clustering demonstrated in Figure 7.1B. 

Further analysis of global miRNA profiles enabled PDAC and normal pancreas to be 

distinguished with 95% accuracy using the Bayesian compound covariate and with 90% 

accuracy using the nearest centroid class prediction algorithms (10-fold cross-validation). 

This supports the hypothesis of systematic change in miRNA expression during PDAC 

formation. 



    Chapter 7 miRNA Expression and Prognosis         151 

 

7.2.2 miRNA profiles related to clinicopathological features 
28 miRNAs were identified that differed based on tumour grade; 23 for tumour stage; 15 for 

lymph node status; 19 for venous invasion; 11 for resection margin status; 6 for 

peripancreatic fat invasion and 14 associated with site of recurrence (p < 0.001, t-test class 

comparison). No significant differences were associated with perineural invasion. These 

miRNA signatures, and their overlap, are illustrated in Figure 7.2. Three miRNAs were 

differentially expressed in association with tumour grade, stage and lymph node status; miR-

21, miR-146a and miR-628. No miRNA was identified as differently expressed according to 

patient gender or age.   

7.2.3 miRNA expression profiles associated with survival 
In a similar manner to the gene expression survival analysis in the previous chapter, miRNA 

expression profiles and patient survival following resection were investigated. Univariate 

analysis revealed, that, out of 476 probes that passed the filtering criteria, 20 miRNAs (Table 

7.2) were associated significantly with survival (p < 0.05, Log-rank test). This analysis was 

visualised by hierarchical clustering, which demonstrated the ability of the highest ranked 

miRNAs to cluster the 48 specimens according to survival (Figure 7.3A). Poor outcome was 

associated with low expression of 11 miRNAs and high expression of 9 miRNAs. Kaplan-

Meier analysis according to expression of the 20 miRNAs shows a significant difference in 

survival between low- and high-risk groups (Figure 7.3B). The poorest PDAC prognosis was 

associated with low expression of miR-29c, miR-30d, miR-34a, and/ or high expression of 

miR-21, miR-221 and miR-224. 

7.2.4 RT-PCR analysis of the most prognostic miRNAs  
Using RT-PCR, for the six individual miRNAs, high expression of miR-29c, miR-30d and 

miR-34a was confirmed as associating with better prognosis (Figure 7.3C). miR-30d high 

expression associated with a median overall survival of 30.7 months (95%CI: 15.4–44.7) 

versus low expression 18.0 months (95%CI: 12.2–23.9, p = 0.017); miR-34a high expression 

43.1 months (95%CI: 20.1–66.1) versus low expression 13.4 months (95%CI: 7.7–19.1, p < 

0.001); and miR-29c high expression 39.6 months (95%CI: 15.6–66.1) versus low expression 

16.7 months (95%CI: 9.3–23.6, p < 0.001).   

Furthermore, high expression of miR-21, miR-221 and miR-224 associated with poorer 

prognosis. Thus, miR-21 high expression was associated with a median overall survival of 

16.5 months (95%CI: 11.4-21.6) versus 30.1 months (95%CI: 14.2–49.9, p = 0.012) for low 

expression; miR-224 high expression of 17.6 months (95%CI: 10.5–24.7) versus 29.8 months 

(95%CI: 15.1–45.0, p = 0.023) for low expression; and miR-221 high expression of 16.5 

months (95%CI: 9.4–23.5) versus 28.3 months (95%CI: 23.9–32.7, p = 0.025) for low 

expression (Table 7.3). All survival comparisons were calculated using the Log-rank test. 
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7.2.5 miRNA expression associated with site of recurrence 
Of the six PCR validated miRNAs, only miR-30d showed significantly different expression 

based on recurrence site. 14/21 (67%) patients with distant recurrence showed low miR-30d 

expression, compared with 5/16 (31%) of those with local recurrence (p = 0.047, χ2 test). 

Likewise, 12/16 (75%) with liver metastases as the primary site of failure showed low 

expression of miR-30d, by comparison with 8/21 (38%) for patients with recurrence 

elsewhere (p = 0.03, χ2 test). 

7.2.6 Multivariate analysis identifies three prognostic miRNAs 
The six prognostic miRNAs identified on univariate analysis were included in separate 

multivariate models (48 patients) along with established prognostic clinicopathological 

factors. High miR-21 expression (HR: 3.22, 95%CI: 1.21–8.58, p = 0.019) remained an 

independent predictor of poor outcome, while high expression of miR-30d (HR: 0.31, 95%CI: 

0.12–0.79, p = 0.014) and miR-34a (HR: 0.15, 95%CI: 0.06–0.37, p < 0.001) independently 

predicted better survival (Table 7.4). 

7.2.7 Validation of prognostic miRNAs in an independent cohort 
A further validation series of 24 independent PDAC samples was used to evaluate the 

prognostic significance of a miRNA associated with poor outcome (miR-21) and a miRNA 

associated with favourable outcome (miR-34a) following resection. The validation group did 

not differ significantly in terms of pathological features compared to the original 48 patient 

cohort (Table 2.1). Both miRNAs were prognostic using a univariate comparison (Log-rank 

test). Patients with high miR-21 expression again had a poorer outcome (13.7 months, 

95%CI: 4.7–12.1) compared to low miR-21 expression (25.7 months, 95%CI: 20.2–31.1, p = 

0.031, Figure 7.4A). High miR-34a expression was associated again with good outcome (26.6 

months, 95%CI: 14.9–38.3) compared to low miR-34a expression (6.1 months, 95%CI: 1.75–

10.5, p < 0.001, Figure 7.4B). 

7.2.8 The predictive utility of miR-21  
miR-21 expression was analysed along with adjuvant chemotherapy allocation and survival. 

As the group characteristics were similar, a pooled comparison across the combined 72-

patient cohort (48 original + 24 validation PDACs) was performed. 38 patients received 

chemotherapy, and 34 did not. Univariate survival comparisons were calculated using the 

Log-rank test. Adjuvant chemotherapy was associated with improved survival: 21.8 months 

(95%CI: 12.6–31.0) versus 13.0 months (95%CI: 8.5–18.0, p = 0.05). 34 patients had high 

miR-21 and 38 had low expression, with low miR-21 associated with better outcome 

compared to high miR-21: 11.5 months (95%CI: 8.2–14.8) versus 26.7 months (95%CI: 

24.8–28.6, p = 0.001). Thus both receipt of chemotherapy and miR-21 levels are prognostic 

factors; but is miR-21 predictive of therapeutic response? 
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Of the patents with low miR-21 expression, 21 received chemotherapy and 17 did not, and 

administration of chemotherapy was not associated with improvement in survival: 27.5 

months (95%CI: 23.6–31.4) versus 26.6 months (95%CI: 23.1–30.0) without chemotherapy 

(p = 0.74). In contrast, in patients with high miR-21 expression, 16 received chemotherapy 

and 18 did not. Adjuvant chemotherapy was associated with a significant increase in overall 

survival, from 7.1 months (95%CI: 1.0–14.3) without chemotherapy to 16.4 months (95%CI: 

12.3–18.4) with chemotherapy (Figure 7.4C). However, the study is limited by small sample 

size and utility as a predictive marker should be tested in an adequately powered, prospective 

study. Thus in patients with tumours expressing high miR-21 adjuvant chemotherapy resulted 

in prolonged overall survival (p = 0.008); in contrast, for those with low miR-21 expressing 

tumours, no survival advantage could be demonstrated. Multivariate analysis of this 

combined cohort demonstrated high miR-21 expression predicted poor prognosis while 

adjuvant therapy was associated with improved survival (Table 7.5A). Subgroup multivariate 

analysis demonstrated that adjuvant therapy was only an independent predictor of outcome 

for the low miR-21 group (Table 7.5B, C).  

7.2.9 Bioinformatic enrichment of miRNA survival profiles 
Given that biological significance of miRNA deregulation is assumed to relate to the effect of 

miRNAs on their cognate protein-coding gene targets, the predicted targets of the six most 

prognostic miRNAs were analysed to gain further insight into the biological pathways 

potentially deregulated in PDAC. The analysis was performed using three algorithms, 

Targetscan 5.0 (372), PicTar (373) and DIANA-microT v3.0 (374), which are commonly 

used to predict human miRNA targets. Prediction results of the genes statistically most likely 

to be targets of these miRNAs show putative target cancer-related genes as follows: for miR-

34a, BCL2, E2F2, CCNE2, PDGFRA and CDK6; for miR-30d, CCNE2, MAPK8, SOS1, 

KRAS and BCL2; for miR-29c, IGF1, COL4A1, PTEN, LAMC1, VEGFA and PDGFC; for 

miR-21, YOD1, PLAG1 and STAG2; for miR-221, TGFβ, CDKN1B, RALA and PTEN; and 

for miR-224, SMAD4 and CDK6. 

To investigate the biological consequence of altered expression of these miRNAs, a 

bioinformatic analysis was conducted, using DIANA-mirPath, to group the predicted targets 

of these miRNAs by KEGG pathway. miRNAs associated with poor prognosis demonstrated 

enrichment for MAPK signalling, TGFβ signalling, Wnt signalling and p53 signalling (Figure 

11.16, Table 11.17). For these poor prognosis pathways, the only common target gene was 

UBE2D3, an ubiquitin-conjugating enzyme that is a target of the retinoid signalling pathway 

(375). miRNAs associated with favourable prognosis demonstrated enrichment for focal 

adhesion pathways, ECM-receptor interaction pathways and phosphatidylinositol signalling 

(Figure 11.17, Table 11.18). For these good prognosis pathways, shared target genes were 
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Sirt-1, CALCR and RARB. Further investigation of miR-21 targets, miR-34a regulation and 

expression profiles associated with these miRNAs are presented in Chapter 9. 

7.3 Discussion 
In this chapter, global miRNA profiling in 48 resected PDAC specimens was performed using 

miRNA microarrays. These data show that miRNA expression profiling can identify novel 

clinicopathological correlations for PDAC including a signature of prognostic miRNAs. 

Detailed miRNA profiles have previously been generated from PDAC cell and animal models 

(376). Additionally three large-scale profiles of miRNAs in human PDAC have been 

published (219, 220, 225).  

This cohort is the second largest in the miRNA microarray profiling literature behind that of 

Bloomston and co-workers in which 65 PDACs were profiled (225). 21 miRNAs were 

significantly up-regulated in that study with four down-regulated in the PDAC specimens 

compared with normal pancreatic tissue. CP miRNA expression profile was similar to that of 

PDAC tumour specimens, however the normal pancreatic tissue profile was quite distinct 

from both. This was the first attempt to correlate miRNA expression with clinicopathological 

factors including survival. Comparing the miRNA expression profile of lymph node positive 

cases only, they identified six miRNAs associated with outcome (miR-30a-3p, miR-105, 

miR-127, miR-187, miR-452 and miR-518a-2). Two additional miRNAs were also identified, 

miR-196a-2 and miR-219, overexpression of which were associated with poor survival. The 

importance of miR-196 confirms the findings of Szafranska and co-workers. The expression 

profiles of miRNAs generated in this thesis broadly agree with the prior literature, which 

provides credence to the novel candidates that were reported.  

First, in this thesis an evaluation of PDAC miRNA profiles identified 39 miRNAs that were 

up-regulated and 58 miRNAs that were down-regulated in PDAC in comparison to normal 

pancreatic tissue (p < 0.001). In particular, miR-21, miR-155 and miR-10a were significantly 

over-expressed in PDAC compared to normal (miR-21 showing a 5.6 fold increase), with 

miR-130b, miR-148 and miR-216 being under-expressed. There is considerable overlap 

between miRNA expression profiles generated in recent PDAC microarray analyses (220) 

and the current study, far more than was evident in mRNA profiling studies (3). Principally a 

result of the smaller number of potential targets this overlap supports the robustness of 

miRNA methodology as, despite different extraction and analysis techniques, remarkably 

similar profiles result. A true advantage for miRNA profiling is their small size lessens 

susceptibility to degradation in FFPE tissue, allowing for wider application of profiling on 

large cohorts of banked tissue samples. 

Over-expressed miRNAs including miR-21, miR-145 and miR-155 all commonly associate 

with malignancy (377, 378), however miR-23a and miR-103 were novel over-expressed 
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targets that warrant further investigation. It was identified that miRNA expression correlated 

with clinicopathological features. Notably, high tumour grade was associated with the 

greatest number of aberrant miRNAs followed by T stage and venous invasion. R1 status was 

associated with significantly aberrant miRNA expression suggesting tumour biology variation 

may underlie this detrimental pathological state (251). Three miRNAs were commonly 

differentially expressed in association with tumour grade, stage and lymph node status; miR-

21 emerged once again along with miR-146a and miR-628. This finding suggests a number of 

miRNAs are shared amongst tumours with advanced features. Although this type of analysis 

is novel in PDAC, the results concur with previous cancer related miRNA studies. In gastric 

carcinoma, miR-146a expression was associated with lymph node positivity (379). In a 

neuroblastoma sequencing study, miR-628 was identified as a putative TSG, being expressed 

in tumours with favourable outcome (380). miR-21 expression has been correlated with stage 

and lymph node metastasis in various malignancies (377, 378). 

Global miRNA profiling with multivariate Cox regression analysis identified numerous 

miRNAs that were significantly associated with overall survival following resection in the 

studied cohort. The overlap with differentially expressed miRNAs based on pathological 

factors included only miR-21, miR-30d and miR-125. While many were novel associations, 

high miR-21 expression was confirmed as independently associated with poor overall 

survival, supporting previous reports (221), including in-situ hybridisation assessment, in 

which miR-21 was prognostic in node-negative patients (381). The proposed oncogenic 

properties of this almost ubiquitously expressed molecule are supported by functional 

investigations demonstrating that inhibition reduced proliferation of cancer cell lines 

including breast, hepatocellular and PDAC (382-384). Conversely, miR-21 precursor 

transfection enhanced invasion in a breast cancer model (385) in addition to pancreatic cancer 

(384).  

This work identified numerous novel miRNA prognostic associations in particular miR-30d 

and miR-34a. The miR-34 family is strongly implicated as serving a tumour suppressor role 

in malignancy (386) and in a p53-deficient pancreatic cancer cell model, miR-34a 

transfection resulted in restoration of the p53 TSG function (387). In NSCLC, it was shown 

to be down-regulated, with low levels correlated with a high probability of relapse (388). The 

current data support a tumour suppressive role for miR-34a as higher than median expression 

was independently associated with a favourable outcome following resection in the test 

cohort and univariately in the validation set.  

High miR-30d expression was identified as an independent marker of good prognosis in the 

test set. While not previously implicated in PDAC, over-expression of miR-30d is associated 

with poor outcome in hepatocellular carcinoma (389). miR-29c has not previously been 
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correlated with survival in PDAC but in mesothelioma, miR-29 expression associated with 

favourable outcome, and overexpression in a cell model resulted in decreased invasion (390). 

Similarly in mantle cell lymphoma, miR-29 was down-regulated compared to normal 

lymphocytes with under-expression associating with reduced survival (391).  

The miR-221/222 cluster is up-regulated in PDAC cell lines and likely promotes proliferation 

as in other tumours (392). miR-222 over-expression was previously associated with poorer 

outcome following PDAC resection (223). While miR-221 has been associated with 

increasing PanIN grade (393), the current data is the first to associate miR-221 or miR-224 

expression with overall survival. The novel survival associations for miR-29c, miR-30d, miR-

34a, miR-221 and miR-224 warrant validation studies to investigate potential roles in PDAC 

tumourigenesis.  

miR-196a is a notable target previously demonstrated by Bloomston and co-workers (225) 

that was not identified as prognostic in the present analysis. Subsequently no further 

investigation of this target was performed and therefore potential prognostic utility cannot be 

excluded. miR-196a expression did correlate with lymph node positivity, T3 tumours, venous 

invasion and resection margin involvement, supporting a disease progression role. Expression 

profile differences may be explained by RNA extraction and analysis platform variation. It 

should be noted that discrepancy in miRNA profiling between these data and the Bloomston 

study might be explained by their extraction of RNA from paraffin cores. 

These results suggest that miR-21 had prognostic utility for all patients regardless of adjuvant 

therapy status supporting its role as a prognostic marker. However, if miR-21 expression is 

causal to poor therapeutic outcome, antagomirs (394) targeting this molecule may yield 

therapeutic benefits in high expressors. This assessment of miR-21 predictive utility was 

confounded by limited sample size and a non-standardised chemotherapy regimen. 

Giovannetti and co-workers studied the relationship between miR-21 over-expression in 

PDAC and gemcitabine resistance (221), with high expressors having poorer prognosis. 

Transfection of pre-miR-21 was seen to decrease the anti-proliferative and apoptotic 

influence of gemcitabine in cell culture model. Hwang and co-workers showed that in both 

test and validation cohorts, low miR-21 expressors benefited from adjuvant chemotherapy 

(222) with longer survival. However, miR-21 expression did not predict overall survival in 

the adjuvant therapy group.  

The pathway enrichment analysis conducted for putative mRNA targets of miRNAs 

associated with poor outcome highlighted established pathways underlying PDAC including 

Wnt, TGFβ and MAPK signalling. Putative target genes commonly targeted by the good 

prognosis miRNAs were identified by a combination of on-line computational approaches 
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and indicate the cancer-associated genes are potentially regulated by these miRNAs. 

Additional studies are required to validate these targets. 

This study was not without limitations, principally the failure to perform laser capture 

microdissection, instead using bulk-dissected pancreatic tumour tissue for RNA extraction 

again compromises these results. The technique used enables the stromal and potentially 

inflammatory components, which play an increasingly recognised role in carcinogenesis and 

tumour progression, to be evaluated alongside epithelial components. Despite this potential 

benefit, microdissection would have enhanced localisation of miRNA expression to individual 

tissue compartments.  

Despite prognostic significance of miRNA profiling demonstrated in the current study, 

clinical utility may be more influenced by measurement prior to resection. miRNA analysis in 

PDAC tissue obtained by EUS-FNA has already been performed (395), with a combination of 

qRT-PCR miR-196 and miR-217 measurement enhancing traditional cytological assessment 

in distinguishing CP from malignancy, with potential to enhance the clinical management 

algorithm of borderline resectable cases and target neoadjuvant therapy. The stability and 

robustness of miRNAs was demonstrated by recent quantification in serum. Measurement of 

a miRNA panel including miR-21, miR-210, miR-155 and mir-196a suggested that a plasma 

miRNA profile could provide a sensitive and specific PDAC biomarker assay (396). If serum 

levels are confirmed as matching the promising early tumour based studies, this family of 

biomarkers may serve as a long-sought screening tool for PDAC, potentially allowing high-

risk groups to be risk stratified. While diagnosis of malignancy is invariably determined by 

preoperative biopsy, this approach is not sensitive for evaluating the existence or extent of 

metastatic disease. Circulating miRNAs could provide a promising approach to the timely 

detection and diagnosis of both primary and occult metastatic disease.  

7.3.1 Summary 
In conclusion, this chapter has confirmed PDAC is associated with extensive alterations of 

miRNA expression that may deregulate cancer-related genes. The miRNA profiles of PDAC 

correlated with clinicopathological features including lymph node status and tumour grade 

and furthermore various miRNAs possessed independent prognostic utility following 

resection including miR-21 and miR-34a. 
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Table 7.1 Top 50 miRNAs dysregulated in PDAC compared with normal tissue 
 

25 up- and down-regulated miRNAs, ranked by p-value. 

 

miRNA ID Chromosomal 
location 

Parametric   
p-value b FDR Mean of intensities 

normal 
Mean of 

intensities PDAC 
Fold-

changea 
MicroRNAs with higher expression in PDAC 

hsa-let-7i 12q14.1 < 1e-07 < 1e-07 413.44 1683.51 4.00 
hsa-miR-23a   19p13.13 < 1e-07 < 1e-07 1737.84 4847.53 2.78 
hsa-miR-107 10q23.31 1.00E-07 6.67E-06 345.58 1037.51 3.03 
hsa-miR-223 Xp11.3 1.00E-07 6.67E-06 166.79 1163.35 7.14 
hsa-miR-143 5q32 2.00E-07 1.22E-05 123.34 871.28 7.14 
hsa-miR-27a   19p13.13 3.00E-07 1.69E-05 498.56 2184.78 4.35 
hsa-miR-214 1q24.3 5.00E-07 2.29E-05 178.47 548.68 3.03 
hsa-miR-199a-5p 1q24.3 8.00E-07 3.26E-05 622.14 1739.08 2.78 
hsa-miR-103 5q34 1.40E-06 4.89E-05 164.5 388.54 2.38 
hsa-miR-145 5q32 1.70E-06 5.67E-05 430.4 1666.69 3.85 
hsa-miR-21 17q23.2 3.60E-06 9.79E-05 4517.4 17083.78 3.85 
hsa-miR-142-5p 17q22 9.60E-06 0.000214 85.14 323.35 3.85 
hsa-miR-10a 17q21.32 1.15E-05 0.000241 75.01 256.77 3.45 
hsa-miR-130a 22q11.21 1.40E-05 0.00027 373.22 750.09 2.00 
hsa-miR-100 11q24.1 1.60E-05 0.000301 114.39 322.7 2.86 
hsa-miR-142-3p 17q22 1.79E-05 0.000313 287.25 1105.55 3.85 
hsa-miR-505 Xq27.1 2.64E-05 0.000431 16.74 29.38 1.75 
hsa-miR-150 19p13.33 2.75E-05 0.000439 60.5 203.4 3.33 
hsa-miR-155 21q21.3 5.16E-05 0.000689 31.1 68.26 2.17 
hsa-miR-146b-5p 10q24.32 6.55E-05 0.000829 150.45 461.85 3.03 
hsa-miR-331-3p 12 q22 8.54E-05 0.000995 188.16 340.2 1.82 
hsa-miR-24 9q22.32 9.92E-05 0.00112 1778.84 3226.44 1.82 
hsa-miR-34a 1p36.22 0.0001034 0.00114 234.08 474.37 2.04 
hsa-miR-222 Xp11.3 0.0001202 0.0013 93.06 222.24 2.38 
hsa-miR-221 Xp11.3 0.0001454 0.00148 64.03 134.47 2.08 

MicroRNAs with reduced expression in PDAC 
hsa-miR-130b 22 q11.21 < 1e-07 < 1e-07 654.34 82.01 0.13 
hsa-miR-345 14 q32.2 < 1e-07 < 1e-07 82.87 7.76 0.09 
hsa-miR-617 12 q21.31 < 1e-07 < 1e-07 68.05 10.46 0.15 
hsa-miR-887 5 p15.1 < 1e-07 < 1e-07 38.28 11.92 0.31 
hsa-miR-708 11 q14.1 < 1e-07 < 1e-07 76 8.21 0.11 
hsa-miR-139-3p 11 q13.4 < 1e-07 < 1e-07 110.5 35.76 0.32 
hsa-miR-564 3 p21.31 1.00E-07 6.67E-06 165.43 25.53 0.15 
hsa-miR-874 5 q31.2 5.00E-07 2.29E-05 250.53 113.9 0.45 
hsa-miR-148a 7 p15.2 9.00E-07 3.48E-05 2315.13 331.76 0.14 
hsa-miR-575 4 q21.22 1.10E-06 4.04E-05 564.79 128.95 0.23 
hsa-miR-33b* 17 p11.2 2.20E-06 7.02E-05 28.61 9.92 0.35 
hsa-miR-28-3p 3 q28 2.30E-06 7.03E-05 57.43 12.78 0.22 
hsa-miR-324-3p 17 p13.1 3.40E-06 9.60E-05 655.4 303.3 0.46 
hsa-miR-216a 2 p16.1 4.00E-06 0.000105 1546.12 49.51 0.03 
hsa-miR-665 14 q32.2 5.60E-06 0.000142 30.54 5.26 0.17 
hsa-miR-381 14 q32.31 5.80E-06 0.000142 79.4 41.38 0.52 
hsa-miR-648 22 q11.21 6.60E-06 0.000156 61.58 6.79 0.11 
hsa-miR-30a 6 q13 1.00E-05 0.000216 1618.77 631.19 0.39 
hsa-miR-494 14 q32.31 1.25E-05 0.000255 4154.24 658.18 0.16 
hsa-miR-148b 7 p15.2 1.74E-05 0.000313 16.44 .2.90 0.11 
hsa-miR-29c 1 q32.2 1.75E-05 0.000313 5482.41 2708.27 0.50 
hsa-miR-141 12 p13.31 2.14E-05 0.000365 5732.12 1434.94 0.25 
hsa-miR-30c-1* 1 p34.2 2.28E-05 0.00038 8.67 2.89 0.33 
hsa-miR-30d 8 q24.22 3.42E-05 0.000534 869.87 483.39 0.56 
hsa-miR-217 2 p16.1 3.68E-05 0.000563 350.89 44.22 0.12 

FDR  = false discovery rate 
a PDAC / Normal expression 
b p value reported are the result of class comparison analysis of microRNA expression patterns from 48 PDAC tumours compared to 10 

normal pancreatic tissue samples using Biometric Research Branch (BRB) Array Tools 3.9. 

' "
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Table 7.2 Microarray analysis identified miRNAs univariately associated with survival 
 

Analysis performed for 48 patients with PDAC (p < 0.05). 

miRNA id Parametric p-value Hazard ratio a SD of log 
intensities 

hsa-miR-30d 0.0008 0.16 0.494 
hsa-miR-29c 0.0055 0.407 0.684 
hsa-miR-154* 0.0085 4.958 0.708 
hsa-miR-21 0.0086 2.527 0.883 
hsa-miR-224 0.0093 2.031 0.947 
hsa-miR-34a 0.0128 0.395 0.607 
hsa-miR-455 0.0147 3.151 0.543 
hsa-miR-378 0.0152 0.464 0.759 
hsa-miR-423 0.0178 0.412 0.582 
hsa-miR-30a 0.0213 0.506 0.817 
hsa-miR-31 0.0220 1.26 2.099 
hsa-miR-125b* 0.0222 0.421 0.788 
hsa-miR-221 0.0232 2.007 0.713 
hsa-miR-33a 0.0243 0.288 0.482 
hsa-miR-141 0.0344 0.716 1.336 
hsa-miR-181b 0.0352 2.166 0.644 
hsa-miR-193 0.0393 7.083 0.757 
hsa-miR-223 0.0415 0.257 0.475 
hsa-miR-186 0.0426 3.344 0.344 
hsa-miR-30c 0.0495 0.637 0.777 

a Hazard ratio < 1 miRNA expression associated with good outcome 

  Hazard ratio > 1 miRNA expression associated with poor outcome 

* Denotes complementary miRNA sequence 

SD – standard deviation 

 

Table 7.3 Association of miRNA expression levels measured by RT-PCR with overall survival: univariate 
analysis 
 

microRNA No. of Patients Median Survival (months) 95% CI p value a 
miR-21     

Low  25 30.1 14.2 - 49.9  
High 23 16.5 11.4 - 21.6 0.012 

miR-29c     
Low 25 16.7 9.32 - 23.6  
High 23 39.6 15.6 - 63.6 0.002 

miR-30d     
Low 25 18.0 12.2 - 23.9  
High 23 30.7 15.4 - 44.7 0.017 

miR-34a     
Low 24 13.4 7.73 - 19.1  
High 24 43.1 20.1 - 66.1 < 0.001 

miR-221     
Low 23 28.3 23.9 - 32.7  
High 25 16.5   9.4 - 23.5 0.025 

miR-224     
Low 24 30.9 15.1 - 45.0  
High 24 17.6 10.5 - 24.7 0.023 

a p value calculated from Log-rank analysis  

'
' '
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Table 7.4 Multivariate Cox regression analysis including miRNA expression levels in 48 patients with 
PDAC 
 

  Overall survival 
  Multivariate Analysis  
Model a Category HR (95% CI) p value 
A    

miR-21 Low/ High 3.22 (1.21 - 8.58) 0.019 

B    

miR-30d Low/ High 0.30 (0.12 - 0.79) 0.014 

C    

miR-221 Low/ High 0.92 (0.34 - 2.54) 0.881 

D    

miR-224 Low/ High 0.67 (0.25 - 1.76) 0.673 

E    

miR-29c Low/ High 0.53 (0.19 - 1.47) 0.227 

F    

miR-34a Low/ High 0.15 (0.06 - 0.37) 0.001 
a Tumour stage, tumour grade, venous invasion, margin involvement, peripancreatic fat invasion, adjuvant therapy included in each 

multivariate model with includes a single miRNA. 

Table 7.5 Prognostic miRNAs: multivariate analysis of combined 72 patient cohort 
 

A) All 72 patients. B) 38 patients with low miR-21 expression (less than median expression value). C) 34 
patients with high miR-21 expression (greater than median expression). 
 

  Overall survival 
  Multivariate  
Prognostic factor Category HR (95% CI) p value 
A) All 72 patients   
 Tumour stage T2/ T3 2.36 (0.96 - 6.33) 0.079 

 Lymph node status Absent/ Present 2.17 (0.85 - 5.78) 0.104 

 Tumour grade Low/ High 2.26 (1.25 - 4.08) 0.007 

 Tumour size (mm) < 30/ ≥ 30 1.83 (1.03 - 3.26) 0.041 

 Venous invasion Absent/ Present 1.23 (0.73 - 2.33) 0.382 

 Margin involvement R0/ R1 3.45 (1.71 - 6.95) 0.001 

 Peripancreatic fat invasion No/ Yes 2.22 (1.08 - 4.58) 0.033 

 Adjuvant therapy No/ Yes 0.47 (0.28 - 0.78) 0.009 

 miR-21 expression Low/High 4.45 (2.45 - 8.13) 0.001 

B) Low miR-21 expression 38 patients   
 Tumour stage T2/ T3 2.61 (0.72 - 8.56) 0.147 

 Lymph node status Absent/ Present 2.37 (0.56 - 9.61) 0.261 

 Tumour grade Low/ High 2.75 (1.06 - 7.27) 0.041 

 Tumour size (mm) < 30/ ≥ 30 1.51 (0.57 - 4.01) 0.404 

 Venous invasion Absent/ Present 1.52 (0.52 - 4.38) 0.438 

 Margin involvement R0/ R1 4.40 (1.49 - 12.9) 0.007 

 Peripancreatic fat invasion No/ Yes 1.89 (1.12 – 5.70) 0.089 

 Adjuvant therapy No/ Yes 0.51 (0.21 - 1.20) 0.120 

C) High miR-21 expression 34 patients   
 Tumour stage T2/ T3 2.01 (0.36 - 11.3) 0.428 

 Lymph node status Absent/ Present 2.95 (0.93 - 8.91) 0.124 

 Tumour grade Low/ High 2.15 (0.83 - 5.61) 0.117 

 Tumour size (mm) < 30/ ≥ 30 1.24 (0.53 - 2.92) 0.623 

 Venous invasion Absent/ Present 1.17 (0.44 - 3.19) 0.895 

 Margin involvement R0/ R1 7.51 (1.93 - 13.2) 0.001 

 Peripancreatic fat invasion No/ Yes 2.35 (1.34 - 4.91) 0.055 

 Adjuvant therapy No/ Yes 0.24 (0.09 - 0.61) 0.003 
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Figure 7.1 Differentially expressed microRNAs in PDAC versus normal pancreas 
 

A) Scatterplot characterisation of dysregulated miRNAs by microarray profiling: 48 PDAC and 10 normal 

pancreatic samples. Following global normalisation of the raw log array data, mean normal pancreatic tissue 

expression was plotted on the x-axis, and mean cancer expression plotted on the y-axis. Important microRNAs 

are highlighted by label. Spot size indicates the fold-change relative to median value. The centre line represents 

no expression difference between PDAC and normal pancreatic tissue. Colour is only to facilitate visualization.' "

A"
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Figure 7.1 Differentially expressed microRNAs in PDAC versus normal pancreas 
 

B) Supervised average linkage clustering with centred Pearson correlation using 48 PDACs and 10 normal 

pancreatic samples. miRNAs are in rows with the samples in columns. The non-tumour normal pancreatic 

samples are on the right highlighted in green, with tumour samples highlighted in blue. The expression colour 

bar is shown below the dendrogram. Red indicates a miRNA expression higher than the average expression 

across all samples, blue indicates a lower expression. 
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Figure 7.2 MiRNAs associated with traditional clinicopathological features in PDAC 
 

Venn diagram of miRNAs that are associated in PDAC with tumour grade, tumour stage and lymph node status. 

The numbers are attached to lists of the miRNAs associated with each component of the diagram. miRNAs 

associated with the presence of venous invasion, resection margin involvement and liver metastases as the site 

of initial recurrence are listed separately at bottom left: those miRNAs which are common to those in the Venn 

diagram are highlighted in red. 
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 Figure 7.3 Identification and validation of prognostic miRNAs in PDAC 
 

A) Hierarchical clustering of 48 resected PDACs based on the top 20 survival associated miRNAs (miRNA 

expression by microarray: red indicates up-regulation; blue indicates down-regulation). In the survival 

identifier row, samples coloured green indicate survival over 2 years, while red indicates survival below 6 

months. 

B) Kaplan-Meier analysis of the 20 miRNA predictor demonstrates a significance difference in survival time 

based on microarray expression (Log-rank test, p = 0.02) between low-risk and high-risk groups. 

C) Kaplan-Meier analysis of the RT-PCR validation. High expression of miR-29c, miR-30d and miR-34a is 

associated with favourable survival while high expression of miR-21, miR-224 and miR-221 expression is 

associated with poor survival. Here, miRNA expression levels were measured by qRT-PCR, with high expression 

levels of miRNA corresponding to a value greater than the median expression.  p values are based on Log-rank 

test. 

 

' "
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Figure 7.4 Further validation of prognostic miRNAs and predictive utility of miR-21 
 
Survival analyses confirming high expression of A) miR-21 (p = 0.031) and low expression of B) miR-34a (p < 

0.001) was associated with poor survival following resection in a validation cohort of 24 PDAC patients. C) 

Combined analysis of 72-patient cohort examining associations between mir-21 expression and receipt of 

adjuvant chemotherapy with overall survival. In patients with low tumoural miR-21 expression, adjuvant 

chemotherapy failed to significantly influence overall survival (p = 0.74), while in patients with high miR-21 

expression, chemotherapy was associated with significantly prolonged survival (p = 0.008). miRNA expression 

levels measured by qRT-PCR were converted into discrete variable by division of samples into two classes (low 

and high expression) based on median values as the threshold. p values based on Log-rank test. 
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8.1 Introduction 
As discussed, PDAC is associated with a series of chromosomal aberrations. aCGH allows a 

unique view of the genomic instability that a tumour has undergone before diagnosis. The 

number of genomic CNAs and the specific loci involved, such as whole chromosome gain, 

loss, high-level amplification and homozygous deletions, are quantifiable. The type, degree 

and locations of these changes may have prognostic and therapeutic implications for PDAC. 
 

8.1.1 Aim 
The aim of the present chapter was to undertake a detailed analysis using aCGH of 

chromosomal imbalances in a cohort of 45 resected PDACs. A further objective was to 

identify CNAs associated with clinicopathological features including survival. 
 

8.2 Results 
8.2.1 Combination of previous aCGH data  
The data from previous studies assessing CNA with aCGH in PDAC (Table 1.6) were used 

to create a CNA frequency plot (Figure 8.1). The first striking feature is that the frequency 

of deletion is greater than for amplification. Furthermore the location of several established 

TSGs is clear. The amplifications tend to be focal and assist in the identification of target 

oncogenes. The lack of frequent amplifications suggests that oncogene over-expression by 

gene amplification may not be a common mechanism in PDAC. From the frequent deletions 

in the PDAC genome it appears that suppression of TSGs by deletion may be a common 

feature of PDAC.  
 

8.2.2 Assessment of copy number aberration in pancreatic cancer samples 
In total, 45 PDACs had a copy number profile constructed and analysed for this chapter 

according to the workflow in Figure 11.18, with the cohort characteristics described in Table 

2.1. As in the previous two chapters, only patients with fresh frozen tissue of suitable quality 

were included. Unfortunately this cohort did not overlap completely with the cohort that 

underwent gene expression and miRNA profiling from the previous chapters as a result of 

insufficient residual tissue (overlap = 37). Following aCGH hybridisations and removal of 

arrays with sub-standard hybridisation, analysis was performed as outlined in Figure 2.2D. 

The results for all samples and for each chromosome were plotted as for chromosome 17 

(Figure 8.2). The analysis of CNAs was assessed using various algorithms (Figure 2.2E) 

previously utilised in similar analyses on a variety of tumour types, of which the CBS 

algorithm was found to be the most useful (259). A table of gains and losses in chromosomal 

regions for the entire cohort were compiled (Table 11.19). Diagrammatic representations of 

the CBS algorithm results are presented in Figure 8.3. Numerous aberrations were 

confirmed, previously identified in PDAC both in large-scale genomic profiling studies and 

by other molecular techniques. 
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8.2.3 Pathway enrichment analysis for arrayCGH 
Pathway analysis allowed for the enrichment of a large number of aberrantly expressed 

regions according to specific gene sets. The results for KEGG and BioCarta pathway 

enrichment are shown in Table 11.34 and Table 11.35 respectively. There was clear 

enrichment of pathways previously identified as important in PDAC, with regions of gain 

associated with Jak-Stat, Notch, Wnt, NFκB signalling, ERBB2 and IL-5 pathways, as well 

as ECM receptor interaction, ubiquitin proteolysis, leukocyte transendothelial migration and 

haematopoietic cell lineage. Similarly there was pathway enrichment of genes with loss 

including TGFβ signalling, PTEN dependent cell cycle arrest, GnRH signalling pathway, 

Parkinson disease pathway, autophagy and apoptosis. Other novel pathways included PITX2 

regulation, SUMOylation and PPARδ pathways.  

8.2.4 Genomic identification of significant targets in cancer (GISTIC) analysis 
The level of discordance between chromosomal abnormalities evident from recent studies 

highlights the need to determine ‘controlling’ genetic modifications. Strikingly different 

studies of the same tumour type often report ‘regions of interest’ that are highly discordant. 

In lung cancer for example, two similar studies reported 48 and 93 regions of interest, 

respectively (397, 398) with < 5% overlap. Although perfect agreement should not be 

expected, such a high level of disagreement is disconcerting. One possible explanation is the 

true number of cancer-related regions is extremely large, with each containing only a small 

and variable subset of regions. Alternatively, many reported regions are random events of no 

biologic significance. Most methods do not account for background levels of random 

chromosomal aberration. The GISTIC method was developed to help identify CNAs more 

likely to drive cancer pathogenesis, with greater weight given to high amplitude events, that 

are less likely to represent random aberrations.  

8.2.4.1  GISTIC methodology 
GISTIC identifies the frequent and significant CNAs through two key steps (Figure 8.4). 

Firstly, identifying a statistic (G score) involving both frequency of occurrence and 

aberration amplitude. Second, assessing the significance of each CNA compared to results 

expected by chance. The method accounts for multiple-hypothesis testing and assigns a q 

value to each result, reflecting the probability that the event is due to chance fluctuation. For 

each significant region, a ‘peak region’ with the greatest frequency and amplitude of 

aberration is identified. Each peak is tested to determine whether the signal is due primarily 

to broad events, focal events, or overlapping events of both types. 

8.2.4.2 GISTIC results 
Table 11.21 demonstrates the significant regions of gain and loss identified by the GISTIC 

method in the 45 patient cohort. As expected the number of significant areas of copy number 

loss outnumber regions of gain. The overall genome-wide view of the CNAs is shown in 
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Figure 8.5A. The overall pattern is complex, with almost every region of the genome altered 

in at least one tumour. Nonetheless, 6 broad and 23 focal events are significant in regions of 

copy number loss (1p36.23-p36.21, 16p13.3-q24.3, 17p13.3-q25.3, 18q12.1-q23, 19p13.3-

q13.43, 21q22.3, 22p13.33-q13.33), while 9 focal events were significant in regions of copy 

number gain.  The peak regions were compared to the location of common PDAC 

aberrations (KRAS, TP53, CDKN2A, SMAD4, LKB1, BRCA, PDX-1, HER2, c-MYC, 

EGFR, TGFβ1 and AKT). Five from 12 genes were found to correspond with one of 23 

peak regions. KRAS was not overexpressed, however, it is well known to have altered 

expression resulting from mutation rather than CNA. Various peaks were identified 

containing genes aberrant in other cancers (CHAF1A, DPP6, EXOC4, SMURF1 and 

BOP1). This analysis suggests that CNAs involving these genes are relevant to PDAC 

pathogenesis and should be further characterised. In particular GSTT1 was identified as 

being significantly amplified in this cohort, having previously been associated with a 

predictive role in PDAC patients receiving 5-FU adjuvant therapy (399). The remaining 

regions are not associated with known cancer genes (ADAM18, MGRN1, SIRBP1 and 

RNPC3) highlighting the importance of systematic analysis. 

8.2.4.3 Consistency across independent dataset 
The GISTIC algorithm results were validated within an independent PDAC study (400), 

which used similar Agilent aCGH arrays (44K versus 244K) to profile 30 tumours. At first 

glance there appears to be striking differences, attributable in part to differing 

methodologies. Applying the GISTIC algorithm to the previous study identifies similar 

regions as identified in the studied cohort (Table 8.1), although the total number was 

reduced due to diminished array density. The most obvious CNAs were as expected, losses 

of SMAD4 and CDKN2A, gain of c-MYC, with broad aberrations of chromosome 4, 13, 17 

and 18. Novel markers identified included MLLT3, a putative regulator of erythroid cell 

fate, implicated in acute myeloid leukaemia (401) but novel in PDAC. SMURF2 knockdown 

in breast cancer cells has been shown to enhance cell migration (402). Interestingly analysis 

of both datasets revealed increased DPP6 copy number and decreased DUSP22 copy 

number. The overlap between the data sets was not as high as expected. 

8.2.5 Association of clinicopathological factors with copy number aberrations  
Overall, cases with a phenotype indicating increased malignant potential had a higher degree 

of aberrations. Lymph node status, tumour stage, grade, venous invasion, size, pancreatic fat 

invasion and resection margin status were assessed (Appendix 11.6.5). Then the frequency 

of CNAs was compared and associated with different pathological states at a probe level, to 

identify whether CNA frequency was a potential driver accounting for these pathological 

states (comparison standardised at p < 0.001) (Figure 8.6A). Tumour grade and venous 
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invasion appeared to be associated with greater CNA frequency, suggesting these disease 

features are particularly associated with copy number change. 

8.2.6 Prognostic impact of copy number aberration in PDAC  
In order to determine whether CNAs in PDAC correlated with overall survival, a Cox 

proportional-hazards model was created to identify statistically significant individual clones. 

1120 clones were identified on chromosomes 1, 7, 8, 9, 11, 18 and 21, which harboured loci 

significantly associated with outcome (p < 0.001, Log-rank test) (Figure 8.6B). The list of 

250 genes and loci are shown in Table 11.32. As illustrated in Table 8.2, genes for which 

high copy number associated with poor outcome were located on chromosome 9, with 

PRSS3 (9p11.2) identified as the most prognostic aberration. Genes for which copy number 

loss associated with poor prognosis were found on chromosome 7 and 18 including EPHA1, 

CLCN1 and SHH.  

Based on the common regions of aberrations identified, patients whose tumours had greater 

than the median number of aberrations had a significantly poorer prognosis (11.5 months) 

than those patients whose tumours had less than the median number of aberrations (28.3 

months, p = 0.002, Log-rank test, Figure 8.6C). 

8.2.6.1.1 CNA and outcome: univariate and multivariate analysis 
To determine the extent that survival was determined by the presence or absence of 

chromosomal aberrations, outcome following resection was compared for a selection of 

aberrations associating with poor and favourable outcome (Table 8.2). Kaplan-Meier 

analysis of a selection of the genes in which CNA related to outcome is shown in Figure 8.7. 

In a multivariate model, copy number gain associated with STMN1 (1p36.1) yielded 

independent prognostic significance (HR: 3.6, 95%CI: 1.38–9.94; p = 0.009, Log-rank test) 

in addition to tumour stage, size, grade and R1 status (Table 8.4A). Conversely, copy 

number loss of EPH1A (7q34) yielded prognostic information (HR: 0.26, 95%CI: 0.11–

0.59; p = 0.001, Log-rank test) when analysed separately along with tumour stage, size, 

grade, R1 status and adjuvant therapy (Table 8.4B). GSEA was performed to identify genes 

with CNAs relating to outcome correlated with known gene sets including GO, BioCarta 

and KEGG pathways (Table 11.33). 

8.3 Discussion 
The main objective of this chapter was to explore and catalogue the genomic aberrations in a 

45 patient PDAC cohort using a high-density oligonucleotide aCGH platform. This allowed 

confirmation of numerous regions of recurrent chromosomal loss and gain, the spectrum of 

which was consistent with previously published conventional CGH and aCGH studies. The 

present study represents the highest resolution assessment of the PDAC genome using 

aCGH, and was envisioned as a means to identify new aberrations involved in PDAC 

tumourigenesis and prognosis.  
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The volume of data generated by this method of genomic profiling is problematical. While 

obvious CNAs can be selected from the background change, subtle high-definition changes 

are more challenging. Pathway enrichment analysis was applied successfully, confirming 

Jak-Stat, Ras, Notch and Wnt as demonstrating copy number gain. Novel pathways derived 

from genes with copy number loss identified by enrichment included PITX2 and 

SUMOlyation. Small ubiquitin-like modifiers (SUMOs) mediate post-translational 

modification and while not previously assessed in PDAC, SENP1 is up-regulated in thyroid 

tumours (403).  

The GISTIC algorithm has proven useful in CNA identification in numerous malignancies 

(260) but this is the first application in PDAC. It is likely that some copy number alterations 

are secondary to random genomic instability associated with cancer in general. The GISTIC 

analysis method provides a potential means to identify recurrent changes that are concordant 

across data sets and less likely to represent random passenger events. Fifty percent of events 

in the current study involved known cancer related genes, with some not previously 

associated with PDAC and these genes deserve further investigation. GISTIC appears to 

have identified a manageable number of recurrent events, although studies with a larger 

sample size may identify further low prevalence events. Notable targets that were identified 

included CHAF1A, EXOC4, BOP1 and SMURF1. Chromatin assembly factor 1A 

(CHAF1A) is vital in chromatin assembly, prognostic in breast cancers (404) but yet to be 

assessed in PDAC. Exocyst complex component 4 (EXOC4) is frequently deleted in colon 

cancer (405), which contrasts the current finding in PDAC. Ribosome biogenesis protein 

(BOP1) (8q24) is frequently associated with increased gene dosage in colorectal cancer 

(406). A number of genes have not been subjected to analysis in malignant disease including 

ADAM18, MGRN1, SIRBP1 and RNPC3. The concordance amongst the independent 

dataset further supports the validity of this methodology. Ideally further datasets would be 

validated. In particular, studies using another technology platform would be beneficial, but 

unfortunately to date none are publically available.   

Correlations between CNAs at various loci and clinicopathological parameters were 

identified. While CNAs related with pathological states, have potential to inform 

pathobiology, CNAs associated with outcome are more likely to have clinical utility. A 

notable finding was the wide range both in terms of numbers and pattern of CNAs observed 

between samples. No cases showed a total absence of CNAs. Importantly, the loss rate and 

range reported within this study is close to that previously published (407). There were few 

losses or gains of whole chromosomes indicating the majority of genomic instability in 

PDAC occurs at a sub-chromosomal level. Overall, specimens with highly malignant 

phenotypes had more frequent CNAs. It is of interest that loci associated with lymph node 
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metastasis, venous invasion, tumour grade and stage were for the majority different, 

suggesting that in PDAC, invasive and metastatic potential stem from diverse molecular 

mechanisms. 

Of CNAs associated with lymph node status, though genes with evidence of copy number 

gain were rare, many with reduced copy number were implicated in cancer progression. 

These included EP300, ADSL, Cyclin E and CSNK1E. The latter is a member of the 

circadian genes implicated in Wnt/β-catenin signalling in breast cancer cells (408). While 

the small number of LN0 specimens (n = 9) limits the analysis, there appears to be genuine 

difference in CNAs between the LN1 and LN0 specimens. High-grade tumours had 

significantly more CNAs than low-grade tumours. In particular, Ift88 (intraflagellar 

transport protein 88), one of the most aberrant, is required for ciliogenesis and mediates 

SHH pathway dependent tumourigenesis in basal cell carcinoma (409). A further potential 

novel TSG, Klotho (13q12), is a regulator of senescence and an apoptosis promoter in lung 

cancer cell lines (410). Furthermore LATS2 (13q11) of the HIPPO-LATS signalling 

pathway, has roles in genomic stability maintenance (411). More advanced stage was 

associated with chromosome 1 CNAs (1p13), including the putative oncogene VAV3, not 

previously investigated in PDAC but implicated in breast cancer (412). High LMO4 

expression in PDAC has been associated with favourable outcome (413), a result supported 

by the evidence of reduced copy number in T3 disease in the current data.  

To date in a single study, pathological data was integrated with CNAs demonstrating 

concordance with the presence of venous invasion and lymph node metastasis (241). For 

venous invasion, while aberrant genes previously reported do not feature highly in the 

present comparison, the chromosomes that harbour these CNAs are similar: chromosomes 

20, 19, 18, 11, 9, 8 and 1 (previous study), compared with 22, 19, 17, 11, 9, 8 and 1 in this 

study. Interestingly the loci significantly altered in the previous study match with the current 

data, with 19q31.3 the most significant in both. For lymph node metastasis the similarity 

was less obvious, with 3 loci that showed more evidence of loss in lymph node metastasis 

being SCYA21 (9p13), ATM (11q22) and RAD51L3 (17q12). HGF, MLL5 and CDK6 (all 

7q21-22) were gained more frequently in the lymph node positive group (241). However, an 

unusual finding of that study was that the frequency of gains exceeded losses. It is 

established in PDAC and supported by the present study that the contrary is more often the 

case. Loukopoulos and co-workers (241) identified gain of LUNX, E2F1 and DNMT3b 

(20q11), loss of p73 (1p36) and gain of PPM1D (17q23) as having prognostic value 

independent of pathological variables, however only loci 1p36 was prognostic in the studied 

cohort. This could result from variability in methodology, patient cohort and data analysis 
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techniques. Of these, lack of specimen processing consistency and lack of standardisation of 

data analysis are the most likely contributors to variability. 

Despite the considerable variation in genomic profile of the current cohort, genes were 

identified, the copy number status of which associated with outcome and therefore may 

yield potential prognostic value. PRSS3 (9p31) was most significantly related to outcome, 

with gain of this region associated with poor prognosis. PRSS3 has been assessed in CP but 

CNA of this gene was not shown to be related to this disease state (414). Furthermore it has 

been proposed as a potential TSG in bladder cancer (415). Additionally, within the 9p31.1 

region is CBE1 (ciliated bronchial epithelium 1), important for lung and ciliated cell 

development (416) but which has yet to be implicated in carcinogenesis. 

Of particular interest, p21 Activated Kinase 4 (PAK4) (19q13.1) was amplified in 37 (65%) 

cases and was associated with a poor overall survival, although not with other 

clinicopathological features. It was clearly identified amongst a region of amplification in 

proximity to c-MYC (see supplementary data). The GISTIC algorithm identified PAK4 as a 

region with recurrent amplification, and it is a component of the T-cell receptor-signalling 

pathway identified by pathway enrichment analysis. PAK4 was identified in an original 

PDAC cell line aCGH study (247), and more recently was noted to be amplified in 73 

PDACs (417).  PAK4 has also been identified as promoting pancreatic cell invasion along 

with RIOK, with both genes members of Rho signalling pathways (418). Certainly this 

appears to be an important aberration that warrants further investigation. In Chapter 6, AQPs 

were identified as being over expressed in PDAC. Gain of AQP3 and AQP7 were of 

particular interest, supported by previous studies demonstrating that AQP3null mice are 

resistant to the development of skin tumours (419). PAX5 at 9q13, previously noted as 

amplified in PDAC, was identified as a gene in which increased copy number associated 

with poor prognosis. Identified as up-regulated in IPMNs (420), this finding of CNA 

correlating with clinicopathological factors is novel. STMN1 (1p36.1), a microtubule-

regulator was identified by GSEA (Chapter 6) as being up-regulated, with inhibition in 

pancreatic cancer cell lines reducing growth (421).  

Potential novel PDAC TSGs identified by this study included RIN1 (11q13.2). In breast 

cancer cell lines, RIN1 expression inhibited tumour progression implicating a growth 

suppressor role. However, expression can potentiate cell signalling processes in NSCLC 

suggesting a context-specific role (422). Cst6 (11q13) has been identified as a TSG in renal 

cell carcinoma (423) although, conversely, in a previous study, it promoted pancreatic cell 

line growth (424). While copy number losses were more common than gains, it would 

appear that genes with evidence of a gain in copy number are proportionally more likely to 

be associated with outcome. Prognostic copy number loci identified by aCGH were 
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demonstrated to provide independent prognostic information. In particular, preserved copy 

number of EPH1A was associated with favourable outcome (HR = 0.26). Aberrant 

expression of ephrin proteins is recognised as influencing tumour progression, with low 

EPH1A expression correlated previously with poor survival in colorectal cancer (425). 

The main limitation of this aCGH analysis was the use of non-laser microdissected tumour 

material for DNA extraction. While cancer cell contamination with normal cells is a well-

known issue in aCGH, spiking experiments (mixing various amounts of non-tumoural DNA 

with a known glioblastoma xenograft samples) showed that aCGH of a sample with tumour 

cell percentage less than 50% agreed to an extent with genomic profiles obtained from 100% 

tumoural DNA, though chromosomal and gains and losses were more difficult to identify 

(426). As is recommended, detailed histological review of each tumour specimen was 

performed to ensure sufficient tumour cell percentage and the absence of necrotic material. 

Tumour heterogeneity is a further factor that may complicate the interpretation of aCGH 

data. Despite these limitations credible results were generated identifying a similar loss and 

gain pattern to studies using microdissection techniques (239). Therefore these data support 

previous studies using macrodissected tumour specimens that have also shown similar copy 

number pattern (427).  

DNA quality still remains a crucial factor in performing successful aCGH. Generally, high 

molecular weight DNA can be easily obtained from fresh frozen tumour material but quality 

can be related to extraction technique. Given the high cost of aCGH analysis it is essential to 

reduce the number of failures through adequate DNA assessment prior to hybridisation. All 

the samples included within this study had DNA gel electrophoresis performed and passed 

the quality control steps. Unfortunately DNA gel electrophoresis might not adequately 

predict sample compliancy for further analysis, indicating that factors other than size may 

influence success. Clearly, copy number profiling of additional tumours should be carried 

out to resolve further the concordant CNAs. 
 

8.3.1 Summary 
In the previous chapters, dysregulation of gene expression was demonstrated to play an 

important role in PDAC prognosis. aCGH has the ability to identify CNAs at a high-

resolution in cancer. In this chapter, using a high-density aCGH platform, a series of CNAs 

was identified that conforms to the results of previous studies. In this chapter, in addition to 

cataloguing novel PDAC CNAs, aberration signatures correlating with various tumour 

pathological features, including lymph node status, tumour grade, venous invasion and 

stage, have been elucidated. Furthermore, a high a rate of CNA was associated with poor 

outcome and a number of novel chromosomal loci that correlate with outcome following 

resection, including 1p36.1 and 7q34, were identified. ' '
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Figure 8.1 Frequency of genomic regions found altered within compiled data set   
 

Data from the previous pancreatic cancer aCGH studies were compiled to generate the below diagram. To 

simplify the selection of regions found altered in the data, bins of 100kb size were made and the data sorted 

into respective bins. The frequency that a bin with either amplification or deletion was found.  The y-axis is the 

frequency while x-axis is the chromosomal position for all chromosomes on one axis. Dashed vertical lines 

signify the chromosome ends. Amplifications are plotted in red above the origin while deletions are plotted in 

green and are plotted below. Several genes well known to be involved in pancreatic cancer are marked. 

  

Figure 8.2 Plot of probes of all samples for Chromosome 17 
 

Each dot represents a single probe. Red dots represent probes with increased copy number while green 

represent probes that have decreased copy number.  Probes without significant variation from the normal copy 

number (between log -0.5 to 0.5) are not shown. The x-axis represents chromosomal location while the y-axis 

represents the degree of copy number gain or loss. 
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Figure 8.3 Summary penetrance plot of genome wide alterations - 45 PDAC patients 
 

Demonstrates the frequency distribution of copy number aberrations amongst the studied cohort from this 

thesis (45 patients). Individual chromosomal perspective with genetic losses shown in red and genetic gains 

shown in blue (Partek analysis). As expected the losses were more frequent than gains.  

 

' '
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Figure 8.4 Overview of the GISTIC method   
 

Following identification of location and magnitude of copy number aberrations in a number of tumours, 

Genomic identification of significant targets in cancer (GISTIC) scores each genomic marker with a G score 

that is proportional to the total magnitude of aberrations at each location. Additionally, permutating the 

locations in each tumour, GISTIC determines the frequency with which a given score would be attained if the 

events were due to chance and randomly distributed. A significance threshold (green line) is determined such 

that significant scores are unlikely to occur by chance alone.  Alterations are deemed significant if they occur 

in regions that surpass this threshold. 

 
 

 

 

 

 

 

 

 

 
  



    Chapter 8 ArrayCGH     178 

 

Figure 8.5 Significant broad and focal copy number alterations in the PDAC genome 
 
A) Amplifications (red) and deletion (blue), determined by segmentation analysis of the normalised signal 

intensities from 244K CGH arrays are displayed across the genome (chromosomal positions, indicated along 

the y axis, are proportional to marker density) for 45 PDACs (x axis). Broad events close in size to the 

chromosome arm are the most prominent, including amplification of Chr 13 and deletion of Chr 18. 

B) GISTIC analysis of CNAs in PDAC. The statistical significance of the aberrations identified is displayed as 

FDR q values to account for multiple hypothesis testing. Chromosome positions are indicated along the y axis. 

Broad Events (indicated by purple bar for amplification and orange bar for deletion) and focal events surpass 

the significance threshold (green line).  The locations of the peak regions and the known cancer related genes 

and non-cancer related genes within those peaks are indicated on the right of each panel. 
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Figure 8.6 Relationship between copy number aberration and clinicopathological status 
 

A) The frequency of copy number aberrations plotted against each pathological variable (significance 

threshold p < 0.001). Venous invasion was associated with the greatest number of aberrations. 

B) Chromosomal aberrations associated with prognosis. Red columns percentage of all chromosomal regions 

passing the filtering criteria that map to each chromosome. Blue columns, percentage of the prognostic copy 

number aberration regions that map to each chromosome. 

C) Correlation between recurrent copy number aberrations and survival.  Kaplan-Meier plot of 43 patients 

with PDAC groups according to the number of common regions of aberrations involved per sample. Samples 

grouped according to median number of aberrations. The group with low number of aberrations had a median 

survival of 11.5 months versus 28.3 months for high number of aberrations (Log-rank test, p = 0.002). 
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Figure 8.7 Overall survival rate of patients with PDAC according to the presence or absence of 
chromosomal abnormalities 
Overall survival for patients with potential oncogenes with chromosomal loss of loci on chromosome 9, 21 and 

1 and patients without such loss. Overall survival for patients with potential tumour suppressor genes with 

chromosomal loss of loci on chromosome 7, 11 and 18 and patients without such loss. Red lines indicate 

greater than median copy number state. Log-rank test was used to compare the Kaplan-Meier curves. 
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Table 8.1 CNAs calculated according to GISTIC methodology: validation cohort 
 

A) Copy number gains B) Copy number losses. 
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Table 8.2 Chromosomal location of prognostic copy number aberrations  
 

 Copy number aberrations associated with prognosis 
Prognostic Influence Chromosome Locus Gene name 
Poor prognosis associated with 
high copy number 

Chromosome 9 9p11.2 PRSS3 

  9p13.3 UBE2R2, UBAP1, UBAP2, KIF24, 
NUDT2, CBE1 

  9q12 ACO1, SMU1, BAG1 
  9p13 APTX, B4GALT1, SPINK4, AQP7, 

AQP3, PAX5, PGM5, PIP5K1B, KLF9 
 Chromosome 21 21q22.3 CBS, RIPK4, PRDM15, C2CD2, 

ABCG1, TFF1, TMPRSS3 
 Chromosome 7 7q21.3 SMURF1 
 Chromosome 1 1p RPS6KA1 
  1p36.1 STMN1, HGMN2 
  1p34 HADC1 
  1p35.1 S100PBP 
  1p34.3 CLDN19, EIF2C3 
 Chromosome 18 18q12-21 MAPK4 
  18q12.1 GALNT1 
  18q21.1 MYO5B 
  18q21.3 DCC, SERPINB4, SERPINB5 
  18q21.33 BCL2 
  18q22.2 SOCS6 
 Chromosome 19 19q13 SIRT2, DLL3 
  19q13.1 NFKβIB 
  19q13.2 PAK4, SYCN, FBXO27 
Poor prognosis associated with 
low copy number 

Chromosome 7 7q32 PRSS1, CLCN1 

  7q34 PRSS2, PIP, EPHA1 
  7q33-q35 EPHB6 
  7q33-q34 TRPV6 
  7q35 TRPV5, NOBOX 
  7q36 PTPRN2, MNX1, LMBR1, SHH, EN2 
  7q36.1 CUL1, NOS3, CDK5, CENTG3, 

PRKAG2 
  7q22 PDGFA PRKAR1B 
 Chromosome 18 18q21 PIAS2, SMAD2, SMAD4, SMAD7 
 Chromosome 9 9p21 MTAP, PLAA, CDKN2A, CDKN2B 

' '
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Table 8.3 Survival in 45 patients undergoing PD stratified according to the presence or absence of 
chromosomal copy number aberrations 
 

High gene dosage associated with poor outcome (red). Low gene dosage associated with poor outcome (blue). 

   Overall survival (months) 
Gene Copy number aberration Chromosomal Loci Median (95% CI) p value 
PRSS3 Low 9p11 26.3 (9.2 - 43.5) 0.011 
 High  15.6 (7.7 - 23.3)  
AQP3 Low 9p13 25.4 (4.5 - 48.2) 0.45 
 High  13.0 (8.9 - 17.2)  
PAX5 Low 9p13 28.9 (9.1 - 43.5) 0.05 
 High  13.4 (4.4 - 22.8)  
TFF1 Low 21q22 28.3 (3.2 - 53.4) 0.039 
 High  17.8 (16.9 - 18.7)  
STMN1 Low 1p36.1 32.3 (5.5 - 53.2) 0.009 
 High  12.1 (5.7 - 19.1)  
PAK4 Low 19q13.2 25.1 (14.4 - 36.2) 0.031 
 High  13.8 (8.9 - 18.8)  
SIRT2 Low 19q13 26.3 (13.9 - 38.7) 0.022 
 High  16.5 (11.9 - 20.9)  
EPHA1 High 7q34 16.5 (9.7 - 23.2) 0.038 
 Low  30.1 (23.9 - 36.3)  
CUL1 High 7q36.1 15.4 (7.7 - 23.1) 0.025 
 Low  26.7 (13.9 - 38.3)  
CST6 High 11q13 14.8 (9.5 - 19.9) 0.041 
 Low  26.1 (13.2 - 39.5)  
RIN1 High 11q32.2 15.4 (9.1 - 21.7) 0.045 
 Low  26.4 (17.4 - 35.4)  
SMAD4 High 18q21 28.3 (13.5 - 43.2) 0.046 

 Low  18.0 (8.5 - 27.5)  

Table 8.4 Prognostic value of the copy number aberration adjusted for other clinicopathological 
parameters within a Cox regression multivariate analysis 
 

Assessment of A) STMN1 and B) EPH1A in 45 patients undergoing aCGH assessment of their tumours. 

A 
 Overall survival 

Prognostic variable Category HR (95% CI) p value 

Tumour stage T2/ T3 4.83 (1.19 - 26.4) 0.044 

Tumour size (mm) < 30/ ≥ 30 2.61 (1.01 - 6.80) 0.049 

Lymph node status Absent/ Present 2.78 (0.55 - 14.3) 0.270 

Tumour grade Low/ High 6.34 (2.31 - 16.2) 0.001 

Venous invasion Absent/ Present 3.65 (1.22 - 10.9) 0.022 

Margin involvement R0/ R1 3.87 (1.35 - 11.9) 0.024 

Peripancreatic fat invasion Absent/ Present 3.89 (0.95 - 16.3) 0.062 

Adjuvant therapy Yes/ No 0.52 (0.17 - 1.04) 0.069 

STMN1 (1p36.1) Low/ High  3.50 (1.48 - 8.44) 0.003 

 

B 
 Overall survival 

Prognostic variable Category HR (95% CI) p value 

Tumour stage T2/ T3 3.84 (0.85 - 17.4) 0.081 

Tumour size (mm) < 30/ ≥ 30 2.27 (1.03 - 5.04) 0.041 

Lymph node status Absent/ Present 2.21 (0.37 - 13.1) 0.383 

Tumour grade Low/ High 2.11 (0.89 - 4.98) 0.089 

Venous invasion Absent/ Present 1.29 (0.46 - 3.68) 0.627 

Margin involvement R0/ R1 8.67 (2.35 - 31.9) 0.001 

Peripancreatic fat invasion Absent/ Present 2.33 (0.77 - 5.27) 0.344 

Adjuvant therapy Yes/ No 0.33 (0.13 - 0.82) 0.017 

EPH1A (7q34) Low/ High 0.26 (0.11 - 0.59) 0.001 
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9 Integration of Genome Wide Methodologies 
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9.1 Introduction 
Parallel gene copy number change and gene expression analysis can be used to distinguish 

potential target genes that may drive tumour progression from those that are merely co-

amplified bystander genes. Because gene amplification is expected to lead to overexpression 

at the mRNA level and subsequently at the protein level, these features can be used as 

hallmarks to distinguish the potential target genes. Indeed, genes with copy number driving 

changes in expression are likely to be functionally significant even if occurring in only few 

cases.  

Integration of the wealth of information collected from the genome wide studies of gene 

expression, miRNA expression, aCGH and protein expression may achieve superior 

utilisation of the data. Following the hypothesis that alterations in copy number that affect 

gene expression levels will be likely to be modify protein expression, the integration of 

expression data with copy number changes has the potential to highlight those changes most 

likely to be causally implicated in tumour evolution. Investigation of the influence of the 

miRNAs identified in Chapter 7 on target protein expression, as well as potential regulators of 

miRNA expression, has the potential to provide a unique insight into PDAC tumour biology 

in resected human specimens. 

9.1.1 Aim 
The aim of this chapter was to investigate:  

1) The relationship between gene expression and aCGH CNA data, to identify amplifications 

that potentially drive gene expression, with validation to be performed at protein level of 

potentially interesting targets (Figure 9.1A). 

2) The relationship between aCGH data with miRNA expression data, to identify if regions of 

aberrant copy number change correlate with differentially expressed miRNAs. 

3) The relationship between miRNA expression data, protein expression data and gene 

expression data, to investigate the downstream effects of miRNAs, as well as potential 

regulators, focusing in particular on miR-21 and miR-34a from Chapter 7. 
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Figure 9.1 Integration of genomic data to identify key regulators of PDAC 
 
A) Gene expression and copy number data integration workflow to identify underlying key regulator genes (only 

37 samples were integrated as not all of the samples in Chapter 6 and Chapter 8 were dual profiled). 

B) miRNA expression, protein expression data and copy number integration workflow to investigate regulators 

and validate targets of clinically relevant miRNAs (43 samples had both protein expression and miRNA 

expression data available). 
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9.2 Results 
9.2.1 Genomic clustering of differentially expressed genes 
Assessment of whether genes differentially expressed in PDAC revealed a predilection for 

certain chromosomes was performed. The genomic clustering of 1262 genes differentially 

expressed in PDAC compared to normal tissue (p = 0.01, class comparison t-test) revealed 

genes on chromosomes 3, 8, 11 and 17 were more frequently differentially expressed 

compared to other chromosomes (Figure 9.2A). It was apparent that chromosomes 2, 6, 9 and 

13 contained significantly more genes that had high expression levels. 

9.2.2 Integrative genomic workflow of copy number and gene expression in 
PDAC 

Genomic integration of CNA and gene expression levels has been successfully used in 

previous microarray studies investigating parallel expression in PDAC cell lines to highlight 

potentially interesting targets (237, 238, 242, 428). However, to date only limited integrative 

genomic analysis has been performed in human PDAC specimens. 

Using the Correlate analysis tool, gene expression and aCGH CNA data for 37 PDAC patients 

studied in Chapter 6 and 8 were integrated to identify regions of CNA associated with 

concordant gene over-expression (Figure 9.1A). Figure 9.2B charts the frequency of 

correlated CNAs by chromosomal arm, with Figure 9.2C illustrating the chromosomal 

frequency aberration plot overlaid with regions containing over-expressed genes. For each 

chromosome a list of genes that had a correlated copy number (CN) and gene expression 

relationship was calculated with the most significantly correlated targets illustrated in Table 

11.36. Almost all chromosomal regions contain some genes with concordant aberrant 

expression with regions 1q, 8q, 10q and 19q having the most. The fifty most correlated genes 

are illustrated in Table 11.37.  

To further select this list the following criteria was applied: 1) normal versus PDAC specific 

copy number gain or loss; 2) differential gene expression between normal and PDAC; and 3) 

copy number significantly correlated with gene expression. A cut-off of > 1.5 fold-change in 

the median gene expression level was applied generating a shortlist of 17 genes with a 

significant gene dosage relationship. All are cancer related genes, however many are novel in 

PDAC (GATA6, ROR2, HNF4A, SMURF1, GPC5, N-Cor, FBI-1, DYRK1A, NFκB, 

ROCK1, HINT2, mTOR, WISP3, SIRT2, SIRT6, CTLA4 and WNT7B) suggesting that these 

genes may hold increased biological relevance (Table 9.1). By applying further cut-offs of 

log2 ratio > 0.3 (threshold for gain) and expression fold-change of > 5.0 (a more stringent cut-

off for over-expression) five genes were highlighted as shown in Figure 9.3.  

The most significant networks associated with the correlated genes are shown in Table 11.37 

(Figure 11.24). GO analysis highlighted the apoptosis and cell death as being significantly 

enriched along with chromatin remodeling. The networks illustrated in Figure 9.4A and B 
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highlight the relationship between HNF4A, N-Cor, FBI-1 and ROCK1. The relation of 

DYRK1A to a number of other correlated genes is highlighted in Figure 9.4C. 
 

9.2.3 Validation of targets identified by copy number and gene expression 
integration: mTOR 

A target meeting the most stringent criteria between gene expression and CN gene dosage was 

mTOR (Figure 9.5B, Spearman’s ρ correlation coefficient = 0.391, p = 0.001), which was 

selected to be validated at the protein level by IHC in the TMA cohort (Figure 9.5A), to 

determine whether this approach to biological target identification is useful. 

9.2.3.1 Clinicopathological correlation of mTOR protein expression  
Examination of tissue sections corresponding to early PanINs confirmed that mTOR 

expression was low within well-organised epithelia. mTOR did not vary according to tumour 

size, grade, stage, venous invasion, perineural invasion or R1 status. However, tumours from 

patients with a LNR > 50% had significantly elevated levels of mTOR compared to those 

with LNR < 50% and LN0 patients (Figure 9.5C). 

In univariate survival analysis, high mTOR expression (n = 21; top quartile threshold 

histoscore 150) was associated with significantly decreased survival (11.6 months, 95%CI: 

7.3–15.9) compared with low expression (n = 98, rest of cohort) (19.6 months, 95%CI: 14.8–

24.4) following resection (p = 0.003, Log-rank test, Figure 9.5D, Table 9.2). In multivariate 

analysis, high mTOR expression is an independent predictor of poor survival (HR: 1.72, 

95%CI: 1.08–2.92, p = 0.044, Table 9.3) along with tumour stage, size, grade, peripancreatic 

fat invasion and R1 status. 

There is good evidence that mTOR acts as a downstream effector of PI3K/Akt signalling, 

linking growth factor signals with protein translation, cell growth and proliferation. Given the 

role played by mTOR in pAkt signalling an attempt was made to determine whether mTOR 

expression correlated with Lkb1 signalling. mTORC1 has emerged as a critical effector 

downstream of Lkb1, which as previously identified in Chapter 5 was associated with poor 

prognosis in PDAC. mTOR is thought to suppress tumour growth by negatively regulating 

mTORC1 signalling via AMPK. Lkb1 phosphorylates and activates AMPK, which in turn 

negatively regulates mTORC1 signalling through activation of TSC2 and direct inhibition of 

the mTOR binding partner Raptor (158). Furthermore, in tumours with Lkb1 loss, mTOR may 

play a key role downstream of Lkb1/AMPK metabolic signalling (429). The role and 

importance of mTOR as Lkb1/AMPK’s mediator in PDAC remains to be elucidated. The 

relationship between Lkb1 and mTOR protein expression was investigated initially, however 

this failed to reveal a significant correlation (ρ = 0.32, p = 0.45, not illustrated). Stratification 

by mTOR and Lkb1 expression revealed that patients with low mTOR/ high Lkb1 expression 

had a particularly good outcome (23.1 months, 95%CI: 17.2–29.2) compared to those with 
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high mTOR/ low Lkb1 expression (6.3 months, 95%CI: 2.6–9.8, p = 0.001, Log-rank test, 

Figure 9.5H, Table 9.2). 

Consistent with a role for mTOR in the COX-2 pathway, a clear correlation was detected 

between mTOR and COX-2 expression (ρ = 0.31, p < 0.003) (Figure 9.5E). Furthermore, 

GSK3β expression correlated closely with mTOR levels (ρ = 0.571, p < 0.001) (Figure 9.5F) 

supporting previous evidence that Wnt signalling may stimulate the mTOR pathway via 

GSK3β (430). 

Cellular senescence, characterised by irreversible loss of proliferative potential and a distinct 

morphology, can be induced by CDK inhibitors including p21. Furthermore mTOR inhibition 

by rapamycin has been shown to prevent permanent loss of proliferative potential in arrested 

cells (431). Interestingly, when p21 and mTOR expression was plotted, a correlation was 

detected (ρ = 0.339, p < 0.001) (Figure 9.5G). Further stratification of mTOR by p21 

expression revealed low mTOR/ low p21 expression was associated with a good outcome in 

24 patients (29.3 months, 95%CI: 17.4–41.1) compared to a poor outcome in 14 patients with 

high mTOR/ high p21 expression (8.3 months, 95%CI: 3.3–13.3, p = 0.001, Log-rank test, 

Table 9.2). 
 

9.2.4 miRNA integrative analysis 
9.2.4.1 Integration of genomic aberration and miRNA expression 
More than half of known miRNAs have been aligned to genomic fragile sites or regions 

associated with cancers (432). A neuroblastoma study investigating the relationship between 

CNAs and miRNA expression has indicated amplification of the n-MYC transcription factor 

significantly affected tumour miRNA expression (433).  

To determine if large-scale genomic gains and losses might impact upon miRNA expression 

in PDAC, gains and losses of genomic regions, as determined by aCGH, were correlated with 

miRNA expression for 37 patients. Overlaying miRNA positions onto CNA plots for all 

PDAC samples was performed to identify overlap. From general inspection of each 

chromosome, areas of CNA (amplification or deletion) were often associated with the position 

of miRNA loci (Appendix 11.7.2). The miRNAs with matched CNA are illustrated in Table 

9.4. Notably, regions associated with miRNA clusters were often associated with dense CNA 

regions. Regarding the miRNAs identified as prognostic in Chapter 8, CNAs correlated with 

miR-21 and miR-30d position in addition to miR-34a (Figure 9.6A). miR-148 and miR-181 

identified as differentially expressed also corresponded with regions of CNA. Other notable 

miRNAs, miR-10a and miR-196a, previously identified as differentially expressed and 

prognostic in prior studies, correlated with CNA in the current cohort. 
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9.2.4.2 Integration of miRNA targets with mRNA expression 
Given that miRNAs can have multiple targets and that each protein-coding gene can be 

targeted by multiple miRNAs, it has been suggested that more than one third of human genes 

could be regulated by miRNAs. From this perspective, the networks of post-transcriptional 

regulatory relationships tend to be highly complex. While target prediction software can 

predict potential interactions, all are compromised by a significant fraction of false positives 

caused by the limited comprehension of the molecular basis of miRNA-target pairing, and 

also by the context dependency of post-transcriptional regulation. 

Integration of miRNA target predictions and gene expression profiles using matched samples 

may enable a better understanding of the influence of miRNA-gene expression integration. To 

our knowledge, there has been no previous attempt to combine miRNA and mRNA 

expression in a single analysis with the goal of elucidating post-transcriptional interactions in 

PDAC. Using Targetscan prediction software the predicted mRNA targets of differentially 

expressed miRNAs (PDAC versus normal pancreas) were compared with the differential gene 

expression microarray (PDAC versus normal pancreas) data. As is illustrated in Figure 9.6B 

only approximately 10% of mRNAs predicted by Targetscan were represented in the gene 

expression data for both up and down-regulated gene sets. However, despite this low rate, 

there was considerable overlap in terms of pathway enrichment between the predicted gene 

target list and the true gene expression data namely TGFβ signalling, Notch signalling, Wnt 

signalling, ubiquitin proteolysis and MAPK signalling pathways (p < 0.0001, GeneGo 

enrichment analysis). 

9.2.4.3 Investigation of potential targets of miR-21 and miR-34a in PDAC  
In Chapter 6 miR-21 and miR-34a appeared to be important components in PDAC molecular 

biology. Data was integrated at a miRNA, protein, gene expression and copy number level, 

potentially exploring the role these miRNAs play in PDAC (Figure 9.1B). The biological 

significance of miRNA deregulation is presumed to relate to the effect of miRNAs on their 

cognate protein-coding gene targets. To dissect the molecular basis underlying the poor 

prognosis associated with over-expression of miR-21 and under-expression of miR-34a, the 

gene targets of these miRNAs likely involved in PDAC tumourigenesis were tested. Of the 48 

patients whose tumours underwent miRNA profiling, 43 had corresponding tissue present on 

the TMA. The miRNA PCR expression levels were correlated with protein expression using 

IHC (Figure 9.7A,B [Maspin and PTEN], Figure 11.3 [p53, Bcl-2, cyclin D1]).  

Firstly miR-21 targeted proteins Bcl-2, maspin and PTEN were studied. As previous studies 

have suggested that miR-21 regulates apoptosis in tumour cells (214), Bcl-2 expression at the 

protein level was correlated. These data revealed high miR-21 levels were associated with 

elevated Bcl-2 expression (p = 0.003, Figure 9.7C). A positive correlation between miR-21 
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expression and maspin protein expression was identified (p < 0.001, Figure 9.7D), whereas 

miR-21 expression was negatively correlated with PTEN protein expression (p = 0.004, 

Figure 9.7E). A potential mechanism for the prognostic influence of miR-21 is provided by 

the evidence that low PTEN protein expression is independently associated with a poor 

outcome when assessed in the larger cohort (n = 117) (HR: 0.58, 95%CI: 0.38-0.88, p = 

0.011, Figure 9.7F). 

Consistent with in vitro study evidence (434), there was an inverse association between miR-

34a expression in the 43 patients and cyclin D1 protein expression potentially impacting on 

cell-cycle arrest (Figure 9.7G). Furthermore, it was shown that miR-34a down-regulation is 

associated with increased expression of Bcl-2 (Figure 9.7H).  

9.2.4.4 Regulation of miR-34a expression in PDAC 
As discussed earlier p53 coordinates response to cellular stresses altering target gene 

expression culminating in apoptosis, cell-cycle arrest and increased DNA repair. Supporting 

previous in vitro data (435), miR-34a expression was identified as significantly associating 

with p53 expression in human PDAC specimens (Figure 9.7I). Although loss of p53 would be 

expected to reduce miR-34a expression, this is unlikely to account entirely for reduced miR-

34a expression, as there was not a direct correlation between complete loss of p53 and the 

magnitude of miR-34a down-regulation (Figure 9.7I). Therefore, other mechanisms, in 

addition to p53 inactivation likely contribute to the reduction of miR-34a abundance (435). 

Integrating the aCGH data identified loss of copy number for the miR-34a region in 15/37 

specimens. Deletion of the genomic interval encompassing miR-34a (1p36) is a common 

feature in various malignancies (436). Previously high-resolution copy number assessment 

analysis of pancreatic cancer cell lines (437) demonstrated hemizygous loss of the miR-34a 

locus. These data therefore support the concepts that gene deletion, lack of activation by p53 

and possibly other mechanisms contribute to the under-expression of miR-34a in some human 

PDACs (Figure 9.7J).   

9.2.4.5 Gene expression profiles associated with miR-21 and miR-34a expression  
To determine the effects of miR-21 and miR-34a expression on mRNA expression, gene 

expression profiles of PDACs with low-expression against high-expression for both miRNAs 

(according to median expression level) were compared. For miR-21, there was a significant 

difference between these groups, with up-regulation of 561 mRNA transcripts and down-

regulation of 517 (p < 0.01, Table 11.39A). PDCD4, a miR-21 target, was notably down-

regulated, while MMP7 and MMP9 were up-regulated in the high miR-21 group. For miR-

34a, there was a significant difference between these groups with up-regulation of 389 mRNA 

transcripts and down-regulation of 318 (p < 0.05, Table 11.39B). 
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To better understand the potential global effects of miR-21 and miR-34a expression on the 

PDAC transcriptome, GO classifications of the up- and down-regulated genes were examined. 

For miR-21, over-enriched GO terms among up-regulated genes included cytoskeleton 

organisation (p = 1.2x10-5), blood vessel development and angiogenesis (p = 4.1x10-4) and 

regulation of apoptosis (p = 3.1x10-3). Genes assigned to the terms MAPK signalling pathway 

(p = 9.2x10-3), regulation of caspase activity (p = 4.3x10-4) and cell-cycle (p = 8.1x10-3) were 

enriched amongst down-regulated genes. For miR-34a, over-enriched GO terms among up-

regulated genes included cell division (p = 8.1x10-6), response to DNA damage (p = 2.9x10-3) 

and serine/threonine kinase activity (p = 5.1x10-3). Moreover, genes assigned to the terms 

wound healing (p = 1.8x10-4), chemotaxis (p = 1.2x10-4) and apoptosis (p = 7.1x10-3) were 

enriched amongst down-regulated genes. Nonetheless, the majority of genes differently 

expressed between the groups are certainly not related to miR-21 or miR-34a status. 

9.3 Discussion 
In this chapter there has been an attempt to combine and integrate data generated within 

earlier chapters of the thesis. The aim was to firstly identify underlying targets that could 

potentially drive pancreatic cancer progression and secondly to investigate findings from 

earlier chapters related to PDAC tumour biology, in particular those associated with miRNAs. 

Since the development of high throughput profiling technology such as aCGH, the number of 

studies combining CNA with gene expression data has steadily increased, however studies 

which include paired data from the same patient are limited. Integrated analysis of both copy 

number and gene expression microarray data could provide additional insight regarding the 

role of CNA in the pathogenesis of pancreatic cancer as shown in other cancers (438).  

Tumours often harbour CNAs altering dosage of thousands of genes. However, due to tissue-

specific expression or feedback regulation, expression levels of these genes may remain 

unaltered. Because the effects of CNAs are mediated by changes in gene expression, the 

subset of genes exhibiting concordant changes in both DNA copy number and gene 

expression (e.g. amplified and over expressed genes) are likely to be enriched for candidate 

oncogenes. To date, combined analysis of DNA copy number and gene expression 

microarrays has revealed a major and direct effect of allelic imbalance on gene expression in 

many cancers, including breast (439) and NSCLC (397). At a global level, 40-60% of the 

genes in higher-level amplifications showed elevated expression (439), while 10% of highly 

over expressed genes were amplified. In low level CNAs, only 10% of the genes have been 

reported to show concordant changes in gene expression (439). 

While several software tools have been developed for copy number or gene expression 

analysis individually, few methods have been developed for their integration (440, 441). 

Integration remains challenging even when transcriptional and genomic arrays originate from 
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the same manufacturer. Studies have classified samples according to the presence of 

chromosomal abnormalities, and subsequently tested for difference in gene expression 

between altered and unaltered samples using a gene-wise test similar to the student’s t-statistic 

(235, 439). Adler and co-workers used a classification approach as the first step in a stepwise 

linkage analysis of signatures, testing for copy number difference between groups of breast 

cancer samples with and without a wound expression signature (250). All solutions have 

limitations, and while these strategies highlight potential targets, validation is essential to 

confirm biological relevance. 

Previously, in a PDAC cell line study investigating concordance of CNA with gene 

expression, 60% of genes within highly amplified genomic regions displayed associated 

overexpression (235). A more recent study revealed that 18% of amplified loci and 15% of 

individual amplifications observed contained genes demonstrating concurrent overexpression 

(241). This discrepancy may be explained by different tissue sources (cell lines versus 

tumours) with the cell line study focusing upon individual genes rather than chromosomal 

loci. The most frequently concordant copy number and expression changes identified in the 

later study were SMURF1, TRRAP (7q22.1), BCAS1 (20q13.2) and VCL (10q22.1). 

SMURF1 may inhibit TGFβ signalling (442) and was associated with nodal metastasis. 

TRRAP, a c-Myc cofactor, along with SMURF1, was shown to be amplified in PDAC cell 

lines (237).  

Using an integrative approach a number of numerous concordantly expressed genes related to 

cancer were identified, many of which were novel associations for PDAC. More than one 

target gene was over-expressed in some amplicons in the current study, as in prior work (235, 

241). Importantly, SMURF1 was identified as showing evidence of copy number gain and 

high expression levels in the studied cohort, strongly supporting a biological role in PDAC 

and verifying the findings of the previous study (241). Focusing on mTOR, there is increasing 

evidence is amassing that it plays a critical role in PDAC biology. It was demonstrated that 

within the studied cohort a spectrum of expression exists, with over-expression at the protein 

level associated independently with poor prognosis. mTOR expression has important 

implications beyond prognosis, potentially as a predictive marker for rapamycin related 

therapies (443). These data furthermore provide novel insights into the role of mTOR in 

pathways important in human PDAC, including Lkb1 and p21. 

Although the exploratory nature of this approach is recognised, it is felt that the findings of a 

prognostic influence for mTOR expression in a larger TMA group at a protein level supports 

the hypothesis that an integrative genomic analysis can identify important gene targets in 

PDAC. The analysis identified other interesting candidates that may have similarly 

biologically significant roles in PDAC including FBI-1, DYRK1A, SIRT-2 and HNF4A, in 
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addition to SMURF1. FBI-1, a transcriptional repressor, is a putative oncogenic factor over-

expressed in various cancer types, and was recently shown to repress transcription of the TSG 

ARF, leading indirectly to p53 inactivation (444). Furthermore, FBI-1 has been demonstrated 

to repress other p53 pathway components including p21, and has been proposed as a master 

regulator of this pathway (445). Ultimately, validation at the protein level along with 

functional validation within animal and cell based models will be necessary to confirm the 

influence of such targets in PDAC tumourigenesis. 

The strength of the analysis in the present chapter was the availability of copy number and 

expression data from matched patients with the ability to correlate findings with clinical 

outcome. To our knowledge this is the largest cohort of individuals with PDAC to be 

investigated with aCGH and gene expression microarray data. The integration of these data 

identified novel genes which otherwise would not have been selected from analysis of either 

dataset alone. The use of a large TMA resource coupled with outcome data provided robust 

protein level validation, enabled the prognostic influence of mTOR to be evaluated and 

allowed the integration of expression with other components of PDAC biology. 

The miRNA profiling study conducted in Chapter 6 provided a number of clinically relevant 

targets, in particular miR-21 and miR-34a. An attempt was made to gain further insight into 

the role played by these miRNAs, as well as to elucidate factors that govern their expression. 

These data support the suggestion that miR-21 targets genes integral to PDAC tumourigenesis 

including PTEN (446), loss of which in turn correlates independently with poor outcome. The 

prognostic influence of PTEN loss is an important finding, not previously reported, 

confirming that it has an integral role in human PDAC biology. Maspin has been implicated 

as a tumour suppressor in malignancies including prostate cancer (447), with miR-21 

inhibition a potential mechanism by which invasion and metastasis is achieved (448). In 

contrast, maspin expression has been associated with poor outcome following PDAC 

resection (449). The finding of a positive correlation between maspin and miR-21 expression 

suggests further investigation of this relationship is also warranted. The positive association of 

miR-21 and Bcl-2 appears somewhat paradoxical. As demonstrated in Chapter 5, Bcl-2 

expression appears to be associated with a favourable outcome. This finding is interesting and 

will require further consideration and investigation.  

miR-34a has been demonstrated to be induced by p53 (435) and subsequently these data 

provide evidence supporting this finding in human PDAC. Furthermore, these results suggest 

that miR-34a down-regulation is associated with increased expression of cyclin D1, which 

adds to previous evidence that miR-34a regulates cell-cycle progression in part by targeting 

G1-phase regulators (434). Restoration of miR-34a in human pancreatic cells has previously 

been shown to inhibit Bcl-2 expression, inhibiting growth and invasion, inducing apoptosis 
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and G1/G2 arrest (387), a finding that these data support. However, the Bcl-2 outcome data 

from Chapter 5 suggest that the situation in human PDAC is more complex. 

These findings of the investigation of potential mechanisms for miR-34a regulation in human 

PDAC are novel, interesting, and potentially provide evidence for the manipulation of this 

miRNA in pancreatic cancer. Integration of copy number changes with miRNA expression 

data confirmed findings of other cancers that areas of aberration frequently correspond to the 

location of miRNAs in PDAC. Further investigations are required to elucidate whether these 

overlaps are directly responsible for altered miRNA expression in each instance, although 

these data provide an important starting point. 

Previous analysis of gene expression in pancreatic cell lines, according to induced miR-34a 

status, identified up-regulation of cell-cycle, DNA repair and mitotic checkpoint categories 

along with down-regulation of angiogenesis related genes (435). Although there was some 

overlap between the GO identified in the current study, this was certainly not complete, 

explained by the numerous miRNAs dysregulated in human PDAC. The role of miR-34a in 

apoptosis is supported by the enrichment of established anti-apoptotic factors amongst the 

down-regulated targets. The finding of a differential gene expression signature, according to 

miRNA expression, is interesting, proving utility for this method of analysis and providing 

insight into the broad influence of miRNAs in PDAC. Evaluation of the influence of miR-21 

and miR-34a expression on gene expression signatures in cell culture and animal models will 

be necessary before firm conclusions are drawn. 

It was hoped that integration of copy number and gene expression data might identify 

potential ‘driver’ genes that influence PDAC tumour biology and prognosis. As the Agilent 

platform was chosen to conduct genomic analysis, corresponding Agilent software (DNA 

analytics) had the potential ability to undertake integration analysis. However, the software 

enabled only integration of two-colour gene expression files with aCGH data. As the gene 

expression data had been collected on the Agilent one colour platform, this hampered further 

integration analysis, forcing us to identify other solutions. This was provided by the open 

source R programming language based program BRB-ArrayTools (255) and the Correlate 

analysis tool (359).  

Small cohort size was a significant limitation to this strategy as has been highlighted 

elsewhere in this thesis. While the correlation coefficients between CNA and gene expression 

targets were not especially strong, it is believed that this strategy is sound and unbiased, but 

would benefit from a larger study group. In an attempt to identify the most potentially critical 

targets, further stringent cut-offs were applied. 

The true worth of this approach in terms of discovery of novel critical genes in PDAC will 

only be known when further investigation and validation of the targets is performed at a 
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protein level for HNF4A, FBI-1, SIRT2, DYRK1A, SMURF1 and others, as has been 

performed for mTOR. While this approach can lead to discovery of critical genes, which may 

be novel, it should be noted that certain genomic events do not directly translate into gene 

expression changes. Therefore, when integrating such datasets it should be remembered that 

RNA and subsequent protein expressions are often also subjected to complex post-

transcriptional regulation, including the effects of miRNAs. 

For the investigation of miRNA targets, further functional validation including silencing of 

miRNA expression followed by re-expression within a cell model will be necessary in order 

to confirm these downstream effects. 

9.3.1 Summary 
In this chapter, integration of the component findings from earlier chapters of the thesis, 

including gene expression and aCGH data, to identify genes with novel key regulatory 

functions in PDAC tumourigenesis, has been performed. There was successful identification 

of mTOR gene expression correlating with copy number status, and mTOR protein expression 

associating with outcome in the validation TMA set. Furthermore, a number of cancer related 

genes have been identified, not previously investigated in PDAC for which CN and gene 

expression are associated. Subsequent studies should investigate the functional role of these 

gene targets in PDAC, including FBI-1 and SMURF1. Finally, the integration of miRNA data 

with other genomic data and protein expression data was investigated, highlighting regulatory 

influences and down-stream targets of miR-21 and miR-34a in human PDAC. 

" "
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Table 9.1 Genes with a significant correlation between expression and copy number 
 

The following gene targets showed evidence of gene expression correlating with copy number change. 

Chromosomal location is shown along with whether the gene has previously been implicated in cancer, has been 

shown to have prognostic utility, or has been associated with PDAC previously in the literature. 

Gene target  Chromosomal location Implicated in cancer Prognostic utility 
in cancer 

Previously implicated 
in PDAC 

BVES 6q21 Yes N/A No 

DYRK1A 21q22.13 Yes N/A No 

FBI-1 19p13.3 Yes Yes No 

GATA6 18q11.2 Yes Yes Yes 

GPC5 13q32 Yes Yes No 

HINT2 9p13.3 Yes N/A No 

HNF4A 20q13.12 Yes Yes Yes 

mTOR 1p36.2 Yes Yes Yes 

N-Cor 17p11.2 Yes Yes No 

NFκB 4q24 Yes Yes Yes 

ROCK1 18q11.1 Yes Yes Yes 

ROR2 9q22 Yes Yes` No 

SIRT2 19q13 Yes Yes No 

SIRT6 19p13.3 Yes N/A No 

SMURF1 7q21.3 Yes Yes Yes 

WISP3 6q21 Yes Yes No 

WNT7B 22q13 Yes N/A No 

 

N/A – not yet assessed 
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Table 9.2 Univariate survival analysis for mTOR expression 
 

Prognostic influence of A) mTOR expression, B) mTOR expression stratified by Lkb1 expression, C) 

mTOR expression stratified by p21 expression at the protein level as assessed by IHC. 

   Overall Survival  
  Patients 

N = 119 (%) 
Median 

(months) 
95% (CI) p value a 

 
A      
mTOR Low  98 (27.7) 19.6 14.8 - 24.4  0.003 
 High 21 (82.3) 11.6 7.3 - 15.9  
B      
mTOR/ Lkb1 Low/High 77 (64.7) 23.1 17.2 - 29.2  0.020 
 Low/Low 21 (17.6) 13.5 12.5 - 14.5  
 High/High 15 (12.6) 13.9 7.8 - 20.0 0.047 
 High/Low 8 (6.7) 6.3 2.6 - 9.8  
C      
mTOR/ p21 Low/High 24 (20.2) 29.3 17.4 - 41.1  0.019 
 Low/Low 74 (62.2) 17.8 14.3 - 21.4  
 High/High  7 (5.8) 18.0 9.9 - 26.0  0.020 
 High/Low 14 (11.7) 8.3 3.3 - 13.3  
a p value according to Log-rank test 
b For for mTOR/ Lkb1 Low/High versus High/Low p < 0.0001 
c For for mTOR/ p21 Low/High versus High/Low p < 0.0001 

 

'

Table 9.3 Multivariate Cox regression survival analysis according to mTOR expression   
 
mTOR protein expression assessed in the TMA with clinicopathological parameters including overall survival 

for 119 patients undergoing resection for PDAC. 

' '

  Overall survival 

Prognostic factor Category HR (95% CI) p value 

Tumour stage T2/ T3 2.16 (1.07 - 4.28) 0.043 

Tumour size (mm) < 30/ ≥ 30 1.58 (1.05 - 2.44) 0.031 

Lymph node status Absent/ Present 1.70 (0.89 - 3.25) 0.101 

Margin involvement R0/ R1 2.19 (1.29 - 3.74) 0.004 

Tumour grade Low/ High 2.18 (1.35 - 3.48) 0.001 

Peripancreatic fat invasion Absent/ Present 1.68 (1.05 - 2.70) 0.031 

Perineural invasion Absent/ Present 0.82 (0.29 - 1.74) 0.679 

Venous invasion Absent/ Present 1.28 (0.86 - 1.99) 0.267 

mTOR (Cytoplasm) Low/ High 1.77 (1.06 - 2.99) 0.032 
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Table 9.4 Correlation of copy number aberration with microRNA expression 
 

Chromosome 
Position 

Copy Number 
Aberration miRNA 

1q36 Loss miR-34a 
2q35 Loss miR-26b, miR-375, miR-153-1 
2q37.1 Loss miR-1244, miR-1471, miR-562 
3p21.31 Gain miR-1226, miR-495, miR-566 
3q29 Loss miR-570 
3q27.1 Loss miR-1224 
5q31.2 Gain miR-1289-2, miR-874, miR-866 
5q35.2 Loss miR-1271, miR-341, miR-1229 
6p21.33 Gain miR-877, miR-1236, miR-1275, miR-219 
6q13 Loss miR-30a-2 
7p22.1 Loss miR-589, miR-584, miR-906b, miR-206, miR-335 
8p11.21 Loss miR-486 
8q24.22 Loss miR-30b, miR-30d 

9p21.3 Loss miR-491, miR-31 

9p21.1 Loss miR-878 
9q22.32 Loss Let-7b, miR-23b 
9q34.11 Loss miR-199b, miR-219-2 
10q24.32 Gain miR-608, miR-146b, miR-1307 
11q12.3-11q13.4 Gain miR-1237, miR-19a-2, miR-612 
12q13.12–12q14.1 Loss miR-1291, miR-1293, miR-196a-2, miR-148b, miR-1228, miR-616, miR-

26a2 13q21.1 Loss miR-1297 

14q32.32 Loss miR-203, miR-1247, miR-345, miR-496, miR-377, miR-541, miR-409, 
miR-412, miR-410 

15q15.1 Loss miR-626, miR-1282, miR-627 
15q22.31 Loss miR-1272 
16q21 Loss miR-138 
16q13.13 Gain miR-548b 
16q13.12 Gain miR-484, miR-193b, miR-365-1 and miR-1972 
16q22.1 Loss miR-1538, miR-1972, miR-140 
17q23.2 Gain miR-142, miR-301, miR-454, miR-21 
17q21.32 Loss miR-10a, miR-196a-1 
17q11.2 Loss miR-1288, miR-33b, miR-1180 
18q12.2 Gain miR-187 
19q13.2 Loss miR-1181, miR-1238, miR-638, miR-199a-1 
19q13.12 Gain miR-24-2, miR-27a, miR-23a, miR-181c, miR-181d 
19q13.33 Loss miR-220 and miR-150 
19q13.42 Gain Multiple miRNAs 
20q13.13 Gain miR-1259 
20q11.22 Gain miR-1825, miR-644, miR-1289-1, miR-499 
21q21.1 Loss miR-99a, let-7c 
22q13.2 Loss miR-1281, miR-33a 
22q11.22 Loss miR-650 

microRNA in Bold – identified as differentially expressed in previous chapter 

microRNA in Red – identified as differentially expressed in prior literature 
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Figure 9.2 Integration of gene expression with copy number aberrations 
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Figure 9.3 Correlation between copy number aberration and gene expression in PDAC 
 

Scatter plot shows correlation between copy number changes (y-axis) and gene expression levels (x-

axis represents gene expression fold change) of individual genes within regions with genomic gains. 

Five genes (mTOR, FBI-1, HNF4A, SIRT2 and DYRK1A) fulfilled the most stringent criteria (log2 

ratio > 0.3 [equals gain] and expression fold-change > 5.0). mTOR was subsequently taken forward 

for validation at the protein level. 
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Figure 9.4 Networks generated from genomic integration derived gene list 
 

A) Top scoring interaction network of genes with highly correlated copy number and expression change 

indicating that HNF4A is strongly interconnected (correlated genes highlighted by     ). 

B) Focus upon FBI-1, N-COR, HNF4A, which appear to interact with the transcription factor SP1. 

'
' '

` 

B"



    Chapter 9 Integrative Genomics  203 

 

Figure 9.4  

C) HNF4A and DYRK1a (highlighted in orange) are clearly linked to many dysregulated genes as well as 

Notch and Ras. 

  

C"
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Figure 9.5 mTOR: clinicopathological association 
 
A) Representative immunostaining of mTOR in PDAC TMA: illustrating no staining, low, moderate and strong 

staining. Epithelial cytoplasmic staining was evaluated for this analysis. 
 

B) Correlation between mTOR DNA copy number and its mRNA expression in 37 PDAC specimens 

(Spearman’s rho (ρ) correlation coefficient = 0.391, p = 0.001). 
 

C) Box plot indicating that tumours from patients with more than 50% lymph node involvement have increased 

levels of mTOR (median histoscore 235) in comparison to those with no lymph node involvement (median 

histoscore 181) (p = 0.005) and those with less than 50% lymph node positivity (median histoscore 207) 

following resection (p = 0.01, Mann-Whitney U test). 
 

D) Kaplan-Meier analysis indicates that patients with high mTOR expression (n = 21) (median 19.6 months) 

have a poorer outcome than those with low expression (n = 98) (median 11.5 months) following tumour 

resection (Log-rank test, p = 0.003). 
 

Spearman’s correlation indicating positive correlations between mTOR cytoplasmic levels and cytoplasmic 

levels of E) GSK3β F) COX-2 and G) p21. 
 

H) Kaplan-Meier analysis indicates that patients with low mTOR expression and high Lkb1 expression (n = 

77) have a more favourable outcome than those with high mTOR expression and low Lkb1 expression (n = 8) 

following tumour resection (Log-rank test, p = 0.005). 
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Figure 9.6 Integration of miRNA expression with copy number and gene expression data 
 

A) This figure illustrates copy number aberrations for all 45 patients for which aCGH copy number data (y-

axis) was available overlaid on chromosomal location (x-axis) including the location of various miRNAs. Each 

colour represents an individual patient, with aberrations represented by a series of peaks as well as horizontal 

coloured bars. Areas of dense colouration represent overlap of copy number aberration shared between 

individual tumours. For miR-21 and miR-30d positions are highlighted in red. The overlap of other miRNAs of 

interest is illustrated in the supplementary data. 

 

 
  

A"
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Figure 9.6 
 
B) mRNA and miRNA integration in a matched comparison of PDAC tumours. Comparison was performed of 

the predicted gene targets (generated by Targetscan software) of the differentially expressed miRNAs (green 

circle – down regulated miRNA targets and Red circle – up regulated miRNA targets) with genes differentially 

expressed according to gene expression microarray analysis (orange circle). Only approximately 10% overlap 

was achieved in terms of genes targets. However, pathway enrichment for the overlapping genes was 

significantly enriched for TGFβ signalling, Notch signalling, Wnt signalling, Ubiquitin proteolysis and MAPK 

signalling pathways known to be important in PDAC (p < 0.0001, GeneGo comparison analysis). 
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Figure 9.7 Investigation of gene targets of miR-21 and miR-34a in human PDAC 
 
Representative immunostaining of A) maspin in PDAC TMA: illustrating no staining, low, moderate and 

strong staining. Epithelial cytoplasmic staining was evaluated for this analysis. Representative 

immunostaining of B) PTEN in PDAC TMA: illustrating no staining, low, moderate and strong staining. 

Epithelial cytoplasmic staining was evaluated for this analysis. 

 

C - E) Correlation plots of RT-PCR miR-21 expression (relative expression) versus cytoplasmic Bcl-2 protein 

expression (Spearman’s ρ correlation coefficient = 0.411, p = 0.003), cytoplasmic maspin expression 

(Spearman’s ρ = 0.653, p < 0.001) and cytoplasmic PTEN expression (Spearman’s ρ = 0.43, p = 0.004) (n = 

43). IHC assessed using a semi-continuous histoscore. 

 

F) Kaplan-Meier analysis illustrating that patients with low PTEN have poorer outcome (n = 38, 13.0 months) 

compared to those with medium PTEN expression (n = 41, 16.7 months) and high PTEN expression (n = 38, 

26.6 months) following pancreaticoduodenectomy (Log-rank test, p = 0.01). The cohort was divided into 

tertiles according to the cytoplasmic PTEN histoscore. 

 

G - H) Correlation plots of miR-34a expression with histoscore cytoplasmic Bcl-2 protein expression 

(Spearman’s ρ = -0.496, p = 0.001) and histoscore nuclear cyclin D1 protein expression (Spearman’s ρ = -

0.293, p = 0.043) (n = 43). 

 

I) Correlation of histoscore nuclear p53 protein expression with miR-34a expression (Spearman’s ρ = 0.392, p 

= 0.01) (n = 43). 

 

J) Proposed factors regulating miR-34a expression in human PDAC. 
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Figure 9.7 
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10  Overall Discussion and Conclusion 
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10.1 Thesis summary 
 

The present thesis investigates a number of approaches to the enhancement of the prediction 

of prognosis for patients undergoing resection for PDAC. Before any novel molecular 

aspects of prognostication can be assessed, the established clinical and pathological factors 

should be rigorously tested. This was performed in Chapter 3 that focused firstly on 

resection margin involvement, a factor for which the reported frequency varies considerably 

in the literature. The pathological staging criteria for PDAC were further refined by analysis 

of the prognostic influence of fat invasion on outcome in Chapter 4. IHC molecular 

prognostic candidates were reviewed in Chapter 5 with validation for a number of these 

candidate markers performed in the studied cohort and combined in an attempt to develop a 

multi-marker IHC prognostic signature. In the second half of the thesis, gene expression 

microarray analysis was applied to perform genome-wide profiling of 48 PDAC tumours, 

identifying genes related to pathological features and with survival as presented in Chapter 

6. The prognostic gene signature obtained was subsequently independently validated in a 

further cohort. miRNA microarray profiling was performed in Chapter 7 and identified 

novel associations with tumour pathology in addition to prognostic associations. In Chapter 

8 aCGH analysis was used to profile the genomic aberrations of the cohort, which were then 

associated with clinicopathological factors. Integration of the genomic technologies was 

outlined in Chapter 9 identifying genes for which expression correlated with genomic 

aberrations, highlighting potentially important genes involved in PDAC tumour biology. 

Figure 10.1 provides a summary diagram of the project with the key findings highlighted. 

  



    Chapter 10 Final Discussion  212 

 

 

Figure 10.1 Summary of project: hierarchical approach to prognostication 
 

An attempt has been made to enhance traditional pathological variables, initially by rigorous assessment. 

Focussing on individual protein biomarkers, prognosis was then assessed with IHC. Clinicopathological 

associations and outcome prediction based on gene expression level was carried out, with further focus 

towards the investigation of the prognostic influence of miRNA expression and copy number. Finally 

integration of copy number and gene expression patterns to identify potentially important regulatory targets in 

PDAC was performed. 
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10.2 Final discussion 
Sir William Osler (1849-1919) anticipated the concept of personalised medicine when he 

recognised:  

“Variability is the law of life, and as no two faces are the same, so no two bodies 

are alike, and no two individuals react alike and behave alike under abnormal 

conditions we know as disease” 

PDAC represents a dilemma, remaining a devastating disease with few long-term survivors 

despite great efforts from the surgical and oncological community over the last 50 years. PD 

remains the standard therapy for patients with resectable disease (1), however despite 

optimisation of operative technique and post-operative management, complications affect up 

to 60% (451), and resection still harbours a perioperative mortality rate of 2-6% (452). 

Overall median survival following resection, remains at best 23 months, despite adjuvant 

therapy and therefore caution must be exercised when selecting candidates for surgical 

resection. Conventional cancer staging has been based upon a combination of pathological 

factors, many which are subjective by their nature (degree of differentiation) or difficult to 

assess with confidence (venous invasion). This system has proven useful for decades and is 

the basis of current clinical practice. Current thinking dictates that PDAC is managed simply 

as non-resectable or resectable, however the evidence suggests that the situation is far more 

complex. The early recurrence to which many patients succumb following resection 

underlines that PDAC represents a spectrum of disease that is not adequately described by 

current clinicopathological staging (450).  

The resection margin involvement rate of over 70% suggests that PDAC is in essence a 

systemic disease from the time of presentation in almost all patients with the diffuse 

infiltrative nature of the disease generating a tremendous challenge. Chapter 3 highlighted 

the importance of a rigorous systematic pathological examination with a proposed 

redefinition of the resection margin status, the first novel outcome of the thesis. Based on the 

innovative concept of embryologically derived (R1Mobilisation) versus surgically created 

(R1Transection) margins, it was demonstrated that the former group experienced a significantly 

prolonged survival following resection and it can therefore be concluded that in PDAC, not 

all positive margins are of equal prognostic significance. This important pathological 

information may impact the individualisation of adjuvant therapy. Despite detailed 

investigation of the prognostic influence of individual margin involvement, the prognostic 

relevance of minimal distance of resection margin clearance warrants analysis in an 

extended dataset to determine the optimum cut-off point for margin positivity potentially for 

each of the resection margins. This would be a further important step towards the 

standardisation of pancreatic specimen pathology reporting.  
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Related to this concept, Chapter 4 illustrated a further observation that peripancreatic fat 

invasion by PDAC, considered in current staging systems to promote disease from T2 to T3, 

provided independent prognostic information. Furthermore, although resection margin status 

failed to predict the site of recurrence, the presence of pancreatic fat invasion was associated 

with local recurrence. If true effects of adjuvant therapy are to be resolved, these findings 

highlight the importance of adequately controlling for such pathological factors prior to the 

allocation of adjuvant treatment in randomised controlled trials. 

Review of the substantial prognostic IHC literature revealed that translational success is 

lacking in PDAC (299). The paucity of clinically useful prognostic molecular biomarkers 

may result from inadequate methodology, limited cohort size or flawed analyses. Numerous 

potential candidate markers were identified, for which the prognostic utility was validated in 

the TMA cohort in Chapter 5. In this section an attempt was made to combine the expression 

of markers within a multi-marker analysis, initially for all markers, then based on functional 

groupings. Application of this methodology is again novel in PDAC and successfully 

identified a cluster of patients with good outcome. This reinforced the concept that pathway 

analysis and molecular signatures may provide additional prognostic utility compared to 

single markers alone in the inherently complex system of cancer. Strong evidence that loss 

of E-cadherin expression, high COX-2 expression and high pAkt expression are associated 

with poor prognosis was provided and moreover demonstrated for the first time in PDAC 

that loss of Lkb1, alone and in combination with p21 expression was associated with a very 

poor outcome. Following potential enhancement to outcome stratification by integrating 

IHC marker expression in resected specimens, further investigation of the utility of the 

prognostic markers in preoperatively collected EUS-FNA cytology samples will be 

performed in future work including evaluation of Lkb1, E-cadherin, COX-2 and pAkt 

expression.   

A genome wide approach was subsequently applied in an effort to identify novel molecular 

targets related to PDAC behaviour, with gene expression microarray profiling of the studied 

cohort presented in Chapter 6. The identification of variation in gene expression patterns 

according to clinicopathological factors was successful. While previously performed in other 

cancer types, this depth of analysis was novel for PDAC at the commencement of this 

project. Furthermore, as initially was proposed, a gene expression profile was developed that 

was able to describe groups of patients with good and poor survival, independent of the 

established pathological features previously described. The analysis was extended by 

successfully confirming the prognostic utility of an individual component of the signature, 

the chloride ion transporter CLIC3, at a protein level in the TMA cohort. This important role 

for CLIC3 in PDAC was a further novel discovery resulting from this thesis. It is planned to 
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undertake functional validation of this molecule within a pancreatic cancer cell line model in 

an attempt to determine the mechanisms by which expression translates to clinical 

behaviour. It is putatively involved with cell invasion through association with cytoskeletal 

actin (453). Crucially, validation of the 107-gene survival profile was successful within an 

independent PDAC cohort.  

This work has provided evidence that in PDAC, despite a relatively narrow spectrum of 

survival outcomes following resection, prognostic signatures can be developed, at a protein 

and gene expression level. This is only the first step, as a considerable gap exists in terms of 

prognostic signature development for PDAC compared with other malignancies (370). 

Successful validation of the prognostic gene signature within an independent cohort is 

certainly encouraging. Subsequently, the previously developed PDAssigner signature (348) 

not only subtyped the patients but also demonstrated prognostic value in the studied cohort, 

delivering further evidence supporting prognostic signatures in PDAC. It was noted that 

limited gene overlap existed between the profiles. However, it may be that a core ‘super-

group’ of shared genes govern the aggressive behaviour of PDAC and the overlapping genes 

provide an important avenue for investigation. It was interesting to note that one of the 

shared genes, Twist1, as discussed earlier, is a component of the EMT grouping and is 

capable of suppressing E-cadherin expression (149, 150). Potentially, Twist1 may be key in 

relating the poor prognosis gene-expression signature identified in Chapter 6 with the 

deleterious outcome associated with loss of E-cadherin demonstrated in Chapter 5. 

However, whether increased Twist1 expression is the cause or a consequence of reduced E-

cadherin in PDAC, as demonstrated in a murine model of breast cancer metastasis, would 

require further investigation (454). Previous investigation of Twist1 expression in human 

PDAC revealed minimal protein expression (149), but demonstrated that expression was 

strongly linked to tumour cell hypoxia. Certainly, assessment of Twist1 expression in this 

human PDAC cohort, invasion and motility assays and investigation of its ability to suppress 

E-cadherin is warranted.  

The generated prognostic gene expression profile was relatively large (107 genes), and 

future analysis will likely focus on refining it. CLIC3 was a component of the novel gene 

survival profile and therefore further steps will include validation of additional high-ranking 

components of the prognostic signature including SELENBP1, TGM2, NT5E and DUSP5, 

at a protein level within an extended TMA cohort to determine if they can stratify outcome. 

Furthermore functional validation of targets not previously investigated in pancreatic cancer 

is planned. It should be noted that while a signature of genes can yield prognostic value, 

there is no guarantee that the components will provide such useful information individually.  
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The miRNAome expression profile of the resected PDAC cohort in Chapter 7 identified a 

reassuringly similar signature to that described previously (220), despite differences in 

experimental and analysis techniques. This highlights the utility of miRNAs as a cancer-

profiling tool and emphasises their potential importance as prognostic biomarkers. The 

findings of previous reports that proposed miR-21 to have prognostic utility were confirmed 

and furthermore novel roles for a number of miRNAs in PDAC were identified. In 

particular, the novel finding that loss of miR-34a expression was associated with poor 

outcome in this cohort was important. It is intended therefore to extend the investigation of 

this critical target. The expression of miR-34a in a PDAC cell model will be manipulated to 

assess the impact on cell behaviour and down-stream targets. Furthermore, evaluation of 

miR-34a will be extended to a larger TMA cohort using in-situ hybridisation. Unfortunately, 

attempts at validation of the miRNA signature in a further dataset were not possible, as no 

such dataset is currently available. As was emphasised, it is the robustness of measurement 

and lack of degradation of miRNAs, which lends to their usefulness. Of interest, further 

miRNA microarray profiling on FFPE samples matched to the fresh frozen cohort was 

undertaken. This provided similar profiles (data not shown), although with reduced intensity 

and supports the pursuit of paraffin and cytology based miRNA evaluation. 

The prognostic utilities of CNAs were investigated in Chapter 8. At the time, this aCGH 

assessment was of an unmatched resolution in PDAC, and employed analysis techniques 

novel for pancreatic cancer, including the GISTIC algorithm. The expected pattern of 

chromosomal aberration in PDAC was confirmed and, subsequently, numerous novel CNAs 

were identified. Of note it was demonstrated that a high frequency of CNA was associated 

with a poor prognosis. The GISTIC algorithm was subsequently applied to a further cohort 

of PDAC patients, however a lack of outcome data limited the ability to validate prognostic 

regions. It should be noted that validation experiments for the targets identified by aCGH, in 

particular fluorescent in situ hybridization, are necessary to confirm these findings. 

Integration of CNA and gene expression data was performed in Chapter 9 to identify over-

expressed genes that were concordantly amplified, potentially representing fundamental 

regulator genes. While the categorical identification of regulatory genes that influence 

PDAC progression was not successful, the identification of a number of genes with a 

positive gene dosage relationship was achieved. A notable correlated target was mTOR, 

expression of which was found to be prognostic at a protein level in the TMA cohort. 

Further interrogation of other genes with correlative gene dosage including FBI-1, SIRT2 

and HNF4a will form the basis of future projects to determine the clinical impact of targets 

identified by integration of copy number and gene expression, as was performed for mTOR. 

The relationship of miR-21 and miR-34a expression and potential protein targets and 
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regulators was subsequently investigated. This provided unique insight into human PDAC, 

suggesting miR-21 correlates inversely with PTEN expression at the protein level, while 

miR-34a related inversely to p53. Integration of miRNA with mRNA data is still at an early 

stage, however enrichment for biologically plausible downstream targets of both miR-21 

and miR-34a was demonstrated. Further bioinformatic enhancements may well yield further 

information from this important dataset. 

10.2.1 Implications for staging and management algorithms 
Conventionally, prognostic gene expression signatures developed from the study of cancer 

patients undergoing standard treatment can be used to identify patients with a poor 

prognosis, who may require more aggressive treatment (5). It is anatomical, not molecular 

features that currently determine PDAC resectability and the decision to administer 

neoadjuvant and adjuvant therapy. Improvements in the selection algorithm for therapy are 

mandatory if there is to be improvement in outcome and quality of life for these patients.  

When validated, the use of prognostic markers or signatures may allow redefinition of this 

paradigm, supplementing current pathological staging criteria and guiding personalised 

treatment decisions for individual patients. This may result, for example, in neoadjuvant 

therapy being offered according to biological considerations, in addition to anatomical 

criteria of resectability, maximising benefits associated with treatment, prolonging survival 

and benefitting quality of life by avoiding the morbidity of resection in those unlikely to 

derive benefit. 

Gene expression signatures offer potential for the optimisation of management decisions of 

individual cancer patients. However, the intrinsic complexity of cancer biology, the 

difficulties associated with high-dimensional data analysis and the lack of focus in the 

development and validation of prognostic signatures have generated formidable challenges 

in the move towards more predictive and prognostic surgical oncology. Prognostic 

signatures must be constructed and validated with particular attention paid to the clinical or 

therapeutic goal from inception, and ideally, a novel signature should be validated within the 

context of randomised control trials (370). 

The findings of the present thesis raise several important issues concerning factors affecting 

prognosis in PDAC. Firstly, can clinical management algorithms be adapted to include 

molecular biomarkers identified at the preoperative stage? A potential strategy may be 

preoperative biomarker identification that provides prognostic information that could modify 

the strategy for a borderline resectable patient from definite resection, to a chemotherapeutic 

option with palliative surgery and therefore potentially enhance quality of life with a 

reduction in morbidity.   

Such a personalised medicine strategy is paramount for a disease such as PDAC, as only by 

this manner could targeted therapies options based on marker expression be instigated in a 
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timely manner so as to enhance efficacy. EUS-FNA tissue presents numerous challenges for 

downstream molecular analysis. Principally, only small volumes of cellular material are 

yielded. Secondly, owing to the heterogeneity of PDAC, much of the material will be 

stromal or inflammatory. Differentiating CP from PDAC creates a diagnostic dilemma and 

any marker must ideally be specific for PDAC if it is to yield prognostic utility. While 

difficulties have arisen with gene expression analysis of EUS retrieved samples, it may be 

that miRNA expression provides an avenue of investigation owing to their robustness, as 

well as potential for measurement in serum and FFPE specimens (381).  

Future genome-wide analysis of PDAC may be superseded by direct sequencing projects, 

with the recent completion of the Pancreatic Cancer Genome Project marking a considerable 

milestone, determining all the exons of all coding genes in 24 PDACs (455). 12 core 

signalling pathways were highlighted: apoptosis, regulation of G1/S phase transition, 

integrin signalling, JNK signalling, KRAS signalling, regulation of invasion, DNA damage 

control, small non-KRAS GTPase-dependent signalling, TGFβ, Hh and Wnt/Notch 

signalling. The authors argue that PDAC as a general entity should no longer be considered; 

rather individualisation of a patient’s cancer is necessary. This proposed the potential for the 

identification of mutational state, gene expression, methylation state and miRNA expression 

pattern preoperatively, targeting appropriate neoadjuvant therapy, extent of resection, 

adjuvant regimen and post-operative prognosis. It was encouraging that data from this thesis 

supports many of signalling pathways defined by this landmark study.  

Through quantitative analysis of the timing of such genetic events, hope for PDAC 

treatment was recently provided by the discovery that a broad time window exists for the 

events illustrated in Figure 1.1B (456). With the initiating mutation being followed by a 

decade prior to the birth of the founding malignancy, which requires five years to develop 

metastatic ability and two years preceding death. This exceptionally detailed genotyping 

study provides evidence that theoretically opportunities for modification of disease 

progression by targeting the discussed pathways, may indeed be plausible.  

10.2.2 Limitations of the thesis 
It should be noted that although this study investigated gene expression at the level of the 

transcriptome and miRNAome with additional CNA analysis, it failed to consider all 

potential levels of regulation. A great number of target genes in PDAC undergo methylation, 

which can also be studied using microarray technology (457). Further, important limitations 

of this thesis relate to the tissue utilised for the genome wide approach, as has been 

highlighted earlier. Comparison between PDAC and normal tissue was restricted by the 

normal tissue originating from resection specimens, not from true normal specimens (e.g. 

donor resections) and therefore caution must be exercised when considering results for both 

the mRNA and miRNA chapters. Additionally, failure to perform laser capture 
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microdissection of the PDAC specimens, instead using macrodissected pancreatic tumour 

tissue for RNA extraction, was a limiting factor. This enabled the stromal, and potentially 

also the inflammatory components that play an increasingly recognised role in 

carcinogenesis and tumour progression, to be evaluated alongside the epithelial components. 

However, despite this potential benefit, microdissection would have enhanced localisation of 

mRNA and miRNA expression to the individual tissue compartments. It is hoped, however 

that preoperative profiling based upon biopsy examination may become an important 

component of the PDAC clinical management algorithm. Material obtained by this means 

will undoubtedly be a mixture of tumour epithelium, stromal and normal tissue. Therefore, 

this strategy has worth in determining markers that may be used in the future to stratify 

patients based on preoperative assessment. Furthermore, a similar strategy was employed by 

another established group investigating prognostic gene signatures in PDAC (349). 

Comparison with CP tissue was originally planned, however poor quality of the extracted 

RNA prevented assessment by microarray methodology. 

10.3 Conclusion 
Currently the prediction of prognosis following resection for PDAC is based solely on 

pathological factors, for which consensus is only now being reached. For breast cancer, 

routine management is enhanced by molecular prognostic classification e.g. HER-2 status. 

Unfortunately, despite a wealth of molecular investigation in PDAC, the prognostic value of 

this approach is to date limited.  

This thesis describes the investigation of prognostic indicators for patients with PDAC using 

firstly a candidate marker approach followed by a genome wide approach. The clinical 

parameter of survival has been used as a means to investigate the underlying tumour 

biology, and to determine whether poor prognosis after resection can be tied to any 

pathological or molecular aspect.  

The proposed enhancements to the current pathological classifications should create a firm 

foundation on which to stratify patient outcome robustly according to molecular targets. In 

addition to enhancing aspects of conventional pathological staging, the detailed, unbiased 

genome-wide analysis has successfully identified potentially novel aspects of PDAC biology 

(Figure 10.1). Most importantly, a number of novel factors that appear to stratify prognosis 

for resectable pancreatic cancer patients at a pathological and molecular level have been 

identified as a result of this thesis including evidence of gene expression signatures and 

miRNA expression patterns.  

These findings have the potential, following validation, to refine outcome stratification post-

operatively, and may in the future form the initial steps towards an individualisation of 

management for patients with resectable pancreatic cancer. 
'
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11 Appendices 

11.1 Appendix 1 - Chapter 1 data 
 

 
11.1.1 Summary of IHC prognostic biomarker studies in PDAC 
 

Table 11.1 IHC molecular prognostic markers in PDAC 
 

Excel file: contains detailed list with diagrammatic representation of PDAC IHC 
literature. This details the strength of prognostic studies both in terms of numbers and 
the level of significance (univariate/ multivariate) for over 400 IHC studies. 
 

 

11.2 Appendix 2 - Chapter 2 data 
 

11.2.1 Supplementary methods  
 

The seven hepatopancreaticobiliary TMAs containing 248 specimens with 6 tumour 
cores and 2 normal cores for each specimen.   

 

Excel file: Maps of the TMAs 1-7. 
 
An example of a TMA map is shown in Figure 11.1. 

 
11.3 Appendix 3 - Chapter 5 data 
 

Table 11.2 All prognostic IHC studies reviewed in systematic review and meta-analysis  
Excel file: detailing the 398 studies that were reviewed for the purpose of the 
systematic review and meta-analysis. 
 

Table 11.3 Sample, study and methodological characteristics of the high quality cohort 
studies included in the systematic review 

PDF file: details of the 83 main studies outlining the sample, study and methodological 
characteristics of the high quality cohort studies included in this systematic review are 
recorded within a supplementary table. 
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Figure 11.1 Tissue microarray map 

 
Illustrating control tissue, PDAC cores (blue), ampullary adenocarcinoma cores (green), cholangiocarcinoma 

cores (orange), duodenal adenocarcinoma cores (purple) and normal cores (blue). The pattern of the control 

cores is altered on each TMA to allow orientation and differentiation of the TMAs.   
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Table 11.4 Proteins related to overall survival for resectable PDAC 
 

Summary of the multivariate hazard ratios with 95% CIs for the eligible proteins, ranked according to 
Hanahan-Weinberg functional capabilities. 

Protein Total No. (PD) Reference group Compartment HR (95% CI) p value 
Evading Apoptosis      
   Bax* 126 (113) <10% cells + C, N 0.31 (0.17-0.56) 0.0001 
   Bcl-2* 227 (183) <5% cells + C, N 0.41 (0.27-0.63) <0.0001 
   Survivin* 119 (106) <10% cells + C, N 0.46 (0.29-0.73) 0.001 
Insensitivity to Antigrowth Signals     
   14-3-3σ 300 Compared to ND M, C 1.4 (0.9-2.20) 0.14 
   IEX-1* 78 (48) <25% cells + C 1.84 (1.22–2.82) 0.004 
   GADD45 72 (38) <50% cells + M, C 1.38 (0.78–2.45) 0.26 
   p21* 148 (37) No stain  N 0.49 (0.33-0.73) 0.09 
   p27 352 (336) <20% cells + N 1.11 (0.84-1.47) 0.47 
   SMAD4 300 No stain  C 1.20 0.91-1.59) 0.21 
   SMAD7* 71 Compared to ND C 0.39 (0.18-0.83) 0.014 
   TGFΒ-1* 61(31) <30 cells + C 0.44 (0.23-0.86) 0.015 
Limitless Replicative Potential     
   Akt* 65 (50) Immunoscore < 100 C 0.40 (0.20-1.10) 0.043 
   pAkt 104 (89) Relative to ND C 0.59 (0.33-1.07) 0.08 
   Caveolin* 79 <50% cells + M, C 1.88 (1.04-3.39) 0.036 
   Cyclin E* 75 <10% cells + N 2.48 (1.39-4.41) 0.0021 
   EGFR 65 (50) Immunoscore < 100 M 1.80 (0.80-4.20) >0.05 
   Ezrin* 73 No stain  M, C 2.93 (1.58-2.30) 0.02 
   Erk 65 (50) Immunoscore < 100 C 0.80 (0.30-2.10) >0.05 
   pErk* 65 (50) Immunoscore < 100 C 3.52 (1.41-9.01) 0.003 
   GPR54 53 (38) No stain  C 1.22 (0.74-2.0) 0.43 
   HDGF* 50 Compared to ND 90% cells + N, C 0.26 (0.08-0.65) 0.0026 
   Her2* 129 (88) HerceptTest score 0-1 M 1.81 (1.07-3.04) 0.025 
   Ki67* 84 <10% cells + N 2.42 (1.87-3.14) 0.005 
   MAP4K4* 66 <10% cells + C 2.16 (1.10-4.23) 0.025 
   Metastin* 53 (38) No stain  C 2.08 (1.1-4.7) 0.03 
   P53 287 (213) <1% cells + N 1.26 (0.93-1.70) 0.14 
   PPAR* 129 No stain  N 2.46 (1.04-5.78) 0.039 
   Rel65/P65‡ 82 Semiquantitative score <6 N, C RR 3.49 0.02 
   S100A2* 162 (75) 

439 (296)  
<30% cells + 
 

C 3.23 (1.58-6.62) 
1.87 (1.25-2.81) 

0.0014 
0.0024 

   S100A4* 72 No stain  C 1.81 (1.01-3.27) 0.048 
   S100A6* 60 No stain  C 2.85 (1.43-5.71) 0.003 
   Skp2* 46 (35) < 20% cells N 6.05 (1.43-25.1) 0.014 
   VCP/p97* 83 Less than ND C 2.42 (1.11-2.26) <0.01 
Transcription Factors      
   LMO2* 164 <10% cells + N 0.43 (0.28-0.66) <0.001 
   LMO4* 120 (75) <50% cells + N 0.46 (0.21-0.99) 0.049 
   HMGA* 89 (83) No stain  N 12.5 (2.70-57.5) 0.001 
   SP-1 * 42 <20% cells + N 2.99 (1.06-8.46) 0.039 
Tissue Invasion and Metastasis     
   α5β1 Integrin* 31 <15% cells + C 4.10 (1.15-14.7) 0.030 
   α6β1 Integrin* 42 (35) <50% cells + C, M 0.55 (0.29-0.78) 0.026 
   Actinin-4* 173 Relative to ND M, C 2.23 (1.61-3.39) 0.000009 
   ADAM9* 59 No stain M, C 2.85 (1.21-6.71) <0.05 
   Claudin 18* 166 No stain M 0.52 (0.32-0.84) 0.013 
   CXCR4* 71 Immunoscore ≤3 C 2.54 (1.27-5.1) 0.001 
   Cytokeratin 20* 76 (67) No stain M 2.15 (1.13-4.12) 0.02 
   Dysadherin* 125 <20% cells + M 2.17 (1.14-4.14) 0.019 
   E-cadherin* 197 >90% cells + M 1.80 (1.33-2.42) 0.0001 
   Galectin-3* 104 Staining < pancreatic nerve  C 2.06 (1.23-3.46) 0.006 
   Laminin γ2* 48 No stain C, M 2.41 (1.18-4.93) 0.0161 
   Li-cadherin* 102 <25% cells + M 2.04 (1.16-3.61) 0.01 
   Maspin* 229 <5% cells + N, C 2.43 (1.36-4.34) 0.01 
   MMP7* 70 <30% + C 3. 09 (1.22-10.8) 0.022 
   PAI-2* 46 (39) No stain C 2.72 (1.13-6.53) 0.001 
   PGP9.5* 65 <50% cells + C 0.37 (0.21-0.65) 0.0006 
   SPARC (stromal) * 299 <10% cell + S 1.89 (1.31-2.74) 0.001 
   Syndecan (stromal) * 144 <5% area +  S 1.70 (1.21-2.38) 0.002 
   Synuclein-γ* 62 <10% cells + C, N 3.4 (1.51-7.51) 0.003 
   TROP2* 197 (105) Immunoscore <4 M 1.8 (1.1-3.0) 0.009 
   UPAR* 42 (35) <50% cells + C 0.49 (0.28-0.82) 0.006 
Angiogenesis      
   APN/CD13* 50 <10% cells + M, C 0.4 (0.19-0.84) 0.016 
   COX-2* 485 (384) Immunoscore 0/+ <10% cells C 1.39 (1.13-1.71) 0.002 
   DKK-3* 154 No stain C 0.6 (0.40-0.94) 0.024 
   FGF 104 (80) Immunoscore <1 C, S 1.56 (0.92-2.66) 0.098 
   FLT-1* 76 (30) AQUA C, M 9.87 (2.04-47.7) 0.004 
   HIF-1* 58 No stain C 2.22 (0.99-4.99) 0.05 
   Midkine* 75 <10% cells + C 2.14 (1.29-3.71) 0.003 
   PD-ECGF* 144 No stain C 2.03 (1.22-3.38) 0.007 
   PEDF* 80 (61) No cytoplasmic stain C 0.39 (0.22-0.70) 0.0016 
   Tissue factor* 113 (78) <25% cells + C, M 2.01 (1.21-3.34) 0.008 
   VEGF 202 (178) <10% cells + C 1.34 (0.87-2.06) 0.18 
Pancreatic Differentiation and Stem Cell Like Function     
   CD133* 80 No stain C 2.15 (1.21-3.87) 0.009 
   HOXB2* 59 <20% cells + N 5.01 (2.36-10.6) <0.0001 
   MUC-4* 135 (116) <5% cells + M, C 2.13 (1.24-3.65) 0.006 
   PDX-1* 35 >50% cells + C 0.53 (0.28-0.95) 0.03 
Chemotherapy      
   ERCC 64 AQUA C 1.54 (0.80-2.94) 0.194 
   GLUT-1* 60 (44) No stain M 2.81 (1.1-8.0) 0.034 
   hCNT3* 45 Median scoring <150 C 2.65 (1.19-5.87) 0.017 
   hENT1* 45 Median scoring <80 C 3.42 (1.44-8.81) 0.005 
   OPRT 99 (40) No stain C 0.90 (0.61-1.35) 0.62 
   RRM1* 64 AQUA N 1.89 (1.01-3.48) 0.046 
   Thymidylate synthase 132 (116) ≤2 score C 1.05 (0.73-1.51) 0.8 
Altered Immunocompetence     
   CD74* 68  <70% cells + C 2.00 (1.3-3.2) 0.003 
   ILR1 31 <15% cells + C 1.64 (0.38-7.02) 0.506 
   PD-L1* 51 <10% cells + C 2.29 (1.12-4.68) 0.022 
   RCAS* 80 (61) <5% cells + C, M 3.09 (1.33-7.21) 0.009 

HR = Hazard ratio, CI = Confidence interval, PD = Pancreaticoduodenectomy, C = Cytoplasm, M = Membrane, N = Nuclear, S = Stromal, 
ND = Normal distribution, RR = Relative risk 
* For associations representing data from single study, p values calculated by multivariate Cox proportional-hazards modelling.  For associations 

representing data from multiple studies, combined summary HRs are those calculated for the fixed effects general inverse variance method. Proteins with 
a statistical significance of p < 0.05 are marked. 

‡  Prognostic significant only node negative cases (n = 26)  



 Appendices 247 

 

Figure 11.2 Kaplan-Meier survival curves of 119 patients undergoing PDAC resection  
 
Clinicopathological factors significantly related to outcome for the TMA cohort (Log-rank test). 

 
Median survival time illustrated 

p value derived from Log-rank analysis   

p'='0.001'

p'='0.001'

p'='0.001'

p'<'0.001'

p'='0.014'

p'='0.041'

p'='0.018'

p'='0.002'
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Figure 11.3 Immunohistochemical staining for multiple prognostic markers 
 
A) Lkb1, p21 and p53 immunostaining of normal pancreatic ductal tissue on tissue microarray (TMA). 

Representative immunostaining of Lkb1, p21 and p53 in PDAC TMA: illustrating no staining, low, moderate 

and strong staining. 

 

B) COX-2 and Bcl-2 immunostaining of normal pancreatic ductal tissue on TMA. Representative 

immunostaining of COX-2 and Bcl-2 in PDAC TMA: illustrating no staining, low, moderate and strong 

staining. 

C) β-catenin, E-cadherin and GSK3β immunostaining of normal pancreatic ductal tissue on TMA. 

Representative immunostaining of Β-catenin, E-cadherin and GSK3β in PDAC TMA: illustrating no staining, 

low, moderate and strong staining. 

D) Cyclin-D1, pAkt and Ki67 immunostaining of normal pancreatic ductal tissue on TMA. Representative 

immunostaining of cyclin-D1, pAkt and Ki67 in PDAC TMA: illustrating no staining, low, moderate and strong 

staining. 

E) SMAD4 and TGFβ immunostaining of normal pancreatic ductal tissue on TMA. Representative 

immunostaining of SMAD4 and TGFβ in PDAC TMA: illustrating no staining, low, moderate and strong 

staining. 
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Figure 11.4 Kaplan-Meier survival curves for Bcl-2 expression  
 
High Bcl-2 expression (n = 38) have prolonged outcome compared to those with low Bcl-2 expression (n = 81) 

following PD (p = 0.005, Log-rank test). 

 

Figure 11.5 Invasion and metastasis signalling clinicopathological correlation 
 

A) Boxplot of membranous β-catenin expression according to tumour grade: Low grade tumours (n = 85) 

exhibited a higher level of β-catenin expression (median histoscore 128.2) versus high-grade tumours (n = 34) 

(median histoscore 76.5) (p < 0.0001, Mann-Whitney U test). 
 

B) Kaplan-Meier analysis showing cases with high membranous β-catenin expression (n = 36) have better 

outcome compared to those with medium expression (n = 38) and far better than those with low expression (n 

= 44) following PD (p = 0.009, Log-rank test). 
 

C) Boxplot of E-cadherin median histoscore versus tumour grade: Low grade tumours (n = 85) exhibited a 

higher level of β-catenin expression (median histoscore 143.0) versus high-grade tumours (n = 34) (median 

histoscore 93.1) (p < 0.0001, Mann-Whitney U test). 
 

D) Kaplan-Meier analysis showing cases with high E-cadherin expression (n = 94) have better outcome 

compared to those with low expression (n = 25) following PD (p = 0.009, Log-rank test). 
 

E) Kaplan-Meier analysis showing cases with high GSK3β expression (n = 19) have a worse outcome 

compared to those with low expression (n = 100) following PD (p = 0.015, Log-rank test). 
 

F) Boxplot of GSK3β median histoscore compared to perineural invasion: tumours with an absence of 

perineural invasion (n = 12) exhibited a lower level of GSK3β expression (median histoscore 128.0) compared 

to tumours with perineural invasion (n = 117) (median histoscore 76.5) (p = 0.01, Mann-Whitney U test). 
 

G) Correlation of β-catenin with E-cadherin protein expression in 119 cases of PDAC (Spearman’s ρ 

correlation coefficient = 0.892; p < 0.001). 
 

H) Correlation of β-catenin with GSK3β protein expression in 119 cases of PDAC (Spearman’s ρ correlation 

coefficient =-0.289; p = 0.031). 
 

I) Correlation of E-cadherin protein with GSK3β protein expression in 118 cases of PDAC (Spearman’s ρ 

correlation coefficient = -0.312; p = 0.025). 

Bcl-2 high expression 

Bcl-2 low expression 
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Figure 11.5 
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Figure 11.6 COX-2 clinicopathological correlation 
 
A) Kaplan-Meier analysis showing PDACs with no COX-2 expression (n = 19) have better outcome compared 

to those with low expression (n = 79) and far better than those with high expression (n = 21) following 

pancreaticoduodenectomy (Log-rank test, p = 0.001). 

 

B) Boxplot of COX-2 median cytoplasmic histoscore according to lymph node ratio (LNR). This demonstrates 

that PDAC with a LNR > 0.5 had significantly higher COX-2 expression than tumours with a LNR < 0.1 (p = 

0.035) or a LNR 0.1–0.5 (p = 0.011, Mann-Whitney U test). 

 

C) Kaplan-Meier analysis for patients with pancreatic ductal adenocarcinoma undergoing 

pancreaticoduodenectomy stratified by tumour size and cytoplasmic COX-2 expression. Large tumours with 

high cytoplasmic expression of COX-2 had a significantly shortened survival (median survival 6.1 months, 

95%CI: 2.5–9.7) compared to small tumours with low cytoplasmic COX-2 expression (20.7 months, 95%CI: 

12.2–29.2) (Log-rank test, p = 0.002). 

 

Investigation of the correlation between inflammatory pathways and β-catenin expression and Lkb1 expression 

in pancreatic cancer.  Plot D) illustrates a positive correlation between cytoplasmic Lkb1 expression and 

cytoplasmic COX-2 expression (Spearman’s ρ correlation coefficient = 0.55, p < 0.001).  Plot E) illustrates a 

positive correlation between membranous β-catenin expression and cytoplasmic COX-2 expression 

(Spearman’s ρ correlation coefficient = 0.61, p < 0.001).   
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  Figure 11.6 
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Figure 11.7 Self-sufficiency for growth signals clinicopathological correlation 
 
A) Boxplot of cyclin D1 expression (mean nuclear histoscore) according to lymph node status.  This 

demonstrates that PDAC with lymph node involvement had significantly higher nuclear cyclin D1 expression 

(histoscore = 88.1) than lymph node negative tumours (histoscore = 62.3) (p = 0.002). 

 

B) Kaplan-Meier analysis showing cases with low nuclear cyclin D1 expression (n = 38) have poorer outcome 

compared to those with high cyclin D1 expression (n = 81) following PD (p = 0.043). 

 

C) Kaplan-Meier analysis showing cases with low pAkt expression (n = 26) have poorer outcome compared to 

those with high pAkt expression (n = 92) following PD (p = 0.031). 

 

D) Kaplan-Meier analysis showing cases with low Ki67 expression (n = 40) have poorer outcome compared to 

those with high Ki67 expression (n = 79) following PD (p = 0.048). 

 

E) Scatter plots demonstrating significant correlations between cyclin D1 versus SMAD4, p21, p53, COX-2 

and pAkt versus Lkb1, COX-2 and Ki67. 
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Figure 11.7 
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Figure 11.8 Insensitivity to growth inhibition clinicopathological correlation 
 

A) Kaplan-Meier analysis showing cases with low SMAD4 expression (n = 38) have poorer outcome compared 

to those with high SMAD4 expression (n = 81) following PD (p = 0.027, Log-rank test). 

 

B) Kaplan-Meier analysis showing that there was no significant difference in survival when cases were 

stratified by high nuclear SMAD4 expression (n = 18) compared to those with low nuclear SMAD4 expression 

(n = 101) following PD (p = 0.33, Log-rank test). 

 

C) Box plot illustrating that SMAD4 cytoplasmic expression is significantly reduced in the patients with distant 

metastases as the site of primary recurrence compared with patients with locoregional recurrence (n = 119) (p 

= 0.043, Mann-Whitney U test). 

 

D) Kaplan-Meier analysis showing cases with low TGFβ expression (n = 58) have poorer outcome compared 

to those with high TGFβ expression (n = 61) following PD (p = 0.52, Log-rank test). 
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11.4  Appendix 4 - Chapter 6 data: gene expression analysis 
Figure 11.9 Workflow for gene expression analysis 
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Table 11.5 Gene expression analysis PDAC expression compared to normal 
 

A) Normal compared to PDAC Expression – Top-ranking genes that are over-expressed in adenocarcinoma 
according to class comparison analysis. 

 p value  FDR  Mean of intensities Normal Mean of intensities PDAC Fold-change Gene symbol  

1 9.20E-06 0.0265 29.603603 596.14868 20.13 SLC6A14 
2 2.25E-05 0.0346 174.24368 2851.7966 16.36 BU561469 
3 4.44E-05 0.0362 7.3665823 85.257437 11.57 KIAA1751 
4 8.70E-06 0.0265 11.461412 123.75292 10.79 RGMA 
5 2.00E-07 0.0066 14.699395 156.18087 10.62 PITX1 
6 2.90E-06 0.0240 604.32194 6181.0892 10.22 KCNN4 
7 9.00E-06 0.0265 471.59831 4722.6931 10.01 S100A2 
8 7.10E-06 0.0265 10.748666 97.607011 9.080 IRX5 
9 2.90E-05 0.0349 10.412082 80.891683 7.769 KRT25 
10 5.20E-06 0.0265 24.502371 174.31092 7.114 ANXA8 
11 5.03E-05 0.0362 18.791259 129.06359 6.868 CLIC3 
12 3.71E-05 0.0362 9.111906 60.163119 6.602 C22orf31 
13 9.87E-05 0.0409 641.30998 3051.3393 4.757 SLPI 
14 8.59E-05 0.0379 4.5105534 20.965454 4.648 AY358257 
15 3.94E-05 0.0362 5066.9297 23322.939 4.602 SLPI 
16 1.95E-05 0.0346 5.8254282 24.825513 4.261 SBEM 
17 6.25E-05 0.0366 2492.5448 9345.3777 3.749 HK2 
18 1.18E-05 0.0301 174.07675 604.85081 3.474 RASAL1 
19 8.70E-05 0.0379 225.01426 747.53575 3.322 LRP8 
20 3.06E-05 0.0349 4.6848161 14.856006 3.171 SYNJ2 
21 4.04E-05 0.0362 197.19961 617.92819 3.133 ENST000344771 
22 6.76E-05 0.0366 1723.9604 5366.4828 3.112 PPIAL4 
23 2.15E-05 0.0346 182.12179 496.19765 2.724 BE175081 
24 2.89E-05 0.0349 11.136005 29.439917 2.643 TEX101 
25 7.40E-06 0.0265 2124.4875 5566.3461 2.620 CDC42SE1 
26 2.54E-05 0.0349 1000.2137 2426.3753 2.425 CENTD3 
27 6.66E-05 0.0366 119.94376 286.02612 2.384 ANTXR1 
28 4.51E-05 0.0362 654.12123 1533.6597 2.344 CK300181 
29 2.10E-06 0.0232 765.33427 1747.6469 2.283 LOC346887 
30 3.22E-05 0.0349 376.95561 826.35329 2.192 ENST000304465 
31 2.16E-05 0.0346 275.75525 592.95394 2.150 PCGF3 
32 7.34E-05 0.0366 309.4988 640.83925 2.070 C10orf46 
33 3.37E-05 0.0349 306.83499 625.34318 2.038 STK36 
34 9.49E-05 0.0398 1367.3796 2766.702 2.023 STK10 
35 6.12E-05 0.0366 142.14929 281.17789 1.978 RNF24 
36 4.81E-05 0.0362 558.78264 1029.5207 1.842 SRP19 
37 5.98E-05 0.0366 285.0244 474.9469 1.666 C1orf91 

 
B) Normal compared to PDAC expression - Top-ranking genes that are over-expressed in normal pancreas 
according to class comparison analysis 
 
 p value  FDR  Mean of intensities Normal  Mean of intensities PDAC Fold-change Gene symbol  
 3.17E-05 0.035 10690.099 1108.6405 0.107 IGLV6-57 
2 5.46E-05 0.037 1502.6972 414.66778 0.276 LIFR 
3 1.55E-05 0.032 5733.3895 1624.8153 0.283 MGAT4A 
4 7.24E-05 0.037 89.701475 25.734754 0.286 LOC283130 
5 4.95E-05 0.036 131.85456 38.322091 0.290 FOXP2 
6 6.05E-05 0.037 219.5271 74.467313 0.339 ANKRD20A2 
7 6.12E-05 0.037 74.805225 25.633275 0.342 THC2427156 
8 2.94E-05 0.035 470.5038 164.82408 0.350 MUC2 
9 8.35E-05 0.038 184.46679 65.536563 0.355 MGC24039 
10 3.32E-05 0.035 152.18094 54.232766 0.356 AK024684 
11 1.38E-05 0.032 48238.104 17249.547 0.357 EEF2 
12 6.45E-05 0.037 201.35086 73.5744 0.365 GGT6 
13 7.36E-05 0.037 864.87331 340.49585 0.393 SEC63 
14 7.05E-05 0.037 1111.881 448.11133 0.403 AFARP1 
15 4.22E-05 0.036 50010.966 21829.872 0.436 SLC25A5 
16 2.30E-05 0.035 22335.682 10197.005 0.456 CR609307 
17 4.77E-05 0.036 4796.9933 2224.5141 0.463 SUCLG1 
18 1.97E-05 0.035 1779.3884 827.9703 0.465 THC2399272 
19 9.12E-05 0.039 12617.176 5893.2473 0.467 PCK2 
20 7.52E-05 0.037 12953.394 6352.5998 0.490 SLC25A6 
21 6.68E-05 0.037 40453.384 20084.033 0.496 LOC158345 
22 7.45E-05 0.037 19475.239 9991.179 0.513 ENST00000361461 
23 7.61E-05 0.037 2496.5669 1323.2366 0.530 C9orf103 
24 7.34E-05 0.037 3113.1042 1682.3848 0.540 FAM13A1 
25 8.49E-05 0.038 35126.78 19191.811 0.546 GNB2L1 
26 5.84E-05 0.037 40488.368 22293.52 0.550 LOC388524 
27 5.24E-05 0.037 62835.275 34644.777 0.551 MGC27348 
28 5.33E-05 0.037 4304.1064 2484.2743 0.577 C9orf95 
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The Full list of normal versus PDAC gene expression analysis - 573 genes differentially expressed 

are displayed within a supplementary excel file. T-test statistical comparison with threshold for 

significance at p < 0.0005.   

11.4.1 Functional annotation of gene expression data  
The following supplementary data is contained in separate Excel files 

1) Normal versus PDAC – Expression analysis, GSEA  

2) Normal versus PDAC – Network analysis, GeneGO 

3) Lymph node status – Expression analysis, GSEA 

4) Lymph node status – Network analysis, GeneGO 

5) Tumour stage – Expression analysis, GSEA 

6) Tumour stage – Network analysis, GeneGO 

7) Tumour grade – Expression analysis, GSEA 

8) Tumour grade – Network analysis, GeneGO 

9) Venous invasion – Expression analysis, GSEA 

10) Resection margin status – Expression analysis, GSEA 

11) Liver recurrence – Expression analysis, GSEA 

11.4.2 Functional annotation of normal versus PDAC 
Functional annotation identified enrichment for ubiquitin ligase activity, wound healing, 

kallikreins and maspin. By analysing GO groups, rather than individual genes the analysis 

was simplified, the number of comparisons reduced, enabling findings among biologically 

related genes to reinforce one another. 161 GO groups whose expression was differentially 

regulated between PDAC and normal pancreatic tissue were identified including: autophagy, 

apoptosis, extracellular matrix degradation, cell cycle, SMAD nuclear translocation and 

SUMO binding.  

11.4.3 Functional annotation according to lymph node status 
Functional annotation based on lymph node status identified 26 networks with VEGF-B, 

VEGFR-2, C/EBP and E2A being important nodes. GO enrichment highlighted 49 gene sets 

including, regulation of DNA repair and cell adhesion by integrins as being integral. In 

terms of BioCarta and KEGG pathway analysis 67/304 and 4/170 are associated with lymph 

node status respectively including CXCR4, Wnt and PDGF signalling pathways.  

11.4.4 Gene expression analysis according to pathological features 
Investigation into gene expression patterns according to tumour grade was performed. 

Potentially this could identify underlying genes that drive the progression of high-grade 

tumours that are associated with poorer outcome. 892 probes were differentially expressed at 

p = 0.001, with 219 features differentially expressed at 1x10-5. Of these 76 genes were up-

regulated in the high-grade tumours and 65 genes were up-regulated in low-grade tumours. 

The clustering of 219 genes is illustrated in Figure 11.11. Amongst the most significantly 

dysregulated genes were DSCR3, MFI2, NGFR, EREG, EEF2K, SEM6AD and NTRK2. 
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Network analysis revealed the important genes that were integral in the 30 networks 

(Appendix 11.4.1). GSEA highlighted 225/3265 gene sets including apoptosis, chromatin 

remodeling, SMAD4 re-localisation and senescence as being strongly implicated in high-

grade associated genes. Interestingly high-grade tumours were associated with neurogenesis 

and wound healing response. In terms of BioCarta and KEGG pathway analysis 10/304 and 

15/170 are associated with grade respectively including mitotic spindle regulation, Wnt 

signalling and cytokine-cytokine interactions. GSEA identified STAT5A, HIF1A, SP1, 

STAT3 and NFκB among key transcription factors. 

There was a significant difference in gene expression pattern between T2 and T3 tumours 

for 408 genes (p < 0.005), with clustering illustrated in Figure 11.11. The most significant 

genes associated with tumour stage included STK31, WNT10A, CDKN2A, HOXB7 and 

STAB2. Network analysis revealed the important genes that were integral in the top 30 

networks (Appendix 11.4.1). 

The presence of intratumoural venous invasion was associated with an altered gene 

expression signature identifying 439 genes at p < 0.005, with 77 genes at p < 0.001 which 

were then clustered (Figure 11.11). The most significant genes included GALNT8, 

ENOSF1, PAQR9, NXF3, FGFRL1 and CD80. To investigate the biological associations of 

venous invasion a bioinformatic analysis grouped the genes by GO terms. In addition to 

associations with more general GO terms (168/3265), there was a significant enrichment for 

genes associated with IL-6 production. In terms of BioCarta and KEGG pathway analysis 

13/304 and 5/170 were associated with venous invasion respectively including B-

lymphocyte surface molecules and JNK pathway activation. GSEA identified the 

transcription factors PAX5 and JUN target the differentially expressed genes. 

In terms of site of tumour recurrence comparing liver metastases with metastases at another 

site identified an altered gene expression signature in the primary tumour. 136 genes were 

identified that associated with liver metastases as the primary site of recurrence (p = 0.001) 

with clustering illustrated in Figure 11.11. The most significant included SLC26A9, CFL2, 

CDH13, CNTN1, KLK11 and MUC1. GO analysis identified 176 gene sets differentially 

expressed including lymphocyte activation, cell proliferation, regulation of immune system 

processes, histone H4 acetylation and cell adhesion. Pathway enrichment revealed a 

preponderance of interesting gene sets including recruitment of Src kinases, Rho cell 

motility signalling and Trka receptor signalling pathway. STAT6 was identified by 

transcription factor enrichment analysis."  
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Table 11.6 Gene expression analysis: lymph node status  
 

Gene expression according to lymph node status – Top ranking genes that are over-expressed in LN1 versus 

LN0 tumours according to class comparison analysis (Top-ranking over (red) and under (green) expressed 

genes). 

"

 Parametric 
p value 

Mean intensities 
Normal 

Mean intensities 
PDAC 

Fold-change Clone Gene symbol 

1 0.00925 103.02 15.70 0.15 A_23_P145507 EYA4 
2 0.00097 233.05 44.47 0.19 A_32_P215943 LOC126536 
3 0.01017 152.01 38.67 0.25 A_23_P128235 KRT1 
4 0.00033 30.30 8.40 0.28 A_23_P255027 MGC15705 
5 0.00049 93.22 27.33 0.29 A_32_P25419 BE766438 
6 0.00308 32.72 10.78 0.33 A_24_P272381 A_24_P272381 
7 0.00951 25.50 8.83 0.35 A_23_P422240 UROC1 
8 0.00447 25.56 8.92 0.35 A_23_P130411 SERPINB11 
9 0.00709 1360.40 516.82 0.38 A_24_P252020 TRIM41 
10 0.00217 801.30 306.36 0.38 A_23_P218144 LTBP2 
11 0.00014 93.23 36.72 0.39 A_24_P407742 A_24_P407742 
12 0.00035 276.71 111.89 0.40 A_32_P149011 CN479126 
13 0.00011 75.38 30.85 0.41 A_32_P195137 AW858928 
14 0.00333 412.32 172.44 0.42 A_32_P235274 AW276332 
15 0.00843 114.05 47.91 0.42 A_32_P80231 BM973227 
16 0.00644 114.37 48.37 0.42 A_32_P98793 THC2283716 
17 0.00923 42.07 17.93 0.43 A_32_P44840 PDE4DIP 
18 0.00818 49.62 22.25 0.45 A_24_P100382 GK 
19 0.00103 282.20 127.67 0.45 A_24_P247749 RAB21 
       
20 0.00586 9.76 39.59 4.06 A_23_P138931 MMP13 
21 0.00145 1853.82 6388.79 3.45 A_23_P338919 SPEG 
22 0.00104 5.43 16.41 3.02 A_23_P25615 SOHLH2 
23 0.00559 17.64 51.20 2.90 A_24_P162293 RAB6IP2 
24 0.00608 11.93 33.53 2.81 A_24_P920573 AB015616 
25 0.00157 3129.27 7939.58 2.54 A_23_P33511 AX721087 
26 0.00484 11.95 28.88 2.42 A_23_P302750 ATAD3B 
27 0.00353 18.26 42.67 2.34 A_23_P85082 OTEX 
28 0.00912 1462.74 3359.47 2.30 A_23_P41804 NKD2 
29 0.00806 8.74 20.06 2.30 A_23_P131183 GBX2 
30 0.00129 8.64 19.63 2.27 A_23_P114857 PLA2G2E 
31 0.00090 3599.48 7950.29 2.21 A_23_P431360 ZNF219 
32 0.00795 61.82 136.35 2.21 A_24_P37253 MGC52057 
33 0.00661 106.61 235.09 2.21 A_23_P357504 THC2251776 
34 0.00420 7.78 16.95 2.18 A_32_P206050 ENST00000229088 
35 0.00088 16.77 36.18 2.16 A_32_P43711 SOCS7 
36 0.00105 42.47 89.82 2.11 A_23_P55564 ZCCHC2 
37 0.00857 208.45 440.37 2.11 A_23_P130735 SLC6A16 
38 0.00565 904.77 1889.04 2.09 A_23_P150693 FJX1 
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11.4.5 Gene expression survival analysis 
'

Detailed gene set enrichment analysis regarding genes associated with survival following 
resection of PDAC with curative intent is presented within an Excel file. 
Table 11.7. 332 genes associated with survival in 48 patients with PDAC following resection. Univariate 
analysis (significance threshold p < 0.001)  

Supplementary Excel file 

Table 11.8. Risk Prediction model 107 genes  

Supplementary Excel file 

Table 11.9. Gene set enrichment survival analysis - Gene Ontology  

Supplementary Excel file 
 

Table 11.10. Gene set enrichment survival analysis – BioCarta 
 BioCarta Pathway Pathway description 

Number of 
genes 

LS permutation  
p value 

KS permutation 
p value 

Efron-Tibshirani's 
GSA test p value 

1 h_ranklPathway Bone Remodelling 11 0.00087 0.02003 0.015 (+) 

2 h_pparaPathway Mechanism of Gene Regulation by 

Peroxisome Proliferators via 

PPARa(alpha) 

85 0.00263 0.01429 0.075 (-) 

3 h_cptPathway Mitochondrial Carnitine 

Palmitoyltransferase (CPT) System 
5 0.00699 0.00054 0.015 (-) 

4 h_fbw7Pathway Cyclin E Destruction Pathway 12 0.033 0.02925 < 0.005 (-)  

5 h_erythPathway Erythrocyte Differentiation Pathway 19 0.04972 0.09612 < 0.005 (+)  

6 h_eponfkbPathway Erythropoietin mediated neuroprotection 

through NF-kB 
16 0.05133 0.13807 < 0.005 (+)  

7 h_ck1Pathway Regulation of ck1/cdk5 by type 1 

glutamate receptors 
23 0.06184 0.02828 < 0.005 (-)  

8 h_cd40Pathway CD40L Signalling Pathway 12 0.32113 0.40259 < 0.005 (+)  

Table 11.11. Gene set enrichment survival analysis – KEGG 
 Kegg Pathway Pathway description Number of 

genes 
LS permutation p value KS permutation  

p value 
Efron-Tibshirani's 
GSA test p value 

1 hsa00760 Nicotinate and nicotinamide 

metabolism 

45 0.0018 0.2016 0.035 (+) 

2 hsa03320 PPAR signalling pathway 95 0.00191 0.00439 0.045 (+) 

3 hsa00010 Glycolysis / Gluconeogenesis 80 0.0045 0.01285 0.08 (+) 

4 hsa00071 Fatty acid metabolism 61 0.00902 0.03374 < 0.005 (-)  

5 hsa00051 Fructose and mannose metabolism 67 0.0098 0.00033 0.035 (-) 

6 hsa00640 Propanoate metabolism 52 0.03934 0.00582 < 0.005 (-)  

7 hsa00624 1- and 2-Methylnaphthalene 

degradation 

36 0.04783 0.19506 < 0.005 (-)  

8 hsa00930 Caprolactam degradation 15 0.06489 0.06063 < 0.005 (-)  

9 hsa00562 Inositol phosphate metabolism 56 0.09593 0.53891 < 0.005 (-)  

10 hsa00561 Glycerolipid metabolism 79 0.15125 0.46882 < 0.005 (-)  

11 hsa00625 Tetrachloroethene degradation 10 0.18629 0.00218 0.245 (-) 

Table 11.12. Gene set enrichment survival analysis – Transcription Factors 

 
  

 Transcription Factor 
gene sets 

Number of 
genes 

LS permutation 
p value 

KS 
permutation  

p value 

Efron-Tibshirani's GSA 
test p value 

1 JUND_T01978 14 0.0001 0.00863 < 0.005 (+) 

2 TP73_T04931 16 0.00436 0.0055 < 0.005 (+) 

3 ATF1_T00968 103 0.0045 0.29326 0.055 (-) 

4 TP73L_T06131 7 0.01592 0.00123 0.04 (+) 

5 JUNB_T01977 8 0.01924 0.09646 < 0.005 (+) 
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Figure 11.10 Network analysis normal versus PDAC 
 

A) Network including S100A2, PITX1, MASPIN (blue circle = differentially expressed in current data set) – 

links with p53, uPAR, a5/B1 integrins. Generated from GeneGO analysis. 

B) Network including BCL-3, MMP13, FAK2 – links with c-MYC, NFκB and TGFβ. 
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Figure 11.11 Hierarchical clustering according to clinicopathological factors 
 

Lymph node status (284 genes), tumour grade (219 genes), tumour stage (264 genes), venous invasion (77 genes), 

resection margin status (154 genes) and site of recurrence (136 genes) (p < 0.0001, group comparison t-test). 
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Figure 11.12 Methodology of the identification and selection of prognostic signature   
 

Serial Kaplan-Meier analyses were performed of the all genes identifying those with p < 0.05 (Log-rank test). 

 

Figure 11.13 Kaplan-Meier survival curves of clinicopathological parameters for 48 patients cohort - 
gene expression profiled 
High tumour stage, lymph node invasion, perineural invasion, resection margin involvement and venous 
invasion were significantly associated with survival (Log-rank test). 
 

 

 

 

  

p"="0.091" p"="0.017"

p"="0.007"
p"="0.003"

p"="0.006" p"="0.042"
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Figure 11.14 Subtypes of PDAC according to PDAssigner signature and their prognostic significance 
 

A) Heat map visualisation of the 72-gene PDAssigner classifier identifying three subtypes of PDAC in 48 

patient cohort. Coloured sidebars indicate genes up-regulated in classical (purple), exocrine-like (blue) and 

Quasi-mesenchymal-subtype (orange).  More that 72 genes are displayed in the figure, as there were multiple 

probes available for some genes on the Agilent 44K array. Red represents high gene expression while green 

represents low gene expression.  

 

B) A Kaplan-Meier survival analysis according to PDAssigner subtypes comparing patient with classical 

(purple), exocrine-like (blue) and QM subtype (orange). p value according to Log-rank analysis. 

 

  

 

p"="0.001"
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Table 11.13 Association between PDAssigner signature and pathological characteristics 
 

48 patient cohort divided according to PDAssigner subtype. 

  PDAssigner Signature 
Prognostic factor Category Classical 

n = 15 (%) 
Exocrine 
n = 25 (%) 

QM  
n = 8 (%) 

p value a 
 

Age (years) < 65 7 (47) 16 (64) 9 (62) 0.541 
 ≥ 65 8 (53) 9 (36) 3 (38)  
Gender F 

M 
7 (47) 
8 (53) 

11 (44) 
14 (56) 

2 (25) 
6 (75) 

0.570 

Tumour stage T2 
T3 

3 (20) 
12 (80) 

3 (12) 
22 (88) 

0 (0) 
8 (100) 

0.383 
 

Lymph node status Absent  
Present 

4 (27) 
11 (73) 

5 (20) 
20 (80) 

1 (12) 
7 (88) 

0.720 

Tumour grade Low 
High 

9 (60) 
6 (40) 

20 (80) 
5 (20) 

2 (22) 
7 (88) 

0.011 

Tumour size (mm) < 30 
≥ 30 

8 (53) 
7 (47) 

16 (64) 
9 (36) 

3 (38) 
5 (62) 

0.406 

Margin involvement R0 
R1 

6 (40) 
9 (60) 

6 (24) 
19 (76) 

1 (12) 
7 (88) 

0.325 

a χ2 tests were used to compare categorical variables. 

QM – Quasi-mesenchymal 

Table 11.14 Validation of PDAssigner signature in 48 patient cohort 
 

Overall survival times of the PDAssigner subgroups were compared by means of Kaplan-Meier survival curves 

(Log-rank test).  

  Survival (median)  

Prognostic factor PDAC Subtype (n) Months (95% CI) p value (Log-rank test) 

PDAssigner signature QM (8) 13.0 (2.5 - 23.6) 0.002 (QM versus classical) 

0.001 (QM versus EXO) 

 Exocrine-like (25) 26.4 (15.9 - 36.9) 0.312 (EXO versus classical) 

 Classical (15) 43.1 (12.2 - 73.9) - 

QM – Quasi-mesenchymal, EXO – Exocrine-like 

Table 11.15 Prognostic utility of PDAssigner signature within independent set of 48 patients  
 

Univariate and multivariate Cox proportional hazards analysis was performed demonstrating that the 

PDAssigner signature was an independent prognostic factor. 
 

  Univariate  Multivariate  

Prognostic factor Category HR (95% CI) p value HR (95% CI) p value 

Age (yrs) <65/ > 65 0.95 (0.66 - 1.37) 0.811 - - 

Gender M/F 1.23 (0.60 - 2.53) 0.568 - - 

Tumour stage T2/ T3 2.79 (1.47 - 9.23) 0.074 3.54 (1.47 - 18.6) 0.015 

Tumour size (mm) <30/ ≥30 1.82 (0.89 - 3.71) 0.098 1.98 (0.89 - 4.38) 0.09 

Lymph node status Absent/ Present 3.92 (1.32 - 11.5) 0.010 4.10 (0.98 - 17.2) 0.054 

Tumour grade Low/ High 1.68 (0.95 - 3.32) 0.087 1.57 (0.62 - 3.99) 0.345 

Margin involvement R0/ R1 3.60 (1.35 - 9.51) 0.011 3.91 (1.15 - 13.3) 0.029 

Adjuvant therapy Yes/ No 0.50 (0.24 - 1.03) 0.072 0.35 (0.16 - 0.56) 0.001 

Peripancreatic fat invasion No/ Yes 1.77 (0.95 – 3.44) 0.069 1.59 (0.89 – 3.83) 0.219 

PDAssigner signature EXO + Classical / QM a 5.15 (1.97 - 13.4) 0.001 5.86 (2.07 - 16.5) 0.001 

QM – Quasi-mesenchymal, EXO – Exocrine-like 
a Exocrine-like subtypes and Classical were combined and compared with the poor prognosis Quasi-
mesenchymal subtypes for the purpose of this analysis. 
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11.5  Appendix 5 - Chapter 7 Data: miRNA analysis 
Figure 11.15 Workflow for miRNA expression analysis 
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11.5.1 miRNA expression profiles between PDAC and normal pancreas 
Table 11.16 miRNAs up-regulated and down-regulated in PDAC compared with normal pancreatic 
tissue  
97 microRNAs showed a statistically different expression p < 0.001 ranked by p-value. 

 p value FDR Mean of intensities in 
normal pancreas 

Mean of intensities in 
PDAC 

Fold-change miRNA id 

1 < 1e-07 < 1e-07 654.34 82.01 7.98 hsa-miR-130b 
2 < 1e-07 < 1e-07 82.87 7.76 10.68 hsa-miR-345 
3 < 1e-07 < 1e-07 68.05 10.46 6.5 hsa-miR-617 
4 < 1e-07 < 1e-07 38.28 11.92 3.21 hsa-miR-887 
5 < 1e-07 < 1e-07 413.44 1683.51 0.25 hsa-let-7i 
6 < 1e-07 < 1e-07 76 8.21 9.26 hsa-miR-708 
7 < 1e-07 < 1e-07 110.5 35.76 3.09 hsa-miR-139-3p 
8 < 1e-07 < 1e-07 1737.84 4847.53 0.36 hsa-miR-23a 
9 1.00E-07 6.67E-06 165.43 25.53 6.48 hsa-miR-564 

10 1.00E-07 6.67E-06 345.58 1037.51 0.33 hsa-miR-107 
11 1.00E-07 6.67E-06 166.79 1163.35 0.14 hsa-miR-223 
12 2.00E-07 1.22E-05 123.34 871.28 0.14 hsa-miR-143 
13 3.00E-07 1.69E-05 498.56 2184.78 0.23 hsa-miR-27a 
14 4.00E-07 2.10E-05 56.49 16.69 3.38 hsa-miR-892b 
15 5.00E-07 2.29E-05 250.53 113.9 2.2 hsa-miR-874 
16 5.00E-07 2.29E-05 178.47 548.68 0.33 hsa-miR-214 
17 6.00E-07 2.59E-05 516.88 2389.01 0.22 hsa-miR-199b-3p 
18 8.00E-07 3.26E-05 622.14 1739.08 0.36 hsa-miR-199a-5p 
19 9.00E-07 3.48E-05 2315.13 331.76 6.98 hsa-miR-148a 
20 1.10E-06 4.04E-05 564.79 128.95 4.38 hsa-miR-575 
21 1.40E-06 4.89E-05 164.5 388.54 0.42 hsa-miR-103 
22 1.70E-06 5.67E-05 430.4 1666.69 0.26 hsa-miR-145 
23 2.20E-06 7.02E-05 28.61 9.92 2.88 hsa-miR-33b* 
24 2.30E-06 7.03E-05 57.43 12.78 4.49 hsa-miR-28-3p 
25 3.20E-06 9.40E-05 30.81 6.04 5.11 hsa-miR-193b* 
26 3.40E-06 9.60E-05 655.4 303.3 2.16 hsa-miR-324-3p 
27 3.60E-06 9.79E-05 4517.4 17083.78 0.26 hsa-miR-21 
28 4.00E-06 0.000105 1546.12 49.51 31.23 hsa-miR-216a 
29 5.60E-06 0.000142 30.54 5.26 5.81 hsa-miR-665 
30 5.80E-06 0.000142 79.4 41.38 1.92 hsa-miR-381 
31 6.60E-06 0.000156 61.58 6.79 9.07 hsa-miR-648 
32 8.90E-06 0.000204 36.91 10.61 3.48 hsa-miR-877 
33 9.60E-06 0.000214 85.14 323.35 0.26 hsa-miR-142-5p 
34 1.00E-05 0.000216 1618.77 631.19 2.56 hsa-miR-30a 
35 1.15E-05 0.000241 75.01 256.77 0.29 hsa-miR-10a 
36 1.25E-05 0.000255 4154.24 658.18 6.31 hsa-miR-494 
37 1.32E-05 0.000262 11.43 2.79 4.1 hsa-miR-628-3p 
38 1.40E-05 0.00027 373.22 750.09 0.5 hsa-miR-130a 
39 1.60E-05 0.000301 114.39 322.7 0.35 hsa-miR-100 
40 1.74E-05 0.000313 152145.09 16410.36 9.27 hsa-miR-923 
41 1.75E-05 0.000313 5482.41 2708.27 2.02 hsa-miR-29c 
42 1.79E-05 0.000313 287.25 1105.55 0.26 hsa-miR-142-3p 
43 2.14E-05 0.000365 5732.12 1434.94 3.99 hsa-miR-141 
44 2.28E-05 0.00038 8.67 2.89 3 hsa-miR-30c-1* 
45 2.64E-05 0.000431 16.74 29.38 0.57 hsa-miR-505 
46 2.75E-05 0.000439 60.5 203.4 0.3 hsa-miR-150 
47 3.42E-05 0.000534 869.87 483.39 1.8 hsa-miR-30d 
48 3.68E-05 0.000563 526.52 206.27 2.55 hsa-miR-338-3p 
49 4.07E-05 0.000604 25.36 10.03 2.53 hsa-miR-425* 
50 4.16E-05 0.000604 117.08 260.44 0.45 hsa-miR-886-3p 
51 4.20E-05 0.000604 216.04 22.01 9.81 hsa-miR-513b 
52 4.44E-05 0.000627 170.11 12.78 13.31 hsa-miR-513c 
53 4.63E-05 0.00064 350.89 44.22 7.93 hsa-miR-217 
54 4.71E-05 0.00064 143.69 265.85 0.54 hsa-miR-342-3p 
55 5.16E-05 0.000689 31.1 68.26 0.46 hsa-miR-155 
56 5.29E-05 0.000693 20.69 1.83 11.32 hsa-miR-596 
57 5.53E-05 0.000712 22.44 10.32 2.17 hsa-miR-30c-2* 
58 6.55E-05 0.000829 150.45 461.85 0.33 hsa-miR-146b-5p 
59 6.95E-05 0.000865 78.9 190.63 0.41 hsa-miR-21* 
60 7.63E-05 0.000933 19.05 4.45 4.28 hsa-miR-338-5p 
61 7.91E-05 0.000938 681.95 80.51 8.47 hsa-miR-513a-5p 
62 7.92E-05 0.000938 24.24 12.01 2.02 hsa-miR-501-5p 
63 8.54E-05 0.000995 188.16 340.2 0.55 hsa-miR-331-3p 
64 9.57E-05 0.0011 29.91 9.6 3.12 hsa-miR-191* 
65 9.92E-05 0.00112 1778.84 3226.44 0.55 hsa-miR-24 
66 0.0001034 0.00114 234.08 474.37 0.49 hsa-miR-34a 
67 0.0001038 0.00114 16.54 5.94 2.79 hsa-miR-23b* 
68 0.0001202 0.0013 93.06 222.24 0.42 hsa-miR-222 
69 0.0001245 0.00132 20.75 6.25 3.32 hsa-miR-138-2* 
70 0.0001275 0.00134 119.55 65.77 1.82 hsa-miR-423-5p 
71 0.0001426 0.00147 1069.58 349.9 3.06 hsa-miR-200c 
72 0.0001454 0.00148 64.03 134.47 0.48 hsa-miR-221 
73 0.000159 0.0016 165.12 450.78 0.37 hsa-miR-199b-5p 
74 0.0001628 0.00161 63.31 97.34 0.65 hsa-miR-185 
75 0.0001734 0.0017 136.49 235.66 0.58 hsa-miR-140-3p 
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76 0.0002126 0.00205 55.49 87.53 0.63 hsa-miR-574-3p 
77 0.0002294 0.00218 3190.52 447.45 7.13 hsa-miR-375 
78 0.0002323 0.00218 449.96 1319.37 0.34 hsa-miR-16 
79 0.0002342 0.00218 24.15 9.45 2.56 hsa-miR-602 
80 0.0002429 0.00221 80.35 32.22 2.49 hsa-miR-30a* 
81 0.0002435 0.00221 40.3 5.93 6.79 hsa-miR-662 
82 0.0002612 0.00234 20.92 3.64 5.74 hsa-miR-130b* 
83 0.0002683 0.00237 234.1 43.43 5.39 hsa-miR-216b 
84 0.0003096 0.00271 27.49 42.15 0.65 hsa-miR-128 
85 0.00035 0.00302 29.3 10.88 2.69 hsa-miR-1238 
86 0.000417 0.00352 108.17 36.85 2.94 hsa-miR-135a* 
87 0.0004184 0.00352 17.03 7.41 2.3 hsa-miR-1229 
88 0.0004223 0.00352 57.55 26.18 2.2 hsa-miR-1228 
89 0.0004344 0.00358 16.44 2.96 5.56 hsa-miR-148a* 
90 0.0004917 0.00401 270.36 427.11 0.63 hsa-miR-106b 
91 0.0005371 0.00433 28.57 57.71 0.5 hsa-miR-301a 
92 0.0005453 0.00435 20.29 7.97 2.55 hsa-miR-296-5p 
93 0.0006722 0.00531 34.19 17.99 1.9 hsa-miR-500 
94 0.0007406 0.00578 461.4 1135.97 0.41 hsa-let-7g 
95 0.0008157 0.0063 260.35 428.93 0.61 hsa-miR-181a 
96 0.0008253 0.00631 1812.86 1014.97 1.79 hsa-miR-1225-5p 
97 0.000986 0.00746 903.3 558.93 1.62 hsa-miR-30e 

 

11.5.2 Bioinformatic enrichment of miRNA survival profiles 
The predicted targets of the six most prognostic miRNAs were investigated to gain further 

insight into the biological pathways potentially deregulated in PDAC. 

Table 11.17. miRNAs associated with poor prognosis demonstrated enrichment for MAPK signalling, 
TGFβ signalling, Wnt signalling and p53 signalling.  

 Supplementary Excel file 

Table 11.18. miRNAs associated with favourable prognosis demonstrated enrichment for focal adhesion 
pathways, ECM-receptor interaction pathways and phosphatidy-linositol signalling.  

 Supplementary Excel file 
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Figure 11.16 Bioinformatics enrichment of miRNAs associated with favourable outcome. 
 

A) Pathway enrichment of the targets of miRNA-29c, miRNA-30d and miRNA-34a demonstrating union and 

intersections. 

B) Enrichment of Focal Adhesion and C) ECM-receptor interaction KEGG pathways for miRNA-29c, miRNA-

30d and miRNA-34a target expression. 

 

 
  



 Appendices 277 

 

Figure 11.17 Bioinformatics enrichment of miRNAs associated with poor outcome. 
 

A) Pathway enrichment of the targets of miRNA-21, miRNA-221 and miRNA-224 demonstrating union and 

intersections. 

B) Enrichment of TGFβ and C) MAPKinase KEGG pathways for miRNA-21, miRNA-221 and miRNA-224 

target expression. 
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11.6 Appendix 6 - Chapter 8 data: arrayCGH analysis 
Figure 11.18 Workflow for aCGH analysis 
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11.6.1 ArrayCGH analysis: linking copy number aberrations with known gene 
alterations 

Figure 11.19 Plots demonstrating established copy number aberrations 
 

Investigation as to whether amplification events localised by aCGH corresponded to important PDAC 

oncogenes. A) KRAS (12p12.1) this oncogene is known to be activated by point mutation, not gene 

amplification. There was little copy number aberration activity at the KRAS locus or even around it within this 

cohort. B) MYC (8q24) is associated with a frequent copy number aberrations both copy number gains and 

losses. While many samples displayed aberrations in this position, there was a further aberrant locus in the 

region proximal to the MYC locus 18q24.12-18q24.21 in which multiple genes have evidence of amplification 

in a number of samples. These included ATAD2, FBXO32 and MTSS1. C) AKT2 (19q13) showed evidence of 

copy number aberration with amplification evident in some of the patient samples. Notably however proximal 

to the AKT2 locus there was a large region with numerous high copy number changes which included PAX1, 

PAK4, NCCRP1, FBXO27 and PAPL. 
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Figure 11.19 Plots demonstrating established copy number aberrations 
 

Tumour suppressor genes. D) p16INK (9p21) was reduced in copy number in many of the PDAC samples in 

this cohort confirming previous reports. E) TP53 (17p13.1) is a known TSG in PDAC. While this gene 

certainly is a site of copy number loss with some cases showing evidence of deletion, there is however, a great 

deal of copy number aberrations within the short arm of chromosome 17, in particular copy number losses, 

many of which are more profound that of TP53. F) SMAD4 (18q21) lies amongst a multitude of loss of copy 

number regions throughout the chromosome in multiple regions. More than 50% of tumours within this cohort 

experienced loss of copy number within a number of these loci. 

'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
' '
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11.6.2 Circular binary segmentation analysis  
Table 11.19 Segmentation analysis table for all samples 
  Supplementary Excel file 

11.6.3 Pathway analysis according to copy number aberration 
Table 11.20 KEGG pathway analysis: individual chromosomes 

Supplementary Excel file 

11.6.4 Genomic identification of significant targets in cancer (GISTIC) analysis 
Table 11.21 Supplementary for the GISTIC analysis for PDAC cohort 

Supplementary Excel file 

11.6.5 Association of clinicopathological factors with CNAs in PDAC 
Detailed tables cataloguing differences in CNAs according to clinicopathological variables 
are contained in within an Excel file: 

Table 11.22 Differences in CNA based on lymph node status. 

Table 11.23 Gene List enrichment analysis for CNA according to lymph node status A) BioCarta pathway 

analysis B) KEGG pathway analysis C) GSEA. 

Table 11.24 Differences in CNA based on tumour grade (low versus high) 

Table 11.25 Gene list enrichment analysis for CNA according to tumour grade A) BioCarta pathway 

analysis B) KEGG pathway analysis C) GSEA. 

Table 11.26 Differences in CNA based on T2 versus T3 stage tumours. 

Table 11.27 Gene list enrichment analysis for CNA according to tumour stage A) BioCarta Pathway 

analysis B) KEGG pathway analysis C) GSEA. 

Table 11.28 Differences in CNA based on venous invasion. 

Table 11.29 Gene list enrichment analysis for CNA according to venous invasion A) BioCarta Pathway 

analysis B) KEGG pathway analysis C) GSEA. 

Table 11.30 Differences in CNA based on tumour size. 

Table 11.31 Gene list enrichment analysis for CNA according to tumour size A) BioCarta pathway 

analysis B) KEGG pathway analysis C) GSEA D) Transcription factors E) Protein domains: PFAM F) 

Protein domains: SMART. 

Table 11.32 Loci significantly associated with overall survival in 45 PDAC patients undergoing 

pancreaticoduodenectomy (250 most significant). 

Table 11.33 Tables of gene sets associated with outcome: A) BioCarta pathway analysis B) KEGG 

pathway analysis C) GSEA D) miRNA targets E) Transcription factors F) Protein domains. 
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Table 11.34 BIOCARTA pathway analysis: all chromosomes 
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Table 11.35 KEGG pathway analysis: all chromosomes 
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11.6.5.1 Lymph node status: copy number aberration  
Comparison was made between LN1 PDAC tumours and LN0 resections which revealed significant 

differences in CNA associated with chromosomes 8, 9, 17 and 22. The respective frequency plots are 

illustrated in Figure 11.20. 150 clones were significantly different between the groups (p < 0.05). 

The site of the significantly altered aberrations and associated genes are illustrated in Table 11.22. In 

particular there was increased copy number of the gene KEL (7q33) in the LN1 group as well as 

RBM28 and IMPDH1 (7q32.1) and BTNL3 (5q35.3). The majority of differences between the 

groups were the result of decreased copy number of genes in the LN1 group compared to the LN0 

group. The genes with the most significant decrease in copy number were MAFF, TMEM184B, 

CSNK1E, DMC1, MGAT3, CACNA1L, MAP3K7IP1, SYNGR1 (22q13.1), PDGFB (22q12.3-

q13.1) and RBX1, EP300 (22q13.2). Similarly SPIN1, NXNL2, SHC3CKS2 (9q22.1) and SEMA4D 

(9q22.2) were reduced in copy number, as were CCL1, CCL8 (17q11.2), CCT6B, RFFL, AMAC1, 

PEX12 (17q12) and MYC (8q24.1). 

BioCarta enrichment revealed that 3/288 gene sets were significant, while for KEGG enrichment 

12/164 gene sets were significant including Jak-Stat signalling, cytokine-cytokine interactions, 

circadian rhythm, antigen processing and toll-like receptor signalling. GSEA analysis using the 

Broad institute curated gene sets revealed enrichment for previously identified PDAC sets, 

homeobox gene targets, HOXA5, which encodes a transcription factor previously shown to play 

important roles in embryogenesis and tumourigenesis and a MYC transcription factor gene set. 

11.6.5.2 Tumour grade: copy number aberration 
Comparison between low and high-grade tumours revealed numerous significant differences in copy 

number associated with regions on chromosomes 4, 13 and 17. 1076 clones had significantly altered 

CNA between the groups (p < 0.05) as illustrated in Figure 11.21 with the most significant CNAs 

and associated genes shown in Table 11.24. The genes that differed most were located on 13q 

including IFT88, PDX1 (13q12.1), LATS2, FGF9 (13q11-q12), CDK8, FLT-1, FLT-3, klotho 

(13q12), CDX2, BRCA2 (13q12.3), SMAD9 (13q12-q14), CCNA1 (13q12.3-q13) and RB1 

(13q14.2). For all of these reduced copy number was associated with higher-grade disease. On 

chromosome 17q increased copy number was associated with: ERBB2 (17q11.2-q12), RARA, 

BRCA1, WNT3, WNT9B (17q21), IGFBP4, TNS4, CCR7 (17q12-q21.1), STAT3 (17q21.31), 

ADAM11, HOXB1-9 (17q21.3) and NGFR (17q21-q22). On chromosome 4 a number of regions 

harboured genes in which copy number loss was associated with higher grade including: IL8 (4q13-

q21), EREG, EPGN (4q13.3), BMP3 (4q21) and NFκB at 4q24. 

BioCarta enrichment revealed that 5/288 gene sets were significant including proepithelian 

conversion to epithelin, wound repair control and the IFN-β enhancer. For KEGG enrichment 6/164 

gene sets were significant including the cell communication and antigen processing. GSEA analysis 

identified established pancreatic cancer sets, including RNA polymerase II and III. 
11.6.5.3 Tumour stage: copy number aberration 
Comparison between T2 and T3 tumours revealed a number of significant differences in CNA 

associated with chromosome 1, as illustrated in Figure 11.22 with the most significant CNAs and 
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associated genes shown in Table 11.26. 244 clones had significantly altered copy number expression 

between the two groups (p < 0.05). While high copy number of the gene RBM28 (7q32.1) was 

associated with T3 tumours all other significant copy number differences between the groups were 

located on chromsome 1p. The most significant were WNT2B (1p13), RHOC (1p13.1), PRMT6, 

VAV3 and CHI3L2 (1p13.3) and NGF (1p13.1). Other significant regions of chromsome 1 

according to T stage included 1p22 which harboured LMO4 (1p22.3), MSH4 and ASB17 (1p31).  

BioCarta enrichment revealed that 5/288 gene sets were significant including parkin of the ubiquitin-

proteasomal pathway, interferon signalling pathway and the PPARα pathway. For KEGG enrichment 

12/164 gene sets were significant including autophagy regulation, toll-like receptor signalling and 

natural killer cell mediated cytotoxicity. GSEA identified that  57/1399 gene sets were significantly 

different notably p53-signalling pathway. 

11.6.5.4 Venous invasion: copy number aberration 
CNAs associated with venous invasion were located on chromosomes 1, 2, 5, 13 and 19. The 

frequency plots for each group are illustrated in Figure 11.23. Although 3006 clones had 

significantly altered copy CNA between the two groups (p < 0.01), the majority of significant copy 

number differences were located on chromsome 1q including ARHGAP26, SLC9A11, KLKL20, 

serpinC1, PAPPA2 (1q25.1), ABL2 (1q24-q25), LHX4 (1q25.2) and TPR (1q25) for which a gain in 

copy number was associated with venous invasion. Chromosome 17 also had differences in of 

chemokines CCL7, CCL8 (17q11.2-q12) and members of the Notch signalling pathway NLE1 

(17q12) and MMP28 (17q11-q21.1).  

BioCarta enrichment revealed that 19/288 gene sets were significant including AKT signalling 

pathway. KEGG enrichment 6/164 gene sets were significant including cytokine interactions. GSEA 

revealed enrichment for a myeloma gene-set illustrating that the regulation of IL-6 target genes 

required the activation of Stat3.  

11.6.5.5 Perineural invasion: copy number aberration 
Unfortunately it was not possible to assess differences in CNA based on the presence of perineural 

invasion as all except two tumours from the 45 examined had evidence of perineural invasion. 

11.6.5.6 Tumour size: copy number aberration 
Comparison based on tumour size revealed a number of significant differences in CNA associated 

with chromosomes 9 and 15, with the most significant shown in Table 11.30. 627 clones had 

significantly altered copy number expression between the two groups (p < 0.01). The majority of 

significant copy number differences between the groups were associated with copy number loss  

associated with larger tumour size. The most significant loss of copy number were located on  

chromsome 15q in particular retinoid-related orphan receptor alpha (RORA) (15q22.2), NDN, BMF, 

DLL4 involved in Notch signalling pathway (15q14), THBS1 (15q15) and TP53BP1 (15q15-q21). 

Other signifcantly different aberrations were located on the long arm of chromsome 9 with IKBAP 

(9q31), TNC, TNFSF8 (9q33), TNFSF15, DEC1 (9q32) and TLR4 (9q32-q33). 

BioCarta enrichment revealed 3/288 gene sets were significant including: TGFΒ signalling, 

spliceosomal assembly, SMAD binding, Notch signalling and caspase activity. For KEGG 
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enrichment 3/164 were significant including cell adhesion molecules and proteasome. GSEA 

revealed 57/1399 gene sets were significant including targets of HOXA5. Common transcription 

factors identified included EGFR, USF1, MAZR and ELK-1. Enrichment for protein domains that 

were common amongst the genes with CNAs included the S100, serpin, chromatin organisation 

modifier, CRAL/TRIO, TNF and histone domains.  

11.6.5.7  Resection margin status: copy number aberration 
Comparison based on resection margin status revealed significant differences in CN associated with 

chromosomes 7 and 11. 88 clones had significantly altered copy number expression between the two 

groups (p < 0.01). The majority of significant copy number differences between the groups were 

located on chromsome 11q including CCND1, MYEOV, CTSF (11q13), BRMS1 (11q-13q13.2), 

FGF19, TSGA10P (11q13.1), TBX10 (11q13.2), FGF4 (11q13.3), LRP5 (11q13.4) and RHOD 

(11q14.3) for all of which a decrease in copy number associated with R1 status. BioCarta enrichment 

revealed that 4/288 gene sets were significant including the activity of tubby proteins.  

11.6.5.8 GSEA related to survival according to copy number aberration 
Enrichment analysis was performed to identify if genes with CNAs relating to outcome correlated 

with known gene sets (Table 11.33). Using a Cox proportional-hazards model 1) the LS/KS 

permutation test finds gene sets which have more genes differentially expressed with survival times 

than expected by chance and 2) Goeman's Global test finds gene sets which are associated with 

survival times. According to GO enrichment analysis 92/3434 gene sets were significant. LS/KS 

permutation test found 56 significant gene sets Goeman's Global test found 36 significant gene sets.  

Prognostic gene set enrichment analysis. Using the list of gene sets available at the Broad institute 

105/1399 gene sets were significant (p < 0.005). The LS/KS permutation test found 44 significant 

gene sets while Goeman's Global test found 61 significant gene sets. 

Prognostic pathway enrichment analysis. Using the BioCarta pathway gene sets 10/ 288 

investigated gene sets were significant (p < 0.005). The LS/KS permutation test found 6 significant 

gene sets.  Goeman's Global test found 4 significant gene sets.  Using the KEGG pathway gene sets 

13/ 164 investigated gene sets passed the p < 0.005 threshold. The LS/KS permutation test found 8 

significant gene sets.  Goeman's Global test found 6 significant gene sets. 

Prognostic miRNA target prediction. The predicted miRNA target genes information in the 

miRBase Targets database was used to group genes into sets. Enrichment using MirBase Targets led 

to 36/ 587 miRNA gene sets were significant (p < 0.005). The test LS/KS permutation test found 53 

significant gene sets.  Goeman's Global test found 38 significant gene sets  

Prognostic transcription factors targets. Enrichment for transcription factor targets that had been 

experimentally confirmed revealed 10/88 gene (p < 0.005). The LS/KS permutation test found 2 

significant gene sets. Goeman's Global test found 8 significant gene sets. Enrichment for 

computationally predicted transcription factor targets revealed 3/60 gene sets (p < 0.005). 
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Figure 11.20 Frequency plots illustrating the differences in copy number aberrations between lymph 
node negative and lymph positive specimens 
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Figure 11.21 Frequency plots illustrating the differences in copy number aberrations between high 
grade and low grade PDAC 
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Figure 11.22 Frequency plots illustrating the differences in copy number aberrations between T2 and 
T3 stage PDACs 
 



 Appendices 290 

 

Figure 11.23 Frequency plots illustrating the differences in copy number aberrations between tumours 
with venous invasion and those without venous invasion 
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11.7 Appendix 7 - Chapter 9 data: integrative genomics 
 

11.7.1 List of genes with concordant gene expression and copy number 
Table 11.36 Correlate analysis list 

Supplementary Excel file 

Table 11.37 Top 50 genes for which copy number correlated with gene expression 
 

Calculated according to Correlate software analysis method (p < 0.001, Spearman’s rho correlation 

coefficient).'
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Table 11.38 Network analysis for genes with concordant gene and copy number expression 
Supplementary Excel file 

Figure 11.24 Network analysis for genes with concordant copy number 
 
A) Disease associated networks enrichment (GeneGO analysis). 
B) Top scoring networks indicate that there is enrichment for autophagy and apoptosis, while HNF4a is an 
integral component of many networks. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

11.7.2 miRNA correlated with regions of copy number aberrations 
 

Supplementary PowerPoint file: contains images cataloguing overlap between CNA and miRNA expression 
 

11.7.3 Gene expression profiles according to miRNA expression 
Table 11.39  

Supplementary Excel file 

A) Gene expression according to miR-21 expression in 43 patients with PDAC. 
B) Gene expression according to miR-34a expression in 43 patients with PDAC. 


