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Abstract 

Acute lymphoblastic leukaemia (ALL) is the most common cancer diagnosed in children 

aged 1-14 years. There have been vast improvements in clinical outcomes for children 

diagnosed with ALL with cure rates of up to 90% achievable for some forms of the 

disease. Despite these successes, some patients still relapse and the prognosis for these 

individuals is poor, thus there is still a great deal to be learned about the complex 

biology underlying ALL. Connective tissue growth factor (CTGF/CCN2) is a novel 

candidate gene in precursor B-cell (pre-B) ALL, and is aberrantly expressed in a high 

proportion (around 75%) of cases. While the CTGF protein has no known role in 

lymphocyte biology or haemopoiesis, CTGF gene expression has been associated with a 

poor outcome in children and adults, particularly in those patients deemed to have a 

high-risk of relapse. The primary aims of this study were to characterise CTGF 

expression in paediatric pre-B ALL tumours and cell lines, and to investigate what 

mechanisms were responsible for its deregulated expression by examining the 

contribution of both genetic and epigenetic factors. 

 

Analysis of a cohort of 73 primary paediatric pre-B ALL specimens, confirmed CTGF 

was aberrantly expressed in 75% of patients at heterogeneous levels. CTGF expression 

was found to be associated with prognosis in this cohort, as there was a trend toward 

lower 5 year relapse free survival (RFS) in patients with CTGF
pos ALL (71% RFS in 

CTGF
pos, 83% RFS in CTGF

low/neg), however this did not reach statistical significance 

(p=0.39). There was no difference in overall 5 year survival (OS) between patients with 

CTGF
pos and CTGF

low/neg ALL. The association between CTGF expression and clinical 

features recorded at the time of biopsy was undertaken. These features included; age, 

gender, percentage blasts in bone marrow, peripheral haemoglobin level, spleen or 

lymph node involvement, or whether the sample was obtained at diagnosis or relapse. 

Patients with enlarged lymph nodes displayed a lower mean CTGF expression compared 

to those patients with no lymph node involvement. A similar pattern was observed with 

patients exhibiting enlargement of the spleen, however this did not reach statistical 

significance. No other clinical features were associated with CTGF expression.       
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Analysis of global gene expression patterns in three independent paediatric pre-B ALL 

cohorts (PMH; n=73, Ross; n=118, Kang; n=207), identified five genes that were highly 

correlated with CTGF expression; SOCS2, MEF2C, ADD3, GSN and DPYSL2. In silico 

analysis of the 5’ flanking sequences of these genes, as well as CTGF identified 

predicted binding sites for the two Ikaros family proteins IKAROS and HELIOS, with at 

least one HELIOS site present in the 5’ flanking sequence of all correlated genes. This 

suggested a possible role for Ikaros family proteins in modulating CTGF gene 

expression. Subsequent analysis of a microarray cohort recently characterised for 

IKAROS gene deletions revealed that mutations or deletions within the IKAROS coding 

region were significantly associated with higher mean CTGF gene expression, implying 

that a loss of IKAROS function may promote activation of the CTGF locus. This is the 

first evidence implicating the Ikaros family of lymphoid transcriptional regulators in 

deregulation of the CTGF locus. 

  

Northern blotting of RNA from B-lineage ALL cell lines uncovered evidence of 

alternative splicing of CTGF mRNA. Non-canonical transcripts of approximately 1.3kb 

and 1.6 kb were hybridised by a CTGF-specific probe in extracts from all CTGF
pos cell 

lines. Sequencing of cDNA fragments as well as 5’ and 3’ RACE products from a cell 

line with the highest level of CTGF expression revealed a number of CTGF transcripts 

exhibiting internal deletions of exons 2 and 3, as well as truncation of exons 1 and 4.  

3’ RACE also identified a 1.3kb transcript that was devoid of 3’ UTR regulatory 

elements as a result of premature polyadenylation. These findings represent the first 

direct evidence of alternative splicing of CTGF pre-mRNA in any tissue type and further 

investigation is warranted to fully characterise these tumour-associated transcripts and 

their protein coding potential.   

 

Structural changes within the genome are common in leukaemia and deletions affecting 

the long arm of chromosome 6 occur in around 30% of cases of pre-B ALL. To 

investigate whether deregulation of CTGF expression has a genetic basis, the CTGF 

locus at 6q23.1 was investigated for structural alterations or mutations. Southern blotting 

performed in seven B-lineage ALL cell lines (4 CTGF
pos, 3 CTGF

neg) confirmed that the 
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CTGF locus was not cytogenetically rearranged. Furthermore, analysis of CTGF copy 

number by qPCR in primary paediatric pre-B ALL specimens (n=17) and B-lineage 

ALL cell lines (n=7) confirmed that gene amplification could not account for CTGF 

overexpression. Sequencing of the CTGF promoter and 3’ UTR in three B-lineage ALL 

cell lines confirmed that there were no mutations affecting these important regulatory 

regions, although one cell line harboured the rs6918698 -739 C>G SNP, which is 

predicted to disrupt SP3-mediated repression of CTGF gene expression. 

 

Epigenetic regulation of gene expression is frequently altered in neoplasia. The CTGF 

locus contains a CpG island, and methylation of this region was found to be inversely 

correlated with CTGF gene expression in B-lineage ALL cell lines, as assessed by both 

methylation-specific PCR and by bisulfite sequencing. Bisulfite sequencing of primary 

tumour specimens revealed that hypomethylation of the CTGF locus was a widespread 

feature of pre-B ALL. By contrast, analysis of primary T-ALL specimens demonstrated 

extensive methylation at the CTGF locus, indicating that CTGF may be permissive for 

expression specifically in pre-B ALL.  

 

This study has highlighted several novel aspects of CTGF expression in pre-B ALL, 

including a potential role for Ikaros family proteins in regulating the CTGF locus, and 

the existence of CTGF mRNA transcripts generated through alternative pre-mRNA 

splicing. Investigation of mechanisms promoting CTGF gene expression in pre-B ALL 

revealed that the rs6918698 C>G SNP was present in one pre-B ALL cell line. 

Hypomethylation of the CTGF locus was a notable feature of primary pre-B ALL 

specimens and was in contrast to the hypermethylation observed in 2 T-ALL specimens 

and CD34pos bone marrow cells. These findings will direct future research to elucidate 

the complex mechanisms regulating CTGF expression in pre-B ALL. It is anticipated 

that illuminating the role of CTGF in the pathogenesis of ALL may result in 

significantly improved patient outcomes through the development of targeted and less 

toxic therapies, and through improved risk-based stratification of patients to ensure those 

at a high risk of relapse are directed toward an appropriate level of therapeutic 

intervention.  



 vii 

Abbreviations 

The following abbreviations are used throughout this thesis: 

3’UTR  3’ untranslated region 

5’UTR  5’ untranslated region 

ALL  Acute lymphoblastic leukaemia 

AU  Above umbilicus 

Aza  5-aza-2’-deoxycytidine 

BAC  Bacterial artificial chromosome 

BCE-1  Basal control element 

bHLH  Basic helix-loop-helix 

BMSC  Bone marrow stromal cells 

BU  Below umbilicus 

CAESAR Cis-acting element of structural-anchored repression 

CAF  Cancer-associated fibroblast 

CCG  Children’s Cancer Group 

CCR  Complete clinical remission 

CD  Cluster of differentiation 

cDNA  Complimentary DNA 

CGH  Comparative genome hybridization 

ChIP  Chromatin immunoprecipitation 

CLP  Common lymphoid progenitors 

CM  Conditioned cell culture medium 

CMP  Common myeloid progenitors 

CAN  Copy number alteration 

CNS  Central nervous system 

COG  Children’s Oncology Group 

CT  Carboxy-terminus 

Ct  Cycle threshold 

DN  Dominant negative 

DNA  Deoxyribonucleic acid  



 viii

EFS  Event free survival 

EST  Expressed sequence tag 

FACS  Fluorescence activated cell sorting 

FCS  Fetal calf serum 

GSP  Gene specific primer 

HDAC  Histone deacetylase  

HPC  Haemopoietic progenitor cell 

HRE  Hypoxia inducible factor 1 response element 

HSC  Haemopoietic stem cell 

IG  Immunoglobulin 

IGFBP  Insulin-like growth factor binding proteins 

m
5
C  5’methylcytosine 

MEM  Meme-enriched motif 

MMP  Matrix metalloprotease 

MPP  Multipotent progenitor cell 

MRD  Minimal residual disease 

NTC  Non-template control 

OH-m
5
C  5’hydroxy-methylcytosine 

PBMC  Peripheral blood mononuclear cell 

PCR  Polymerase chain reaction 

POG  Pediatric Oncology Group 

pre-B ALL Precursor B-cell acute lymphoblastic leukaemia 

qPCR  Quantitative polymerase chain reaction  

qRT-PCR Quantitative real-time polymerase chain reaction 

RACE  Rapid amplification of cDNA ends 

rCTGF  Recombinant CTGF 

RFD  Reticulin fibre density 

RFS  Relapse free survival 

RNA  Ribonucleic acid 

RMA  Robust multi-array analysis 

RT  Reverse transcriptase 



 ix

RT-PCR  reverse-transcriptase polymerase chain reaction 

SBE  Smad-binding element 

SDS  Sodium dodecyl sulphate 

SMP  Skim milk powder 

SNP  Single nucleotide polymorphism 

SP  Signal peptide 

T-ALL  T-cell acute lymphoblastic leukaemia 

TGFB1  Transforming growth factor beta 1 

TBRE  Transforming growth factor beta 1 response element 

TCR  T-cell receptor 

TRENDIC Transcriptional enhancer dominant in chondrocytes 

TSA  Trichostatin-A 

TSG  Tumour suppressor gene 

TSP  Thrombospondin type-1 

TSS  Transcription start site 

U  Unit 

UKCCSG United Kingdom Children’s Cancer Study Group 

VWC  Von Willebrand type-C domain 

WBC  White blood cell 



 x

List of figures and tables 

 
 

Figure 1.1 Model of human B-cell development ......................................................5 

Table 1.1 Immunologic classification of B-lineage ALL......................................10 

Table 1.2 Clinical and biological features for initial patient stratification ........11 

Table 1.3 Common cytogenetic abnormalities in pre-B ALL .............................13 

Figure 1.2 Modular structure of CCN proteins .....................................................23 

Figure 1.3 Transcription factor binding sites at the CTGF promoter .................30 

Table A2.1 List of suppliers.......................................................................................60 

Table A2.2 Primer and oligonucleotide sequences..................................................61 

Table 3.1 Clinical and biological features of pre-B ALL patients in the PMH 

cohort .......................................................................................................66 

Table 3.2 Characteristics of pre-B ALL specimens used for validation of CTGF 

expression ................................................................................................67 

Figure 3.1 Analysis of CTGF expression by microarray and qRT-PCR .............69 

Figure 3.2 CTGF correlation analysis in three independent cohorts ...................72 

Figure 3.3 MEME enriched motif 1 (MEM1) ........................................................74 

Figure 3.4 MEME enriched motif 2 (MEM2) ........................................................75 

Figure 3.5 DNA binding matrices for the Ikaros family members 1, 2 and 3 .....76 

Figure 3.6 Helios (IKZF2) is predicted to bind the promoters of CTGF and 

correlated genes ......................................................................................78 

Figure 3.7 Expression of Ikaros family members in the PMH cohort .................79 

Figure 3.8 IKAROS alterations are associated with aberrant CTGF expression in 

high-risk pre-B ALL...............................................................................81 

Figure 3.9 CTGF gene expression in the PMH cohort...........................................82 

Figure 3.10 Comparison of CTGF expression versus clinical features present at 

diagnosis in the PMH cohort .................................................................84 

Figure 3.11 Association between CTGF expression and patient outcome. ............85 

Table 4.1 Features of B-lineage ALL cell lines .....................................................95 

Figure 4.1 CTGF gene expression in ALL cell lines...............................................96 

Figure 4.2 Detection of CTGF protein by immunoblotting ..................................99 



 xi

Figure 1.3 Transcription factor binding sites at the CTGF promoter ...............101 

Figure 4.4 Analysis of the rs6918698 C>G SNP in PER-278 ..............................102 

Figure 4.5 miRNA binding sites in the CTGF 3’ UTR ........................................103 

Table 4.2 Documented aberrations involving 6q23 in ALL ..............................104 

Figure 4.6 Expression of genes neighbouring the CTGF coding region ............105 

Figure 4.7 Localisation of hybridisation probe and restriction sites used for 

Southern blotting analysis of the CTGF locus ...................................107 

Figure 4.8 Southern blot analysis of the CTGF locus ..........................................108 

Figure 4.9 CTGF copy number analysis ...............................................................110 

Figure 4.10 Raw gene copy number data obtained from ALL cell lines .............111 

Table 5.1 CTGF mRNA expression in B-lineage ALL cell lines .......................119 

Figure 5.1 Expression of CTGF mRNA transcripts in the PER-377 cell line....120 

Figure 5.2 Characterisation of CTGF mRNA transcripts in ALL cell lines .....122 

Figure 5.3 Structure of CTGF Variant 1 ..............................................................124 

Figure 5.4 Structure of CTGF Variants 2 and 3 ..................................................126 

Figure 5.5 CTGF transcript variants may retain protein coding potential.......128 

Figure 5.6 Amplification of CTGF variants by 5’ and 3’ RACE........................130 

Figure 5.7 Re-amplification of individual CTGF RACE products by band-stab 

PCR........................................................................................................132 

Figure 5.8 Southern blotting of 5’ RACE PCR products....................................133 

Figure 5.9 Characterisation of PER-377 CTGF 5’ RACE products ..................136 

Figure 5.10 Characterisation of PER-377 CTGF 3’ RACE products ..................139 

Figure 5.11 Sequence analysis of 3’ RACE clone, 3_5...........................................140 

Figure 5.12 Summary of novel CTGF transcripts detected in pre-B ALL cells..143 

Figure 6.1 CpG dinucleotide distribution within the CTGF locus .....................153 

Figure 6.2 Nucleotide sequence of the CTGF CpG island...................................154 

Figure 6.3 Methylation-specific PCR analysis of ALL cell lines ........................156 

Figure 6.4 Methylation status determined by bisulfite sequencing of the CTGF 

locus correlates with CTGF expression in B-lineage ALL cell lines 159 

Figure 6.5 msPCR analysis of primary pre-B ALL specimens...........................160 



 xii

Figure 6.6 CTGF mRNA expression in primary pre-B ALL specimens used for 

bisulfite sequencing ..............................................................................161 

Figure 6.7 Bisulfite sequencing of CTGF
high

 primary pre-B ALL specimens ...162 

Figure 6.8 Bisulfite sequencing of CTGF
low/neg

 primary pre-B ALL specimens164 

Figure 6.9 Bisulfite sequencing of primary T-ALL specimens and normal CD34 

positive bone marrow cells...................................................................166 

Figure 6.10 The effect of Aza and TSA on CTGF expression in B-lineage ALL cell 

lines PER-377 and PER-145 ................................................................168 

Figure 7.1 Proposed model of the growth-promoting effects of CTGF in the bone 

marrow microenvironment..................................................................178 

 

 



 

 

Table of Contents 

 
Title Page                i 

Declaration                ii 

Acknowledgements               iii 

Abstract                iv 

Abbreviations                    vii 

List of figures and tables               x 

 

Chapter 1: General Introduction  

1.1 Childhood cancer 1 

1.2 Acute lymphoblastic leukaemia 1 

1.2.1 Origins: Normal haemopoiesis 2 

1.2.1.1 Haemopoietic stem cell niche 3 

1.2.1.2 Lymphoid specification 4 

1.2.1.3 B-cell development 4 

1.2.2 Origins: Aetiology and incidence 6 

1.2.3 ALL therapy 6 

1.2.3.1 Induction therapy 7 

1.2.3.2 Consolidation and re-induction 8 

1.2.3.3 Maintenance therapy 9 

1.3 B-lineage acute lymphoblastic leukaemia 9 

1.3.1 Prognosis and risk stratification 10 

1.3.2 Molecular types and cytogenetics 11 

1.3.2.1 TEL-AML1 12 

1.3.2.2 TCF3-PBX1 14 

1.3.2.3 BCR-ABL1 15 

1.3.2.4 MLL rearrangements 15 

1.3.2.5 Numerical chromosomal alterations 16 



 

1.3.2.6 Recurrent mutations in pre-B ALL 17 

1.3.2.7 Classical oncogenes associated with pre-B ALL 18 

1.3.2.8 Tumour suppressor genes in pre-B ALL 19 

1.4 CTGF gene expression is dysregulated in pre-B ALL 20 

1.5 Connective tissue growth factor 21 

1.5.1 Origins 21 

1.5.2 Protein structure 22 

1.5.3 CTGF signalling 23 

1.5.3.1 Insulin signalling 23 

1.5.3.2 TGFB family signalling 24 

1.5.3.4 Vascular endothelial growth factor signalling 24 

1.5.4 CTGF cell surface interactions 25 

1.5.4.1 LRP1 receptor 25 

1.5.4.2 NTRK1/NGFR receptor complex 26 

1.5.4.3 CTGF-associated adhesion 26 

1.5.5 The CTGF locus 27 

1.5.5.1 The CTGF promoter 28 

1.5.5.2 Epigenetic regulation of CTGF expression 31 

1.5.5.3 The CTGF 3’ UTR 32 

1.5.6 CTGF expression and cancer 32 

1.5.7 CTGF gene expression in the bone marrow 33 

1.5.8 CTGF, ALL and bone marrow fibrosis 34 

1.6 Overall objectives of this study 36 

Chapter 2: Materials and Methods  

2.1 Specimens and cell lines 37 

2.1.1 Patient specimens 37 

2.1.2 Donor mononuclear cells 37 

2.1.3 Mammalian tissue culture 37 

2.1.3.1 Culture with 5-aza-2-deoxycytidine and Trichostatin A 38 

2.2 Bioinformatics and statistics 38 



 

2.2.1 Microarray data analysis 38 

2.2.1.1 Establishing gene expression cut-offs 39 

2.2.2 Promoter analysis 39 

2.2.3 Statistical analyses 39 

2.2.3.1 Spearman correlation analyses 39 

2.2.3.2 Pearson correlation analyses 40 

2.2.3.3 Graphing and statistical analysis of gene expression data 40 

2.3 Molecular Techniques 40 

2.3.1 Isolation of nucleic acids 41 

2.3.1.1 Genomic DNA extraction 41 

2.3.1.2 Total RNA extraction 41 

2.3.1.3 Cytoplasmic RNA extraction 41 

2.3.2 Polymerase chain reaction 42 

2.3.2.1 Standard polymerase chain reaction 42 

2.3.2.2 High-fidelity polymerase chain reaction 43 

2.3.2.3 Agarose gel electrophoresis and gel extractions 43 

2.3.2.4 First strand cDNA synthesis 44 

2.3.3 Rapid amplification of cDNA ends 44 

2.3.3.1 Preparation of RACE-ready RNA 44 

2.3.3.2 RACE cDNA synthesis 45 

2.3.3.3 Amplification of RACE clones by polymerase chain reaction 45 

2.3.3.4 Band-stab polymerase chain reaction 45 

2.3.4 Quantitative real-time polymerase chain reaction 46 

2.3.4.1 Quantitation of CTGF gene expression 46 

2.3.4.2 CTGF gene copy number analysis 46 

2.3.5 Northern blotting of RNA 47 

2.3.5.1 RNA electrophoresis and membrane transfer 47 

2.3.5.2 Northern blot probe synthesis 47 

2.3.5.3 Radiolabelling of cDNA probes 48 

2.3.5.4 Northern blot probe hybridisation 48 

2.3.6 Southern blotting 49 



 

2.3.6.1 Restriction digest of genomic DNA 49 

2.3.6.2 Electrophoresis and transfer of digested genomic DNA 49 

2.3.6.3 Southern blot probe synthesis 50 

2.3.6.4 Radiolabelling of probes 50 

2.3.6.5 Southern probe hybridisation 50 

2.3.6.6 Electrophoresis and transfer of RACE-PCR products 50 

2.3.7 DNA cloning 51 

2.3.7.1 Preparation of chemically competent cells 51 

2.3.7.2 Cloning into the pGEM-T Easy vector 52 

2.3.7.3 Transformation of chemically competent cells 52 

2.3.7.4 Transformant screening and plasmid DNA extraction 52 

2.3.7.5 Isolation of bacterial artificial chromosome DNA 53 

2.3.8 DNA Sequencing 54 

2.3.8.1 BigDye reaction purification and analysis 54 

2.3.8.2 CTGF promoter and 3’UTR sequencing 55 

2.3.9 Analysis of DNA methylation 55 

2.3.9.1 Conversion of DNA by sodium bisulfite 55 

2.3.9.2 BAC DNA methylation 55 

2.3.9.3 Methylation specific PCR 56 

2.3.9.4 Bisulfite Sequencing 56 

2.3.10 Immunological detection of CTGF protein 57 

2.3.10.1 Isolation of total cellular protein 57 

2.3.10.2 Protein estimation 57 

2.3.10.3 Sample preparation 58 

2.3.10.4 Heparin-affinity enrichment of conditioned culture medium 58 

2.3.10.5 Western blotting 58 

2.3.10.6 Antibodies 59 

2.3.10.7 Membrane stripping protocol 59 

 

 



 

Chapter 3: Gene Expression and Clinical Correlates of CTGF 

Expression in Childhood Pre-B ALL  

3.1 Introduction 63 

3.2 Results  65 

3.2.1 The PMH cohort of paediatric pre-B ALL 65 

3.2.2 Validation of CTGF expression data 68 

3.2.3 Gene expression profiles associated with CTGF expression 69 

3.2.2.1 Common 5’ flanking motifs in CTGF-correlated genes 73 

3.2.2.2 Analysis of putative Ikaros family binding sites 76 

3.2.2.3 Expression of Ikaros family genes in the PMH cohort 77 

3.2.2.4 IKAROS gene lesions are associated with CTGF expression 79 

3.2.3 Clinical features associated with CTGF expression 82 

3.2.4 Prognostic significance of CTGF expression 85 

3.3 Discussion 86 

3.3.1 Clinical correlates of CTGF 87 

3.3.2 CTGF expression is a prognostic biomarker 88 

3.3.3 Gene expression correlates of CTGF 89 

3.3.4 Ikaros family of transcriptional regulators 89 

3.3.6 Conclusions 91 

Chapter 4: Sequence and Structure of the CTGF Locus in 

Pre-B ALL  

4.1 Introduction 92 

4.2 Results  93 

4.2.1 Cell line models of paediatric B-lineage ALL 93 

4.2.2 CTGF expression in B-lineage ALL cell lines 96 

4.2.2.1 CTGF is secreted by PER-377 97 

4.2.3 Analysis of CTGF 5’ flanking sequence 99 

4.2.4 Sequencing of CTGF 3’ UTR 102 

4.2.5 Structure of the CTGF gene locus 103 



 

4.2.5.1 Southern blotting of the CTGF locus 105 

4.2.5.2 Gene copy number analysis 109 

4.3 Discussion 112 

4.3.1 CTGF promoter mutation was not detected in pre-B ALL 113 

4.3.2 The CTGF locus in not structurally altered in pre-B ALL 114 

4.3.3 Conclusions 115 

Chapter 5: Characterisation of CTGF Transcription in  

B-lineage ALL  

5.1 Introduction 116 

5.2 Results  118 

5.2.1 Northern analysis of CTGF mRNA in ALL cell lines 121 

5.2.2 Amplification and sequencing of novel CTGF transcripts 123 

5.2.2.1 Structural analysis of novel CTGF transcript variants 127 

5.2.3 Amplification of CTGF transcripts by RACE 129 

5.2.3.1 Isolation of RACE products by band-stab PCR 131 

5.2.3.2 Validation of a CTGF probe for Southern blot hybridisation 132 

5.2.3.3 Characterisation of 5’ RACE products 133 

5.2.3.4 Characterisation of 3’ RACE products 137 

5.3 Discussion 143 

5.3.1 Aberrant CTGF transcription 144 

5.3.2 Post transcriptional regulation of CTGF mRNA 146 

5.3.3 Conclusions 148 

Chapter 6: Epigenetic Mechanisms Influencing CTGF 

Expression in Pre-B ALL  

6.1 Introduction 149 

6.2 Results  152 

6.2.1 Identification of a CpG island at the human CTGF genomic locus 152 

6.2.2 Methylation correlates with CTGF expression in ALL cell lines 154 

6.2.3 Bisulfite sequencing of B-lineage ALL cell lines 157 



 

6.2.4 Hypomethylation of the CTGF locus in primary pre-B ALL 159 

6.2.5 Bisulfite sequencing of primary pre-B ALL specimens 160 

6.2.6 Bisulfite sequencing of primary T-ALL and CD34pos specimens 165 

6.2.7 Modulation of the global epigenetic state of B-lineage ALL cell lines 167 

6.3 Discussion 168 

6.3.1 The CTGF locus is hypomethylated in primary pre-B ALL 169 

6.3.2 The importance of histone modifications 170 

6.3.3 Conclusions 172 

Chapter 7: General Discussion  

7.1 Introduction 173 

7.2 Study objectives 174 

7.3 Critical findings 175 

7.3.1 A possible role for Ikaros proteins in CTGF transcription 175 

7.3.2 Clinical importance of CTGF expression in pre-B ALL 176 

7.3.3 A model for CTGF-mediated leukaemogenesis 177 

7.3.4 Genomic lesions did not contribute to CTGF expression 179 

7.3.5 CTGF mRNA is subject to alternative splicing in pre-B ALL 179 

7.3.6 CTGF mRNA may not reflect CTGF protein levels in ALL 180 

7.3.7 The CTGF locus is hypomethylated in pre-B ALL 181 

7.4 Future directions 182 

7.4.1 Prognostic relevance of CTGF 182 

7.4.2 Modeling the role of CTGF in ALL pathogenesis in-vivo 182 

7.4.3 Factors interacting with the CTGF gene locus 183 

7.5 Final conclusions 183 

Chapter 8: References 185 



 

 
 
 
 
 
 

Chapter 1 

 

 

 

General Introduction 

 
 
 
 
 
 
 



 1 

Chapter 1 

General Introduction 

Chapter 1: General Introduction 

1.1 Childhood cancer 

In Australia, cancer is the leading cause of disease-associated deaths among children 

aged 1-14 years (Australian Bureau of Statistics 2006). This statistic is universal in the 

developed world, with childhood cancer outstripping deaths associated with other 

disease processes in children (Kaatsch 2010). While outcomes for some childhood 

cancers today have improved dramatically, there is still much work to be done to 

improve our understanding of underlying cancer biology. By enhancing our knowledge 

of the molecular mechanisms involved in oncogenesis we can continue to develop new 

and refine existing therapies to improve clinical outcomes.  

 

Of the various types of cancers commonly affecting infants (< 1yr) and children (1-14 

yrs), leukaemia is by far the most prevalent accounting for around 34% of new 

diagnoses, followed by cancers of the central nervous system at around 24% (Pieters & 

Carroll 2010). Leukaemia is a malignancy arising from transformation of cells of the 

haemopoietic system and there are two main types, lymphoblastic and myelogenous, 

owing to the two arms of haemopoiesis, myeloid and lymphoid which both arise from a 

common stem or progenitor cell. Acute lymphoblastic leukaemia (ALL) is the most 

common form of the disease in children accounting for 79% of all paediatric leukaemia 

diagnoses. This equates to 27% of all childhood cancers (Kaatsch 2010), thus, leukaemia 

represents a significant contribution to childhood mortality and morbidity. Improving 

our understanding of the molecular mechanisms of leukaemogenesis is critical to 

improve outcomes for young patients and their families.   

 

1.2 Acute lymphoblastic leukaemia 

As the name suggests, ALL is a swiftly progressive form of leukaemia, characterised by 

the clonal accumulation of rapidly proliferating, poorly differentiated lymphoid 
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precursors (Bourquin & Izraeli 2010). ALL disease can be divided into two broad 

biological categories, precursor B-cell ALL (pre-B ALL) and precursor T-cell ALL (T-

ALL) (Gaynon 2005). Of these two types, pre-B ALL is more common, accounting for 

up to 85% of childhood ALL diagnoses (Pieters & Carroll 2010). Presenting symptoms 

invariably correlate with the level of tumour cell burden within the bone marrow. As 

normal marrow is replaced by leukaemic cells, haemopoiesis is impaired, resulting in 

blood lineage cytopaenias and if left untreated ALL is rapidly fatal (Onciu 2009). Other 

common symptoms include fever, fatigue and joint or bone pain. Leukaemic cells can 

also reside outside of the bone marrow and common sites of extradmedullary 

involvement include the blood, liver, spleen, lymph nodes, meninges and in T-lineage 

ALLs, the thymus.  

 

1.2.1 Origins: Normal haemopoiesis 

The haemopoietic system is responsible for the production of differentiated cells of all 

blood lineages. This includes lymphoid cells, incorporating B, T and NK cells, as well as 

those of the myeloid lineage, such as erythrocytes, megakaryocytes and granulocytes. 

All of these mature blood cells are formed from a common haemopoietic stem cell 

(HSC) at the apex of this developmental hierarchy (Mansson et al. 2009). These cells 

reside in the bone marrow space of long bones in specialised niches that are tightly 

regulated (Wilson & Trumpp 2006). HSCs are normally quiescent, but will respond to 

haemopoietic stress such as blood loss by re-entering the cell cycle and dividing to 

produce intermediate progenitor cells which in turn give rise to mature functional 

effector cells. Haemopoiesis progresses by limiting the developmental potential of 

precursors in a step-wise fashion until the fully mature blood cells are produced (Blom 

& Spits 2006). This process has been extensively characterised in mice and while 

surface antigens differ between species, the overall process of differentiation from HSC 

to mature blood cells is thought to be highly conserved (Welner et al. 2008; Mansson et 

al. 2009).   
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1.2.1.1 Haemopoietic stem cell niche 

The bone marrow microenvironment is comprised of a number of different cell types, 

including reticular cells, fibroblasts, chondrocytes, apidoctyes, endothelial cells, 

osteoblasts and osteoclasts, as well as haemopoietic stem and progenitor cells (Ehninger 

& Trumpp 2011). Defining the role of each of these cell types within the context of 

haemopoiesis is still ongoing, however it is widely accepted that haemopoietic stem cells 

(HSCs) reside in specialised regions within the bone marrow microenvironment that 

govern HSC fate by providing extrinsic regulatory signals. These developmental sites, 

termed niches, provide extracellular cues through soluble factors and cell-cell 

interactions that are critical for guiding the maintenance, proliferation and differentiation 

of HSCs throughout adult life (Mendez-Ferrer et al. 2010; Nagasawa 2006; Sugiyama et 

al. 2006; Wilson et al. 2007).  

 

The mouse haemopoietic stem cell is possibly the most-well well characterised of all 

mammalian stem cells. These cells are well defined by surface marker expression (lin-

negSca1hic-Kit+CD34-CD48-CD150hi), and can reconstitute the entire haemopoietic 

system of irradiated mice (Purton & Scadden 2007; Wilson et al. 2007). Advances in 

intravital imaging have revealed the localisation of these HSCs within distinct regions of 

bone marrow including the endosteal surface (termed the endosteal niche) as well as 

adjacent to sinusoidal endothelium (termed the vascular niche) (Xie et al. 2009; Lo 

Celso et al. 2009), and these two niches are thought to differentially regulate stem cell 

fate. Evidence is now emerging for the central role of mesenchymal stem cells (MSCs) 

within the haemopoietic niche in maintaining the bone marrow HSC pool. In recent 

years, a subset of perivascular nestin positive MSCs have been identified that are critical 

for HSC maintenance (Mendez-Ferrer et al. 2010). These nestonpos cells also express 

high levels of the HSC maintenance factors chemokine C-X-C motif ligand 12 (Cxcl12), 

osteopontin, angiopoietin-1, interleukin 7 and vascular cell adhesion molecule 1, and 

depletion of nestinpos MSCs results in the mobilisation of HSCs away from the bone 

marrow to other organs (Mendez-Ferrer et al. 2010). Furthermore, the bone marrow-

homing of transplanted HSCs into nestinpos MSC-depleted recipients is significantly 

reduced. Similar to nestinpos MSCs, a distinct subset of reticular cells also express high 
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levels of Cxcl12 and these cells dubbed Cxcl12 abundant reticulocytes (CAR) are found 

in close proximity to HSCs within the vascular niche and are critical for lymphoid 

specification of haematopoietic progenitor cells (Crisan et al. 2008; Omatsu et al. 2010).  

 

1.2.1.2 Lymphoid specification 

Fluorescence activated cell sorting (FACS) has allowed the prospective isolation and 

characterisation of cells at various stages of development with particular emphasis on 

their lineage potential (Mansson et al. 2009). The previously accepted model of 

haemopoiesis proposed a linear series of maturation steps, beginning with asymmetric 

division of activated HSCs giving rise to multipotent progenitor cells (MPPs), which in 

turn gave rise to either common myeloid progenitors (CMPs) or common lymphoid 

progenitors (CLP). Recent evidence has pointed to several intermediate steps in 

lymphoid specification prior to the restriction to CLP identity, however the precise 

model of transition from MPP to CLP in humans is still unclear (Corfe & Paige 2009). 

The earliest stage of irreversible lymphoid specification of CLPs is marked by 

expression of the interleukin 7 receptor (IL7R/CD127) (Dias et al. 2005; Parrish et al. 

2009). These cells can progress to form mature B and T lymphocytes and NK cells.    

 

1.2.1.3 B-cell development 

Humoral immunity is critical to mammalian homeostasis and B cells are the effectors of 

this arm of the immune system. Mature B cells produce antibodies against foreign 

antigens and can also act as antigen-presenting cells themselves (Rodriguez-Pinto 2005). 

Activation of the early B cell factor (EBF) gene is critical for the induction of B-cell 

development. EBF activates PAX5 which acts as a positive regulator of EBF, enforcing a 

feedback loop. These two transcription factors then act in concert to inhibit T-lineage 

and myeloid gene expression programs.  

 

While the model of lymphoid lineage specification is still evolving, the process of B-cell 

development from CLP to mature B-cell in humans is well established (Blom & Spits 
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2006). This progression, outlined in Figure 1.1, is marked by a number of 

immunophenotypic changes at each stage of development. These include differential 

expression of cluster of differentiation (CD) markers; CD34, CD10, CD127 (IL7Rα ), 

CD19, CD79a, and CD179a (Vpre-B) (Blom & Spits 2006). As cells progress through 

B-cell development, they can also be characterized by the presence or absence of 

specific immunoglobulin (Ig) gene rearrangements, which are important events in B 

lymphopoiesis. Expression of terminal deoxynucleotidyl transferase (TdT) and 

recombination activating gene (RAG) are both required for successful rearrangement of 

Ig loci and are expressed early in B-cell development (Corfe & Paige 2009). Prior to the 

immature B stage, development occurs exclusively within the bone marrow. Acquisition 

of surface IgM expression marks the stage at which immature B-cells exit the bone 

marrow and home to the spleen and other secondary lymphoid organs where they 

develop into mature B-cells. 

  

 

Figure 1.1 Model of human B-cell development  

Adapted from Blom and Spits (2006). 
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1.2.2 Origins: Aetiology and incidence  

Pre-B ALL has a peak incidence at 2-5 years of age (Gurney et al. 1995) and 

approximately one hundred and sixty new cases of ALL are diagnosed annually in 

Australia, with this number remaining unchanged over the last decade (Youlden et al. 

2010).  There is evidence that acquisition of genetic changes associated with ALL can 

occur in utero (Maia et al. 2003; Hjalgrim et al. 2002). This is supported by 

retrospective detection of genetic signatures associated with some forms of childhood 

ALL in Guthrie spot cards taken at birth from children who later developed ALL 

(Wiemels et al. 2009; Hjalgrim et al. 2002). Recurrent genetic abnormalities (discussed 

in detail later) have been associated with increased risk of developing ALL in early life 

and children with Downs syndrome (trisomy 21) are 10-15 times more likely to develop 

ALL, and they often suffer more treatment-related toxicities (Whitlock et al. 2005). Race 

and ethnicity has been shown to predict significantly different outcomes for children 

diagnosed with ALL, with children of African or Hispanic ancestry having a poorer 

prognosis than those with Anglo-Saxon ancestry (Bhatia 2004; McNeil et al. 2002), 

although this has been attributed by some to the lack of parity in healthcare for some 

minorities (Pui et al. 2003; Pui & Evans 2006). There is also a predilection towards a 

higher incidence of ALL in males, however the reason for this bias is unclear. In utero 

exposure to solvents, pesticides, hydrocarbons or ionizing radiation have all been linked 

to increased risk of developing ALL in early life (McNally & Parker 2006; Buffler et al. 

2005), and studies on this topic are ongoing.  

 

1.2.3 ALL therapy  

Cancer in the very young can lead to significant problems for survivors in later life 

(Dowling et al. 2010). Cancer treatments in early life may result in impaired 

neurocognitive development and function (Ness et al. 2010), infertility, cardiovascular 

disease (Geenen et al. 2010), as well as impairments in musculoskeletal development 

(Ishida et al. 2010) and other complications. Furthermore, the experiences of cancer 

survivors can result in significant psychosocial disorders (Oeffinger et al. 2008). While 

current therapeutic regimens are largely successful, the present goal is to develop 
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therapies that are less toxic and will ultimately result in improved long term outcomes 

for survivors. Reducing the severity of treatment, while still attaining curative outcomes 

is important, thus balancing the type and amount of therapy with the risk of relapse is 

critical to reduce unnecessary exposure to toxic agents. 

 

Despite the relatively high incidence of ALL in children, 5 yr event free survival (EFS) 

of up to 85-90% can now be achieved for some forms of the disease (Conter et al. 2010; 

Gaynon et al. 2010; Pui et al. 2010). Improved survival rates are attributable to the 

optimisation of complex chemotherapeutic regimens assessed in large scale, randomized 

clinical trials, as well as improved understanding of ALL biology (Pieters & Carroll 

2010). Risk-based stratification of patients has also resulted in improved patient 

outcomes, and patients that are recognized as having a high risk of relapse are now 

receiving more intensive therapy. Unfortunately, those patients that do relapse often 

have a dismal prognosis, with relapsed ALL usually resistant to front-line chemotherapy.  

 

Clinical management of ALL is continually undergoing improvements through large 

scale multicenter clinical trials run by major cooperative groups such as the Children’s 

Oncology Group (COG) and the United Kingdom Children’s Cancer Study Group 

(UKCCSG). These groups advise on best-practice treatment for a range of childhood 

cancers. Therapeutic protocols for the treatment of ALL endorsed by these organisations 

are similar in that they are comprised of several discreet stages, including induction 

therapy, consolidation, re-induction and maintenance therapy. However factors such as 

dosage, timing and the combination of drugs given to patients, differs among groups.  

 

1.2.3.1 Induction therapy 

Treatment for ALL incorporates several stages and in most cases continues for up to 

three years. The first stage of treatment is induction therapy and the primary goal of this 

phase is to restore normal haemopoiesis by eliminating as many leukaemic blasts as 

possible with high-dose chemotherapy. Three to four drugs are used depending on the 

perceived risk classification of patients (discussed later). Standard risk patients will 
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typically receive vincristine and asparaginase, as well as a glucocorticoid, either 

dexamethasone, prednisolone or prednisone (McNeer & Nachman 2010). Those patients 

that are identified as high risk may also receive an anthracycline, especially if they are 

over the age of 10 years (Pieters & Carroll 2010). The aim of induction chemotherapy is 

to achieve morphological remission in 4-6 weeks, and a patient’s response to induction 

therapy has invariably been found to be the best predictor of long-term outcome.  

 

The efficacy of induction therapy is evaluated by the detection of minimal residual 

disease (MRD) which can be defined as the level of leukaemic cells detectable in the 

bone marrow upon completion of induction therapy. MRD is used as a key indicator of 

response that guides the remainder of therapy during intensification and consolidation. 

The two main methods of MRD measurement are quantitative polymerase chain reaction 

(qPCR) and flow cytometry. The current limit of detection by flow cytometry is between 

1 cell in 103 to 104, while assessment of immunoglobulin (IG) or T-cell receptor (TCR) 

rearrangements by qPCR affords sensitivity of 1 cell in 104 to 105 (Bruggemann et al. 

2010). While qPCR offers a superior level of sensitivity, this approach requires 

characterisation of rearrangements that are specific to the patients’ leukaemic cells by 

sequencing the rearranged IG and TCR loci at diagnosis to develop specific primer/probe 

combinations. Leukaemic clones can continue to rearrange these loci during the 

progression of the disease, resulting in false-negatives which may inaccurately guide the 

remainder of therapy (Bruggemann et al. 2010; van der Velden & van Dongen 2009). 

Assessing a negative qPCR-MRD finding by flow cytometry offers confirmation, 

despite the obvious disparity in sensitivity between techniques. 

 

1.2.3.2 Consolidation and re-induction 

Once a negative MRD finding indicates that induction therapy has been effective in 

reducing the burden of leukaemic cells, patients begin the consolidation phase of 

treatment. Consolidation therapy aims to eliminate residual leukaemic cells that may be 

cycling slowly or have been driven into growth-arrest in response to chemotherapy. This 

phase typically includes asparaginase and high-dose methotrexate or 6-mercaptopurine. 
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Consolidation may also include intrathecal administration (injection into the  

cerebro-spinal fluid) of methotrexate with or without cytarabine and hydrocortisone to 

prevent central nervous system (CNS) relapse, particularly in high-risk patients (Pui & 

Evans 2006).  Intrathecal administration of chemotherapy has been shown to have an 

equal or greater efficacy in preventing CNS relapse compared to cranial irradiation used 

by some groups (Stark et al. 2009), and introduction of intrathecal CNS prophylaxis has 

seen a substantial decrease in the practice of cranial radiation, which often has 

devastating long term effects on the developing brain. Upon completion of consolidation 

therapy, patients undergo re-induction therapy, sometimes referred to as delayed 

intensification therapy. This is essentially a repeat of the same therapy used in the 

induction phase and is a critical component of successful ALL treatment protocols (Pui 

& Evans 2006).  

 

1.2.3.3 Maintenance therapy 

At the completion of re-induction therapy, patients progress to maintenance therapy, 

which is the final stage of treatment. Maintenance therapy in paediatric ALL can 

continue for up to two years in females and three years in males. Standard maintenance 

therapy consists of daily 6-mercaptopurine and weekly methotrexate (Pieters & Carroll 

2010). Some study groups have proposed the incorporation of pulsed administration of 

vincristine and dexamethasone, however the results of trials so far have not shown 

significant improvements in patient outcomes (Nagatoshi et al. 2010; Arico et al. 2008).  

 

1.3 B-lineage acute lymphoblastic leukaemia 

Although traditionally grouped together, cases of B-lineage ALL can be further 

delineated into different subtypes based on the immunophenotype of leukaemic cells. 

These subtypes are associated with differentiation stages of B-cell development and 

have significant prognostic ramifications (Pieters & Carroll 2010; Bene 2005). At the 

time of diagnosis, patient samples are assessed for immunophenotype and are grouped 

into one of three types; early pro-B, pre-B and transitional pre-B, while mature B-cell 

ALL is rarely diagnosed in children (Pui 2006). Table 1.1 outlines these subtypes, and 
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their immunological features and frequency. It is important to note that there is a degree 

of plasticity in the immunophenotype of B-lineage ALL cells, making a determination as 

to the specific subtype difficult in some cases. For this reason, B-lineage ALL is 

frequently referred to as precursor B-cell ALL (pre-B ALL) as a whole, and often more 

importance is placed on identifying specific genomic alterations associated with clinical 

outcomes, as these are considered more important for risk-based stratification. 

 

Table 1.1 Immunologic classification of B-lineage ALL 

Table adapted from Childhood Leukemias by Ching-Hon Pui (Pui 2006). 

 

 

1.3.1 Prognosis and risk stratification 

As stated previously, vast improvements have been achieved in the long term EFS of 

paediatric ALL patients. A cornerstone of contemporary ALL management is the  

risk-based stratification of patients based on presenting features (Pui et al. 2011). By 

directing patients expected to have a poor outcome to more intensive therapy, these 

high-risk patients are afforded the best possible chance of disease clearance. 

Furthermore, by limiting the amount of therapy given to patients identified as having a 

favourable outcome, these low-risk patients are spared the detrimental short and long-

term side effects associated with agents used in high-risk therapy (Pui & Evans 2006). 

 

Clinical features that predict outcome include age, gender and white blood cell (WBC) 

count at diagnosis. Biological factors with prognostic relevance include 

immunophenotype (pro-B, pre-B or common B) and the genotype of the patient’s 
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leukaemic cells. Hyperdiploidy defined as > 51 chromosomes or a DNA index greater 

than 1.16 is associated with a favourable outcome in standard risk pre-B ALL (Heerema 

et al. 2000; Sutcliffe et al. 2005). Several recurrent cytogenetic abnormalities are 

associated with ALL biology and are discussed in the next section. Table 1.2 shows the 

clinical and biological features that are used to initially stratify patients diagnosed with 

pre-B ALL as either standard or high-risk. Features associated with a higher risk include 

age of 0-1yr or greater than 9yrs, male gender, high WBC count (> 50 x 109/L), pro-B 

immunophenotype and hypodiploidy defined as less than 45 chromosomes. As discussed 

earlier, perhaps the most important prognostic factor in ALL is the response to induction 

therapy detected as MRD. This is a strong predictor of relapse or resistance to therapy 

and determines the appropriate treatment protocol for patients, either intensification or 

consolidation of treatment administered.  

 

Table 1.2 Clinical and biological features for initial patient stratification  

Adapted from Pieters and Carroll (2010). 

Factor Standard Risk High Risk 

Age at diagnosis 1-9 yrs < 1yr or > 9 yrs 

Sex Female Male 

WBC count < 50 x 109 / L > 50 x 109 / L 

Immunophenotype precursor B ALL B ALL 

Genotype  Hyperdiploid  

>50 chromosomes 

hypoploidy  

< 45 chromosomes 

Post-induction MRD  no blasts detected detectable blasts 

 

1.3.2 Molecular types and cytogenetics 

Numerous recurrent cytogenetic anomalies have been characterised in pre-B ALL and 

these are associated with different outcomes (Pui & Evans 2006). Fusion transcripts 

generated by some chromosomal rearrangements have been demonstrated to have 

leukaemogenic potential. Juxtaposition of genes encoding developmentally critical  

DNA-binding proteins with foreign loci can result in the production of fusion proteins 
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with unrestricted and, or, oncogenic transcriptional activity (Poppe et al. 2007). A high 

proportion of cytogenetic rearrangements associated with leukaemia involve 

transcription factors required for, or involved in, lymphoid development. Some 

examples of these are the master transcriptional regulator mixed lineage leukaemia 

(MLL) or the runt-related transcription factor 1 (RUNX1 also known as AML1). The 

most common cytogenetic alterations and their prognostic implications are outlined in 

Table 1.3. 

 

1.3.2.1 TEL-AML1 

The TEL-AML1 fusion (also known as ETV6-RUNX1) is characterised by the 

t(12;21)(p13;q22) translocation and is the most common cytogenetic rearrangement in 

paediatric pre-B ALL, occurring in around 25% of cases (Onciu 2009). TEL-AML1 is 

associated with high chemosensitivity, and thus a favourable outcome. Both TEL/ETV6 

and AML1/RUNX1 are transcription factors with established roles in haemopoiesis 

(Okumura et al. 2007; Wang et al. 1998). Targeted disruption of TEL after the 

establishment of haemopoiesis results in an accumulation of progenitor cells at the pro-B 

stage, however the developmental potential of these cells is not blocked completely 

(Fischer et al. 2005). These data reflect what is seen in human disease, as carriers of the 

TEL-AML1 rearrangement do not always progress to overt leukaemia and identical twin 

studies have demonstrated that it is possible to carry TEL-AML1 in haemopoietic cells 

without any manifestation of disease (Maia et al. 2003). In studies conducted by Greaves 

and colleagues, TEL-AML1-transduced human CD34pos cord blood cells, transplanted 

into NOD-SCID mice, gave rise to cells that display B-cell developmental potential and 

also exhibit greatly enhanced resistance to some apoptotic stimuli, including Fas ligand, 

camptothecin and melphalan, suggesting that these pre-leukaemic clones have a growth 

advantage over non-transduced cells (Hong et al. 2008). In carriers of TEL-AML1, 

progenitor cells harbouring this feature are referred to as pre-leukaemic clones and tend 

to display an early pre-B/pro-B immunophenotype. It is postulated that they require a 

second hit to become overtly tumorigenic (Greaves 2009). 
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Table 1.3 Common cytogenetic abnormalities in pre-B ALL 

Adapted from Onciu, M. (2009). 

Cytogenetic group Frequency 

(%) 

Fusion gene Cytogenetic 

abnormality 

Prognosis Notes 

Hyperdiploid 27-29 NA 51-65 

chromosomes 

Low-risk Higher sensitivity to MTX, MP 

ALL with t(12;21) 25 TEL-AML1 

(ETVX-RUNX1) 

t(12;21)(p13;q22) Low-risk Higher sensitivity to L-asparaginase 

Hypodiploid 5-6 NA <45 chromosomes High-risk B-cell developmental gene mutation 

in 100% of cases 

ALL with t(1;19) 3-6 TCF3-PBX1 

(E2A-PBX1) 

t(1;19)(q23;p13) Standard-risk NA 

Philadelphia positive 

ALL 

3-5 BCR-ABL t(9;22)(q34;q11.2) High-risk IKZF1 (Ikaros) deletions common  

ALL with MLL (11q23) 

rearranged  

2-3 AF4-MLL 

ELL-/MLL 

t(4;11)(q21;q23) 

t(19;11)(p13;q23) 

High-risk 

High-risk 

 

Increased expression of HOX genes.  
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1.3.2.2 TCF3-PBX1  

The t(1;19)(q23;p13) TCF3-PBX1 (also known as E2A-PBX1) translocation occurs in 

around 5% of cases of paediatric B-lineage ALL. Expression of this fusion gene 

produces an oncogenic protein containing the N-terminal transactivation domain 

encoded by the transcription factor 3 gene (TCF3) fused to the DNA-binding 

homeodomain encoded by pre-B-cell leukaemia homeobox 1 gene (PBX1). The resulting 

fusion protein can induce expression of genes defined by the PBX1 DNA-binding 

domain alone (Van Dijk et al. 1993) or alternatively the TCF3-PBX1 oncoprotein can 

dimerize with HOX proteins, resulting in enhanced expression of HOX target genes 

(Aspland et al. 2001). TCF3 encodes two basic helix-loop-helix (bHLH) proteins, E12 

and E47 that form homodimeric complexes to regulate immunoglobulin gene expression 

(Bain et al. 1999). The TCF3 gene is required for lymphoid development and disruption 

of normal TCF3 expression results in accumulation of cells at the pro-B cell stage 

(Uckun et al. 1998b). Recent studies investigating conditional knockout of Tcf3 in 

murine embryonic stem cells have demonstrated that Tcf3 gene expression plays a 

critical role in repressing expression of genes associated with self-renewal such as 

Nanog, Tcl1, Tbx3 and Esrrb (Yi et al. 2008). Dysregulated expression of the TCF3-

PBX1 may result in improper activation of gene expression programs associated with 

self-renewal.  

 

The t(1;19) feature was historically associated with a poor outcome, however 

improvements in multi-agent therapy have resulted in this rearrangement being removed 

from risk stratification matrices (Raimondi et al. 1990). This may need to be reviewed 

however, as a recent study has identified an association between TCF3-PBX1 and CNS 

relapse in children with pre-B ALL (Jeha et al. 2009). Re-inclusion of this genotype in 

clinical matrices would direct these patients to intensified CNS-directed prophylaxis 

which may have a significant effect on patient outcomes. 
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1.3.2.3 BCR-ABL1  

Perhaps one of the best-known translocations associated with leukaemia is the 

t(9;22)(q34;q11.2) BCR-ABL1 fusion, also known as the Philadelphia chromosome. This 

rearrangement is characterised by translocation of the coding region of ABL1 from 

chromosome 9 to the BCR gene on chromosome 22 and occurs in 3-5% of cases of 

childhood ALL (Arico et al. 2000). This event results in constitutive expression of the 

BCR-ABL1 fusion RNA driven by the BCR promoter (Pieters & Carroll 2010). While the 

precise function of the BCR gene has not been established, ABL1 is a proto-oncogene 

encoding a non-receptor tyrosine kinase and the BCR-ABL1 fusion protein has been 

demonstrated as a driver of oncogenesis (Uckun et al. 1998a). Transformation by BCR-

ABL1 activates a number of intracellular signalling pathways, and those shown to play 

major roles in BCR-ABL1 induced cellular proliferation and transformation include 

activation of RAS, PI-3 kinase and Jun kinase (Pui 2006). BCR-ABL1 transformation 

also enhances resistance to some cytostatic drugs and radiation by upregulating the anti-

apoptotic BCL2 family member BCL-XL (Skorski 2002). Children with ALL positive 

for the BCR-ABL1 genotype usually have a high MRD after induction therapy and this 

translocation is associated with high-risk and a poor outcome with 5ys EFS of around 

28% (Arico et al. 2000).  

 

BCR-ABL1-positive ALL frequently harbours deletions in B-cell developmental genes 

(Onciu 2009). Recent data gathered on BCR-ABL1-positive ALL indicated that 75% of 

children and 91% of adults harboured mutation of at least one IKAROS allele (Mullighan 

et al. 2008). Iacobucci and colleagues recently reported the acquisition of mutations in 

IKAROS splice sites after treatment with tyrosine kinase inhibitors, suggesting a role for 

dominant-negative IKAROS isoforms in the acquisition of Imatanib and Dasatanib 

resistance in BCR-ABL1-positive patients (Iacobucci et al. 2008). 

 

1.3.2.4 MLL rearrangements 

Translocations involving the mixed lineage leukaemia (MLL) gene at 11q23 are very 

common in infant ALL (< 1 yr) with around 80% of such cases attributable to 



 16 

rearrangements of the MLL locus. In contrast, only 2% of children aged 1-9 yr present 

with MLL rearrangements (Somervaille & Cleary 2010). Universally, MLL involvement 

is associated with high-risk and a poor outcome. Leukaemic cells containing MLL 

rearrangements are usually highly resistant to glucocorticoids and L-asparaginase, two 

front-line chemotherapeutic agents used in standard induction therapy (Pieters & Carroll 

2010). MLL-rearranged ALL exhibits an early pro-B immunophenotype and CD10 

negativity and mutations in B-cell developmental genes are common (Ayton & Cleary 

2001). The striking feature of MLL rearrangements is the large number of partner loci 

involved in 11q23 translocations. To date over 100 different MLL rearrangements have 

been described (Meyer et al. 2009).  

 

MLL is required for normal haemopoiesis (Jude et al. 2007), however the precise 

mechanism by which MLL rearrangements induce transformation is unclear. MLL 

encodes a large, multidomain protein (3972 amino acids), that contains an AT hook 

DNA-binding domain, as well as a H3K4 histone methyltransferase moiety which is 

associated with epigenetic activation of homeobox genes by chromatin remodelling. 

Regardless of the 11q23 fusion partner, MLL-fusion oncoproteins consistently induce 

high level transcriptional activation of HOXA and MEIS1 genes through epigenetic 

activation of these gene loci (Somervaille & Cleary 2010). These genes are normally 

repressed during terminal differentiation and constitutive expression is thought to 

contribute to uncontrolled proliferation of leukaemic cells harbouring MLL fusions. 

 

1.3.2.5 Numerical chromosomal alterations 

Changes in chromosome number (ploidy) are frequently observed in paediatric ALL. 

Hyperdiploidy is defined as greater than 50 chromosomes and is the most common 

genetic abnormality present in childhood ALL with an incidence of around 25-30% 

(Onciu 2009). Hyperdiploidy confers a favourable prognosis and current estimates of 

overall survival of children with hyperdiploid ALL is 90% (Paulsson & Johansson 

2009). Furthermore, cases with trisomies 4, 10 and 17 have a particularly favourable 

outcome (Sutcliffe et al. 2005). Activating mutations affecting FLT3 occur in around 
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20% of hyperdiploid ALL and efforts are underway to incorporate small molecule 

inhibitors of FLT3 in standard therapy as these have been shown to be highly effective at 

killing FLT3 positive, hyperdiploid ALL (Brown et al. 2005). 

 

Hypodiploidy which is defined as fewer than 45 chromosomes, is much less frequent in 

childhood ALL, occurring in around 5% of cases of paediatric B-lineage ALL (Onciu 

2009). Due to its low frequency, there have been few studies investigating the biological 

and clinical significance of this genetic subtype of ALL, however patients harbouring 

this genetic abnormality have a dismal outcome. A study conducted by Harrison and 

colleagues found that the 3yr EFS of 121 children with 42-45 chromosomes was around 

65%, while those with 25-39 chromosomes (n=20) exhibited a 3yr EFS of only 30% 

(Harrison et al. 2004). As one might expect, deletions of B-cell developmental genes 

occurred in 100% percent of cases (Harrison et al. 2004). 

 

1.3.2.6 Recurrent mutations in pre-B ALL  

Genome-wide screens have provided insights into the molecular pathogenesis of ALL 

(Mullighan et al. 2007; Mullighan & Downing 2009). The most commonly disrupted 

loci in pre-B ALL are those encoding transcription factors involved in the regulation of 

B-cell development such as PAX5, IKZF1 (IKAROS), IKZF2 (HELIOS), IZKF3 

(AIOLOS), LEF1, TCF3 and BLNK. Perturbations in lymphoid developmental genes 

occur in around 60% of cases of pre-B ALL and explain the developmental blockade 

that is a feature of this disease (Kuiper et al. 2007b; Mullighan et al. 2007). Surprisingly, 

DNA damage response pathways and tumour suppressor genes that are often mutated or 

lost in other tumour types are normally intact in pre-B ALL, with the prominent 

exception of the p16INK4
/p14

ARF locus which is altered in around 30% of paediatric pre-B 

ALLs (Kim et al. 2009).  

 

Loss of function mutations affecting IKAROS (IKZF1) are associated with 

haematological malignancies including AML (Yagi et al. 2002) and pre-B ALL 

(Mullighan et al. 2007), and inactivating mutations or deletions affecting the IKAROS 
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locus are highly predictive of relapse in paediatric pre-B ALL (Kuiper et al. 2010; 

Mullighan et al. 2009). Ikaros proteins are nuclear factors required for normal 

haemopoiesis and lymphoid specification (Koipally et al. 1999; Cobb & Smale 2005). 

Mice homozygous for germline mutations in the murine Ikaros DNA-binding domain 

completely lack lymphoid and natural killer cells (Georgopoulos et al. 1994), while 

retaining normal development within the myeloid and erythroid compartment.  

 

Ikaros proteins are sequence-specific transcription factors that have also been implicated 

in chromatin remodelling and can both repress and potentiate gene expression (Koipally 

et al. 1999; Rebollo & Schmitt 2003). Ikaros family proteins can form homodimers or 

heterodimers with other Ikaros family members (Rebollo & Schmitt 2003; 

Georgopoulos et al. 1994) and isoforms of the IKAROS protein generated by alternative 

splicing have been identified in both normal haemopoietic cells and leukaemic blasts 

(Tabayashi et al. 2007; Rebollo & Schmitt 2003; Iacobucci et al. 2008; Meleshko et al. 

2008). These isoforms frequently lack part or all of the N-terminal zinc finger  

DNA–binding domain. However, the C-terminal dimerisation domain typically remains 

unaffected, thus these alternative isoforms can bind to canonical IKAROS (or other 

Ikaros family proteins) and act as dominant negative (DN) inhibitors (Sun et al. 1996).  

 

1.3.2.7 Classical oncogenes associated with pre-B ALL 

As well as activation of proto-oncogenes through cytogenetic rearrangements that are 

unique to haematological malignancies, there are also a number of “classical” oncogenes 

involved in leukaemogenesis, particularly in the case of TEL-AML1 carriers who are 

thought to require a second oncogenic hit to progress to overt leukaemogenesis (Hong et 

al. 2008). One such example is the B-cell CLL/lymphoma gene (BCL2) (Vaux et al. 

1988). BCL2 activation is most frequently associated with t(14;18) translocations, 

however BCL2 can also be overexpressed by activating point mutations or gene 

amplification. BCL2 protein inhibits apoptosis by binding to and inhibiting the pro-

apoptotic protein BCL2-associated X protein (BAX) (Zivny et al. 2010). While 
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expression of BCL2 in ALL is common, it has not been associated with outcome (Gala 

et al. 1994).    

 

One of the best studied oncogenes is the v-myc myelocytomatosis viral oncogene 

homolog, better known as MYC, which is overexpressed in a large number of solid 

tumours as well as some leukaemias (Albihn et al. 2010; Rubnitz & Crist 1997). T(8;14) 

rearrangements result in the translocation of the MYC gene to the immunoglobulin heavy 

chain (IgH) locus, resulting in an overexpression and an abundance of MYC protein 

driven by the IgH promoter. 

 

MYC activity requires dimerisation with the basic helix-loop-helix (bHLH) protein 

MYC-associated factor X (MAX). The MYC-MAX dimer modulates gene transcription 

by binding to hexanucleotide sequences termed E boxes 5’CA[C/T]GTG-3’ in the 

promoter of target genes (Luscher & Larsson 1999). MYC also interacts with proteins 

involved in chromatin remodelling such as transformation/transcription domain-

associated protein (TRRAP), RuvB-like 1 (RUVBL1/TIP49) and RuvB-like 2 

(RUVBL2/TIP48) (Amati et al. 2001; Wood et al. 2000; Park et al. 2001). A large 

number of genes are targets of MYC and many of these have been documented in the 

MYC Target Gene Database available online at: http://www.myc-cancer-

gene.org/site/mycTargetDB.asp. To date this database contains 1697 individual genes 

that are predicted to be targets of MYC, and studies are ongoing to establish patterns of 

gene expression associated with oncogenic MYC activation (Albihn et al. 2010).  

 

1.3.2.8 Tumour suppressor genes in pre-B ALL 

Disruption of tumour suppressor genes (TSGs) are infrequent events in childhood ALL 

with the exception of those affecting the p16INK4/p14ARF locus which is altered in 25-

30% of paediatric B-lineage ALLs by either mutation or hypermethylation (Krug et al. 

2002; Kim et al. 2009). This locus encodes the cyclin-dependent kinase inhibitor 2A 

(CDKN2A) gene which can give rise to several different mRNA transcripts. Two 

CDKN2A variants encode protein isoforms of p16 that inhibit CDK4 kinase, while a 
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third CDKN2A transcript contains an alternative open reading frame (ARF) encoding the 

p14 protein which can inhibit MDM2. MDM2 binds to and induces degradation of the 

tumour suppressor p53, and p14 inhibits this interaction (Pomerantz et al. 1998). CDK4 

and p53 both have prominent roles in regulating transition from G1 to S phase and are 

tightly regulated. Mutations involving the gene encoding p53 (TP53) are very common 

in solid malignancies, however the incidence of p53 mutations is extremely low in 

childhood cancers in general. Disruption of p53 is observed in around 5% of paediatric 

ALL cases, typically correlating with a poor outcome (Marks et al. 1997).  

 

1.4 CTGF gene expression is dysregulated in pre-B ALL 

A microarray study performed by Boag and colleagues compared the global gene 

expression profiles of 102 paediatric ALL samples with two control populations, bone 

marrow derived CD34pos cells representing the HSC to pro-B cell compartment, and 

CD19pos/IgMneg cells representing the pro-B to small pre B-II compartment. It was 

expected that this approach would identify genes that may be relevant to 

leukaemogenesis (Boag et al. 2007). The results of this study demonstrated that one gene 

in particular, connective tissue growth factor (CTGF) displayed elevated expression, 19-

fold higher vs CD34pos and 37-fold higher vs CD19pos IgMneg cells in 75% of pre-B ALL 

samples. Expression was restricted to pre-B ALL and CTGF expression was not detected 

in T-ALL cells. Curiously, CTGF expression was also absent in the TCF3-PBX1 

cytogenetic group of pre-B ALL. Importantly, these finding were validated in an 

independent cohort of 132 paediatric ALL patients used in a study at St Jude Children’s 

Research Hospital, Memphis (Ross et al. 2003). Deregulation of CTGF in B-lineage 

ALL has now been identified in four independent studies (Vorwerk et al. 2000; Sala-

Torra et al. 2007; Boag et al. 2007; Kang et al. 2010). CTGF is not normally expressed 

by haemopoietic cells at any stage of development and has no known role in lymphocyte 

biology, thus the role of CTGF in pre-B ALL and the mechanism promoting its aberrant 

expression are unclear and remain to be elucidated.  
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1.5 Connective tissue growth factor 

The name connective tissue growth factor (CTGF) was coined in 1991 by Bradham and 

colleagues to describe a novel protein secreted by a human umbilical endothelial cell 

line (HUVEC) that stimulated mitogenesis and chemotaxis of murine fibroblasts in vitro 

(Bradham et al. 1991). Subsequently, overexpression of CTGF has been observed in a 

number of fibrotic pathologies (Manetti et al. 2007; Lang et al. 2007; Leask 2004; Faull 

2005). CTGF also has roles in numerous other biological and developmental processes 

including wound healing, angiogenesis, chondrogenesis, adhesion, apoptosis, 

chemotaxis, mitogenesis, extracellular matrix formation, endochondral ossification and 

tumorigenesis (Leask & Abraham 2006; Brigstock 2003; Dhar & Ray). CTGF appears to 

exert its effects through interacting with other protein factors through one of its four 

functional domains or by interacting with cell surface receptors and integrins. While 

some of these interactions have been characterised in various cell types, the precise role 

of CTGF in these biological contexts is largely unknown. Several recent reviews on 

CTGF function have highlighted the role of CTGF as a matricellular protein rather than 

a classical growth factor as CTGF is thought to facilitate interactions between cells and 

the surrounding extracellular matrix (Chen & Lau 2009; Brigstock 2010; Leask 2010). 

There is a growing body of evidence that CTGF acts to connect cells to the 

microenvironment by providing adhesive signals as well as modulating the availability 

of soluble growth factors, thus the tissue context within which CTGF is expressed is 

likely to play a key role in determining its biological function in any given 

microenvironment. 

 

1.5.1 Origins 

CTGF also known as CCN2, is a member of the CCN family of structurally related 

proteins, named after the three founding members Cysteine rich 61 (Cyr61 or CCN1), 

connective tissue growth factor (CTGF) and nephroblastoma overexpressed (NOV or 

CCN3) (Brigstock 2003). The remaining CCN members include the WNT1 inducible 

signalling pathway protein (WISP) members 1 to 3; WISP1 (CCN4), WISP2 (CCN5) 

and WISP3 (CCN6) (Leask & Abraham 2006). All six proteins share a similar modular 
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structure, as illustrated in Figure 1.2, containing up to four highly conserved domains. 

These domains contain motifs that resemble functional elements present in important 

regulatory proteins, including the insulin-like growth factor binding proteins (IGFBP), 

von Willebrand type-C (VWC), thrombospondin type-1 (TSP1) and a cysteine knot 

motif in the CT domain (Perbal 2001; Leask & Abraham 2006). This curious mosaic 

structure has resulted in CTGF (and other CCN proteins) being implicated both directly 

and indirectly in a vast array of biological processes and has made predicting the 

function of CTGF in any given biological context difficult (Chen & Lau 2009; Holbourn 

et al. 2008).  

 

1.5.2 Protein structure 

The CTGF protein contains 349 amino acid residues and has a molecular weight of 36-

38 kDa depending on glycosylation of the full length protein (Bradham et al. 1991; Ball 

et al. 2003b). CTGF is a secreted protein and the N-terminus contains a 37 amino acid 

signal peptide (SP) directing the protein through the Golgi apparatus to the cell 

membrane for secretion (Abreu et al. 2002; Chen et al. 2001). CTGF is thought to have a 

short half-life and is susceptible to proteolysis by several enzymes, including elastase, 

plasmin and the matrix metalloproteases (MMPs) 1, 3, 7 and 13 (Hashimoto et al. 2002). 

Several smaller molecular weight fragments of CTGF have been detected in biological 

fluids and these are thought to potentiate specific biological functions (Yang et al. 1998; 

Steffen et al. 1998; Ball et al. 1998). These smaller isoforms, which arise from 

proteolysis upon secretion, range in size from 10-20 kDa and are primarily comprised of 

either module 4 alone or modules 3 and 4 combined (Brigstock et al. 1997). The two 

enzymes elastase and plasmin can cleave CTGF between any of the four modules 

(Hashimoto et al. 2002), while MMPs 1, 3, 7 and 13 cleave the CTGF protein in the 

proteinase-sensitive hinge region between modules 2 and 3 (Gressner & Gressner 2008).  
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Figure 1.2 Modular structure of CCN proteins 

All CCN members share a similar modular structure including an  

N-terminal signal peptide (SP), insulin-like growth factor binding protein domain 

(IGFBP), Von Willebrand type-C (VWC) domain, and a thrombospondin type-1 domain 

(TSP1). CCNs1-4 and CCN6 contain a cysteine-rich C-terminus (CT) which is not 

present in CCN5. All CCN family members contain a protease-sensitive hinge region 

between module 2 and 3. Figure adapted from Leask, A. and Abraham, D. (2006). 

 

1.5.3 CTGF signalling  

CTGF is pleiotropic and has been implicated in numerous biological processes, largely 

due to the diversity of proteins shown to interact with CTGF and other CCN family 

members. Our understanding of the various roles CTGF may play in any given 

microenvironment or biological process is limited at present and important questions 

that require addressing include which cellular receptors can be activated by CTGF, 

which soluble factors can CTGF bind to, and can these interactions modulate the 

function of target proteins? The following sections outline some of the key protein 

factors and receptors that are known to bind CTGF. 

 

1.5.3.1 Insulin signalling 

Module 1 of CTGF contains a sequence motif homologous to the IGFBP superfamily 

and this domain has been shown to bind human recombinant insulin-like growth factor 

(IGF) 1 and 2 with low affinity (Kim et al. 1997). IGF family proteins have been 
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implicated in haemopoietic development and importantly in leukaemia (Zumkeller 2002; 

Elmlinger et al. 1996). Furthermore, the first observation that CTGF was expressed 

specifically in pre-B ALL came from a study investigating the expression of insulin 

binding protein genes in leukaemia (Vorwerk et al. 2000). However, there is little 

functional evidence so far that CTGF plays a significant role in IGF signal transduction 

and the biological implications of the structural relationship between CTGF and IGFBPs 

remains unclear and warrants further investigation.  

 

1.5.3.2 TGFB family signalling 

CTGF module 2 contains a cysteine rich VWC motif and this domain can bind members 

of the transforming growth factor beta superfamily of proteins including; bone 

morphogenic proteins (BMPs) 4 and 7 and transforming growth factor beta 1 (TGFΒ1) 

(Abreu et al. 2002; Nguyen et al. 2008). Binding modulates the availability of these 

factors to attach to their cognate receptors and activate intracellular signalling. 

Interaction between CTGF and either BMP4 or BMP7 impairs the ability of these 

proteins to bind to the type II TGF receptor (TGFBR2). Conversely, TGFβ1 bound to 

CTGF displays enhanced TGFBR2 binding (Abreu et al. 2002). Interestingly, CTGF can 

be potently induced by TGFΒ1 signalling and this is the best studied inducer of CTGF 

gene expression (Trojanowska 2009; Arnott et al. 2008). Furthermore, around a third of 

TGFΒ1-responsive genes are no longer inducible in CTGF null embryonic fibroblasts, 

demonstrating the critical role CTGF plays in signalling downstream of TGFB1(Shi-wen 

et al. 2006). These data indicate that the CTGF/TGFB1 axis may demonstrate a positive 

feedback loop.  

 

1.5.3.4 Vascular endothelial growth factor signalling 

CTGF has been suggested to play a role in regulating the angiogenic effects of vascular 

endothelial growth factor (VEGF). Inoki and colleagues identified CTGF in a screen for 

VEGF-binding partners using a yeast two-hybrid system (Inoki et al. 2002). The authors 

further demonstrated that CTGF has the ability to bind to VEGF, using either module 3 



 25 

(TSP1 domain) or module 4 (CT domain) independently. Full length CTGF sequesters 

VEGF in a complex preventing it from binding to cell surface receptors, and 

experiments have shown that cleavage of this complex by a number of MMPs in the 

CTGF hinge region can result in the release of previously bound VEGF (Hashimoto et 

al. 2002; Ito et al. 2007). This mechanism is suggested to fine-tune the bioavailability of 

VEGF. Furthermore, MMPs are commonly expressed and activated during wound 

healing and tissue remodelling (Murphy & Nagase 2008), two environments where 

angiogenesis is required. An overall increase in cell surface or extracellular expression 

of MMP family proteins is likely to impair the ability of CTGF to bind VEGF and 

induce the release of any VEGF that is sequestered in either stromal or cell surface-

bound complexes. Curiously, reminiscent of TGFΒ1, induction of CTGF gene 

expression by VEGF has also been reported (He et al. 2003; Suzuma et al. 2000; Kuiper 

et al. 2007a), however these findings were obtained in studies of bovine retinopathies 

and may not represent the role for CTGF in human biology, and further investigation is 

required. 

 

1.5.4 CTGF cell surface interactions 

As well as binding important regulatory proteins, CTGF has been shown to bind several 

membrane-bound receptors that can facilitate intracellular signalling via tyrosine 

phosphorylation. Because the response to extracellular CTGF appears to vary depending 

on the tissue context, an important step in elucidating the potential role of CTGF in any 

given microenvironment is to determine what receptors are available to bind CTGF and 

what cells are expressing such receptors. Some of the known CTGF receptor interactions 

that have been validated are outlined below. 

 

1.5.4.1 LRP1 receptor 

A study performed by Segarini and colleagues demonstrated the ability of CTGF to bind 

the low density lipoprotein receptor-related protein (LRP1), also known as α2-

macroglobulin receptor (α2MR) through interactions with the TSP1 domain in module 3 
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of the CTGF protein (Segarini et al. 2001). In this study, the authors used LRP1 purified 

from lysates prepared from the bone marrow stromal cell line BSM2, suggesting that 

LRP1 has the potential to act as a CTGF receptor in the bone marrow microenvironment. 

LRP1-CTGF interactions have also been confirmed in rat hepatic stellate cells and 

human renal fibroblasts (Gao & Brigstock 2003; Yang et al. 2004). Yang and colleagues 

confirmed phosphorylation of the intracellular domain of LRP1 in response to CTGF 

binding, resulting in activation of downstream mitogen-activated protein kinase 

(MAPK) signalling (Yang et al. 2004). Blockade of LRP1 with receptor associated 

protein (RAP) or inhibition of MAPK activation with the MAPK/ERK kinase 1 (MEK1) 

inhibitor PD98059 reduced myofibroblast differentiation in response to exogenous 

CTGF (Yang et al. 2004). CTGF has also been shown to bind the Wnt-co receptor LRP6 

on Xenopus embryos, inhibiting Wnt signaling. However, this has not been investigated 

in mammalian cells (Mercurio et al. 2004). 

 

1.5.4.2 NTRK1/NGFR receptor complex 

CTGF is thought to play a role in diabetic retinopathy and a study by Wahab et al 

demonstrated that CTGF activates signalling pathways, including ERK 1/2, JNK, ERK5, 

phosphatidylinositol 3-K, CaM-KII, PKCα, and PKCδ in human mesangial cells (Wahab 

et al. 2005). Furthermore they demonstrated that this response was downstream from 

CTGF binding to the type 1 neurotrophic tyrosine kinase receptor (NTRK1/TrKA) and 

the co-receptor nerve growth factor receptor (NGFR/p75NTR). The cytoplasmic domain 

of NTRK1 contains tyrosine residues that can be phosphorylated and interact directly 

with intracellular adapter proteins, resulting in a vast array of biological responses, 

including proliferation, cytoskeletal remodelling and membrane trafficking, and 

differentiation (Huang & Reichardt 2003). 

 

1.5.4.3 CTGF-associated adhesion 

Module 4 of CTGF (CT domain) binds heparin sulphate proteoglycans (HSPGs). These 

proteins are expressed on the surface of some cell types and HSPG-CTGF interactions 
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have been demonstrated in fibroblasts (Chen et al. 2000), hepatic stellate cells (Gao & 

Brigstock 2004), and some monocytes (Schober et al. 2002). In each case, specific 

integrin complexes were required as co-receptors and these differed between cell types, 

including αmβ2 integrins in monocytes, α6β1 in fibroblasts and α5β3 in hepatic stellate 

cells. Furthermore binding of CTGF to α5β3 integrins through the CT domain facilitates 

migration and adhesion of chondrosarcoma cells independent of HSPG binding (Tan et 

al. 2009). Other integrins known to interact with CTGF include α5β1 on pancreatic 

stellate cells and chondrocytes (Gao & Brigstock 2006; Hoshijima et al. 2006; Nishida et 

al. 2007), and αIIbβ3 on human platelets (Jedsadayanmata et al. 1999). Hoshijima and 

colleagues have demonstrated that fibronectin (FN1) also binds the CT domain, 

promoting adhesion of chondrocytes. This process was dependant on co-binding α5β1 

integrins (Hoshijima et al. 2006). 

 

HSPGs are common components of stroma and this has led to the hypothesis that the 

microenvironment may act as a sink for bioactive CTGF. Perlecan is the major 

extracellular matrix proteoglycan in the bone marrow (Schofield et al. 1999) and has 

been shown to sequester CTGF as well as a number of other important protein factors, 

including fibroblast growth factors (FGFs), platelet derived growth factor (PDGF), 

VEGF and many more (Melrose et al. 2008). It is not known whether CTGF bound to 

stroma can interact with other binding partners such as TGFΒ1, BMPs or VEGF and 

careful functional characterisation of HSPG-bound CTGF is required before such 

fundamental biological questions can be answered. 

1.5.5 The CTGF locus 

The human CTGF gene maps to the long arm of chromosome 6, at cytoband q23.1 

(Martinerie et al. 1992). CTGF is an immediate early gene and can be expressed rapidly 

in the absence of endogenous protein synthesis, highlighting its importance in 

mammalian homeostasis (Igarashi et al. 1993). The CTGF gene is relatively small at 

approximately 3.5 kb in length and encodes a single mature mRNA transcript of 2.4 kb 

in length, containing five exons. There have been no conclusive reports of CTGF 

splicing variants or alternative transcripts, however a recent study investigating the 
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exome of thymic tumours identified CTGF mRNA transcripts with reduced inclusion of 

exon 2 (Soreq et al. 2008). Follow-up studies need to be performed to accurately 

characterize CTGF mRNA transcripts in these samples.  

 

1.5.5.1 The CTGF promoter  

CTGF expression can be modulated by a number of extracellular stimuli, including high 

glucose (Wang et al. 2008), hypoxia (Higgins et al. 2004; Hong et al. 2006), mechanical 

stress (Nishida et al. 2008) and soluble factors such as transforming growth factor beta 

(TGFB1) (Xie et al. 2005; Arnott et al. 2008), endothelin-1 (ET-1) (Recchia et al. 2009), 

serum response factor (SRF) (Muehlich et al. 2007) and curiously the matrix 

metalloprotease MMP3 (Eguchi et al. 2008). Other factors have also been implicated in 

the induction of CTGF expression, however these observations are largely cell type 

specific and in some cases indirect, requiring further investigation. The CTGF promoter 

contains several well characterised regulatory elements, outlined in Figure 1.3. These 

include binding sites for Sp1 and Ap-1/c-Jun (Holmes et al. 2003; Yu et al. 2009), 

tandem Ets-1 binding motifs (Van Beek et al. 2006), as well as a Smad-binding element 

(SBE) (Holmes et al. 2001), and the basal control element (BCE-1), originally named 

the TGFB1 response element (TBRE) (Grotendorst et al. 1996).  

 

TGFB1 has long been recognised as one of the most potent inducers of CTGF 

expression in fibroblasts, mesangial cells and vascular smooth muscle cells (Grotendorst 

1997; Chen et al. 2002; Fu et al. 2001). The BCE-1 was originally described by 

Grotendorst and colleagues as a promoter region critical for the induction of CTGF 

expression by TGFB1. This promoter element is activated downstream of MEK/ERK 

signalling and mutation of this region can abolish TGFB1-induced CTGF expression 

(Chen et al. 2002; Holmes et al. 2001; Pickles & Leask 2007). The SBE is also critical 

for TGFB1-induced CTGF expression. Signalling through the type II TGFB receptor 

(TGFBR2) results in activation of smad2 and smad3 nuclear factors. These factors in 

turn dimerize with smad4 to activate gene transcription through binding at the SBE. 

Smad3 and smad4, but not smad2 have been shown to be critical for TGFB1-induced 
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CTGF expression in fibroblasts, osteoblasts, and proximal-tubule epithelial cells 

(Holmes et al. 2001; Arnott et al. 2008; Phanish et al. 2006).  

 

The SBE can also act in concert with the tandem Ets-1 sites and this synergy is required 

for the induction of CTGF by TGFB1 in fibroblasts (Van Beek et al. 2006). These 

tandem Ets-1 binding sites have also been shown to be a target of the oncogenic 

transcriptional co-activators YAP and TEAD, and CTGF expression is potently activated 

by YAP in NIH-3T3 and MCF10A breast cancer cells (Zhao et al. 2008). An element 

termed the transcriptional enhancer dominant in chondrocytes (TRENDIC) can be 

activated by the matrix metalloprotease MMP3 (Eguchi et al. 2008). Transcriptional 

regulation is not a function commonly attributed to matrix metalloproteinases, however 

Eguchi and colleagues demonstrated nuclear localisation of MMP3 in chondrocytes and 

confirmed trans-activation of CTGF gene expression by nuclear MMP3 bound to the 

CTGF promoter (Eguchi et al. 2008). CTGF expression can also be modulated by 

hypoxia through two HIF response elements (HRE) at -3745 and  

-1558 (Higgins et al. 2004), however hypoxia has been shown to induce (Samarin et al. 

2010) and inhibit (Kroening et al. 2009) CTGF expression depending on cell type and 

activation of different signalling pathways downstream from hypoxic stimuli, thus the 

role of hypoxia in regulating CTGF expression is controversial. Because CTGF is not 

normally expressed in lymphoid cells, it is unclear what transcriptional mechanisms are 

likely to be responsible for its aberrant expression in pre-B ALL. 
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Figure 1.3 Transcription factor binding sites at the CTGF promoter  

The CTGF promoter region from -1009 to +70 is shown. Functional transcription factor binding sites (green boxes) include two AP-1 

sites (Yu et al. 2009), the transcriptional enhancer dominant in chondrocytes (TRENDIC) which is bound by MMP3 (Eguchi et al. 

2007; Eguchi et al. 2008), an SP3 binding site (Fonseca et al. 2007), a smad binding element (SBE) (Arnott et al. 2008), basal control 

element (BCE-1) (Grotendorst 1997), tandem Ets-1 binding sites (Van Beek et al. 2006), a TATA box and an SP-1 binding site 

(Holmes et al. 2003). TSS: transcription start site (+1). 
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1.5.5.2 Epigenetic regulation of CTGF expression 

Epigenetic features are now widely acknowledged to be important in tumorigenesis 

(Bonifer & Bowen 2010). Post-translational modifications of histone tails can alter 

chromatin structure, impacting on the accessibility of DNA elements for transcriptional 

initiation and elongation (Chi et al. 2010). Methylation of DNA at CpG dinucleotides 

can directly alter the ability of trans-factors to bind to DNA and can also recruit protein 

complexes that can remodel chromatin and promote gene inactivation, thus an increase 

in DNA methylation at gene promoters is generally associated with inactivation of gene 

transcription (Watanabe & Maekawa 2010). Cancer cells frequently exhibit global 

hypomethylation of DNA with an accompanying focal, hypermethylation at tumour 

suppressor loci (Kondo & Issa 2010).  The role of epigenetic factors in the regulation of 

CTGF gene expression is still not clear, however several studies have identified cancer 

associated changes in DNA methylation and histone acetylation affecting the CTGF 

locus (Komorowsky et al. 2009; Chiba et al. 2004; Kikuchi et al. 2007). Chiba and 

colleagues identified an association between CTGF gene expression and histone 

acetylation, as well as changes in DNA methylation in some but not all hepatoma cell 

lines (Chiba et al. 2004; Chiba et al. 2005). An association between histone acetylation 

and CTGF expression has also been observed in renal endothelial cells (Komorowsky et 

al. 2009). DNA methylation of this region is inversely correlated with CTGF gene 

expression in ovarian cancer specimens and cell lines (Kikuchi et al. 2007). These 

findings suggest that aberrant epigenetic regulation may play a role in inducing CTGF 

expression in some cancers.  

 

Recent evidence points to a crucial role for DNA methylation in haematological 

malignancies more generally. Milani and colleagues assessed the methylation status of 

1320 CpG sites in the regulatory region of 416 genes and showed that the methylation 

status of 300 of these CpG sites facilitated the accurate prediction of lineage and 

cytogenetic subtype in a large cohort of paediatric ALL specimens (Milani et al. 2010). 

Furthermore, a recent analysis of the global DNA methylation status of 367 

haematological neoplasms by Martin-Subero and colleagues identified increased 
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methylation of the CTGF locus in T-ALL and conversely a reduction in methylation of 

this locus in B-lineage ALLs (Martin-Subero et al. 2009). Given the notable absence of 

CTGF expression in T-ALL, this suggests that DNA methylation may be involved in 

regulating the CTGF locus in ALL (Martin-Subero et al. 2009). This study did however 

have significant limitations as only 1505 individual CpG sites were analysed, spread 

across 807 genes, and only 2 CpG residues were interrogated at the CTGF locus. Thus, a 

thorough investigation into epigenetic regulation of CTGF expression in ALL is 

warranted. 

 

1.5.5.3 The CTGF 3’ UTR 

The 3’ untranslated region (3’ UTR) of canonical CTGF mRNA contains important 

regulatory elements and several miRNAs have been functionally demonstrated to 

regulate CTGF post-transcriptionally by inducing degradation of CTGF mRNA. These 

include miR18a, miR30, miR130 and the miR-17-92 cluster (Ohgawara et al. 2009; 

Duisters et al. 2009; Ernst et al. 2010). Another sequence element termed cis-acting 

element of structure-anchored repression (CAESAR) by Kubota and colleagues, has 

been shown to bind an as yet unidentified nuclear factor in chondrocytes, resulting in 

attenuation of CTGF protein synthesis (Kubota et al. 2000). Disruption of this sequence 

influences the stability of the CTGF mRNA, particularly in response to hypoxic 

conditions (Kubota et al. 2000; Kondo et al. 2006; Kubota et al. 2005). This element has 

the potential to act as a powerful inhibitor of CTGF protein expression and may serve as 

a negative regulator in other tissue types. While it is possible that modulation of CTGF 

mRNA stability conferred by the CAESAR element is mediated by miRNA, no 

functional miRNA binding domains have been identified in this 84bp sequence element.  

 

1.5.6 CTGF expression and cancer 

Aberrant expression of CTGF has been implicated in the biology of up to 21 different 

cancer types to date (Chu et al. 2008). However, the precise role that CTGF plays in 

tumour biology is presently unclear. This is highlighted by the observations that CTGF 
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can both promote and inhibit cancer progression, depending on the type and location of 

the tumour. CTGF expression has been associated with an aggressive phenotype in 

breast cancer (Kang et al. 2003), adenocarcinoma (Koliopanos et al. 2002), pancreatic 

cancer (Wenger et al. 1999), malignant melanoma (Kubo et al. 1998) and glioblastoma 

(Yin et al. 2010). Conversely, CTGF expression has been associated with reduced 

metastasis and proliferation in ovarian cancer (Barbolina et al. 2009), chondrosarcoma 

(Shakunaga et al. 2000), lung cancer (Chien et al. 2006) and squamous cell carcinoma 

(Moritani et al. 2003). This duality likely reflects the importance of biological context 

and microenvironment on the action of CTGF.  

 

CTGF expression has been shown to have prognostic relevance in ALL. A study 

investigating patient outcomes in adult ALL identified an association between high 

CTGF mRNA expression and a poor outcome (Sala-Torra et al. 2007). Patients were 

stratified based on the level of CTGF mRNA expression in their leukaemic blasts into 

three groups, low (n=26), intermediate (n=26) or high (n=26). The five year event free 

survival rates for these groups were 58%, 42% and 12% respectively (Sala-Torra et al. 

2007). More recently, a COG study investigating gene expression classifiers for 

improved prognostic stratification of high-risk paediatric pre-B ALL patients identified 

an association between high CTGF expression and low relapse free survival (RFS) 

(Kang et al. 2010). Clearly, high CTGF expression is associated with a poor outcome in 

ALL and studies to establish the biological role of CTGF in this disease are warranted.   

 

1.5.7 CTGF gene expression in the bone marrow  

The bone marrow space is exposed to CTGF during normal development and 

maintenance, and CTGF is required for differentiation and proliferation of chondrocytes 

and osteoblasts (Takigawa et al. 2003; Nishida et al. 2000). The process of endochondral 

ossification whereby cartilaginous framework is replaced by bone, is distorted in the 

absence of CTGF protein (Song et al. 2007; Takigawa et al. 2003), and CTGF knock out 

mice die shortly after birth due to respiratory failure, as a result of significant skeletal 
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defects (Ivkovic et al. 2003). Other potential sources of CTGF protein in the bone 

marrow include fibroblasts, bone marrrow stromal cells and endothelial cells.  

 

Evidence supporting a role for CTGF expression in normal haemopoiesis has not been 

observed, however a 2007 study provided tantalizing data demonstrating that CTGF 

gene expression is induced in CD34pos haemopoietic progenitor cells (HPCs) by 

adhesion to bone marrow stromal cells in vitro (Wagner et al. 2007). Adherent HPCs 

displayed 60-fold higher CTGF mRNA expression compared to non-adherant HPCs. 

Additional investigation is required to delineate the specific cell types expressing CTGF 

in this model system, as the CD34 marker can also be expressed by other cell types 

present in the bone marrow such as fibrocytes and vascular endothelial cells (Barth & 

Westhoff 2007; Nielsen & McNagny 2009). Nevertheless, this study points to a role for 

CTGF in adhesion of CD34pos HPCs in the bone marrow and is the first such evidence of 

a role for CTGF in haemopoietic development. 

 

1.5.8 CTGF, ALL and bone marrow fibrosis 

High CTGF levels feature prominently in fibrotic pathologies and much research is 

directed toward understanding the role of CTGF in fibrotic disease (Wang et al. 2011; 

Brigstock 2010). In 1964 a study identified a concordance between bone marrow fibrosis 

and B-lineage ALL (Kundel et al. 1964), and this finding was further reinforced in 1989, 

with the reported observation that bone marrow fibrosis was present in 46 of the 56 

(82%) paediatric ALL cases of B-lineage, but only 1 out of 7 patients with T-lineage 

ALL (Wallis & Reid 1989). Confirmation as to the importance of these early studies has 

been forthcoming with a report from Sweden by Noren-Nystrom and colleagues 

confirming increased bone marrow reticulin fiber density (RFD), a marker of fibrosis, in 

pre-B ALL versus T-ALL specimens (Noren-Nystrom et al. 2008). Furthermore, the 

clinical relevance of this increased bone marrow fibrosis was highlighted by the finding 

that the level of RFD at diagnosis correlated with the level of MRD after induction 

chemotherapy, suggesting that fibrotic bone marrow provides  protection to leukaemic 

cells against chemotherapy (Noren-Nystrom et al. 2008). While this apparent fibrotic 
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pathology cannot be attributed retrospectively to the action of CTGF, the incidence of 

fibrosis and the predilection toward B-lineage ALL is consistent with the observed 

incidence of aberrant CTGF expression in pre-B ALL (~75%) (Boag et al. 2007; 

Vorwerk et al. 2000).  

 

Solid tumours are now known to be comprised of not only neoplastic cells, but also 

stromal cells, including endothelial cells, inflammatory cells and fibroblasts (Chouaib et 

al. 2011; Allen & Louise Jones 2011). Cancer associated fibroblasts (CAFs) can enhance 

tumour growth and metastasis through release of classical growth factors, chemokines 

and enhanced synthesis of extracellular matrix (Kalluri & Zeisberg 2006). Elevated 

CTGF protein expression has been detected in the stroma of a number of tumours, 

including pancreatic, breast and oesophageal cancers (Wenger et al. 1999; Frazier & 

Grotendorst 1997; Koliopanos et al. 2002), suggesting an important role for CTGF in 

modulating the tumour microenvironment. In a xenograph model of human prostate 

cancer, human prostate carcinoma cells (LNCaP) were combined with murine fibroblasts 

carrying an inducible CTGF transgene. Expression of CTGF in murine fibroblasts 

significantly enhanced LNCaP engraftment and tumour growth, suggesting CTGF plays 

an important role in the tumour-promoting functions of CAFs (Yang et al. 2005).  

 

While the role of CAFs in the growth and maintenance of solid tumours is now well 

established, the role of bone marrow stromal cells in promoting leukaemogenesis 

remains ill-defined. A number of stromal cell types exist in the bone marrow and these 

cells together with osteoblasts play important roles in regulating specialised HSC niches 

(Wilson & Trumpp 2006; Wilson et al. 2009). Furthermore, recent studies by Lee and 

colleagues have shown that CTGF can induce terminal differentiation of primary human 

bone marrow stromal cells into fibroblasts (Lee et al. 2010), thus ectopic expression of 

CTGF in the bone marrow microenvironment is likely to significantly alter the bone 

marrow stroma and may provide ALL cells with a growth advantage or refuge from 

chemotherapy (Lane et al. 2009).  
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1.6 Overall objectives of this study 

Regulation of CTGF expression is complex and mechanisms vary significantly between 

cell types (Eguchi et al. 2007; Chaqour & Goppelt-Struebe 2006; Shi-Wen et al. 2008). 

While transcriptional networks have been elucidated in some cell types, the mechanisms 

by which CTGF expression is regulated in haemopoietic cells or leukaemia has not yet 

been investigated, as CTGF is not normally expressed in cells of haemopoietic origin. 

Transcription factors, epigenetic factors and miRNAs may all play a role in regulating 

CTGF expression and any number of these may be responsible for the observed 

dysregulation of the CTGF locus in pre-B ALL.  

 

 

The specific aims of this thesis were as follows: 

 

i. To examine whether aberrant CTGF expression is a result of abnormal 

transcription factor expression or activation. 

 

ii. To examine clinical features associated with CTGF gene expression in pre-B 

ALL, and furthermore to investigate the association between CTGF expression 

and overall patient outcomes. 

 

iii. To determine if aberrant CTGF expression is a result of genomic lesions such as 

structural rearrangements or gene mutations. 

 

iv. To determine whether aberrant CTGF expression has an epigenetic basis. 
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Chapter 2 

Materials and Methods 

Chapter 2: Materials and Methods 

2.1 Specimens and cell lines 

2.1.1 Patient specimens 

Bone marrow specimens were obtained from children diagnosed with ALL at Princess 

Margaret Hospital for Children, Perth, WA, Australia, between 1984 and 2005. Patients 

were treated according to Children’s Cancer Group (CCG) protocols (Gaynon et al. 

2000), and specimens were obtained either at the time of initial diagnosis, relapse or 

both. Ethics approval for this study was obtained from the Institutional Review Board, 

and informed consent for the use of tissues for research purposes was obtained for all 

individuals. White blood cells (WBC) were separated from whole BM specimens at the 

time of diagnosis using a Lymphoprep gradient (Nycomed) according to the 

manufacturer’s instructions, then cryopreserved.  

 

2.1.2 Donor mononuclear cells 

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy adult donors 

after provision of informed consent. Briefly, 8 ml of donor blood was collected into 

heparin vacutainers (BD Bioscience), inverted several times and left at room 

temperature for 15 min. Blood was separated by centrifugation at 1500 x g for 15 mins 

at 4°C. After centrifugation, the buffy coat was collected and adjusted to 10 ml with ice-

cold PBS, washed twice with a further 10 ml of ice-cold PBS, then resuspended in one 

pellet volume of ice-cold PBS. PMBCs were processed immediately for nucleic acid 

extraction (described below), or stored at -80°C for no more than 2 weeks. 

2.1.3 Mammalian tissue culture 

The T-ALL cell line Jurkat was obtained from the American Type Tissue Collection 

(ATCC). All remaining ALL cell lines used in this study were generated at the Telethon 
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Institute for Child Health Research in the laboratory of Prof Ursula Kees according to 

previously published methods (Kees et al. 1987). Culture medium used for all cell 

culture was RPMI supplemented with 1 mM sodium pyruvate (MP Biomedicals, LLC), 

non-essential amino acids (MP Biomedicals, LLC), 2 nM 2-mercapto-ethanol, and 2 

mM L-glutamine. Culture medium used for PER-145, PER-278, PER-371 and PER-377 

was supplemented with 20% fetal calf serum (FCS) (Invitrogen, Life Technologies), 

while culture medium used for PER-485, PER-490, PER-495 and JURKAT was 

supplemented with 10% FCS. Cells were maintained in 5% CO2 at 37°C.   

 

2.1.3.1 Culture with 5-aza-2-deoxycytidine and Trichostatin A 

Cells were seeded in fresh culture medium at 106 cells/well in 24 well culture plates 

(Nunc, Thermo Fisher Scientific). In culture, 5-aza-2-deoxycytidine (Aza) was added to 

medium to a final concentration of 5 µM. Cells were treated for a total of 72 h with 

medium containing Aza replaced daily. Cells treated with Trichostatin A (TSA) were 

grown for 72 h, but treated for only the last 12 h in culture with TSA at a concentration 

of 330 nM. For cells treated with both agents, medium containing 5 µM Aza and 330 

nM TSA was added to cells 60 h after the first Aza treatment. 

 

2.2 Bioinformatics and statistics 

2.2.1 Microarray data analysis 

Global gene expression data from the PMH cohort was obtained by Boag and colleagues 

using the human Affymetrix U133A platform as described previously (Boag et al. 2007; 

Boag et al. 2006). Global gene expression data for the Ross cohort was obtained using 

the Affymetrix U133A platform according to the methods reported by Ross and 

colleagues (Ross et al. 2003). The Kang cohort was analysed using the Affymetrix plus 

2.0 platform and global expression data was normalised according to methods outline in 

the report by Kang and colleagues (Kang et al. 2010). Normalised gene expression data 

for the Kang cohort was obtained from the European Bioinformatics Institute’s Array 
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Express website http://www.ebi.ac.uk/arrayexpress/ under the accession number  

E-GEOD-11877. Gene expression data for the Ross cohort was provided as 

supplemental data in the original publication (Ross et al. 2003). 

 

2.2.1.1 Establishing gene expression cut-offs  

Micro-array gene expression cut-offs were established based upon comparisons between 

global gene expression data from the PMH cohort and qRT-PCR validation experiments 

(Boag et al. 2007). Robust multi-array analysis (RMA) normalised probeset signals of < 

50 were classed as negative for the mRNA targeted by that probeset. For CTGF mRNA 

expression levels, specimens were classed as high if the CTGF probeset intensity was > 

500, med if between 500 and 50, and low/neg if < 50. 

 

2.2.2 Promoter analysis 

The MEME software suite (Bailey & Elkan 1994) was used to compare gene promoter 

regions for shared sequence motifs. Common motifs identified by analysis with MEME 

were screened for similarities with annotated transcription factor binding matrices 

contained in the JASPER database (Portales-Casamar et al. 2010) using the TOMTOM 

web interface (Gupta et al. 2007). Promoter regions were also manually scanned for 

transcription factor binding sites using the TFSEARCH database of transcription factor 

binding sites (Akiyama n.d.), and the PROMO transcription factor binding prediction 

software (Farre et al. 2003).  

 

2.2.3 Statistical analyses 

2.2.3.1 Spearman correlation analyses 

Spearman’s correlations were performed by Dr Martin Firth at the Telethon Institute for 

Child Health Research, Subiaco, Western Australia using the R software environment. 
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For each probeset contained within the three microarray datasets (PMH, Kang and 

Ross), its correlation with the CTGF probeset (209101_at) was calculated. This analysis 

was performed independently for all three microarray cohorts and probesets were ranked 

based upon correlation values. The top 100 CTGF-associated probesets were compared 

amongst cohorts. 

 

2.2.3.2 Pearson correlation analyses  

CTGF gene expression was measured in a selection of primary specimens from the PMH 

cohort by real-time PCR (section 2.3.4.1). These expression values were compared to 

those generated by microarray analysis of matched specimens in the PMH cohort 

described previously (Boag et al. 2007). Concordance was examined between these 

methods by carrying out a Pearson correlation analysis. This was performed using the 

“CORREL” function in the Excel spreadsheet application (Microsoft). 

 

2.2.3.3 Graphing and statistical analysis of gene expression data 

Graphing of all gene expression, patient survival and densitometry data was performed 

using Prism 4.0 (GraphPad Software). Statistical comparison of means was performed 

by t-tests or ANOVA in Prism 4.0. 

 

2.3 Molecular Techniques 

Unless otherwise stated, all biochemical and molecular reagents were obtained from 

Sigma Aldrich. A full list of suppliers is provided as an appendix at the end of this 

chapter in Table A2.1. A list of primers and oligonucleotides is presented as an appendix 

of this chapter in Table A2.2.  
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2.3.1 Isolation of nucleic acids  

Prior to extraction of nucleic acids from bone marrow specimens or PMBCs, 

cryopreserved specimens were thawed rapidly at 37˚C, transferred to ice, then processed 

according to extraction protocols below. Quantitation of nucleic acids was performed 

using an ND1000 spectrophotometer (ThermoFisher Scientific). 

2.3.1.1 Genomic DNA extraction 

After thawing of cryopreserved primary specimens or collection of cells from culture, 5 

x 106 cells were washed twice in ice-cold PBS and then genomic DNA was extracted 

using the DNeasy Blood and Tissue kit (QIAGEN) as per the manufacturer’s 

instructions. DNA was eluted in TE buffer and stored at 4°C until use.  

 

2.3.1.2 Total RNA extraction 

Total RNA was isolated from cells using a modified TRIZOL method (Hoffmann et al. 

2005). After two washes with ice-cold PBS, cells were resuspended in one pellet volume 

of PBS and combined with 0.5 ml TRIZOL reagent (Invitrogen, Life Technologies) per 

106 cells. Samples were vortexed thoroughly and left at room temperature for 5 min. 

After the addition of 0.1 ml chloroform, samples were vortexed thoroughly and 

centrifuged at 15,000 x g for 15 min at 4°C. The aqueous phase was then transferred to 

fresh nuclease-free, sterile 1.5 ml tubes and combined with 0.54 vol of absolute EtOH 

and vortexed. The resulting solution was purified using the RNeasy Mini kit (QIAGEN) 

following the manufacturers instructions, from step 5 of the protocol: “Purification of 

total RNA from animal cells” in the RNeasy mini kit handbook. On-column DNase 

treatment was included during purification. Samples were eluted in 50 µl of nuclease 

free H2O, quantitated and stored immediately at -80°C. 

 

2.3.1.3 Cytoplasmic RNA extraction 

Cytoplasmic RNA for northern blotting was isolated from ALL cell lines by the 

following method. Cells were collected by centrifugation at 3,000 x g then washed twice 
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with 10 ml of ice-cold PBS and resuspended in 200 µl of lysis buffer [10mM Tris-HCl 

(pH 7.4), 150 mM NaCl, 1 mM MgCl2, 0.5% nonident P-40] per 5 x 106 cells and 

incubated on ice for 10 min. Nuclei were collected by centrifugation at 12,800 x g for 10 

min at 4°C. Supernatant containing cytoplasmic RNA was collected into fresh sterile, 

nuclease-free 1.5 ml tubes and combined with 25 µl of 10% sodium dodecyl sulphate 

(SDS) on ice. RNA was extracted twice with 100 µl of buffered phenol solution. After 

addition of the phenol solution, samples were vortexed thoroughly and centrifuged at 

15,000 x g for 3 min at room temperature, and supernatants were transferred to fresh 1.5 

ml tubes. Following the second phenol extraction, supernatants were combined with 0.1 

vol of 2 M sodium acetate (pH 5.0) and 2.5 vol of absolute EtOH and incubated at -20°C 

overnight. RNA was pelleted by centrifugation at 15,000 x g for 15 min at 4°C. Pellets 

were washed with 70% EtOH, air dried briefly, and then resuspended in 50 µl of 

nuclease-free H2O and stored immediately at -80°C.  

 

2.3.2 Polymerase chain reaction  

Polymerase chain reaction (PCR) assays were performed on either a PTC 200 (MJ 

Research), or a C1000 Thermal Cycler (Bio-Rad). All PCR reactions were assembled on 

ice in sterile 0.2 ml thin-walled tubes (Bio-Rad). Primer and oligonucleotide sequences 

are listed in Table A2. 

 

2.3.2.1 Standard polymerase chain reaction 

Standard PCRs were performed using GoTaq Flexi DNA polymerase (Promega). 

Typically these reactions contained between 25 and 100 ng of template genomic DNA or 

equivalent cDNA, 5 µl of 5 x reaction buffer, 1.5 mM MgCl2, 200 µM dNTPs, 0.2 µM 

of each primer and 1 U of GoTaq DNA polymerase, combined into a 25 µl reaction. 

DNA was denatured at 94°C for 2 min, followed by a variable number of cycles 

encompassing denaturation at 94°C for 30 s, primer annealing for 30 s (temperature 

determined using the melting temperature of primers), and a 30 s per kilobase extension 
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step at 72°C. The number of cycles varied depending on the abundance of the target as 

well as the efficiency of primer pairs. 

 

2.3.2.2 High-fidelity polymerase chain reaction 

When PCR was required to amplify cDNA for sequencing, or if long amplicons were 

generated, the LongAmp DNA polymerase (New England Biolabs) was used. The 

LongAmp polymerase exhibits 3’-5’ exonuclease (proofreading) activity and thus 

ensured high-fidelity amplification. These reactions consisted up to 100 ng of template 

genomic DNA or equivalent cDNA, 5 µl of reaction buffer, 300 µM dNTPs, 0.4 µM of 

each primer, and 5 U of LongAmp DNA polymerase combined into a 25 µl reaction. 

Reactions were cycled as described for GoTaq above, however extension was performed 

at 65°C with a 1 min per kilobase extension time. For difficult to amplify templates or 

high GC-rich regions, 5% dimethyl sulfoxide (DMSO) was used in PCR reactions.  

 

2.3.2.3 Agarose gel electrophoresis and gel extractions 

PCR products were resolved by agarose gel electrophoresis (AGE). Molecular biology 

grade agarose (Amresco) was melted in 1 X TAE buffer [40 mM tris, 5.7% glacial acetic 

acid, 1 mM EDTA] and supplemented with SYBR Safe DNA stain (Invitrogen, Life 

Technologies). Samples were combined with 10 x loading buffer [4.4 mM Orange G, 

40% glycerol] and separated by AGE alongside either 100 bp or 1 kb DNA markers 

(Invitrogen). DNA was visualised and photographed on a Gel Doc 2000 gel 

documentation system (Bio-Rad). PCR products destined for sequencing or for use as 

cDNA probes were isolated using the QIAquick gel extraction kit (QIAGEN) according 

to the manufacturer’s protocol. Briefly, bands were excised using sterile scalpel blades, 

column purified and resuspended in 30 µl of H2O. Extracts were stored at -20°C until 

required for downstream analysis.   
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2.3.2.4 First strand cDNA synthesis 

First strand cDNA synthesis was performed using the Omniscript Reverse Transcriptase 

kit (QIAGEN) according to the manufacturer’s instructions. RNA was first denatured at 

65°C for 5 min to reduce secondary structure and then snap chilled on ice for a further 5 

min. Reactions were assembled on ice and consisted of 1 µg of total RNA, 2 µl of 

reaction buffer, 500 µM dNTPs, 1 µM OligodT primer, 10 U of RNase inhibitor, and 4 

U of Omniscript reverse transcriptase. Reactions were adjusted to 20 µl total volume 

with nuclease free H2O mixed thoroughly and incubated at 37°C for 1 h. After 

extension, specimens were diluted 1 in 5 with nuclease free H2O and stored at -80°C 

until required. 

 

2.3.3 Rapid amplification of cDNA ends 

Rapid amplification of cDNA ends (RACE) was performed using the GeneRacer kit 

(Invitrogen) to facilitate sequencing of full-length CTGF mRNA transcripts present in 

the pre-B ALL cell line PER-377. This method consists of three principal steps, 

preparing RNA for RACE amplification, reverse transcribing cDNA, and finally 

amplification by PCR.  

 

2.3.3.1 Preparation of RACE-ready RNA 

Ligation of a 44 base RNA oligonucleotide (5’ GeneRacer Oligo) to the 5’ end of 

decapped mRNA is the first step in the RACE protocol. The 5’ GeneRacer oligo 

contains two priming sites that facilitate PCR amplification of the 5’ end of transcripts in 

concert with a gene specific primer (GSP) after cDNA synthesis. Dephosphorylation and 

then decapping of 2 µg of DNase-treated total RNA was undertaken in accordance with 

the manufacturer’s instructions without deviation. The 5’ GeneRacer RNA 

oligonucleotide was then ligated to the 5’ end of full length mRNA. 
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2.3.3.2 RACE cDNA synthesis 

Full-length cDNA was reverse transcribed using SuperScript reverse transcriptase (RT) 

included in the GeneRacer kit and the GeneRacer OligodT primer which consists of 36 

bases of complex sequence followed by 24 dT bases. This OligodT primer facilitated 

priming of first strand synthesis by annealing to polyadenylated mRNA and also 

incorporated known priming sites into the 3’ end of all cDNA. Prior to reverse 

transcription, 2 µg of RACE-ready RNA, 0.5 mM dNTPs and 2.5 µM GeneRacer 

OligodT primer was combined in 3 µl H2O and incubated at 65°C for 5 min to remove 

RNA secondary structure, then snap-chilled on ice for 2 min. The cDNA synthesis 

reaction consisted of 3 µl of denatured RACE-ready RNA, dNTPs and GeneRacer 

OligodT primer, combined in 20 µl with first strand reaction buffer, 5mM DTT, 40 U of 

RNase inhibitor and 200 U of SuperScript RT enzyme. Synthesis proceeded at 50°C for 

1 h and this was followed by incubation at 70°C for 20 min to deactivate the RT 

enzyme. RNA was then digested by the addition of 2 U of RNase H at 37°C for 20 min.  

  

2.3.3.3 Amplification of RACE clones by polymerase chain reaction 

LongAmp DNA polymerase was used to amplify full-length race cDNA by nested PCR. 

For 5’ RACE, the gene specific reverse primers used were CD_7R in the primary PCR, 

and CD_5R in the nested secondary PCR. For 3’ RACE, the CD_1F forward primer was 

used in the primary PCR, followed by CD_1F_nested in the secondary PCR.  

 

2.3.3.4 Band-stab polymerase chain reaction 

The band stab technique (Bjourson & Cooper 1992), was used to isolate and re-amplify 

5’ and 3’ RACE cDNA using LongAmp DNA polymerase. Bands of interest were 

inoculated into fresh PCR mix using sterile pipette tips and PCR amplification was 

performed using the same primer pair and thermocycling conditions as those used to 

amplify the original cDNA.  
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2.3.4 Quantitative real-time polymerase chain reaction 

All reagents, assays, equipment and software were obtained from Applied Biosystems 

unless otherwise stated. 

 

2.3.4.1 Quantitation of CTGF gene expression  

Quantitative real-time PCR (qRT-PCR) was performed to measure expression of CTGF 

mRNA in cell lines and primary specimens. CTGF expression was measured using the 

on-demand assay Hs00170014_m1. Reactions were performed in 384 well plates on an 

ABI 7900HT Fast Real-Time PCR System, with the following thermal profile, 50°C for 

2 min then 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. 

CTGF reactions were prepared by combining the following components per well, 1 µl of 

CTGF assay, 10 µl of universal PCR master mix, 8 µl of H2O and 1 µl of first strand 

cDNA. CTGF gene expression was normalised using a custom ACTB assay comprising 

10 µl of universal PCR master mix, 0.4 µl of 10 µM ACTB probe, 0.2 µl each of the 

ACTB_forward and ACTB_reverse primers (10 µM), 8.2 µl of H2O and 1 µl of cDNA. 

Standards were prepared from cDNA generated from the PER-377 cell line. This cDNA 

was not diluted after cDNA synthesis and thus was approximately 5 times more 

concentrated than test specimens which were diluted 1 in 5 immediately after cDNA 

synthesis. Standards were prepared by serial dilution and assayed in duplicate to control 

for pipette error, while test specimens were assayed in triplicate. The relative expression 

for each assay was calculated using the standard curves. 

 

2.3.4.2 CTGF gene copy number analysis 

CTGF Gene copy number analysis was performed using qRT-PCR. The CTGF gene 

copy number assay Hs00517234_cn targets exon 5 within the coding region. This assay 

was run in duplex with the Taqman reference copy number assay for the RPPH1 locus. 

Assays were performed in 384 well plates on an ABI 7900HT Fast Real-Time PCR 

System with the following thermal profile, 95°C for 10 min, followed by 40 cycles of 

95°C for 15 s and 60°C for 1 min. CTGF and RPPH1 copy number assays were run in 
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duplex reactions prepared by combining the following components per well, 0.5 µl 

CTGF assay, 0.5 µl RPPH1 reference assay, 5 µl of universal PCR master mix, 2 µl of 

H2O and 2 µl of genomic DNA at 5 ng/µl. Samples were assayed using 4 technical 

replicates. At the completion of the assay, data was imported into the Copy Caller 

software and analysed to determine CTGF gene copy number normalised to RPPH1.  

 

2.3.5 Northern blotting of RNA 

2.3.5.1 RNA electrophoresis and membrane transfer 

Cytoplasmic RNA was isolated according to the method outlined in section 2.3.1.3, and 

10 µg of cytoplasmic RNA was combined with 1 µl of 20 x northern running buffer 

(NRB) [122 mM Na2HPO4, 78 mM NaH2PO4] and 1.5 µl of deionised 8.8 M glyoxal in 

a final volume of 20 µl. Samples were denatured at 50°C for 1 h and then chilled on ice 

for 20 min. Samples were combined with 5 µl of sample loading buffer [50% glycerol, 

0.02% bromophenol blue, 1 x NRB] and together with an RNA ladder (Invitrogen, Life 

Technologies), were resolved on 0.8% agarose in 1 x NRB. Gels were run slowly at 

50V, at 4ºC for 3.5 h.  RNA was stained with a solution of 0.8 mg/ml ethidium bromide 

in 1 x NRB for 30 min, then de-stained in fresh NRB for a further 30 min. RNA was 

transferred to a neutral magna membrane (Osmonics) by capillary transfer in 20 x SSC 

[3 M NaCl, 300 mM Na Citrate, pH 7.0] overnight and cross linked to the membrane 

while still damp with 150 mJoules UV using a GS Gene Linker (Bio-Rad). 

 

2.3.5.2 Northern blot probe synthesis 

Hybridisation probes were generated by PCR amplification using GoTaq DNA 

polymerase. The template cDNA used to amplify these probes was reverse transcribed 

from RNA isolated from an airway fibroblast cell line (HFL-1). This RNA sample was a 

kind gift from Mr Bradley Shelton, Lung Institute of Western Australia, (Shenton Park, 

Australia). Two probes were generated targeting CTGF mRNA. The first probe 

designated as the Central probe, hybridised CTGF between exons 3 and 5 and was 
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amplified with the primer pair NB_central_for and NB_central_rev. The second probe 

hybridized CTGF mRNA in the 3’UTR and was amplified with the primer pair 

NB_3pr_for and NB_3pr_rev. To provide a loading control, a probe hybridizing 

ATP5G3 was amplified using the primer pair ATP5G3_for and ATP5G3_rev.  

 

2.3.5.3 Radiolabelling of cDNA probes 

After gel extraction, 30 ng of purified cDNA probe was labelled with 50 µCi of 32P 

dCTP radionuclide (Perkin Elmer) using the Rediprime II Random prime labelling 

system (GE Healthcare) according to the manufacturers instructions.  

 

2.3.5.4 Northern blot probe hybridisation 

Directly after cross linking, the RNA-bound membrane was soaked in 2 x SSC for 5 min 

at room temperature, then placed between two sheets of nylon mesh and added to a 50 

cm hybridisation bottle together with 15 ml of hybridization buffer [5% dextran 

sulphate, 20% Denharts Solution, 0.5 mg/ml salmon sperm DNA, 3% SSC, 0.1% SDS] 

pre-heated to 50°C. Hybridisation bottles were incubated at 50°C for 1 h in a model 400 

hybridisation incubator (Robbins Scientific). 32P-labelled probe was denatured by 

boiling for 5 min then snap chilled on ice for 10 min. Denatured probe was then added to 

the hybridisation bottle and incubated in the rolling incubator overnight at 50°C. The 

next morning, the membrane was washed with four successive and increasingly stringent 

15 min washes, comprised of 2 x SSC, 2 x SSC/0.1% SDS, 0.5 x SSC/1% SDS, 0.2 x 

SSC/0.1% SDS respectively. The membrane was then incubated with autoradiograph 

film at -80°C. Membranes were stripped for re-probing by pouring a boiling solution of 

0.1 x SSC/0.1% SDS over membranes and allowing them to cool to room temperature.  

Densitometry analysis was performed using the ImageJ program (NIH). 
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2.3.6 Southern blotting  

2.3.6.1 Restriction digest of genomic DNA  

Genomic DNA from pre-B ALL cell lines or PBMCs was concentrated by ethanol/ 

sodium acetate precipitation. Briefly, DNA solutions were combined with 2.5 vol of 

absolute ETOH and 0.1 vol of 3 M sodium acetate pH 5.2 and stored overnight at -20°C. 

The following day, samples were centrifuged at 15,000 x g for 15 min at 4°C. Following 

removal of the supernatant, pellets were washed with 70% EtOH and briefly air-dried. 

Once almost dry, pellets were resuspended in 50 µl nuclease-free H2O. Samples were 

heated at 65°C for 30 min to ensure complete resuspension, and then lightly vortexed to 

avoid excessive pipetting which may result in shearing of full-length DNA. Samples 

were quantitated and 15 µg of gDNA was digested with 15 U of either Psi I (New 

England Biolabs) or Hind III (Promega) in 150 µl digests overnight at 37ºC. The 

following day, restriction enzymes were inactivated by incubating samples at 65°C for 

15 min and samples were concentrated by EtOH/sodium acetate precipitation as 

described above and resuspended in 15 µl of nuclease-free H2O.  

 

2.3.6.2 Electrophoresis and transfer of digested genomic DNA 

Samples were separated on 0.8% agarose in TAE overnight at 40 V. The following day, 

the gel was stained with 1 x SYBR safe DNA strain (Invitrogen, Life technologies) in 

TAE buffer for 30 min and photographed under UV illumination to confirm adequate 

migration of digested DNA. The gel was then soaked in 300 ml of denaturing solution 

(1.5 M NaCl, 0.5 M NaOH) for 40 min at room temperature, then rinsed twice with 

ddH2O (Baxter) and soaked in two changes of neutralizing solution (0.5 M tris pH 7.4, 

1.5 M NaCl) for a total of 1 h. DNA was then transferred to a neutral Magna membrane 

(Osmonics) by capillary transfer with 10 x SSC overnight. Following transfer, lanes 

were marked with a soft pencil and the membrane was soaked in 6 x SSC for 5 min. 

DNA was cross linked to the membrane while still damp with 150 mJoules UV using a 

GS Gene Linker (Bio-Rad). 
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2.3.6.3 Southern blot probe synthesis 

A hybridisation probe for genomic Southern blotting was amplified from PBMC 

genomic DNA using LongAmp DNA polymerase. This DNA probe spanned the CTGF 

gene from -1024 to +3418 and was amplified with the primer pair SB_CTGF_for and 

SB_CTGF_rev. A 1050 bp probe which hybridized the IL2RB gene was a kind gift from 

Dr M. Hatakeyama, Osaka (Hatakeyama et al. 1989).  

 

2.3.6.4 Radiolabelling of probes 

After gel extraction, 30 ng of gel purified probe was labelled with 50 µCi of 32P dCTP 

radionuclide (Perkin Elmer) using the Rediprime II Random prime labelling system (GE 

Healthcare) according to the manufacturers instructions.  

 

2.3.6.5 Southern probe hybridisation 

Membrane and mesh was pre-soaked in 2 x SSC for 5 min at room temp, then rolled and 

added to a hybridisation bottle together with 15 ml of pre-heated hybridization buffer [2 

x SSPE, 7% SDS, 0.5% Blotto, 0.5 mg/ml salmon sperm DNA] and incubated at 65°C 

for 1 h. 32P-labelled DNA probe was denatured by boiling for 5 min then snap chilled 

on ice for 10 min. Denatured probe was then added to the hybridisation bottle and 

incubated overnight at 65°C. The next morning, the membrane was washed with four 

successive 15 min washes comprised of 2 x SSC/0.1% SDS, 2 x SSC/0.1% SDS, 1 x 

SSC/0.1% SDS, 0.5 x SSC/0.1% SDS. The membrane was then incubated with 

autoradiograph film at -80°C. Membranes were stripped for re-probing by pouring a 

boiling solution of 0.1 x SSC/0.1% SDS over membranes and allowing them to cool to 

room temperature. 

 

2.3.6.6 Electrophoresis and transfer of RACE-PCR products 

Band-stab PCR products were examined by Southern blotting with a CTGF-specific 

probe. PCR products were separated on 1.5% agarose in TAE and stained with SYBR 
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Safe DNA stain. PCR products were then transferred to a positively charged N+ Hybond 

membrane (Amersham, GE Healthcare) by capillary transfer with 0.4 M NaOH 

overnight. Following transfer, lanes were marked with a soft pencil and the damp 

membrane was cross linked with 150 mJoules UV using a GS Gene Linker (Bio-Rad). 

The probe used to hybridise band-stab PCR products was amplified from cloned full-

length CTGF cDNA with GoTaq DNA polymerase using the CD_1F and CD_5R 

primers, then radiolabelled and hybridised to membrane-bound RACE PCR products 

according to the method outlined above in section 2.3.6.5. 

2.3.7 DNA cloning  

2.3.7.1 Preparation of chemically competent cells 

TOP10 E. coli were a gift from Mrs Marie Scobie. Single colony isolation was 

performed by streak isolating on LB agar plates grown at 37ºC overnight. A 10 ml 

culture of LB broth [10 g Bacto-tryptone (BD Bioscience), 5 g yeast extract (BD 

Bioscience), 170 mM NaCl] was inoculated with a single colony and grown overnight at 

30ºC with moderate shaking. The following day, 99 ml of LB agar was pre-warmed to 

30ºC, and then inoculated with 1 ml of overnight culture. This culture was grown at 

30ºC with moderate shaking and the absorbency at 600 nm was measured regularly 

using a BioPhotometer spectrophotometer (Eppendorf). Once the OD600 reached 0.5, 

cultures were immediately transferred to a 4ºC cold-room and chilled on ice for 10 min. 

All remaining steps were where possible performed at 4ºC using pre-chilled glassware 

and instruments. Cells were collected by centrifugation at 3000 x g for 10 min. The 

supernatant was discarded and cells were gently resuspended in 20 ml of ice-cold, 50 

mM CaCl2. Cells were collected by centrifugation at 3000 x g for 5 min and then 

resuspended gently in ice-cold 75 mM CaCl2/25% glycerol. This suspension was added 

to pre-chilled, sterile 1.5 ml tubes in 100 µl aliquots, then snap frozen by immersion in 

liquid nitrogen. Competent cells were stored at -80ºC until use. 
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2.3.7.2 Cloning into the pGEM-T Easy vector 

PCR products were cloned using the pGEM-T Easy TA cloning system (Promega) 

according to the manufacturer’s protocol. Inserts were invariably generated using the 

LongAmp DNA polymerase. While this enzyme exhibits 3’-5’ exonuclease activity, the 

majority of PCR products contain dA overhangs at the 3’ end allowing cloning into TA 

vectors such as pGEM-T Easy. After gel purification, PCR products were quantitated 

and 5 to 10 ng of insert was combined with ligation buffer, pGEM-T Easy vector (50 ng) 

and 3 U of T4 DNA ligase in a 10 µl reaction. Ligations were incubated overnight at 

4°C.   

 

2.3.7.3 Transformation of chemically competent cells 

Chemically competent cells were thawed on ice for 15 min. After thawing, 5 µl of 

ligation reaction was added to competent cells followed by a further 15 min incubation 

on ice. Cells were then subjected to heat shock transformation by submersion in a 42°C 

water bath for 1 min, then transferred to ice immediately and incubated for 15 min. To 

maximise transformation, this process of heat shock and recovery was repeated once 

more. After the second 15 min recovery, 250 µl of SOC medium [10 mM NaCl, 2.5 mM 

KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose] was added to cells and tubes were 

incubated for 1 h at 37°C with moderate shaking. LB agar plates were prepared 

containing 100 µg/ml ampicillin. Thirty mins prior to spreading transformants, plates 

were supplemented with 50 µl of 200 mM IPTG and 20 µl of 50 mg/ml X-Gal and 

placed at 37°C.  At the completion of the 1 h incubation, 150 µl of transformed cells 

were spread on the prepared selective agar plates and incubated overnight at 37°C.  

 

2.3.7.4 Transformant screening and plasmid DNA extraction 

The following day, blue-white screening revealed clones carrying DNA inserts and these 

clones were used to inoculate LB broth supplemented with 100 µg/ml ampicillin. These 

5 ml cultures were grown overnight at 37°C with vigorous shaking. The following day, 

glycerol stocks were prepared from each culture by combining 100 µl of culture with 
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100 µl of 80% glycerol. These stocks were frozen immediately at -80°C. The remainder 

of the overnight culture was centrifuged in preparation for plasmid DNA extraction 

using the QIAprep Spin Miniprep kit (QIAGEN) according to the manufacturer’s 

instructions.  Purified plasmid DNA was eluted in 50 µl of elution buffer and stored at -

20˚C. 

 

2.3.7.5 Isolation of bacterial artificial chromosome DNA 

The Human TilePath Library clone RP11-69I8 was purchased from the Murdoch 

Research Institute (Melbourne, Australia). This bacterial artificial chromosome (BAC) 

contained a fragment of chromosome 6 that included the CTGF locus. A single colony 

was streak isolated on an LB agar plate supplemented with 12.5 µg/ml chloramphenicol. 

This colony was used to inoculate 50 ml LB broth containing the same concentration of 

chloramphenicol and this culture was grown overnight at 37°C with shaking. The 

following day, cells were collected by centrifugation at 3000 x g for 10 min at 4°C. Cells 

were resuspended in 50 ml ice-cold STE buffer [10 mM Tris-Cl (pH 8.0), 0.1 M NaCl, 1 

mM EDTA (pH 8.0)]. Cell were then collected by centrifugation again and resuspended 

in 1 ml of ice-cold alkaline lysis solution I [50 mM glucose, 25 mM Tris-Cl (pH 8.0), 10 

mM EDTA (pH 8.0)] and transferred to five 1.5 ml tubes (200 µl each) and placed on 

ice. After 5 min, 400 µl of alkaline lysis buffer II [0.2 M NaOH, 1% w/v SDS] was 

added to tubes and mixed by gentle inversion several times. Next, 300 µl of ice-cold 

alkaline lysis buffer III [3 M potassium, 5 M acetate] was added and tubes were mixed 

gently by inversion and incubated on ice for 5 min. Debris was cleared by centrifugation 

at 15,000 x g for 5 min at 4°C and supernatants were decanted into fresh 2 ml tubes. At 

room temperature, 900 µl of isopropanol was added and the tube was mixed again by 

gentle inversion. Precipitated nucleic acids were then collected by centrifugation at 

15,000 x g for 5 min at room temperature. Pellets were washed once with 70% EtOH 

and briefly air dried, then resuspended in 20 µl of TE buffer. Tubes were combined and 

stored at -20°C.  
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2.3.8 DNA Sequencing 

DNA sequencing was carried out using BigDye version 3.1 (Applied Biosystems). 

Sequencing reactions were performed in 96 well plates suitable for the 3130x Genetic 

Analyser sequencing platform (Applied Biosystems). Briefly, 75 ng of plasmid DNA or 

100 ng of gel extracted PCR products were combined with 3.5 µl of 5 x BigDye reaction 

buffer, 9.3 µl of ultrapure H2O (Baxter), 3.2 µl of 1 µM sequencing primer and 1 µl of 

BigDye v3.1. Samples were denatured at 96°C for 1 min, followed by 25 cycles of 96°C 

for 10 s, 50°C for 5 s and 60°C for 4 min. Inserts cloned into the pGEM-T Easy vector 

were sequenced using M13 forward and reverse primers listed in Table A2. 

 

2.3.8.1 BigDye reaction purification and analysis 

BigDye reaction products were purified in situ by EtOH/sodium acetate precipitation. To 

each well, 2 µl of 3 M sodium acetate (pH 5.2) and 50 µl of absolute EtOH was added. 

The plate was resealed, mixed by vortexing, and spun for 30 s at 1000 x g to collect the 

solution to the bottom of wells. The plate was then incubated at room temperature in the 

dark for 2 h. BigDye products were then pelleted by centrifugation at 15,000 x g for 30 

min at 4°C. The supernatant was removed by inversion and pellets were washed using 

70% EtOH and centrifuged again at 15,000 x g for 10 min at 4°C. Supernatants were 

removed by inversion and the pellets were dried by inverting the plate on lint-free paper 

towel and centrifuging at 800 x g for 1 min.  

 

After briefly air drying pellets, 10 µl of HiDi formamide (Applied Biosystems) was then 

added to each well and the pellets were denatured by two consecutive rounds of 96°C for 

2 min followed by incubation on ice for 2 min. Plates were then loaded onto a 3130x 

Genetic Analyzer (Applied Biosystems) for capillary sequencing. Sequencing data 

generated from BigDye sequencing was analysed using the KB Base Caller software 

(Applied Biosystems).  
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2.3.8.2 CTGF promoter and 3’UTR sequencing  

The promoter and 3’ UTR regions of the CTGF locus were amplified using the high-

fidelity LongAmp DNA polymerase. The PR_3F and PR_1R primers were used to 

generate a PCR amplicon spanning the CTGF proximal promoter and this product was 

gel extracted and sequenced using the primers; PR_3F, PR_3R, PR_2F, PR_2R, PR_1F 

and PR_1R. The 3’UTR was amplified in 3 separate PCR amplicons using primer pairs; 

CD_7F and CD_7R, CD_8F and CD_8R, CD_9F and CD 9R and these three amplicons 

were gel purified and sequenced in forward and reverse orientation using these primers.  

 

2.3.9 Analysis of DNA methylation 

2.3.9.1 Conversion of DNA by sodium bisulfite 

To investigate DNA methylation at the CTGF locus a number of techniques were 

performed that relied upon effective bisulfite conversion of non-methylated cytosines in 

the genome by sodium bisulfite. The EpiTect Bisulfite Kit (QIAGEN) was used 

according to the manufacturer’s instructions to convert genomic DNA from cell lines 

and primary specimens, as well as BAC DNA which served as a control in methylation 

specific PCRs (outlined below).  

 

2.3.9.2 BAC DNA methylation 

The human BAC Tile Path clone RP11-69I8 containing the entire CTGF coding region 

was methylated using the CpG methyltransferase M.SssI (New England Biolabs) to 

serve as a positive control in methylation specific PCRs. Reactions consisted of 1 µg of 

BAC DNA, 160 µM S-adenosylmethionine (SAM), reaction buffer and 4 U of 

methyltransferase in 20 µl. Reactions were performed at 37°C for 3 h. The enzyme was 

then deactivated by incubating at 65°C for 20 min. Converted BAC DNA was diluted to 

1000 µl with H2O and stored at -20°C. 
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2.3.9.3 Methylation specific PCR 

Bisulfite converted DNA was subjected to PCR amplification using primers specific for 

either methylated or unmethylated priming sites. These primer pairs were designated 

“methylated-site PCR” (MSP_for, MSP_rev) or “unmethylated site PCR” (USP_for, 

USP_rev), and have been used successfully in other studies (Chiba et al. 2005). 

Methylation specific PCR (msPCR) reactions were performed with the GoTaq DNA 

polymerase as outlined in section 2.3.2.1, using 100 ng of bisulfite-treated genomic 

DNA. Bisulfite-treated BAC DNA (1 ng) served as a positive control for the USP 

reaction, while M.SssI-methylated, bisulfite-treated BAC DNA served as a positive 

control for the MSP reaction.  

2.3.9.4 Bisulfite Sequencing 

Three separate PCR amplicons spanning the CTGF CpG island were amplified using 

LongAmp DNA polymerase. These amplicons, described previously (Kikuchi et al. 

2007) were generated from 100 ng of bisulfite treated genomic DNA. Amplicon 1 was 

amplified with the primer pair Bis1_for and Bis1_rev. Bisulfite amplicons 2 and 3 were 

amplified in nested PCR reactions using the following primers; Bis2-primary_for and 

Bis2_primary_rev, Bis2_secondary_for and Bis2_secondary_rev, Bis3-primary_for and 

Bis3_primary_rev, Bis3_secondary_for and Bis3_secondary_rev. PCR products were 

gel extracted using the QIAquick Gel Extraction Kit (QIAGEN) and eluted in 50 µl of 

H2O. Purified bisulfite amplicons were cloned into the pGEM-T Easy vector according 

to the method outlined in section 2.3.7.2 and plasmid DNA was purified for sequencing 

from a selection of transformants. 

 

Sequencing of cloned bisulfite amplicons was performed according to the method 

described in section 2.3.8, however bisulfite-converted DNA has a significantly lower 

melting temperature, and thus sequencing of bisulfite clones required a different thermal 

profile for BigDye reactions. After denaturation at 96°C for 1 min, samples were 

subjected to 24 cycles of 96°C for 10 s followed by extension at 50°C for 4 min. 

Bisulfite clones were analysed for effective bisulfite conversion and incidence of CpG 

methylation using BiQ Analyzer software (Bock et al. 2005). 
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2.3.10 Immunological detection of CTGF protein 

2.3.10.1 Isolation of total cellular protein 

Total protein was isolated from cell lines for analysis by western blotting. Cells were 

pelleted by centrifugation and washed twice with ice-cold PBS. Cell pellets were 

resuspended in one pellet volume of ice-cold PBS and then lysed using 50 µl of ice-cold 

protein lysis buffer [2 mM ethylenediaminetetraacetic acid (EDTA), 10 mM 

iodoacetamide, 25 µg/ml p-nitrophenylguanidinobenzoate, 10µg/ml Leupeptin, 10µg/ml 

Aprotinin and 0.5% Triton-X] per 106 cells, and incubated on ice for 30 min. Samples 

were centrifuged for 20 min at 15,000 x g at 4°C and supernatants were transferred to 

fresh 1.5 ml tubes. Protein samples were stored at -20°C or used immediately in 

downstream assays. 

 

2.3.10.2 Protein estimation 

Protein concentration in cell line extracts was determined using a commercial Bradford 

assay (Bradford 1976). Protein concentration was re-established each time samples were 

thawed prior to western blotting. Bio-Rad Protein Assay (Bio-Rad) dye was diluted 1 in 

4 with H2O and then added to a 96 well micro-titre plate (Becton Dickinson) at 200 µl 

per well. A stock solution of 10 mg/ml BSA was serially diluted to provide a standard 

curve within the range of 5 mg/ml to 10 µg/ml. Samples were diluted 1 in 10 and 

together with standards, were added to the plate at 10 µl per well. Standards were 

assayed in duplicate, while protein samples were assayed in triplicate. After addition of 

samples and standards, the plate was incubated at room temperature for 5 min, and the 

absorbance was measured at 595 nm on a Victor2 1420 multilabel counter (Wallac, 

Perkin Elmer). Protein concentration in cell line extracts was calculated using the 

standard curve. 
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2.3.10.3 Sample preparation 

Prior to SDS polyacrylamide gel-electrophoresis (SDS-PAGE), 75 µg of total protein 

was combined with 3.3 x sample buffer [0.2 M Tris-HCl, 40% glycerol, 8.3 mM 

dithiothreitol, 4% w/v SDS, 0.008% bromophenol blue and 6% 2-mercaptoethanol] and 

placed in boiling water for 5 min. Samples were chilled on ice for 5 min then loaded 

onto the gel or frozen immediately at -20°C until required. If frozen, samples were 

denatured by boiling again prior to electrophoresis.  

  

2.3.10.4 Heparin-affinity enrichment of conditioned culture medium 

Cells were seeded in fresh culture medium at a density of 106 cells per ml on 24 well 

culture plates (Nunc, Thermo Fisher Scientific), and grown for 24 h prior to isolation of 

conditioned medium (CM). Cells and CM were collected and centrifuged at 800 x g for 

5 min and supernatants comprising the CM was then transferred to fresh tubes and 

chilled on ice. After 5 min, 5 ml of ice-cold PBS was added to fresh 10 ml tubes together 

with 150 µl of heparin agarose beads. 5 ml of chilled CM was added to these tubes and 

incubated for 24 h at 4°C with constant gentle mixing. After 24 h, beads were collected 

by centrifugation at 800 x g for 5 min at 4°C then allowed to stand for 2 min at 4°C. 

Supernatant was carefully removed by vacuum aspiration and beads were washed twice 

by this method with ice-cold PBS. After the second wash, beads were resuspended in 1 

ml ice-cold PBS and transferred to 1.5 ml tubes. Beads were collected by centrifugation 

at 800 x g for 3 min at 4°C and the supernatant was carefully aspirated. Bound protein 

was eluted by adding 200 µl of protein loading buffer and denatured in boiling water for 

5 min. Tubes were centrifuged while still hot at 10,800 x g for 3 min to collect beads. 

The supernatant containing eluted protein was removed to fresh 1.5 ml tubes and either 

subjected immediately to SDS-PAGE or frozen at -80°C until required. 

 

2.3.10.5 Western blotting 

Denatured protein samples were separated by 15% SDS-PAGE together with Precision 

Plus Protein Dual Colour Standards (Bio-Rad), before being transferred to Hybond-C 
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Super membrane (AP Biotech) in transfer buffer [25 mM tris, 190 mM glycine, 20% 

methanol, pH 8.2]. Membranes were blocked with 5% skim milk powder (SMP) in wash 

buffer [50 mM tris, 150 mM NaCl, 0.05% Tween] at room temperature for 1 h and 

incubated with primary antibody in 5% SMP in wash buffer overnight at 4°C. Primary 

antibody was removed and the membrane rinsed twice with wash buffer, then washed 

three times for 15 min with wash buffer. Membranes were incubated with either horse 

radish peroxidise (HRP) or biotin conjugated secondary antibodies, in 5% SMP in wash 

buffer for 1 h at room temperature. After three 15 min washes with wash buffer, 

membranes incubated with biotinylated secondary antibodies were incubated with a 

straptavidin conjugated HRP (Dako) for 5 min then re-washed three times in wash 

buffer. Visualisation of bands was performed by enhanced chemiluminescence using the 

Immobilon HRP substrate (Millipore).  

 

2.3.10.6 Antibodies 

The two CTGF antibodies used in this study included the polyclonal L20 goat anti-

CTGF antibody (Santa Cruz Biotechnology), which targets amino acids 150-200 of the 

CTGF protein, and the polyclonal Rabbit-A rabbit anti-CTGF antibody, which targets 

amino acids 247-260 of the CTGF protein. This antibody was a generous gift from Prof 

David Brigstock (Brigstock et al. 1997). The ACTN05 monoclonal mouse anti-ACTIN 

antibody (Neomarkers) was used to detect ACTIN which served as a loading control. 

Secondary, HRP-conjugated antibodies included the anti-rabbit Na9340V antibody (GE 

Healthcare) and the anti-mouse Na 9310V antibody (GE Healthcare). For detection of 

primary goat antibodies, the biotinylated EO466 rabbit anti-goat antibody (Dako) was 

used followed by detection with streptavidin-conjugated HRP (Dako). 

 

2.3.10.7 Membrane stripping protocol 

Where it was necessary to strip and re-probe membranes, they were incubated in 

stripping buffer [50 mM Tris (pH 6.8), 2% SDS, 100 mM 2-mercaptoethanol] at 50°C 

for 30 min with gently shaking, then washed three times in western wash buffer for 15 
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min at room temperature. These membranes were then blocked and probed as previously 

described.  

 

Table A2.1 List of suppliers 

Amresco - Solon, Ohio, USA 

AP Biotech - Little Chalfont, Buckinghamshire, UK 

Baxter - Old Toongabbie, New South Wales, Australia 

BD Bioscience - San Jose, California, USA 

Becton Dickinson - Franklin Lakes, New Jersey, USA 

Bio-Rad - Hercules, California, USA 

Dako - DK-2600, Glostrup, Denmark 

GE Healthcare  - Little Chalfont, Buckinghamshire, UK 

Geospiza - Seattle, Washington, USA 

GraphPad Software - De La Playa, California, USA. 

Ibis Biosciences - Carlsbad, California, USA 

Life Technologies - Carlsbad, California, USA 

Microsoft - Redmond, Washington, USA 

Milipore - Bedford, Massachusetts, USA 

MJ Research - Waltham, Massachusetts, USA 

MP Biomedicals, LLC - Santa Ana, California, USA 

Neomarkers - Fremont, California, USA 

New England Biolabs - Ipswich, Massachusetts, USA 

Nycomed - Asker, Oslo, Norway 

Osmonics - Westborough, Massachusetts, USA 

Perkin Elmer - Waltham, Massachusetts, USA 

QIAGEN - Hilden, Germany 

Robbins Scientific - Sunny Vale, California, USA 

Santa Cruz Biotechnology - Santa Cruz, California, USA 

Sigma Aldrich - St Louis, Missouri, USA 

Thermo Fisher Scientific - Waltham, Massachusetts, USA 

 



 

 61 

Table A2.2 Primer and oligonucleotide sequences 

primer name  sequence 5'-3' 

ACTB_forward  GGCACCCAGCACAATGAAG 

ACTB_probe  VIC_TCAAGATCATTGCTCCTCCTGAGCGC_TAMRA 

ACTB_reverse  GCCGATCCACACGGAGTACT 

ATP5G3_for  TAATCCAAAGGGAGTTTCAGAC 

ATP5G3_rev  AATCAAGAAAGCAACCATCAAAC 

Bis1_for  GTAGGAAGGTGGGGAGGAA 

Bis1_rev  CACTAACTATCTCCTCTCAAC 

Bis2_primary_for  GGAATGTTGAGTGTTAAGGGGTTAGGATTA 

Bis2_primary_rev  ATCAAACATTAAAACACTCTCACATCCAAA 

Bis2_secondary_for  TTGAGAGGAGATAGTTAGTG 

Bis2_secondary_rev  AACAAAATAAACCCTTATAC 

Bis3_primary_for  GGTTGTTAGGGAGGGATT 

Bis3_primary_rev  TCCATACTACACAAAAACATACAACC 

Bis3_secondary_for  GTATAAGGGTTTATTTTGTTATTT 

Bis3_secondary_rev  CACTAATACTTACAACTACTCTA 

CD_1F  AGTGCGACTCCACCCTCCA 

CD_1F_nested  CCTCCAGCTCGACGGCAG  

CD_4F  AAGGACCAAACCGTGGTTGG 

CD_5F  GACCTGGAAGAGAACATTAAGG 

CD_5R  TACTCCACAGAATTTAGCTCGG 

CD_6R  TTAATGTCTCTCACTCTCTGGC 

CD_7F  TGTACTACAGGAAGATGTACGG 

CD_7R  AGAATGTCAGAGCTGAGTCTGC 

CD_8F  TTAGCGTGCTCACTGACCTG 

CD_8R  TTCCTACCTAGAAATCAGCC 

CD_9F  TGCTCAGATAGAATGACAGTCC 

CD_9R  TCAATGTGGTGTGTATGCCTGC 

GeneRacer 3'   GCTGTCAACGATACGCTACGTAACG 

GeneRacer 3' nested  CGCTACGTAACGGCATGACAGTG 
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Table A2.2 (continued) 

primer name  sequence 5'-3' 

GeneRacer 5'  CGACTGGAGCACGAGGACACTGA 

GeneRacer 5' nested  GGACACTGACATGGACTGAAGGAGTA 

GeneRacer OligodT  GCTGTCAACGATACGCTACGTAACGGCATGACAGTGT(24) 

GeneRacer RNA oligo  CGACUGGAGCACGAGGACACUGACAUGGACUGAAGGAGUAGAAA 

M13_for  GTAAAACGACGGCCAGTG 

M13_rev  CAGGAAACAGCTATGAC 

MSP_for  TCGTTTCGGTCGATAGTTTC 

MSP_rev  CGAAACCCATACTAACGACG 

NB_3pr_for   AGGGTACCAGCAGAAAGGTTAGTA 

NB_3pr_rev  AGAAATCAGCCTGCCAAGGACACT 

NB_central_for   GAGTGGGTGTGTGACGAGCCCAAGG 

NB_central_rev  ATGTCTCCGTACATCTTCCTGTAGT 

PR_1F  AGTGGACAGAACAGGGCA 

PR_1R  GCGGCTGCCGTCGAGCTG 

PR_2F  CAGGTAGGCATCTTGAG 

PR_2R  CACTGGCTGTCTCCTC 

PR_3F  ACAACAGGGTACACTGCTC  

PR_3R  TGATTTGCGTTTTAGAGGC  

SB_CTGF_for  CCTTTGCTGGCCATTCACACTATTG  

SB_CTGF_rev  ACCCCTACTAGATTCAACAGCTGCT 

USP_for  TTGTTTTGGTTGATAGTTTT 

USP_rev  CAAAACCCATACTAACAACA 
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Chapter 3 

Gene Expression and Clinical Correlates of CTGF  

Expression in Childhood Pre-B ALL 

Chapter 3: Gene Expression and Clinical Correlates of CTGF Expression in Childhood Pre-B ALL 

3.1 Introduction 

Oncogenic events contributing to leukaemogenesis include the activation of proto-

oncogenes that promote dysregulation of cell cycle controls, apoptosis, and 

differentiation (Pui 2006). Aberrant CTGF gene expression occurs in around 75% of 

pre-B ALL cases (Vorwerk et al. 2000; Boag et al. 2007; Sala-Torra et al. 2007), 

however the mechanism underlying this dysregulated expression is not known. 

Activation of CTGF transcription in other cell types has been attributed to numerous 

soluble factors such as TGFB1 (Arnott et al. 2008), SRF (Muehlich et al. 2007) and 

MMP3 (Eguchi et al. 2008), as well as changes in the microenvironment such as 

hypoxia (Hong et al. 2006), mechanical stretch (Nishida et al. 2008) and high glucose 

(Wang et al. 2008). Regulation of the CTGF promoter is complex and is heavily 

dependent on cell type and tissue context (Cicha & Goppelt-Struebe 2009). Control of 

CTGF expression and its role in the cellular biology of lymphocyte precursors remains 

ill-defined as there has only been one study to date that has identified CTGF gene 

expression in normal haemopoietic precursor cells (Wagner et al. 2007), and no detailed 

characterisation of CTGF gene expression in haemopoietic cells has been reported. 

 

Analysis of global gene expression data may provide some clues. Identifying 

transcriptional programs associated with CTGF gene expression by discerning genes that 

are highly correlated with CTGF, could point to the involvement of common 

transcription factors or regulatory pathways (Eisen et al. 1998). Global gene expression 

data gathered from a cohort of 73 paediatric patients diagnosed with pre-B ALL has 

been recently generated by this laboratory (Boag et al. 2006; Boag et al. 2007). This has 

provided a valuable resource to investigate whether any genes display patterns of 

expression similar to CTGF. This approach was expected to shed light on putative DNA 
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regulatory elements or transcription factors contributing to CTGF deregulation, through 

analysis of the regulatory sequences of co-regulated genes in pre-B ALL.  

 

While its role in the leukaemogenesis of pre-B ALL is unclear, several studies have 

highlighted associations between CTGF gene expression and patient outcome in  

high-risk pre-B ALL. Sala-Torra and colleagues demonstrated a significant difference in 

EFS in adult ALL patients stratified based upon CTGF mRNA expression levels 

exhibited by their leukaemic cells. Specifically, patients whose leukaemic blasts 

expressed CTGF at low levels showed 5yr EFS of 58%, in contrast to 12% for those 

with high CTGF expression (Sala-Torra et al. 2007). Clearly, high CTGF expression was 

associated with a profoundly poor outcome for these patients. In relation to childhood 

ALL, a recent COG study investigating methods of improving stratification of high-risk 

pre-B ALL patients by microarray, successfully used CTGF expression in a multi-gene 

classifier model to predict the response of patients to therapy (Kang et al. 2010). As in 

adult ALL, high CTGF expression in this paediatric cohort was associated with a poor 

outcome and shorter period of RFS. These studies support the hypothesis that CTGF 

protein may play an important role in the pathobiology of ALL. CTGF expression has 

been associated with a metastatic and aggressive phenotype in other cancers (Shimo et 

al. 2006; Aikawa et al. 2006; Kang et al. 2003), however despite clear association with 

patient outcomes, no progress has been made in identifying biological features 

associated with CTGF gene expression in pre-B ALL. Analysis of clinical features 

associated with CTGF expression may point to a role for this pleiotropic protein in 

leukaemogenesis or maintenance of leukaemic cells. 

 

In this study, analysis of CTGF gene expression in primary paediatric pre-B ALL 

specimens was performed to establish gene expression and clinical correlates with 

CTGF. Specifically, the aims of this chapter were to 1) validate CTGF expression data 

generated by microarray in primary specimens using qRT-PCR, 2) determine genes 

correlated with CTGF mRNA levels in three independent pre-B ALL cohorts, and 

compare their promoters with respect to common regulatory motifs, and 3) examine 
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whether CTGF expression is linked to diagnostic features or prognosis in paediatric pre-

B ALL. 

 

3.2 Results 

3.2.1 The PMH cohort of paediatric pre-B ALL 

The global gene expression profiles of primary pre-B ALL specimens was measured by 

Boag and colleagues using Affymetrix microarray technology (Boag et al. 2006; Boag et 

al. 2007). This group of specimens, named the PMH cohort, comprised 73 paediatric 

pre-B ALL specimens from patients treated on COG protocols (Gaynon et al. 2000). 

These were obtained either at the time of diagnosis; n=60, or at relapse; n=13. The 

critical clinical and biological features of this cohort are detailed in Table 3.1. 

 

Prior to analysing the global gene expression data from the PMH cohort (Boag et al. 

2006; Boag et al. 2007), CTGF expression levels measured by microarray were 

validated using 17 primary pre-B ALL specimens from this cohort. Also included were 3 

T-ALL specimens for comparison. The details of these specimens are outlined in Table 

3.2. These specimens, also used in later parts of the current study (Chapters 4 & 6) were 

assayed for CTGF expression by quantitative real-time PCR (qRT-PCR). RNA from 

these 20 primary bone marrow samples was extracted from cryopreserved material that 

was matched with those used for the previous microarray study (Boag et al. 2007). 

These specimens represented a range of cytogenetic subtypes, determined using a 

previously published 20 gene classifier model for cytogenetic prediction (Hoffmann et 

al. 2006). These were MLL (n=1), BCR-ABL (n=4), hyperdiploidy (n=2), TEL-AML 

(n=2), TCF3-PBX1 (n=1) and 10 cases where known cytogenetic abnormalities could 

not be detected (Other). These latter specimens were all classed as low/neg for CTGF 

mRNA by microarray as they exhibited RMA normalised probeset signals of <50 (see 

section 2.2.1.1). 
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Table 3.1 Clinical and biological features of pre-B ALL patients in the PMH 

cohort 

 Number %  Number % 
Age   CNS involvement   

1-10 years 53 73 Not known 4 5.5 

>10 years 20 27 Present 1 1.5 

Gender   Absent 68 93 

Male 41 56 Spleen   

Female 32 44 Normal 32 44 

WBC§   Enlarged (BU) ‡ 37 51 

<50 x 10^9/l 67 92 Enlarged (AU) ‡ 4 5 

>50 x 10^9/l 6 8 Lymph nodes   

NCI risk *   Normal 37 51 

Standard 50 68 Enlarged <3cm 32 44 

High 23 32 Enlarged >3cm 4 5 

Specimens   Mediastinal mass   

Diagnosis 60 82 Not known 12 16 

Relapse  13 18 No mass 58 80 

Clinical outcome   Anterior mass 3 4 

(diagnosis specimens) (n=60)     

CCR ┼ 11 18    

Relapsed 49 82    

Cytogenetics #      

MLL 1 1    

BCR-ABL1 7 10    

TEL-AML1 15 21    

TCF3-PBX1 2 3    

Hyperdiploid 26 36    

Other 22 30    

 

§ WBC: Peripheral white blood cell count at diagnosis, ┼ CCR: Complete clinical 

remission, * NCI risk stratification: see Smith et al., (1996), # Cytogenetics: determined 

by karyotype or inferred by gene expression profiling, see Hoffman et al., (2006), ‡ 

BU/AU: below/above umbilicus. (Hoffmann et al. 2006) (Smith et al. 1996) 
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Table 3.2 Characteristics of pre-B ALL specimens used for validation of CTGF 

expression 

The panel of primary specimens used in this study consisted of 17 pre-B ALL, both 

diagnosis (D) and relapse (R) specimens, and 3 T-ALL specimens. CTGF expression 

measured by Affymetrix (U133A) human genome array and classed as high, med or 

low/negative based on probeset intensity (defined in Section 2.2.1.1).  (Smith et al. 1996) 

 

Specimen 

Code 

Diagnosis 

/Relapse Lineage 

cytogenetics 

(inferred) # 

NCI                                                                         
...Risk * 

Age ‡ 

(months) 

CTGF 

expression 

BHDN9 D B MLL High 166 high 
± BHDR25 D B BCR-ABL High 196 high 
± BHRR25 R B BCR-ABL High 201 high 

BHDN12 D B HYP High 29 high 

BSDR85 D B TEL-AML Standard 92 high 

BSDN36 D B TEL-AML Standard 64 high 

BSDR79 D B BCR-ABL Standard 113 med 

BHRR83 R B HYP High 250 med 

BSDN34 D B BCR-ABL Standard 50 med 

BSRR89 R B TCF3-PBX1 Standard 133 med 

BSDN67 D B Other Standard 79 low/neg 

BSDN40 D B Other Standard 97 low/neg 

BHDN7 D B Other High 132 low/neg 

BSDN51 D B Other Standard 74 low/neg 

BHDR31 D B Other High 171 low/neg 

BHRR92 R B Other High 177 low/neg 

BSDN63 D B Other Standard 30 low/neg 

THDN2 D T Other High 70 low/neg 

THDN4 D T Other High 59 low/neg 

THDN6 D T Other High 161 low/neg 
 

±  Paired diagnosis and relapse specimens, # Cytogenetics inferred by 20 gene classifier 

method (Hoffmann et al. 2006), * NCI risk stratification, see Smith et al., (1996), ‡ Age 

in months at the time of diagnosis or relapse. 
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3.2.2 Validation of CTGF expression data 

CTGF expression values generated by microarray (probeset 209101_at) and qRT-PCR 

were examined for concordance in these 20 ALL specimens. Figure 3.1 demonstrates 

CTGF gene expression levels and the correlation between the methods used to 

characterise expression in these samples. A comparison of CTGF expression values 

generated by microarray versus those obtained by qRT-PCR performed on freshly 

extracted, matched cryopreserved specimens, demonstrated a highly similar pattern of 

CTGF expression. Specimens BSDN36 and BSDR79 seemed to display different CTGF 

expression levels when measured by qRT-PCR, however overall a Pearson correlation of 

0.972 was observed between methods, which was highly significant (p < 0.001). Those 

primary specimens that lacked one of the common cytogenetic rearrangements (Table 

3.2 “Other”), were considered to be CTGF
low/neg when assessed by microarray, however, 

almost all of these cells exhibited an extremely low level of CTGF mRNA detectable by 

qRT-PCR, indicating the CTGF locus is in a permissive state.  
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Figure 3.1 Analysis of CTGF expression by microarray and qRT-PCR 

A. CTGF expression in a selection of primary B-lineage (n=17) and T-lineage (n=3) 

ALL specimens measured by Affymetrix human genome array U133A (probe 

209101_at) B. CTGF expression measured in matched, cryopreserved specimens by 

qRT-PCR normalised to ACTB. Error bars represent the standard error of the mean of 

three technical replicates. C. Comparison of CTGF expression data generated by 

microarray and qRT-PCR. A highly significant Pearson correlation of 0.972 was 

observed (p<0.001) between the two methods.  

 

3.2.3 Gene expression profiles associated with CTGF expression 

Identifying genes that are co-regulated with CTGF may point to common promoter 

elements or trans-acting factors involved in activation of the CTGF promoter (Mansson 

et al. 2004). Probesets that correlated with CTGF expression in pre-B ALL were 

identified by examining global gene expression data from the PMH cohort (n=73), and 

two publically available paediatric pre-B ALL cohorts. These two cohorts were denoted 
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as the Ross cohort and the Kang cohort (Ross et al. 2003; Kang et al. 2010). The former 

was studied by Ross and colleagues while investigating the suitability of gene 

expression profiling for classifying paediatric ALL specimens into clinically relevant 

subtypes (Ross et al. 2003). This cohort consisted of 118 pre-B ALL specimens, BCR-

ABL1; n=15, TCF3-PBX1; n=18, Hyperdiploid; n=15, MLL disease; n=20, TEL-AML1; 

n=20, and 28 cases where the aforementioned cytogenetic subtypes were not detected 

(Ross et al. 2003). The Kang cohort was comprised of 207 high-risk paediatric pre-B 

ALL patients enrolled in the Children’s Oncology Group (COG) P9906 clinical trial and 

defined by age > 10yrs, WBC > 5x104/µl, and the absence of low-risk (Hyperdiploidy, 

ETV6-RUNX1) or very high-risk (hypodiploid, BCR-ABL1) disease (Kang et al. 2010). 

However, patients with low-risk cytogenetics were included if they displayed high-risk 

features like CNS or testicular involvement. While the Kang cohort was comprised of a 

discreet, high-risk group, it was considered appropriate for investigating CTGF 

correlates because CTGF was shown to be highly predictive of outcome in their study 

(Kang et al. 2010). 

 

The distribution of CTGF gene expression values was assessed across samples in each 

cohort without normalizing the three datasets together, as the Kang cohort had been 

analysed using a different Affymetrix microarray platform (U133 plus2.0 array) to the 

PMH and Ross cohorts (U133A array). The range of CTGF expression in each cohort is 

shown in Figure 3.2A. A Spearman correlation analysis was performed on each cohort 

individually to examine which probesets displayed a similar pattern of expression to 

CTGF. The top 100 ranked probesets from the Spearman correlations were compared 

among cohorts and 11 probe sets overlapped between cohorts, as illustrated in Figure  

3.2B. These probesets corresponded to 6 genes; suppressor of cytokine signalling 2 

(SOCS2), myocyte enhancer factor 2C (MEF2C), adducin 3 (ADD3), gelsolin (GSN), 

metastasis suppressor 1 (MTSS1) and dihydropyrimidinase-like 2 (DPYSL2). These 

probesets displayed significant Spearman correlation values in the PMH cohort ranging 

from 0.68 (p<10-7) to 0.51 (p<10-5) and are shown in Figure 3.2C. The variance in the 

expression of these 11 probesets was compared to confirm that they display a similar 

pattern as CTGF (Figure 3.2D). All but one of the probesets, corresponding to SOCS2, 
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MEF2C, ADD3, GSN and DPYSL2 appeared to have a distribution very similar to CTGF 

suggesting they may be co-regulated.  In contrast, MTSS1 gene expression varied 

substantially from CTGF in that it was expressed at comparatively lower levels and 

displayed less variance in expression among samples. As such this gene was omitted 

from further analysis.  

 

Based upon the significant correlation with CTGF expression displayed by SOCS2, 

MEF2C, ADD3, GSN and DPYSL2, it was considered that there may be common cis 

regulatory elements in the 5’ flanking region of these genes. One of these co-regulated 

genes, MEF2C, encodes a transcription factor, suggesting that it may itself be a 

candidate. However, analysis of the promoter regions of the above genes using the 

TFSEARCH database of transcription factor motifs available at 

http://www.cbrc.jp/research/db/TFSEARCH.html, did not identify any predicted 

MEF2C binding sites, even when the region examined was extended to include up to 

4kb of 5’ flanking sequence adjacent to the transcription start site.   
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Figure 3.2 CTGF correlation analysis in three independent cohorts 

A. Distribution of CTGF expression (probeset 209101_at) measured by microarray in 

three independent paediatric pre-B ALL cohorts. Cohort datasets are not normalised 

together as they originate from different Affymetrix platforms. B. A Spearman 

correlation analysis with CTGF (209101_at) was performed in each cohort individually 

and the top 100 probesets from each cohort were compared. Eleven common probesets 

were indentified in the top 100 probesets in each cohort. C. Overlapping probe sets 

corresponded to 6 genes; suppressor of cytokine signalling 2 (SOCS2), myocyte 

enhancer factor 2C (MEF2C), adducin 3 (ADD3), gelsolin (GSN), metastasis suppressor 

1 (MTSS1) and dihydropyrimidinase-like 2 (DPYSL2). For each probeset the correlation 

with CTGF expression (R) is shown for each cohort. D. Expression of the 11 

overlapping top-ranked probesets as well as CTGF in the PMH cohort measured by 

microarray. 
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3.2.2.1 Common 5’ flanking motifs in CTGF-correlated genes 

In order to identify common sequence elements, the 5’ flanking sequence of CTGF 

together with five highly correlated genes from -2 kb to +1 (relative to the 

transcriptional start site) were examined for shared sequence motifs using the MEME 

software suite (Bailey & Elkan 1994) available at http://meme.nbcr.net/meme/intro.html. 

This program searches for common sequence motifs in specified DNA sequences. 

Analysis with MEME identified two sequence motifs that were present in the 5’ flanking 

sequence of the majority of the genes determined to be co-regulated with CTGF. These 

two motifs were referred to as MEME enriched motif 1 (MEM1) and MEM2.  

 

The first motif, MEM1, was 15bp in length, heavily G-rich and was present in the 

promoters of ADD3, DPYSL2, GSN, CTGF and SOCS2 (Figure 3.3A). This motif was 

examined for transcription factor binding sites using the TOMTOM motif comparison 

tool (Gupta et al. 2007) available as part of the MEME suite of applications. This 

program compares sequence motifs against known transcription factor binding matrices 

annotated in the TRANSFAC (Fu & Weng 2004) and JASPER databases (Portales-

Casamar et al. 2010). The results of this analysis is shown in Figure 3.3B and predicted a 

binding site for the Ikaros family of transcription factors in MEM1 which are known to 

play an important role in haemopoietic development (Koipally et al. 1999). Although the 

Ikaros-binding site was predicted by the TOMTOM analysis, the Ikaros-binding motif 

was only a partial match to the 5’ region of MEM1. Furthermore, the location of the 

MEM1 motif in the 5’ flanking sequences shown in Figure 3.3 was highly variable, 

suggesting that this motif may not be a functional element, but rather a simple sequence 

repeat identified by the MEME analysis.  

 

The second motif, MEM2, was 32 bp in length, as shown in Figure 3.4 and was 

identified at similar positions (approximately -650 to -1150) in the promoter regions of 

ADD3, SOCS2, GSN and DPYSL2, but was not present in the CTGF promoter. 

Significantly, this motif was also predicted to facilitate binding of the Ikaros family of  
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Figure 3.3 MEME enriched motif 1 (MEM1) 

A. Top; Meme enriched motif (MEM) 1 and flanking sequence for each promoter including gene symbol (name), nucleotide 

coordinate (start) of motif in input sequence (-2kb to +1) and p-value of motif discovery. Sequences are ranked from top to bottom by 

statistical significance. Bottom; location of motif in input sequence. B. Top; Predicted Ikaros-binding motif. Bottom; MEM1 and 

ideogram representing nucleotide incidence at each base in motif. Analysis was performed using MEME and TOMTOM programs 

available online at http://meme.nbcr.net/meme/intro.html. 
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Figure 3.4 MEME enriched motif 2 (MEM2) 

A. Top; Meme enriched motif (MEM) 2 and flanking sequence for each promoter including gene symbol (name), nucleotide 

coordinate (start) of motif in input sequence (-2kb to +1) and p-value of motif discovery. Sequences are ranked from top to bottom by 

statistical significance. Bottom; location of motif in input sequence. B. Top; Predicted Ikaros-binding motif. Bottom; MEM2 and 

ideogram representing nucleotide incidence at each base in motif. Analysis was performed using MEME and TOMTOM programs 

available online at http://meme.nbcr.net/meme/intro.html. 
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transcription factors and displayed higher homology with the IKAROS motif than 

MEM1. This motif additionally contained an invariant CTGGGA sequence in all four 

promoters, however this sequence element was not predicted to be part of any 

transcription factor binding motif by TOMTOM. This was surprising, as the first three 

members of the Ikaros family; IKAROS, HELIOS and AIOLOS, all contain a central 

GGGA sequence in their DNA recognition sequences (shown in Figure 3.5) and the 

invariant CTGGGA identified in MEM2 is compatible with IKAROS, HELIOS and 

AIOLOS binding matrices (Molnar & Georgopoulos 1994). While the data provided by 

analysis with MEME and TOMTOM were novel, the existence of Ikaros family binding 

sites in these genes warranted further validation. 

 

 

Figure 3.5 DNA binding matrices for the Ikaros family members 1, 2 and 3 

DNA binding matrices are shown for the first three members of the Ikaros family of 

transcription factors. These members are IKAROS (IKZF1), HELIOS (IKZF2) and 

AIOLOS (IKZF3). Figure adapted from Molnar et al., (1994).  

 

3.2.2.2 Analysis of putative Ikaros family binding sites 

The In silico evidence presented above suggested that members of the Ikaros family of 

transcription factors IKAROS, HELIOS and AIOLOS may bind to the 5’ flanking 

sequence of genes displaying similar patterns of expression as CTGF. Each promoter 

was independently examined for predicted Ikaros family binding sites using the 

TFSEARCH transcription factor motif database  

(http://www.cbrc.jp/research/db/TFSEARCH.html). The 5’ flanking sequence of GSN, 
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DPYSL2, ADD3, SOCS2, MEF2C and CTGF were all predicted to contain at least one, 

and in some cases several, binding sites for the Ikaros family member HELIOS as 

outlined in Figure 3.6. A number of sites co-localised with the matrices predicted by 

MEME in Figures 3.3 and 3.4. These sites, annotated in Figure 3.6 included 1, 2, 3, 4, 8, 

10 and 12. These predicted binding sites are based on functionally characterised murine 

Helios binding motifs (Molnar & Georgopoulos 1994), however the sequence identity 

shared between the human and murine HELIOS/Helios coding region is over 97% and 

they are predicted to recognise similar, if not identical, recognition sequences 

(Hosokawa et al. 1999). Furthermore, some of the predicted binding sites were also 

compatible with binding by IKAROS. The remarkable similarities in the binding 

matrices for IKAROS, HELIOS and AIOLOS as outlined in Figure 3.5 suggested that 

while some predicted binding sites are only compatible with HELIOS or IKAROS, any 

of these three proteins may in fact bind to the sites identified in the promoters of genes 

that showed expression correlated to CTGF gene expression. 

 

3.2.2.3 Expression of Ikaros family genes in the PMH cohort 

Binding motifs for HELIOS and IKAROS were identified in the 5’ flanking sequence of 

genes that correlate with CTGF expression, suggesting a role for the Ikaros family of 

transcription factors in regulating expression of these genes. The PMH microarray 

dataset was examined to determine whether changes in expression of any Ikaros family 

members; IKAROS, HELIOS, AIOLOS, EOS and PEGASUS was associated with CTGF 

expression in this cohort (Figure 3.7). Specimens were grouped into CTGF
pos and 

CTGF
low/neg groups based on microarray expression values, and mean expression of the 

Ikaros family of genes were compared between these groups. All Ikaros family genes 

were expressed except for AIOLOS which displayed probeset intensity values well 

below what would normally be classed as a background signal on the U133A chip 

(intensity value of <25). There was no significant difference observed in the mean 

expression of any Ikaros family member between CTGF
pos and CTGF

low/neg specimens 

as shown in Figure 3.7, suggesting that any effect mediated by HELIOS or other Ikaros 

proteins was not due to alterations in their mRNA expression levels.  
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Figure 3.6 Helios (IKZF2) is predicted to bind the promoters of CTGF and correlated genes 

Binding sites for IKZF1/IKAROS and IKZF2/HELIOS predicted in the 5’ flanking regions (-2 kb to +1) of CTGF-correlated genes by 

TFSEARCH. Numbered red boxes indicate predicted binding sites (1-12) which are annotated (bottom) with coordinates relative to the 

transcription start site of each gene, motif sequence, and indication of which factor was predicted to bind the target.  
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Figure 3.7 Expression of Ikaros family members in the PMH cohort 

Expression of Ikaros transcription factors, measured by microarray analysis of primary 

specimens in the PMH cohort. Specimens were grouped according to CTGF expression 

status (samples classed as CTGF
low/neg are denoted by the minus symbol). Expression 

indicated by probeset intensity for IKAROS probesets; A-216901_s_at, B-205038_at and 

C-205039_s_at, as well as HELIOS 220567_at, AIOLOS  221092_at, EOS  208472_at 

and PEGASUS  220086_at.  

 

3.2.2.4 IKAROS gene lesions are associated with CTGF expression 

Deletions and mutations of IKAROS are common events in high-risk pre-B ALL (Kuiper 

et al. 2010; Mullighan et al. 2008), and internal in-frame deletions can produce 

dominant-negative (DN) protein isoforms that can inhibit the function of Ikaros proteins, 

in the absence of changes in gene expression (Sun et al. 1996). The Ikaros family of 

proteins is thought to promote gene silencing through enforcing repressive chromatin 

marks at target gene loci (Koipally et al. 1999). If aberrant CTGF expression can indeed 

be attributed to a loss of function in Ikaros family genes in pre-B ALL, then those 

specimens harbouring mutations or deletion of IKAROS would be expected to exhibit 

high CTGF expression. A recent report from St Jude Children’s Research Hospital 
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examined the prognostic significance of IKAROS deletions and mutations, herein 

referred to collectively as IKAROS alterations, using a combination of SNP arrays and 

direct sequencing of B-cell developmental genes (Mullighan et al. 2009). This study was 

undertaken in a selection of high-risk patients from the COG P9906 clinical trial cohort. 

Patient specimens used for the study by Kang and colleagues were also selected from the 

COG P9906 cohort (Kang et al. 2010). Despite the selection criteria of the two studies 

being very similar, focussing on high-risk pre-B ALL, not all specimens examined for 

copy number alterations by Mullighan et al were represented in the gene expression data 

associated with the Kang cohort. However, of the 221 specimens in the Mullighan 

cohort, 198 matched with gene expression data from the Kang cohort. Pairing of this 

data allowed the exploration of the effect of IKAROS alterations upon CTGF expression 

in high-risk pre-B ALL. 

 

Of the 67 patient specimens that were identified as harbouring an IKAROS alteration by 

Mullighan et al, gene expression data from the Kang cohort was available for 59 of 

these. To examine whether IKAROS alterations were associated with aberrant CTGF 

expression, mean CTGF expression was compared between these 59 specimens and the 

remainder of specimens in the Mullighan cohort for which gene expression data was 

available. This analysis shown in Figure 3.8A demonstrated that IKAROS alterations 

were indeed associated with higher CTGF expression, with a significant difference in 

mean CTGF expression evident between these two groups (p=0.036).  

 

CTGF expression was also investigated in a more homogeneous subset of pre-B ALLs, 

which all contained a deletion in at least one critical B-cell developmental gene 

specimens (66.5 % of high-risk cases), including IKAROS, PAX5, TCF3, EBF1, 

RAG1/2, BLNK, BCL11A, HELIOS, LEF1, MEF2C, SOX4 and SPI1 (Mullighan et al. 

2009). IKAROS deletions were present in 43% of this group compared to 29% in the 

total P9906 cohort, thus it was expected that any association between IKAROS 

alterations and CTGF gene expression would be easily observed in this group. These 

specimens were stratified based upon the presence or absence of IKAROS alterations and 

examined for CTGF expression, shown in Figure 3.8B. A total of 154 specimens 
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harboured disruption of one or more of these critical B-cell developmental genes. Of 

these 154 specimens, gene expression data was available for 137 specimens, and 59 of 

these were affected by IKAROS alterations. This group of 59 specimens exhibited higher 

mean CTGF expression compared to those specimens harbouring B-cell pathway lesions 

but no IKAROS alterations and this was highly significant (p=<0.001). These findings 

support the hypothesis that IKAROS alterations are associated with aberrant CTGF 

expression in high-risk pre-B ALL.  

 

 

 

Figure 3.8 IKAROS alterations are associated with aberrant CTGF expression in 

high-risk pre-B ALL  

A. Patient specimens from the Mullighan cohort (Mullighan et al. 2009), were divided 

into two groups based on whether they had a confirmed IKAROS alteration, then 

examined for expression of CTGF. Those patients with alterations affecting IKAROS 

(n=59) displayed significantly higher CTGF expression (p=0.036) compared to the 

remainder of the cohort in which alterations of the IKAROS locus were absent. B. CTGF 

expression was examined in patient specimens harbouring disruption of at least one 

critical B-cell pathway gene, including IKAROS, PAX5, TCF3, EBF1, RAG1/2, BLNK, 

BCL11A, HELIOS, LEF1, MEF2C, SOX4 and SPI1. Of the 137 specimens harbouring 

mutation of at least one of these genes, 59 had a deletion or mutation affecting the 
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IKAROS gene, and these specimens had significantly higher CTGF expression 

(p=<0.001).  

 

3.2.3 Clinical features associated with CTGF expression 

CTGF expression reportedly has prognostic significance in pre-B ALL and has been 

associated with reduced RFS for some forms of the disease in both adults and children 

(Sala-Torra et al. 2007; Kang et al. 2010). As shown in Figure 3.9, CTGF expression in 

the PMH cohort varied considerably across specimens. This suggested that CTGF 

expression might correlate with one or more clinical features present at the time of 

diagnosis, thus acting as a biomarker for a specific group (defined by age, cytogenetic 

group, etc) at greater risk (Yoshida et al. 2009; Choi et al. 2006). Patients comprising the 

PMH cohort were diagnosed locally, enabling access to detailed patient data for this 

study. 

  

 

 

 

 

Figure 3.9 CTGF gene expression in the PMH cohort 

CTGF gene expression measured by Affymetrix human genome array U133A (probeset 

209101_at) in the paediatric pre-B ALL cohort from PMH (n=73). 
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Patient specimens obtained at the time of diagnosis (n=60) were stratified based upon 

clinical features including gender (male; n=33, female; n=27), age at diagnosis in years 

(1.5-3 yrs; n=12, 3-6 yrs; n=16, 6-10 yrs; n=22 and 10-20 yrs; n=10), percentage blasts 

in bone marrow (>95%; n=38, 90-95%; n=12 and <90%; n=10), haemoglobin levels in 

g/dL, (>10; n=12, 7.5-10; n=18, 7.5-5; n=25 and <5; n=5), lymph node status (enlarged; 

n=33, normal; n=27) and spleen status (enlarged; n=38, normal; n=22). CTGF 

expression was also compared between these 60 diagnosis specimens and 13 relapse 

specimens. The mean CTGF expression was compared between these clinically relevant 

groups as shown in Figure 3.10. Patients with enlarged lymph nodes displayed 

significantly lower CTGF expression (p=0.0349) than those that did not have lymph 

node involvement. A similar trend was observed for those patients with an enlarged 

spleen, however this did not reach significance. No other clinical features examined 

demonstrated an association with CTGF expression. 
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Figure 3.10 Comparison of CTGF expression versus clinical features present at diagnosis in the PMH cohort 

CTGF gene expression (measured by microarray) in pre-B ALL specimens (n=60) stratified by clinical features present in patients at 

the time of diagnosis, including gender (A.), age at diagnosis (B.), percentage blasts in bone marrow (C.), haemoglobin (D.), lymph 

node status (E.) and Spleen status (F.). CTGF expression was also compared between the 60 diagnosis specimens and 13 relapse 

specimens (G.). Mean CTGF expression was compared between groups using unpaired t-tests or one-way ANOVA where appropriate. 
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3.2.4 Prognostic significance of CTGF expression 

The association between CTGF expression in specimens obtained at diagnosis in the 

PMH cohort and both patient relapse and overall survival was examined to investigate 

the prognostic relevance of CTGF expression (Figure 3.11). Patient diagnostic 

specimens were stratified based upon CTGF expression into two groups, CTGF
pos and 

CTGF
low/neg, based on previously determined gene expression cut-offs (section 2.2.1.1), 

and the incidence of relapse and overall survival was examined. Three patients were 

censored from the analysis of overall survival due to incomplete survival data for the 5yr 

period. There was a trend toward lower RFS in the CTGF
pos group at 71% compared to 

83% for the CTGF
low/neg group, however this was not statistically significant (p=0.39). 

The overall 5 year survival did not differ between the CTGF
pos and CTGFl

low/neg groups. 

The trend for higher relapse lends support to previous studies indicating that CTGF has 

prognostic significance in pre-B ALL (Sala-Torra et al. 2007; Kang et al. 2010). 

 

 

 

Figure 3.11 Association between CTGF expression and patient outcome. 

Patients were stratified based upon CTGF expression (pos or low/neg) and assessed for 

both relapse-free survival (RFS) and overall survival over 5 years. 
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3.3 Discussion 

Deregulated CTGF expression in pre-B ALL has now been identified by several studies, 

however the mechanisms driving its aberrant expression remain unknown (Vorwerk et 

al. 2000; Sala-Torra et al. 2007; Boag et al. 2007). Before analysing global gene 

expression data and investigating clinical correlates in the PMH cohort, CTGF 

expression levels obtained by microarray were validated in cryopreserved pre-B ALL 

specimens by qRT-PCR. These validation experiments revealed that there was a 

significant correlation between microarray and qRT-PCR methods for detection of 

CTGF mRNA, confirming that the global gene expression data obtained by Boag and 

colleagues provided an accurate representation of CTGF gene expression in the PMH 

cohort (Boag et al. 2007).  

 

Analysis of CTGF mRNA levels by qRT-PCR revealed that those primary samples that 

were not grouped into one of the common cytogenetic groups exhibited very low, almost 

undetectable CTGF expression. These specimens had previously been classified as 

CTGF
low/neg by array, based on CTGF probeset signals that were close to or the same as 

background levels. However, the extreme sensitivity of qRT-PCR confirmed that there 

was low level CTGF expression in almost all of these primary specimens. The level of 

CTGF mRNA that was detected was so low as to be unlikely to result in translation of 

CTGF protein, however this finding nonetheless suggests that the CTGF locus was in a 

permissive transcriptional state in these pre-B ALL specimens. These data infer that 

biological changes associated with BCR-ABL1, TEL-AML1, MLL disease and 

hyperdiploidy may be important in actively promoting overexpression of CTGF, 

although the underlying factors involved remain undefined. Recurrent oncogenic 

mutations and genomic rearrangements are common in pre-B ALL (Mullighan et al. 

2007; Pui 2006), and if such genomic lesions affect the CTGF locus at 6q23.1 they may 

enhance CTGF gene expression. Extensive genome-wide analysis of genetic alterations 

in pre-B ALL have thus far failed to identify any recurrent alterations at the CTGF locus 

(Mullighan et al. 2007; Kuiper et al. 2007b), however a more focussed investigation of 

this region is warranted. 
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3.3.1 Clinical correlates of CTGF   

The vast range of CTGF expression observed in the PMH cohort prompted the 

investigation into associations between clinical features present at the time of diagnosis 

and CTGF gene expression in patient specimens. When patients were stratified based on 

clinical features there was a significant association between lymphadenopathy and lower 

CTGF mRNA expression in patient specimens (p=0.036). There was also a similar trend 

with splenomegaly, however this did not reach significance. High CTGF expression has 

been positively associated with lymph node metastasis in squamous cell carcinomas of 

the neck (Li et al. 2007), while low CTGF expression is associated with lymph node 

metastasis in colorectal cancer (Lin et al. 2005). Thus the relationship between CTGF 

expression and lymph node metastasis is controversial and is likely to depend heavily 

upon tumour type and cell of origin. Validation of the association between 

lymphadenopathy and low CTGF expression in pre-B ALL should be performed in an 

independent patient cohort, however no such patient data was available during this 

study. 

 

Details from unpublished experiments performed in the laboratory of Prof Ursula Kees 

imply a role for CTGF in enhancing adhesion of pre-B ALL cells to stromal elements. 

This finding coupled with the high incidence of bone marrow fibrosis in ALL (Kundel et 

al. 1964; Wallis & Reid 1989) and correlation between bone marrow fibrosis and high 

MRD after induction therapy (Noren-Nystrom et al. 2008), suggests that fibrotic or 

reactive stroma in the bone marrow microenvironment may represent a preferred 

sanctuary site for leukaemic blasts compared to peripheral organs. It is conceivable that 

aberrant CTGF secretion within the bone marrow space may result in the formation of 

reactive stroma, thus promoting homing of leukaemic cells to the bone marrow, rather 

than peripheral organs. Future functional studies focussing on the effect of CTGF-

induced alterations in bone marrow stroma are expected to test such hypotheses and may 

confirm a role for CTGF in attracting leukaemic cells to this microenvironment. 
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3.3.2 CTGF expression is a prognostic biomarker 

The prognostic importance of CTGF expression in pre-B ALL has been demonstrated in 

both adult and paediatric pre-B ALL, with CTGF expression correlating with low RFS 

(Sala-Torra et al. 2007; Kang et al. 2010). Analysis of the role of CTGF as a biomarker 

in the PMH cohort confirmed an association between CTGF expression and a reduced 

RFS. While the difference in RFS between CTGF
pos and CTGF

low/neg groups did not 

reach statistical significance, the present findings support those made by Kang and 

colleagues that CTGF expression can be predictive of relapse in paediatric pre-B ALL 

(Kang et al. 2010). The striking associations observed in the Kang and Sala-Torra 

studies were not observed in the PMH cohort, and this may be due to differences in 

treatment protocols, as well as differences in the molecular types represented in the 

various cohorts.  

 

While both the Kang and PMH cohorts were comprised of paediatric pre-B ALL 

patients, there were significant differences in the composition of these cohorts. The 

Kang cohort was comprised of high-risk patients as defined by age > 10yrs, WBC > 

5x104 /µl, and the absence of low-risk (Hyperdiploidy, ETV6-RUNX1) or very high-risk 

(hypodiploid, BCR-ABL1) disease (Kang et al. 2010), whereas the PMH cohort was 

comprised predominantly of standard-risk patients at a ratio of 3:1 (standard:high). 

Furthermore, the PMH cohort is comprised predominantly of younger patients with 73% 

aged between 1 and 10 years, and this age group has a favourable outcome compared to 

those over 10 years of age (Pieters & Carroll 2010). It is unsurprising therefore that the 

ability of CTGF mRNA to independently predict relapse was more limited in the PMH 

cohort, as the majority of patients in this cohort were predicted to have a favourable 

outcome based on the assessment of risk-features alone. Analysis of clinical features 

associated with CTGF expression would be useful in the Kang cohort which consists of 

a highly specific subtype of ALL, however this data was not made publically available 

(Kang et al. 2010). Analysis of such a discreet prognostic group may infer an association 

between CTGF expression and biological features and suggest a functional role for 

CTGF in pre-B ALL. 
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3.3.3 Gene expression correlates of CTGF 

In order to investigate regulation of the CTGF locus in pre-B ALL, interrogation of gene 

expression profiles correlated with that of CTGF was undertaken in the PMH cohort 

(Boag et al. 2007). Two other publically available pre-B ALL microarray cohorts were 

also included to ensure robust analysis (Ross et al. 2003; Kang et al. 2010). 

Identification of genes highly correlated with CTGF expression was expected to identify 

common transcriptional networks (Mansson et al. 2004). The five genes that 

demonstrated significant correlation with CTGF expression in all three cohorts (SOCS2, 

MEF2C, ADD3, GSN, and DPYSL2) have disparate functions, and while one of these 

genes, MEF2C encodes a transcription factor, direct involvement of MEF2C protein was 

ruled out due to the lack of predicted MEF2C binding sites in the 5’ flanking sequence 

of these CTGF-correlated genes.  

 

Analysis of the 5’ flanking sequence of CTGF and the five CTGF-correlated genes 

revealed predicted binding sites for the Ikaros family of transcription factors in all 6 

sequences. At least one HELIOS binding site was identified in the 5’ flanking regions of 

all six genes, and binding motifs for IKAROS in all but the SOCS2 flanking sequence. 

These predicted sites were in agreement with published IKAROS and HELIOS binding 

matrices (Molnar & Georgopoulos 1994). The first four members of the Ikaros family,  

IKAROS, HELIOS, AIOLOS and EOS, have similar DNA binding preferences through 

recognition of a core GGGA[A/T] pentamer motif (Molnar & Georgopoulos 1994; 

Perdomo et al. 2000). The fifth member; PEGASUS has very different requirements, 

preferring an 8pb GNNGTGNG sequence motif (Perdomo et al. 2000).  

 

3.3.4 Ikaros family of transcriptional regulators 

As discussed in Chapter 1, Ikaros proteins are sequence specific transcription factors 

required for normal haemopoiesis and lymphoid specification, that can both repress and 

potentiate gene expression through interactions with DNA and chromatin modifying 

complexes (Koipally et al. 1999; Kim et al. 1999; Cobb & Smale 2005). Ikaros proteins 

function as homodimers, but can also form heterodimers with other Ikaros family 
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members (Rebollo & Schmitt 2003). Mutations or in-frame deletions affecting the N-

terminal zinc finger DNA–binding domain can result in the synthesis of dominant 

negative (DN) isoforms that bind to canonical IKAROS (or other Ikaros family proteins) 

and inhibit the ability of the protein dimer to bind to DNA target sequences (Sun et al. 

1996). Forced expression of DN IKAROS mutants immortalises murine haemopoietic 

precursor cells (Ruiz et al. 2008) and loss of function mutations affecting Ikaros proteins 

are associated with haematological malignancies including AML, pre-B ALL and T-cell 

leukaemia (Yagi et al. 2002; Mullighan et al. 2007; Tabayashi et al. 2007).  

 

Recent reports have identified deletion of IKAROS or expression of DN isoforms as a 

powerful indicator of relapse and a poor prognosis in high-risk pre-B ALL (Kuiper et al. 

2010; Kang et al. 2010; Mullighan et al. 2008; Mullighan et al. 2009). In the present 

study, the relative expression levels of Ikaros family genes remained constant between 

CTGF
pos and CTGF

low/neg specimens in the PMH cohort, thus gross changes in 

expression of Ikaros family genes cannot account for changes in CTGF expression. 

Analysis of the Mullighan cohort of high-risk, paediatric, pre-B ALL patients 

(Mullighan et al. 2009), revealed that CTGF expression was significantly higher in those 

high-risk patients that harboured deletion or mutation of the IKAROS gene, compared to 

those with wild-type IKAROS. Furthermore, analysis of a sub-set of specimens 

harbouring genetic lesions in critical B-cell developmental genes revealed a highly 

significant association between IKAROS alterations and high CTGF expression.  

 

These data provide independent evidence to support the hypothesis that Ikaros family 

proteins are linked to aberrant CTGF gene expression. A more detailed analysis of the 

role of the Ikaros family of transcriptional regulators in the context of CTGF expression 

is warranted. Furthermore, the focus of any future study should be extended to include 

the first three members of the Ikaros family of proteins (IKAROS, AIOLOS and 

HELIOS), because of the similarities in their DNA binding preferences (Molnar & 

Georgopoulos 1994; Rebollo & Schmitt 2003), their ability to interact with and 

modulate the function of each other (Sun et al. 1996), as well as the presence of 

predicted HELIOS binding motifs in the 5’ flanking sequence of all CTGF-correlated 
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genes investigated. Such a study may uncover as-yet unidentified DN forms of other 

Ikaros family proteins that are of importance in modulating IKAROS function. 

 

3.3.6 Conclusions 

In summary, the findings reported in this chapter suggest that the CTGF locus exists in a 

transcriptionally permissive state in the majority of pre-B ALL specimens. A panel of 

five genes displayed significant correlation with CTGF expression in three independent 

patient cohorts and these five genes, as well as CTGF all contain predicted binding sites 

for the Ikaros family transcription factors IKAROS and HELIOS in their 5’ flanking 

region. IKAROS mutations are significantly associated with increased CTGF expression 

in high-risk pre-B ALL, particularly in those patients with lesions affecting B-cell 

developmental pathways. Analysis of RFS survival in the PMH cohort demonstrated a 

lower RFS in patients exhibiting high CTGF expression, confirming findings by others 

in adult and paediatric ALL (Sala-Torra et al. 2007; Kang et al. 2010).  
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Chapter 4 

Sequence and Structure of the CTGF Locus in Pre-B ALL 

Chapter 4: Sequence and Structure of the CTGF Locus in Pre-B ALL 

4.1 Introduction  

CTGF is overexpressed in a high proportion of pre-B ALL tumours (Boag et al. 2007; 

Sala-Torra et al. 2007), however the mechanisms promoting its aberrant expression are 

unclear. The answer to this question may lie in DNA mutations or genomic 

rearrangements affecting the CTGF locus. Discreet DNA mutations can alter the ability 

of nuclear factors to bind to DNA and regulate gene expression. Mutation within the 

CTGF promoter or 5’ flanking sequence could result in enhanced expression by 

disrupting sequences normally bound by repressive transcription factors such as the 

putative Ikaros family binding site identified in the previous chapter (Laurila & 

Lahdesmaki 2009; Blesa et al. 2008). Alternatively, mutation may create a new 

transcription factor binding site, as seen in the mutational activation of the survivin 

(BIRC5) promoter in some breast cancers (Boidot et al. 2010) or aberrant activation of 

superoxide dismutase 2 (SOD2) promoter in a broad range of carcinomas (Xu et al. 

2008). As well as mutations involving the 5’ flanking sequence of CTGF, disruption of 

regulatory elements in the 3’ UTR may also serve to enhance CTGF expression by 

disrupting post-transcriptional, miRNA-mediated repression. Altered patterns of gene 

expression have been attributed to changes in miRNA levels in numerous cancers 

including leukaemia (Tanaka et al. 2009; Agueli et al. 2010; Volinia et al. 2010). 

Mutation of miRNA binding sites may result in altered CTGF expression or mRNA 

stability in pre-B ALL cells.  

 

A feature of the genomic landscape of leukaemia is the existence of recurrent genomic 

rearrangements that can influence gene expression or create oncogenic fusion proteins 

(Pui 2006). Whole genome scans can now be performed on large patient cohorts using 

high resolution single nucleotide polymorphism (SNP) arrays or comparative genome 

hybridisation (CGH) to identify regions frequently affected by copy number alterations 

(CNAs) in the cancer genome. These studies have recently highlighted genetic loci that 
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are frequently deleted in paediatric pre-B ALL including PAX5, EBF and IKAROS 

(Mullighan et al. 2007; Harvey et al. 2010; Kuiper et al. 2007b). The long arm of 

chromosome 6 is frequently altered in pre-B ALL, but while the most common 

alterations are deletions, these events rarely affect the CTGF locus at 6q23.1 (Thelander 

et al. 2008; Mullighan et al. 2007). Nonetheless, the observed genomic instability of 6q 

might result in structural alterations promoting CTGF expression that may have been 

overlooked in genome wide scans. These structural alterations may exist as discreet 

CNAs or as complex translocations involving the CTGF locus. Analysis of CTGF 

expression in the PMH cohort demonstrated that CTGF expression was highest in 

leukaemic blasts containing a recurrent cytogenetic rearrangement in pre-B ALL, with 

the exception of those harbouring the TCF3-PBX1 rearrangement (Boag et al. 2007). 

This indicates that genome instability is possibly associated with transcriptional 

activation of CTGF. Therefore the structure of the CTGF locus at 6q23.1 should be 

examined to establish whether such alterations affect this region directly.    

 

A comprehensive assessment of the DNA sequence and gross genomic structure of the 

CTGF locus was undertaken to identify genomic lesions associated with CTGF 

overexpression. The specific aims of the experiments presented in this chapter were as 

follows: 1) To characterise CTGF expression in a panel of B-lineage ALL cell line 

models, 2) to examine these ALL cell lines for promoter and 3’UTR mutations that may 

contribute to CTGF overexpression, and 3) to evaluate the CTGF genomic locus for 

structural rearrangements or copy number alterations.  

 

4.2 Results 

4.2.1 Cell line models of paediatric B-lineage ALL 

Cell lines represent a valuable tool for the molecular modelling of human diseases, as 

they provide an inexhaustible supply of proteins and nucleic acids for analysis of tumour 

biology, as well as facilitating functional studies in vitro. Numerous B-lineage ALL cell 

lines have been generated from primary samples in the laboratory of Prof. Kees. These 
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cell lines were derived by serial passage of paediatric patient specimens in vitro and 

experiments have confirmed they mirror critical features of the primary patient 

specimens from which they were derived (Kees et al. 2003; Beesley et al. 2006). The 

cell lines that were chosen as a model for B-lineage ALL in this study are shown in 

Table 4.1. They include three pre-B ALL, two B-ALL and two infant-ALL cell lines 

with B-lineage features. All of the cell lines have complex karyotypes and all harbour 

genetic features known to contribute to leukaemogenesis, namely; TEL-AML1, TCF3-

PBX1 and MYC-IgH translocations as well as rearrangements involving the MLL locus 

at 11q23. The CTGF locus is located on the long arm of chromosome 6 at cytoband 

6q23.1 and there have been no alterations of this locus observed in any of these cell lines 

to date.  
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Table 4.1 Features of B-lineage ALL cell lines 

§ Subtype: Classification of ALL specimens by immunophenotype. 

‡ Specimens obtained at diagnosis (D) or relapse (R)

Cell Line Subtype 
§
 D/R

‡
 Karyotype Genetic Feature Refs 

PER-145 pre-B R 45,XY, der(3)t(3;?)(q12;?), der(4)t(4;?)(p15.2;?), 
t(5;17)(q15;p13), der(7)t(7;8)(p13–14;q13– 21), -
8,?t(9;20;9)(p13;p12;q34), der(12)t(12;?)(p13;?) 
 

TEL-AML1  (Kees 1987) 

PER-278 pre-B D 46,XY,der(9)t(1;9)(q23;p13),der(19)t(1;19)(q23;p13) 
 

TCF3-PBX1 (Kees et al. 1990) 

PER-371 pre-B D 46,XY, der(16)t(1;16)(q2?1;p13), der(19)t(1;19)(q?13;p13) 
46,X,-Y,+?der(1)t(Y;1)(q12;?q21), add(11)(q21), der(19)t(1;19) 
 

TCF3-PBX1 (Kees et al. 2003) 

PER-377 B-ALL R 46,XY, t(2;13)(p12;q34), del(7)(q11q21), ?inv(14)(q11q24), 
der(17)t(8;17)(q11;p11) 

cryptic MLL-

AF9 

(Kees et al. 1995; 
Whitman et al. 
2001) 

PER-495 B-ALL R 46,XY,t(8;14)(q24;q32) 
 

MYC-IgH (Kees et al. 2003) 

PER-485 infant-ALL R 47,XX, der(4)t(4;11)(q21;q23) add(4)(p16),_6, del(7)(p14), 
add(8)(q24.3), der(9)inv(9)(p11q12) del(9)(p24), 
der(11)t(4;11)(q21;q23) 
 

MLL rearranged (Kees et al. 2003) 

PER-490 infant-ALL D 46,XX,t(4;11)(q21;q23) 
46,XX,t(4;11),dup(1)(q12q44) 
46,XX,t(4;11),der(2)t(1;2)(q12;q37) 
 

MLL rearranged  (Kees et al. 2003) 
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4.2.2 CTGF expression in B-lineage ALL cell lines 

To gain an insight into the range of CTGF mRNA levels in these cell lines, expression 

was measured in seven B-lineage ALL cell lines and one commercial T-ALL cell line 

(JURKAT) by qRT-PCR. Those cell lines that expressed detectable levels of CTGF 

mRNA were classed as CTGF
high or CTGF

low. As shown in Figure 4.1, PER-377 

expressed CTGF mRNA at levels approximately five and a half times that of the next 

highest cell line, PER-145 and was classed as CTGF
high. PER-145, PER-278 and PER-

371 expressed CTGF at more modest levels and were classed as CTGF
low. The 

remaining cell lines; PER-485, PER-490 and PER-495, as well as the T-ALL cell line 

JURKAT, were negative for CTGF mRNA. All of these cell lines have been analysed 

previously by microarray and the CTGF expression data generated by qRT-PCR were in 

good agreement with this data. 

 

  

 
 

Figure 4.1 CTGF gene expression in ALL cell lines 

CTGF expression normalized to ACTB was measured by qRT-PCR in seven B-lineage 

ALL and one T-ALL cell line (JURKAT). Error bars represent the standard error of the 

mean of three technical replicates. 
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4.2.2.1 CTGF is secreted by PER-377 

CTGF is a secreted protein and may have important extracellular roles in signalling 

between pre-B ALL cells and the bone marrow microenvironment. B-lineage ALL cell 

lines were examined for CTGF protein synthesis by immunoblotting using two 

antibodies outlined in Figure 4.2A. These were the L20 antibody which recognised an 

epitope encompassing the C-terminal region of module 1 and the N-terminal region of 

module 2 (amino acids 150 to 200) of the CTGF protein, and the polyclonal Rabbit–A 

antibody which recognised the C-terminus of the CTGF protein between amino acids 

247 and 260 (Brigstock et al. 1997). Whole protein extracts (75µg) from the three cell 

lines that exhibited the highest CTGF mRNA levels; PER-377, PER-145 and PER-278 

were examined by immunoblotting using the L20 antibody with the T-ALL cell line 

JURKAT serving as a negative control. Recombinant human CTGF (rhCTGF), which 

was generously provided by Prof. David Brigstock, was used as a positive control. 

 

Full-length CTGF (38kDa) was detected in extracts from PER-377 as shown in Figure 

4.2B, which was classed as CTGF
high by qRT-PCR. No CTGF protein was detected in 

the CTGF
low cell lines PER-145 or PER-278. CTGF protein may be produced in these 

cells below the level of detection by immunoblotting, or alternatively the protein may be 

rapidly secreted making it difficult to detect in whole protein extracts. Efforts were 

therefore directed towards detecting secreted CTGF in cell culture supernatants. 

Conditioned cell culture medium (CM) from the CTGF
high cell line PER-377 was 

examined using the Rabbit-A antibody which was a gift from Prof. David Brigstock and 

has been used previously to detect CTGF proteins in biological fluids (Brigstock et al. 

1997). Cell were seeded in 1ml of culture medium, containing 20% fetal calf serum 

(FCS) denoted as A+20, at a density or 106 cells/ml and grown for 24 hrs, after which 

time CM was collected and pooled for analysis.  

 

Immunoblotting of 50µl of unprocessed (Raw) CM or untreated culture medium (A+20), 

is shown in lanes 1 and 2 of Figure 4.2C. These lanes appeared overloaded and there 

was excessive cross-reactivity with the Rabbit-A antibody resulting in a failure to 

adequately detect secreted CTGF. This cross-reactivity was attributed to the high levels 
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of FCS used to culture the cell lines, as FCS contains a high concentration of bovine 

immunoglobulins. To overcome this, a heparin-affinity purification method was 

developed using heparin-conjugated agarose beads. Briefly, CM harvested at 24 hrs was 

pooled to a volume of 5ml, then incubated with heparin-agarose beads for 24 hrs. After 

washing beads, the bound protein was eluted directly into 200µl of hot SDS-PAGE 

sample buffer. The CTGF protein contains a heparin binding motif in the CT domain 

and enriching supernatants by this method improved the detection of CTGF from 

conditioned medium greatly as shown in lanes 3 and 4 of Figure 4.2C.  

 

This approach was used to screen heparin-enriched CM from eight ALL cell lines using 

the L20 antibody, as immunoblots performed with this antibody were of superior quality 

compared to those using the Rabbit-A antibody. Nevertheless, when the entire panel of 

cell lines was screened for secreted CTGF (shown in Figure 4.2D), only the CTGF
high 

cell line PER-377 secreted detectable CTGF, evident as a 36-38kDa doublet which 

represented the differentially glycosylated forms of the full length protein (Ball et al. 

2003a). From these results it was clear that CTGF mRNA levels did not reflect protein 

levels in vitro. This disparity may simply be due to the high level of CTGF mRNA 

expression in PER-377 compared to the CTGF
low cell lines, however  

post-transcriptional mechanisms may also be involved in regulating CTGF protein 

synthesis in these cell lines.  
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Figure 4.2 Detection of CTGF protein by immunoblotting 

A. Structure of the CTGF protein and epitopes targeted by the L20 and Rabbit-A 

antibodies. B. Immunoblotting of 75µg of total protein performed with the L20 

antibody. 50ng of Recombinant CTGF (rCTGF) was used as a positive control. C. 

Immunoblotting of 50µl of A+20 or CM from PER-377 without heparin purification 

(Raw) or after heparin purification using the Rabbit-A antibody. D. Detection of CTGF 

protein in 50 µl of heparin-purified CM from seven B-lineage ALL and one T-ALL cell 

line or control media (A+20) using the L20 antibody.   

 

4.2.3 Analysis of CTGF 5’ flanking sequence  

Sequencing of the CTGF promoter and 5’ flanking sequence was undertaken to 

determine if promoter mutations may contribute to dysregulation of CTGF expression in 

ALL. Three cell lines were chosen as appropriate models with which to screen the 

CTGF promoter for mutations. These were the CTGF
high cell line PER-377 and the 
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CTGF
low cell lines PER-145 and PER-278. Sequencing of the CTGF promoter was 

undertaken using three separate overlapping PCR amplicons. Figure 4.3 outlines the 

CTGF promoter and 5’ flanking sequence. Validated transcription factor-binding sites 

are highlighted, as well as the predicted binding site for Ikaros family proteins identified 

in Chapter 3. Placement of primers used to amplify regions of interest and sequence 

PCR products are also shown. PCR products were gel extracted, purified and sequenced 

directly in both forward and reverse orientation and aligned to the human chromosome 6 

reference sequence. 

  

Sequencing provided complete coverage of the CTGF promoter in all three cell lines and 

high quality sequencing reads were generated in both forward and reverse orientations. 

The only observed deviation from the reference sequence was found in the PER-278 cell 

line. This cell lines was heterozygous for the rs6918698 C>G SNP at position -739 as 

shown in Figure 4.4A. The C>G transversion is thought to promote CTGF expression by 

disrupting repression by the SP3 nuclear factor (Fonseca et al. 2007). To determine if 

this polymorphism may have other functional impacts, analysis of the flanking sequence 

containing either the C or G allele was performed using the PROMO transcription factor 

binding prediction program (Farre et al. 2003; Messeguer et al. 2002) and the 

TFSEARCH program applied in Chapter 3. Putative transcription factor-binding sites 

are shown in Figure 4.4. Despite the findings by Fonseca and colleagues in relation to 

Sp3-mediated repression of CTGF expression in airway fibroblasts, neither the C nor G 

allele was predicted to facilitate transcription factor binding by PROMO and 

TRANSFAC. Nevertheless, this site has been functionally validated as a binding site for 

SP3 in airway fibroblasts (Fonseca et al. 2007). Further investigation into the incidence 

of the rs6918698 -739G genotype in CTGF positive specimens may be warranted.  
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Figure 1.3 Transcription factor binding sites at the CTGF promoter  

Primers used to generated the three sequencing amplicons (PR_1-3) from the CTGF promoter (-1009 to +70) are indicated by blue 

arrows. Validated transcription factor binding sites (green boxes) include two AP-1 sites (Yu et al. 2009), transcriptional enhancer 

dominant in chondrocytes (TRENDIC) which is bound by MMP3 (Eguchi et al. 2007; Eguchi et al. 2008), an SP3 binding site 

(Fonseca et al. 2007), a Smad binding element (SBE) (Arnott et al. 2008), basal control element (BCE-1) (Grotendorst 1997), tandem 

Ets-1 binding sites (Van Beek et al. 2006), a TATA box and an SP-1 binding site (Holmes et al. 2003). In addition, the location of the 

predicted HELIOS binding site is indicated by the red open box. TSS: transcription start site (+1).  
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Figure 4.4 Analysis of the rs6918698 C>G SNP in PER-278 

 Forward and reverse sequencing of the CTGF promoter in PER-278 found this cell line 

to be heterozygous for the 6918698 C>G SNP at position -739. B. This SNP, highlighted 

by an open red box, together with flanking sequence, was examined for transcription 

factor binding motifs using the PROMO and TFSEARCH transcription factor binding 

prediction programs. Predicted TF binding motifs are indicated by coloured boxes. None 

of the identified motifs were associated with the rs6918698 SNP. 

 

4.2.4 Sequencing of CTGF 3’ UTR 

The discrepancy between CTGF mRNA and protein levels in CTGF
low cell lines 

suggests some level of post-transcriptional regulation affecting the translational potential 

or longevity of CTGF mRNA. The CTGF 3’UTR contains several experimentally 

validated miRNA binding sites (Ohgawara et al. 2009; Duisters et al. 2009; Ernst et al. 

2010) and mutation of miRNA binding sites may result in increased expression via 

inhibition of miRNA binding or alternatively, the introduction of a new miRNA binding 

site by mutagenesis may result in translational repression or increased turnover of 

mRNA. The miRNA target prediction software TargetScan available online at 

http://www.targetscan.org/ (Friedman et al. 2009) was used to screen the CTGF 3’UTR 

for predicted miRNA binding motifs that may be of interest in addition to known 

binding sites. Figure 4.5 illustrates the known miRNA targets in the CTGF 3’ UTR that 

have been functionally validated, including those for mIR30, mIR133, mIR18a, as well 

as sites predicted by TargetScan, including binding sites for mIR26a/1297, mIR-132/212 

and mIR-19. Three PCR amplicons were generated for the 3’UTR as outlined in Figure 

4.5. Primers pairs used to generate these amplicons were as follows, amplicon 1; CD_7F 
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& CD_7R, amplicon 2; CD_8F & CD_8R, and amplicon 3; CD_9F & CD_9R. 

Sequencing of these amplicons produced high quality reads in forward and reverse 

orientation for the PER-145, PER-278 and PER-377 cell lines. Comparing these 

sequences to the chromosome 6 reference sequence did not reveal any 3’ UTR mutations 

in these cell lines. This confirmed that all known miRNA binding sites were intact in the 

CTGF 3’UTR. 

 

 

 

Figure 4.5 miRNA binding sites in the CTGF 3’ UTR 

The CTGF 3’ UTR (blue) is 1084 bases in length. Predicted miRNA binding sites are 

indicated by green circles. Functionally validated miRNAs are shown by orange squares. 

Red lines (bottom) indicate overlapping PCR amplicons used to sequence the CTGF  

3’ UTR. Coordinates are relative to the CTGF transcription start site.  

 

4.2.5 Structure of the CTGF gene locus 

Besides single-base mutations, larger scale genomic rearrangements can result in 

activation of proto-oncogenes by juxtaposing coding regions adjacent to active 

promoters or similarly by moving enhancer or promoter elements to a normally silent 

coding region (Pui 2006). Although no 6q23 rearrangements were evident by karyotype 

analysis of the B-lineage ALL cell lines (shown in Table 4.1), rearrangements such as 

gene copy number alterations or cryptic translocations affecting the CTGF gene locus 

may influence CTGF gene transcription in pre-B ALL.  
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To examine whether the CTGF locus is frequently affected by genomic rearrangements 

in ALL, the Mitelman database of chromosomal aberrations and translocations in cancer 

(Mitelman et al. 2010) was screened for alterations involving 6q23.1. The results of this 

analysis are summarised in Table 4.2. There have not been any recorded focal 

amplifications of 6q23.1 in ALL, however there has been numerous cases involving 

deletion of regions both upstream and downstream from 6q23, indicating that this region 

has a relatively high frequency of rearrangement (Mitelman et al. 2010). Furthermore, 

data from the Mitelman database suggested that trisomy of chromosome 6 is nine-fold 

higher than deletion of chromosome 6 in ALL.  

 

Table 4.2 Documented aberrations involving 6q23 in ALL 

Structural alterations involving the 6q23 locus (left panel) and gross numerical 

alterations involving chromosome 6 (right panel) in ALL. Source: Mitelman database of 

chromosomal aberrations and translocations in cancer (Mitelman et al. 2010) 

 

 
 

 

Analysis of the expression of genes proximal to the CTGF coding region was performed 

using global gene expression data from the PMH cohort described in Chapter 3, to 

determine if gene expression in this region was broadly deregulated or followed a 

similar pattern to CTGF. Six genes in total were analysed. These included genes on the 

centromeric side of the CTGF coding region at 6q23.1, namely A-Kinase anchor protein 

7 (AKAP7), mediator complex subunit 23 (MED23) and ectonucleotide 

pyrophosphatase/phosphodiesterase 1 (ENPP1), and three genes on the telomeric side of 

the CTGF locus, namely syntaxin 7 (STX7), trace amine associated receptor 5 (TAAR5) 
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and vanin3 (VNN3). When expression of these genes was compared between CTGF 

positive and low/negative samples, there was no significant difference in expression 

between the two groups, as shown in Figure 4.6. Based on these data it is unlikely that 

deregulation of the 6q23 region as a whole contributes to CTGF overexpression in pre-B 

ALL. 

 

 
 

Figure 4.6 Expression of genes neighbouring the CTGF coding region 

Expression of six genes in close proximity to the CTGF coding region at 6q23.1 

measured in the PMH cohort by microarray. Genes were selected based on their position 

relative to the CTGF coding region. AKAP7; 205771_s_at, MED23; 218846_at and 

ENPP1; 205066_s_at are located on the centromeric side of the CTGF coding region. 

while STX7; 212631_at, TAAR5; 221459_at and VNN3; 220528_at are located on the 

telomeric side of the CTGF gene.  For each gene, expression levels are shown in 

CTGF
low/neg (minus symbol, n=13) or CTGF

med/high (plus symbol, n=60) samples.  

 

4.2.5.1 Southern blotting of the CTGF locus 

There is evidence that internal deletions affecting the long arm of chromosome 6 occur 

at a relatively high frequency in pre-B ALL (Thelander et al. 2008). Genome instability 

may result in translocations that have profound effects on gene expression. To 
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investigate whether the CTGF locus is affected by genomic rearrangements, Southern 

blotting was performed on seven B-lineage ALL cell lines. The hybridisation probe and 

restriction sites used are outlined in Figure 4.7. Genomic DNA was digested with either 

Hind III or Psi I, gel fractionated and hybridised with a 4.4kb probe spanning the CTGF 

locus from -1024 to +3418 relative to the transcription start site (TSS). Digestion with 

Hind III was predicted to yield two fragments; 12.5kb and 2kb, capable of being 

hybridised by the CTGF probe, while digestion with Psi I produced two fragments; 

2.6kb and 6.5kb. These two digests provided coverage of the CTGF locus from 

nucleotide position -9660 to +6224. Figure 4.8 shows the result of Southern blotting 

performed on digested genomic DNA from seven B-lineage ALL cell lines and one 

PBMC control sample from a healthy donor (C5). Fragments of the expected size were 

observed in all cases with no extraneous bands identified. Thus, there were considered to 

be no detectable rearrangements of the CTGF locus present in these samples.  
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Figure 4.7 Localisation of hybridisation probe and restriction sites used for Southern blotting analysis of the CTGF locus 

10kb either side of the CTGF transcription start site (TSS) is shown above. Sequence flanking the CTGF coding sequence (cds) is 

shown in blue, while exons are indicated by yellow boxes. Scale bar at the bottom indicates distance in kilobases. Restriction sites for 

Hind III (top) are denoted by red arrows at -9660 (a), +2860 (b) and +4860 (c), while restriction sites for Psi I (bottom) occur at -290 

(a), -300 (b) and +6224 (c). A 4.4kb CTGF probe (grey bar at top) spanning from -1024 to +3418 hybridises digest fragments shown as 

purple bars; Hind-A (12.5kb) and Hind-B (2kb) as well as two Psi I fragments; Psi-A (2.6kb) and Psi-B (6.5kb). 
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Figure 4.8 Southern blot analysis of the CTGF locus 

Seven B-lineage ALL cell lines and PBMC gDNA from a healthy donor (C5) analysed 

by Southern blotting. Samples were digested with either Hind III (H) or Psi I (P) and 

hybridised to a cDNA probe specific for the CTGF locus (see Figure 4.7). Different 

exposures are shown for optimal resolution of large (top panel) and small fragments 

(middle panel). The top panel contains large fragments (Hind-A and Psi-B), while 

middle panel contains smaller MW fragments (Hind-B and Psi-A). Bottom panel 

contains samples re-probed for the IL2BR gene as a loading control. 
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4.2.5.2 Gene copy number analysis 

Southern blotting did not indicate any overt rearrangements of the CTGF locus, however 

there may be CNAs outside of the region detected by Southern blotting. To further 

examine CNAs, a commercial qPCR gene copy number assay (Applied Biosystems) 

(CTGF:hs00517234_cn) was used to examine 7 B-lineage ALL cell lines and 17 

primary pre-B ALL specimens (outlined in Chapter 3). The CTGF copy number assay 

was performed in a duplex reaction with the reference copy number assay targeting the 

RNase P (RPPH1) coding region at 14q11. Assays were run in duplex reactions in two 

independent experiments and data was imported into the CopyCaller software package 

(Applied Biosystems) for analysis. Samples were considered to contain a copy number 

alteration if they crossed a threshold of 3.0 indicated on the Y axis in Figure 4.9. The 

reference PBMC DNA samples A4 and A5 were isolated from healthy donors and used 

as diploid calibrator samples for these experiments. Analysis of the data using the 

CopyCaller software predicted alterations in CTGF copy number in two cell lines; PER-

377 (amplification) and PER-495 (deletion).  

 

Upon manual inspection of the raw copy number assay data, it was noted that there was 

significant variation in the cycle threshold (Ct) values obtained for the  

RNaseP control assay in cell lines, which may confound interpretation of CTGF copy 

number. Figure 4.10A shows the raw Ct values generated by both assays from the B-

lineage ALL cell lines. The CTGF assay ct values suggested that only PER-495 

contained a genuine alteration in CTGF copy number, namely a deletion of one CTGF 

allele. Data obtained from the RNaseP assay suggested that PER-377 and potentially 

PER-490 may contain less than two copies of the RNaseP locus. Furthermore, RNaseP is 

located at 14q11.2 and the cytogenetics of PER-377 indicates that this cell line harbours 

a cryptic rearrangement on chromosome 14 between q11 and q24. 
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Figure 4.9 CTGF copy number analysis 

Top; the CTGF copy number assay (hs00517234_cn) targets exon 5 within the CTGF coding region.  Bottom; results of the copy 

number assay from 2 independent experiments normalised against the reference assay for ribonuclease P RNA component H1 

(RPPH1). For each experiment, error bars represent the standard error of the mean of technical replicates (n=4). A4 and A5 gDNA was 

obtained from PBMC isolated from healthy individuals. 
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Figure 4.10 Raw gene copy number data obtained from ALL cell lines 

A. Taqman copy number assay data generated from the CTGF assay (left) and the 

reference RNaseP assay (right). Raw (non normalized) Ct values are plotted for each of 

the seven B-lineage ALL cell lines. Two biological replicates (experiments 1 and 2) 

were conducted. Error bars represent the standard error of the mean of technical 

replicates (n=4). B. The RNaseP copy number reference assay targets the coding region 

of RNaseP (RPPH1) at 14q11.2. The PARP2 gene is located on the opposite strand at 

this locus. C. PARP2 expression measured by microarray (204742_x_at, 214086_s_at) 

in seven B-lineage ALL cell lines. 

 

Gene expression at the 14q11.2 locus was examined, as loss of one allele should be 

reflected in changes in expression of affected genes. There was no Affymetrix probeset 

targeting RNaseP (RPPH1) on the U133A platform, however there is a probeset for 

PARP2, which is located in close proximity to RPPH1on the opposite genomic strand as 

shown in Figure 4.10B. The expression level of PARP2 was determined using 

microarray profiles from our B-lineage ALL cell lines and it was found that there was 
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indeed a reduced expression of the two PARP2 probesets (204752_x_at, 214086_s_at) in 

PER-377 (Figure 4.10-C), supporting the hypothesis that PER-377 harbours a deletion at 

the RPPH1/PARP2 locus. Based on this finding as well as the observed differences in Ct 

values for the RNaseP/RPPH1 copy number assay, the most likely explanation is that 

PER-377 contains two copies of CTGF and harbours a deletion of RPPH1, while PER-

495 contains a focal deletion of one copy of CTGF. All primary specimens tested were 

diploid for CTGF. 

 

4.3 Discussion 

Alterations in DNA sequences are considered to be the earliest events underpinning 

neoplastic transformation of pre-cancerous cells (Greaves 2009). Recurrent 

chromosomal translocations and genome instability are a feature of leukaemia cells, thus 

determining if overexpression of CTGF mRNA occurs in the absence of DNA 

rearrangements or mutations was considered an important step in elucidating the 

molecular mechanisms contributing to CTGF deregulation. Analysis of the CTGF locus 

was carried out in a panel of seven B-lineage ALL cell lines, which had been previously 

evaluated for CTGF expression (Kees et al. 2003; Beesley et al. 2006). Further analysis 

of CTGF expression levels in these cell lines revealed that only the CTGF
high cell line 

PER-377 synthesised CTGF protein. This suggested that post-transcriptional regulation 

may repress CTGF protein synthesis in the CTGF
low cell lines. A study into the 

prognostic significance of CTGF mRNA expression in adult ALL observed a poorer 

outcome in patients that expressed CTGF mRNA at high levels in their leukaemic blasts 

compared to those with low or intermediate level expression (Sala-Torra et al. 2007), 

thus there may be a threshold below which CTGF protein synthesis is repressed post-

transcriptionally. Stratifying patients in the PMH cohort by CTGF mRNA expression 

(high, medium or low) was not predictive of RFS or outcome (data not shown), thus 

careful immunological examination of CTGF protein expression in trephine bone 

marrow biopsies should be performed and coupled with qPCR analysis from matched 

leukaemic blasts, to determine if such a threshold exists as this may have significant 

prognostic relevance for pre-B ALL patients.  
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The 3’ UTR in exon 5 of CTGF contains several miRNA binding sites that have been 

experimentally validated, as well as a number of predicted binding sites identified in the 

present study (Duisters et al. 2009; Ohgawara et al. 2009). Sequencing this region in 

three CTGF positive cell lines confirmed that no mutations affected the 3’ UTR, thus 

full-length, canonical CTGF transcripts should be amenable to post-transcriptional 

regulation by miRNAs. Profiling of miRNA expression levels in pre-B ALL was 

considered beyond the scope of the present study, however post-transcriptional 

regulation by miRNAs may be responsible for the apparent lack of CTGF protein in 

CTGF
low cell lines. Global miRNA profiling integrated with gene expression data would 

provide some clues as to the role of miRNAs in regulating CTGF and other genes in pre-

B ALL (Lionetti et al. 2009; Volinia et al. 2010). Furthermore, inhibiting specific 

miRNAs such as those already validated as CTGF regulators, in CTGF
low cell lines may 

confirm a role for these miRNAs in CTGF expression in pre-B ALL. 

 

4.3.1 CTGF promoter mutation was not detected in pre-B ALL 

Mutation of the CTGF promoter or 5’ flanking sequence was considered a possible 

mechanism by which CTGF overexpression may be potentiated in pre-B ALL. Analysis 

of the CTGF locus confirmed that the promoter and 5’ flanking region from pos -1009 to 

+70 did not contain any DNA sequence mutations. However, the PER-278 cell line 

harboured the rs6918698 C>G SNP at -739. This polymorphism is contained within a 

binding site for the ubiquitously expressed nuclear factor SP3, and transversion from C 

to G can disrupt SP3-mediated repression of the CTGF locus (Fonseca et al. 2007). 

Functional studies conducted by Fonseca and colleagues in primary airway fibroblasts 

confirmed that SP3 can bind to this site when the -739 C nucleotide is present and 

repress basal and thrombin-induced CTGF promoter activation (Fonseca et al. 2007). 

SP3 is a dual function transcription factor that can induce or repress gene expression 

through interaction with different co-factors. SP3 can undergo post-translational 

modification by small ubiquitin-like modifier (SUMO) proteins, and these modifications 

promote repression of SP3-bound loci (Stielow et al. 2008). Furthermore, SUMO 

proteins have been shown to recruit chromatin-modifying enzymes and DNA 
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methyltransferases, resulting in compact, transcriptionally silent heterochromatin and 

increased site-specific DNA methylation, thus SP3 may act to target or maintain 

epigenetic silencing at the CTGF locus (Stielow et al. 2010).  

 

Genotyping studies have investigated the association of this SNP with CTGF 

overexpression in systemic sclerosis (SSc), as serum and dermal CTGF levels are 

elevated in patients with this disease (Sato et al. 2000; Igarashi et al. 1995). Some 

studies have identified significant associations between the rs6918698 G allele and SSc 

(Fonseca et al. 2007; Kawaguchi et al. 2009), however, other studies have not been able 

to replicate these associations in independent cohorts (Rueda et al. 2009; Gourh et al. 

2008; Granel et al. 2010). While this SNP was only identified in one of the three cell 

lines that were sequenced, it may have a higher penetrance in primary pre-B ALL 

specimens. Based on the findings by Stielow and colleagues, germline transversion of 

this SNP to the G allele may result in a failure of SP3 to target epigenetic repression of 

the CTGF locus and subsequently the CTGF locus would be permissive to improper 

transcriptional activation (Stielow et al. 2010). Previous studies investigating frequent 

genetic alterations in pre-B ALL have employed genome-wide SNP-array technology 

(Kuiper et al. 2007b; Mullighan et al. 2007), however a probe for the the rs6918698 SNP 

is not contained on Affymetrix array platforms and thus was not interrogated in these 

studies. Future experiments are justified to undertake genotyping of this SNP in a cohort 

of primary pre-B ALL specimens, and to establish if there is an association between the 

rs6918698 SNP and CTGF gene expression more broadly in ALL.   

 

4.3.2 The CTGF locus in not structurally altered in pre-B ALL 

In addition to single base DNA mutations, genomic translocation or gene amplification 

may be associated with CTGF overexpression. Genome wide scans have identified 

frequent internal deletions in the long arm of chromosome 6, however the CTGF locus 

remains largely unaffected by such alterations (Thelander et al. 2008; Mullighan et al. 

2007). This finding was confirmed by analysis of the Mitelman database of 

Chromosome Aberrations and Gene Fusions in Cancer which contains cytogenetic 
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information from 58,819 primary cancers (Mitelman et al. 2010). Analysis of 6q 

alterations in ALL revealed that areas adjacent to CTGF at 6q23.1 are frequently 

affected by deletions. This genetic instability may result in translocation or 

rearrangement of the CTGF locus, or the juxtaposition of enhancer elements from distant 

loci close to the CTGF promoter. Analysis of gene expression in the PMH cohort 

revealed that expression of genes adjacent to CTGF at 6q23 was independent of CTGF 

expression, ruling out amplification or any kind of positional effect upon 6q23 as a 

whole. Southern blotting confirmed that the CTGF locus was not rearranged in the ALL 

cell lines studied, and direct copy number analysis of the CTGF coding region by qPCR 

ruled out amplification of the CTGF coding region in seven ALL cell lines and 17 

primary pre-B ALL specimens. These findings confirmed that structural alterations of 

the CTGF locus do not contribute to CTGF overexpression in pre-B ALL. Gene copy 

number analysis indicated that the CTGF
high cell line PER-377 was diploid for CTGF.  

 

4.3.3 Conclusions 

In summary, the experiments presented in this chapter identified a disparity between 

CTGF mRNA and protein levels suggesting that post-transcriptional regulation of CTGF 

mRNA may occur in CTGF
low cell lines. This finding highlights the need to evaluate 

leukaemic blasts for CTGF protein using immunological techniques, as qRT-PCR alone 

may not be sufficient to gauge the CTGF protein status of leukaemic cells. Analysis of 

the CTGF locus in B-lineage ALL cell lines and primary patient specimens ruled out 

structural alterations in the CTGF locus as contributing to CTGF expression in pre-B 

ALL. Furthermore, the 5’ flanking sequence and 3’ UTR were wild-type, confirming 

that promoter and 3’ UTR mutation is not a mechanism by which CTGF expression is 

promoted in pre-B ALL. Finally, this study highlights the potential importance of the 

rs6918698 C>G SNP in the repression of the CTGF locus and suggests that further 

analysis of this SNP by genotyping in patient cohorts is warranted. 
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Chapter 5 

Characterisation of CTGF Transcription in B-lineage ALL 

Chapter 5: Characterisation of CTGF Transcription in B-lineage ALL 

5.1 Introduction 

Aberrant CTGF gene expression in pre-B cell ALL has been identified in a number of 

studies as previously discussed. These findings have all been made based upon the level 

of CTGF mRNA detected in leukaemic blasts by either qRT-PCR or array based 

methods (Vorwerk et al. 2000; Sala-Torra et al. 2007; Boag et al. 2007). It is unclear 

whether CTGF mRNA transcribed in leukaemic cells is only represented by the 

canonical 2.4 kb transcript or whether there may be other CTGF transcripts synthesised 

in these cells that exhibit altered coding potential. This possibility was highlighted by 

findings presented in Chapter 4 showing that CTGF protein was detectable in only one 

of four cell lines that were positive for CTGF mRNA. While there were large 

quantitative differences in CTGF mRNA levels between the CTGF
high cell line PER-377 

and the three CTGF
low cell lines PER-145, PER-278 and PER-371, the disparity in 

CTGF protein expression raises the possibility that there may be non-canonical CTGF 

transcripts synthesised in these cell lines that are either non-coding or encode CTGF 

protein isoforms that were not able to be detected by the antibodies used in this study.    

  

Alternative splicing of pre-mRNA to generate transcript variants can increase protein 

coding diversity without increasing genome size (Hallegger et al. 2010). On the other 

hand, alternative splicing can also result in the synthesis of truncated mRNA transcripts 

that may be destined for degradation by nonsense-mediated decay (Peltz et al. 1994), or 

transcripts missing important regulatory elements such as the 3’ UTR, thus modulating 

protein expression. Since original observations of alternative splicing almost 35 years 

ago, a great number of mRNA transcript variants have been recorded and it is now 

estimated that around 90% of human multi-exon genes are alternatively spliced 

(Mortazavi et al. 2008; Hallegger et al. 2010). Alternative splicing of CCN mRNAs 

including CCN1, CCN3 and CCN4 has been reported by several groups in the last 

decade (Perbal 2009). Furthermore WNT1 (CCN4) transcript variants have been 
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observed in numerous tumour types, including gastric carcinoma, chondrosarcoma and 

hepatoma (Tanaka et al. 2001; Yanagita et al. 2007; Cervello et al. 2004), while 

alternative CYR61 (CCN1) transcripts have been identified in breast cancer cell lines 

(Hirschfeld et al. 2009).  

 

Despite evidence supporting alternative splicing in other CCN family members, 

alternative CTGF transcripts documented by sequencing has not been reported. 

However, there is some evidence for their existence in the form of truncated cDNAs in 

expressed sequence tag (EST) databases and a recent study examining the exome of 

thymic tumours (Soreq et al. 2008). In this study, the authors used Affymetrix exon 

arrays to identify overexpression of CTGF in thymoma specimens. Analysis of the 

signals generated by probes targeting individual CTGF exons indicated a proportional 

increase in exon 5 and a concurrent decrease in exon 2 compared to other CTGF exons 

(Soreq et al. 2008). This is compelling evidence for the existence of alternative CTGF 

transcripts in these thymic tumours. However, this study was conducted using exon 

arrays, and no further characterisation of CTGF transcripts by sequencing was obtained.  

 

Previous characterisation of CTGF transcription was performed using either the 

Affymetrix microarray platform or qRT-PCR (Vorwerk et al. 2000; Sala-Torra et al. 

2007; Boag et al. 2007; Kang et al. 2010). These technologies target discreet regions 

within CTGF mRNA and cannot indicate the size or structure of CTGF mRNA 

transcribed in cells under test. The experiments detailed in this chapter sought to 

examine CTGF mRNA transcripts expressed in B-lineage ALL cell lines, and to 

characterise these by sequencing any novel CTGF transcripts that were identified. The 

specific aims of the experiments outlined in this chapter were as follows: 1) to evaluate 

the size and range of CTGF mRNA transcripts expressed in ALL cell lines, 2) to 

characterise any suspected CTGF mRNA variants by sequencing, 3) to characterise the 

5’ and 3’ ends of CTGF mRNA transcripts. 
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5.2 Results 

Analysis of CTGF expression in a panel of B-lineage ALL cell lines in Chapter 4 

(summarised in Table 5.1 below) demonstrated that the PER-377 cell line displayed the 

highest level of CTGF mRNA expression. This cell line was therefore chosen to 

examine CTGF mRNA transcripts by northern blotting. Three timepoints were examined 

to determine if CTGF expression was growth dependant. The PER-377 cell line was 

grown to confluency (2 x 106 cells/ml) and then split 1:1 with fresh culture medium. 

RNA was extracted at 24, 48 and 72 hrs and two independent northern blots were 

performed using two different probes designed to target distinct regions of the CTGF 

coding region (Figure 5.1A). The central probe hybridised to the 3’ half of the coding 

region, corresponding to exons 3, 4 and 5, while the 3’ probe hybridised to the exon 5 

encoded CTGF 3’ UTR in the same region as the CTGF probeset sequence (209101_at) 

on the Affymetrix human genome array U133A.  

 

Both probes hybridised to the canonical 2.4 kb CTGF transcript, as well as to three novel 

shorter transcripts of approximately 1.8, 1.6 and 1.3 kb in size (Figure 5.1B). While 

these bands were of a lower intensity, they provided evidence that there were minor 

CTGF transcripts produced in PER-377 and these warranted further investigation. A 

densitometric analysis (Figure 5.1C) indicated that expression of canonical CTGF was 

highest at 24hrs compared to the later timepoints when normalised to the ATP5G3 

control. Consequently, this timepoint was chosen to analyse the remaining pre-B ALL 

cell lines by northern blotting in order to determine whether these non-canonical 

transcripts were also produced in other ALL cell lines. 
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Table 5.1 CTGF mRNA expression in B-lineage ALL cell lines 

Expression levels are based upon qRT-PCR values reported in Chapter 4. 

 

 B-lineage ALL 

cell line 

CTGF mRNA 

expression 

 PER-377 CTGFhigh 

 PER-145  

 PER-278 CTGFlow 

 PER-371  

 PER-485  

 PER-490 CTGFneg 

 PER-495  

 

 

 

 

 

 

 

 

 



 

 120 

 
 

Figure 5.1 Expression of CTGF mRNA transcripts in the PER-377 cell line 

A. Schematic representation of CTGF gene structure and probes used for northern blot analysis. Central and 3’ probes (red bars) 

hybridise exons 3 to 5 or the 3’ UTR. The 3’ probe matches the Affymetrix CTGF probeset 209101_at target sequence (blue bar). B. 

Northern blots showing PER-377 RNA extracted at timepoints 24, 48 and 72 hrs. Blots were hybridised with either the central (left) or 

3’ probe (right). Canonical CTGF mRNA (2.4 kb) is indicated by the blue arrow. Red arrowheads indicate novel transcripts that were 

hybridised by both probes. A probe specific for ATP53G was used as a loading control. C. Relative abundance of canonical CTGF 

transcript at each timepoint calculated by densitometry using the signal for ATP53G.  
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5.2.1 Northern analysis of CTGF mRNA in ALL cell lines 

While CTGF expression was much higher in PER-377 compared to the remaining cell 

lines utilised in this study, all cell lines were examined by northern blot to determine if 

the minor CTGF transcripts were expressed more generally in B-lineage ALL. 

Characterisation of CTGF mRNA was therefore performed on the B-lineage ALL cell 

lines described in Chapter 4, as well as the T-ALL cell line JURKAT which was 

employed as a negative control. Two independent northern blots utilising the two 

different CTGF probes were performed, as shown in Figure 5.2. The CTGF
neg PER-485 

cell line was not available for analysis due to persistent RNA degradation occurring in 

three independent extractions. In agreement with the qRT-PCR data presented in 

Chapter 4, PER-377 displayed exceptionally high levels of CTGF mRNA compared to 

the other cell lines. For this reason, PER-377 is not shown in Figure 5.2A, due to high 

signal intensity with the central probe, but is shown hybridised by the 3’ probe in Figure 

5.2B.  

 

Full-length CTGF was detectable in B-lineage ALL cell lines PER-145, PER-278 and 

PER-371 but not in PER-490, PER-495 or the T-ALL cell line JURKAT. These findings 

were in good agreement with the previous qRT-PCR experiments. Again, the central 

probe hybridised to 2.4 kb CTGF mRNA, as well as a shorter transcript of 

approximately 1.6 kb in PER-145, PER-278 and PER-371. The minor 1.3 kb transcript 

was also present in these cells lines, but at very low levels. When samples were 

examined with the 3’ probe, the shorter transcripts observed in Figure 5.1, were evident 

only in the PER-377 cell line. This may be for technical reasons as the signal intensity of 

the 3’ probe hybridised to the canonical transcript was less intense compared to the 

central probe in two independent experiments. Nonetheless, this experiment confirmed 

that the remaining CTGF
pos cell lines produce alternative CTGF transcripts and the 

features of these transcripts remained to be elucidated.  
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Figure 5.2 Characterisation of CTGF mRNA transcripts in ALL cell lines 

A. Northern blot of ALL cell lines using the central probe. PER-377 was excluded from this figure due to high signal intensity. B. 

Northern blot of ALL cell lines using the 3’ probe. For both blots, the canonical 2.4kb transcript is indicated by the blue arrow. Novel 

transcripts are indicated by red arrowheads. The T-ALL cell line JURKAT was included as a negative control. A probe designed to 

hybridise ATP53G mRNA was used as a loading control.  
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5.2.2 Amplification and sequencing of novel CTGF transcripts 

Novel CTGF mRNA transcripts were identified by northern blotting in cell lines that 

were previously shown to be positive for CTGF expression by qRT-PCR. To examine 

whether these CTGF variants were produced by alternative splicing, a nested reverse-

transcriptase PCR (RT-PCR) strategy was employed to enable their amplification and 

sequencing. OligodT primed cDNA was generated from DNaseI-treated, total cellular 

RNA extracts isolated from PER-377 cells in log phase growth, as they displayed the 

highest level of CTGF expression and were shown to contain these novel CTGF 

transcripts. CTGF cDNA was amplified from exon 1 to exon 5 and these PCR products 

were gel extracted, TA cloned and sequenced. Primer placement relative to the CTGF 

gene is shown in Figure 5.3A. 

 

Somewhat surprisingly, amplification of a product corresponding to the canonical 

mRNA with these primers (1023 bp) was not observed. Instead, two shorter products of 

approximately 330 bp and 250 bp were amplified (Figure 5.3B). These PCR products 

were cloned and sequenced, revealing that only the larger PCR product was amplified 

from CTGF cDNA. This 331 bp product was amplified from a novel CTGF transcript 

generated by alternative splicing. Sequencing confirmed that this transcript was missing 

exons 2 and 3, and contained truncated forms of exons 1 and 4. Splicing of truncated 

exon 1 to exon 4 occurred 73 bases before the start of the CTGF coding region at 

position +207. Splicing from exon 4 to 5 adhered to canonical exon junctions. This 

novel cDNA was designated as Variant 1.  
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Figure 5.3 Structure of CTGF Variant 1 

A. Schematic representation of the CTGF gene structure and location targeted by the CD_1F and CD_5R PCR primers. B. 

Amplification products generated from PER-377 cDNA using the CD_1F and CD_5R primers. The top product of 331bp indicated by 

a red asterisk was demonstrated to be a novel CTGF transcript (designated Variant 1) by sequencing. C. Sequencing the 331bp clone 

revealed skipping of exons 2 and 3 (shown in red) as well as truncation of exons 1 and 4. 
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Further extension of this PCR strategy was undertaken to capture other alternative 

splicing events affecting CTGF mRNA in PER-377 cells. A more sensitive semi-nested 

PCR approach was conducted by incorporating a primary round of amplification using a 

reverse primer within the 3’ UTR of the CTGF transcript (CD_7R) shown in Figure 

5.4A. This primary PCR was followed by a secondary, semi-nested PCR reaction using 

the CD_1F to CD_5R primer combination from the previous experiment. The results of 

this approach shown in Figure 5.4B, yielded a further two fragments of around 380bp 

and 400bp in addition to the previously identified Variant 1 (331bp). These larger PCR 

products were gel extracted and cloned, and sequencing these clones revealed that they 

too were CTGF transcript variants arising from alternative splicing events in addition to 

Variant 1. 

 

These two new variants were found to be 366 bp (Variant 2) and 415 bp (Variant 3) 

respectively. Variant 2 exhibited splicing from a truncated exon 1, 35 bp downstream 

from the alternative splice site used in Variant 1. This shorter exon 1 was spliced to the 

same alternative acceptor splice site in exon 4 that was used to generate Variant 1, and 

splicing of exon 4 to exon 5 adhered to canonical exon junctions. The largest of these 

transcripts, Variant 3 was missing 170 bp of the 3’ end of exon 1, and in contrast to 

Variants 1 and 2, this truncated exon 1 was spliced to a shortened form of exon 3. As 

with the other two variants, downstream splicing adhered to canonical exon junctions for 

this transcript. In all cases (Variants 1, 2 and 3) splicing of the alternative exon 1 donor 

splice site occurred prior to start of the canonical CTGF reading frame at position 207 of 

exon 1, thus the CTGF reading frame is 5’ truncated in these alternative transcripts. 
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Figure 5.4 Structure of CTGF Variants 2 and 3 

A. Schematic representation of CTGF gene structure and binding sites for the CD_1F, CD_5R and CD_7R PCR primers. B. Second 

round semi-nested amplification from PER-377 cDNA using CD_1F, CD_5R primers. Plasmid DNA containing the previously 

detected Variant 1 clone was used as a positive control in the secondary PCR. The top two bands denoted by a red asterisk were 

demonstrated to be CTGF transcript variants by sequencing. C. Schematic representation of alternative splicing of Variant 2 and 

Variant 3 CTGF cDNA.  
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5.2.2.1 Structural analysis of novel CTGF transcript variants 

The structure of the three novel CTGF transcript variants outside of the region amplified 

by PCR was not known. However, if these three variant cDNAs retained the canonical 

transcriptional start and polyadenylation sites then their respective sizes would be; 1.67 

kb (Variant 1), 1.7 kb (Variant 2) and 1.75 kb (Variant 3), thus any one, or all of these 

transcripts could represent the upper, non-canonical CTGF bands of approximately 1.6 

kb and 1.8 kb detected in the northern blots shown in Figures 5.1 and 5.2. Splicing of all 

three of the variant transcripts occurred 5’ of the canonical start codon. However, in 

silico analysis predicted that these transcripts retain the 3’ of the canonical CTGF 

reading frame at position 102 of exon 4 (Met215).  Figure 5.5 outlines the sequenced 

regions of Variants 1 to 3 and the position of Met215 is shown in exon 4. There is a 

partial match with a Kozac consensus sequence (De Angioletti et al. 2004) 

(gccrccAUGG) adjacent to Met215, as there is at the canonical CTGF start codon, thus 

the Met215 codon may still serve as a valid site for translation initiation. 

  

If translated, these three transcripts could all encode a truncated CTGF protein 

containing half of the TSP1 domain and all of the CT domain. Immunoblotting 

experiments performed in the previous chapter with the C-terminal Rabbit-A antibody 

only detected the full length CTGF protein (38kDa) in enriched supernatants from PER-

377, thus these transcripts do not appear to be translated into protein. However, this may 

be accounted for by technical reasons as the level of this protein isoform may be below 

the assay detection limit. Alternatively, the predicted shorter CTGF protein may not 

expose the epitope targeted by the Rabbit-A antibody.  
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Figure 5.5 CTGF transcript variants may retain protein coding potential 

A. CTGF gene structure with forward and reverse primers used to amplify Variants 1 to 

3 indicated by blue arrows. A start codon (ATG) is encoded at position 207 of exon 1. 

Met215 encoded at position 102 of exon 4 is contained within all three variant cDNAs. 

B. CTGF amino acid sequence. Functional domains are colour coded: IGFBP domain 

(red), VWC domain (blue), TSP1 domain (purple) and the CT domain (green). 

Translation initiation at Met215 (highlighted by the red box) can encode a 134 amino 

acid protein (underlined) corresponding to the C-terminal one-third of the CTGF protein.  
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5.2.3 Amplification of CTGF transcripts by RACE 

RT-PCR amplification between exons 1 and 5 of CTGF from PER-377 RNA identified 

three novel cDNA fragments that were confirmed as CTGF splice variants by 

sequencing. It is possible that additional alternative transcripts are present in PER-377 

other than those detected by the PCR approach. For this reason, 5’ and 3’ RACE (rapid 

amplification of cDNA ends) was performed in an attempt to detect the full repertoire of 

CTGF mRNA species and also to characterise the 5’ and 3’ ends of these variant 

transcripts. For both 5’ and 3’ RACE, two gene specific primers (GSPs) were used in 

nested RACE PCR reactions as outlined in Figure 5.6A. OligodT-primed first strand 

cDNA was generated from DNaseI-treated total RNA from PER-377 cells and served as 

a template for RACE PCR. Both 5’ and 3’ RACE PCR amplification from PER-377 

cDNA yielded multiple RACE PCR products (Figure 5.6B). In the case of 5’ RACE, the 

full length canonical transcript (1064bp) was not amplified in either primary or 

secondary PCRs, however several smaller products between ~700 bp and 200 bp were 

amplified. When 3’ RACE was performed, there was strong amplification of a product at 

the expected size of the canonical CTGF transcript (2.4 kb) together with products at 

approximately 2.8 kb and 1 kb and less abundant products at 500 bp and 200 bp.  
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Figure 5.6 Amplification of CTGF variants by 5’ and 3’ RACE. 

A. Location of gene specific primers (GSPs) used for RACE amplification. CD_1F and CD_1F_nested were used as GSPs for 3’ 

RACE, while CD_7R and CD_5R were used as GSPs for 5’ RACE. B. Amplification of PER-377 cDNA by 5’ RACE and 3’ RACE 

primary (1°) and secondary (2°) PCRs. Reverse transcriptase negative (-RT) controls from 1° PCR reactions were used as templates 

for 2° PCR (-RT) controls. No template controls (NTCs) were used for both reactions. 
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 5.2.3.1 Isolation of RACE products by band-stab PCR 

The distribution of RACE products shown in Figure 5.6B indicated that isolation of 

individual products would be difficult. In the case of 3’ RACE, there was a clear 

amplification bias for the more abundant canonical transcript, which would result in an 

overrepresentation of this transcript if shotgun cloning was used to clone unselected 

RACE PCR products. In the case of 5’ RACE, there were a large number of bands that 

did not resolve satisfactorily, even on high percentage agarose gels. For this reason, 5’ 

and 3’ RACE products of interest were isolated by using a band-stab PCR strategy 

(Bjourson & Cooper 1992). The band-stab PCR allowed the selective isolation of 

individual RACE products that would otherwise have been difficult to independently 

obtain as shown in Figure 5.7. For the 5’ RACE PCR (Figure 5.7A), six bands were 

identified as independent PCR products and were targeted for re-amplification by band-

stab PCR, using the GSP primer CD_5R and the secondary 5’ RACE primer. For the 3’ 

RACE PCR (Figure 5.7B), five bands were similarly selected and then re-amplified 

using the CD_1F_nested primer and the nested 3’ RACE primer.  

 

When 5’ RACE products were re-amplified by band-stab PCR, the resulting products 

displayed the same size as those bands used as the template or target band in band-stab 

reactions (Figure 5.7A, lane 4, bands 1 to 6). Separation of these PCR products provided 

superior resolution compared to RACE PCR alone, facilitating the independent isolation 

of target bands by gel extraction. Separation of band-stab PCR products from 3’ RACE 

revealed there was amplification of a product in lane 1 and 2 that corresponded to the 

size of the canonical CTGF transcript. Lane 3 contained a dominant product of 

approximately 1.5 kb, while lanes 4 and 5 contained dominant products of 600 and 250 

bp respectively. 
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Figure 5.7 Re-amplification of individual CTGF RACE products by band-stab 

PCR  

(A) 5’ RACE products generated from PER-377 cDNA. Individual target bands 1 to 6 

(red dots; left panel) from the nested secondary RACE PCR were re-amplified by band-

stab PCR using the CD_5R GSP and the nested 5’ RACE primer (right panel). (B) 3’ 

RACE product generated from PER-377 cDNA. Individual target bands 1 to 5 (red dots; 

left panel) were re-amplified by band-stab PCR using the CD_1F_nested GSP and the 

nested 3’ RACE primer (right panel). 

 

5.2.3.2 Validation of a CTGF probe for Southern blot hybridisation 

Before extracting and cloning RACE band-stab cDNAs, Southern hybridisation was 

used to verify that these products contained genuine CTGF sequences. Only those bands 
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hybridised by a radio-labelled CTGF specific probe were isolated for further analysis. 

The CTGF probe was generated by amplifying from exon 1 to 5 from a cloned, full 

length CTGF cDNA, using the CD_1F and CD_5R primers. The specificity of the CTGF 

probe was examined by hybridisation to unselected primary and secondary CTGF 5’ 

RACE PCR products which displayed multiple bands by gel electrophoresis. As shown 

in Figure 5.8B, the CTGF probe strongly hybridised cDNA from the secondary RACE 

PCR only, indicating that the probe was highly specific for CTGF and was therefore 

suitable for probing band-stab PCR products. 

 

 

 

Figure 5.8 Southern blotting of 5’ RACE PCR products 

A. Primary (1°) and secondary (2°) PCR products from PER-377 5’ RACE, separated by 

agarose gel electrophoresis and stained with ethidium bromide. B. Southern 

hybridisation of these samples, probed using a radio-labelled (32P) CTGF probe. 

 

5.2.3.3 Characterisation of 5’ RACE products 

Southern hybridisation of 5’ RACE band-stab PCR products was performed with the 

CTGF probe to identify genuine CTGF RACE PCR products. As shown in Figure 5.9A, 

individual bands that were clearly hybridised by the CTGF probe (marked by red boxes) 

were deemed to be genuine CTGF RACE PCR products and were isolated and cloned. 
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Lane 2 in Figure 5.9A contains two prominent bands between 600 and 700 bp in size. 

The upper band was similar is size to the predominant product in lane 1 while the lower 

band did not appear to specifically hybridise the CTGF probe and as such, lane 2 

products were not included in further analysis. A total of seven bands were isolated and 

cloned and in the case of lanes 3 and 6, two individual bands were isolated from each 

lane. Three independent clones from each transformation were isolated and sequenced. 

Sequencing of these twenty one 5’ RACE clones revealed a total of eleven distinct 

CTGF transcripts, as shown in Figure 5.9B. Overall, there was a high degree of 

heterogeneity observed in the 5’ end of 5’ RACE clones and this heterogeneity suggests 

that there are likely to be additional CTGF transcripts present that were not fully 

characterised in these experiments. Of note, splicing of downstream intron/exon 

junctions were in agreement with canonical mRNA exon boundaries. Those 5’ ends 

within exonic regions are colour coded in red, while transcripts displaying 5’ ends 

localised within introns were similarly colour coded, however these were grouped 

according to their intron of origin, yellow for intron 2, blue for intron 3, and green for 

intron 4.  

 

Sequencing these RACE products revealed that clones 5_1:c1-c3 were between 688 and 

706 bp in size and exhibited 5’ ends ranging from 89 to 108 bp upstream from the exon 

3 boundary. Clones 5_3A:c1-c3 were isolated from the upper band in lane 3 of Figure 

5.9A. All three clones were identical in size (476 bp) and structure, exhibiting a 5’ end 

contained within intron 3, 129 bp upstream from the canonical exon 4 boundary and 

only 3bp downstream from the canonical exon 3 donor splice site. The 5_3B:c1-c3 

clones derived from isolates of the lower band in lane 3 of Figure 5.9A were also 

identical in size and structure. These cDNAs were 222 bp in length and exhibited a 5’ 

start site 89 bp upstream from the canonical end of exon 4.  

 

Clones derived from lane 4 in Figure 5.9A were similar in size but differed in their 5’ 

ends and structure. Clones 1 and 2 (5_4:c1,c2) both exhibited 5’ ends originating within 

exon 3, just before the canonical exon 3 donor site boundary, while the 5’ end of clone 3 

(5_4:c3) originated from within intron 3, 48 bp upstream from the canonical exon 4 
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acceptor site. The three 5_5:c1-c3 clones were 326 bp in size and exhibited a 5’ end 

originating within intron 4, 191 bp upstream from the 5’ end of exon 5. The upper 

isolate from lane 6 in Figure 5.9A (55_6A) was 197 bp in length and contained 62 bp of 

the 3’ end of exon 4 spliced to exon 5. All three clones were identical. Clones derived 

from 5_6B were also identical and contained 36 bp of exon 4 spliced to exon 5. None of 

these 5’ RACE clones contained any part of exons 1 or 2 in their 5’ end. This may be for 

technical reasons since, as stated previously, the canonical CTGF cDNA could not be 

obtained by 5’ RACE and exons 1 and 2 have a high GC content. Similarly, the cDNA 

variants detected by RT-PCR in the previous section were not detected by 5’ RACE. 
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Figure 5.9 Characterisation of PER-377 CTGF 5’ RACE products 

A. Band-stab isolated RACE products separated by agarose gel electrophoresis (AGE) 

and then examined by Southern blotting with a radio-labelled (32P) CTGF probe. Red 

boxes indicate bands that were isolated, cloned and sequenced. Where two or more 

isolates were obtained from a single lane, isolates are labelled by adding A or B to name. 

B. Schematic representation of 5’ RACE clones aligned with the CTGF gene. Reverse 

primer CD_5R is shown in blue. Clone name is followed by identifier for sequenced 

clone (c1, 2 or 3), and the size of clones is shown in bp. The cDNA start site is indicated 

on the right of each RACE clone. Vertical broken lines in transcripts represent canonical 

exon junctions. Clones with 5’ ends originating within canonical CTGF exons have their 

first exon coloured in pink, while those displaying 5’ ends within intronic regions have 

the intronic portion of their 5’ end colour coded as yellow for intron 2, blue for intron 3 

and green for intron 4.   
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5.2.3.4 Characterisation of 3’ RACE products 

Southern hybridisation of 3’ RACE PCR products re-amplified by band-stab PCR 

(Figure 5.10A) was performed as previously described for 5’ RACE PCR products. 

Hybridisation with the CTGF specific probe revealed that lane 1 did not contain any 

CTGF positive products that were unique compared with other lanes and as such, this 

lane was excluded from further analysis. A single band was extracted from each of the 

remaining 4 band-stab PCR reactions (lanes 2 to 5) as indicated by the red boxes in 

Figure 5.10A. Sequencing of the cloned isolates was performed with the primers 

CD_4F, CD_5F, CD_6R and CD_7R which anneal within exonic regions of the CTGF 

gene as indicated in Figure 5.10A. The 3’ end of cloned band-stab isolates were 

sequenced using vector specific primers (M13 forward and reverse). 

 

Sequencing of the 2.3 kb clones derived from lane 2 in Figure 5.10A (3_2:c1-c3) 

revealed that this 3’ RACE PCR product was amplified from the full length, canonical 

CTGF transcript. This is in contrast to 5’ RACE which did not yield products amplified 

from the canonical CTGF transcript. Analysis of 3_3:c1-c3 clones revealed that this 

isolate was amplified from a novel CTGF transcript that exhibited premature 

polyadenylation within exon 5. This transcript contained 384 bp of exon 5 and 

harboured an alternative polyadenylation site located 87 bp downstream from the 

canonical translation termination codon. Thus, this transcript retained CTGF coding 

potential, but was devoid of established regulatory elements contained within the 3’ 

UTR (Ohgawara et al. 2009; Duisters et al. 2009; Ernst et al. 2010; Kubota et al. 2005). 

If transcribed from the canonical transcription start site, this mRNA variant would be 

1.36 kb in length, thus this transcript may represent the lower band detected by northern 

blotting of B-lineage ALL cell lines, see Figures 5.1 and 5.2. This mRNA variant may 

represent a long-lived transcript with increased translational potential due to the lack of 

the 3’ regulatory elements. Thus, while this minor transcript was only present at low 

concentrations, it may nevertheless have biological importance.    
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Sequencing of 3_4:c1-c3 demonstrated that these isolates were cloned from a PCR 

artefact generated through reverse priming by the CD_1F nested primer, and not a 

genuine RACE product. Reverse priming occurred despite low specificity between 

primer and target, with only five bases of complementarity wholly localised to the 3’ end 

of the primer. Sequencing of the final RACE PCR isolate (3_5:c1-c3) revealed a novel 

RACE product that contained 121bp of CTGF exon 1, followed by a 46 bp of unknown 

sequence and a putative polyadenylation signal (shown in more detail in Figure 5.11A). 

Using the BLAST sequence alignment tool, this unknown sequence was used to query 

the human RNA_refseq database for a potential sequence match. Only one mRNA 

transcript; leucine rich repeat containing 58 (LRRC58) mRNA, matched the sequence 

query with 100 percent identity, shown in Figure 5.11B. Furthermore, when the 3_5 

clone sequences were aligned with the LRRC58 genomic sequence (Figure 5.11C), it 

was apparent that the LRRC58 genomic sequence contained a run of adenines similar to 

those seen in the sequenced RACE clone indicating that this segment of the sequenced 

clones may not represent the 3’ polyadenylation site of the original mRNA, thus the full 

length mRNA transcript may have been considerably longer.   
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Figure 5.10 Characterisation of PER-377 CTGF 3’ RACE products 

A. Band-stab isolated RACE products were separated by agarose gel electrophoresis (AGE) and then examined by Southern blotting 

with a radio-labelled (32P) CTGF probe. Red boxes indicate bands that were isolated, cloned and sequenced. B. Schematic 

representation of 3’ RACE clones aligned with the CTGF gene. Clone ID and size are indicated on the left. Forward GSPs for RACE 

PCR shown in blue. Primers used for internal sequencing of clones shown in red. M13 forward and reverse vector primers were used 

to sequence insert ends. 
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Figure 5.11 Sequence analysis of 3’ RACE clone, 3_5 

A. Partial sequence of the 3’ RACE clone 3_5 aligned against the CTGF genomic reference sequence. Position +175 (red arrowhead) 

relative to the canonical transcription start site, marks the end of homology between the CTGF gene and the 3_5 clone sequence. 

Unknown sequence is indicated by the blue box. The 3’ nested RACE primer is indicated by the red box. B. Output from BLAST 

alignment of the unknown sequence against the human refseq_RNA database using the blastn algorithm. The sequence matched the 

LRRC58 gene with 100% identity. C. Partial sequence of the 3’ RACE clone 3_5 aligned against the LRRC58 genomic reference 

sequence. Homologous region indicated by blue box. Genomic position relative to the LRRC58 canonical transcription start site 

indicated by red arrowheads (+22025 to +22090). 
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These observations suggested that there may be a translocation or insertion event 

involving the LRRC58 and CTGF gene loci. This seemed unlikely given the results 

reported Chapter 4 that ruled out rearrangement of the CTGF locus in PER-377, 

however to test this possibility two reverse primers targeting the LRRC58 locus 

immediately upstream from the run of adenines in Figure 5.11C were used in 

conjunction with the CD_1F and CD_1F_nested PCR primers. It was hypothesised that 

if the 3_5 RACE clone arose from a fusion between these two genomic loci these 

primers would facilitate amplification of the fusion gene. Amplification with these 

primer combinations using PER-377 genomic DNA did not yield any products, ruling 

out the existence of such a fusion in this cell line. Therefore this fusion transcript most 

likely arose as a result of aberrant trans-splicing between two disparate pre-mRNA 

transcripts and is unlikely to represent a genuine coding transcript (Houseley & 

Tollervey 2009; Li et al. 2009b). 
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Figure 5.12 Summary of novel CTGF transcripts detected in pre-B ALL cells (Figure legend over page)  
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Figure 5.12 Summary of novel CTGF transcripts detected in pre-B ALL cells 

A. Schematic representation of canonical CTGF mRNA aligned with the CTGF gene. 

Forward and reverse primers used in RACE experiments are shown in blue. The Met 

215 codon which may serve as a secondary translation start site, is shown in exon 4. The 

Central and 3’ northern blot probes (red bars) are aligned to the CTGF mRNA transcript. 

Post-transcriptional regulatory elements contained with the CTGF 3’ UTR are shown in 

green.  B. Novel CTGF transcripts detected by RT-PCR (Variants 1 to 3) are shown 

together with the 3’ truncated RACE transcript lacking most of the 3’ UTR. For each of 

these transcripts, the mRNA size is shown. *Predicted assuming canonical TSS and/or 

polyadenylation sites were present outside of sequenced regions. The predicted protein 

coding potential of transcripts is also shown ‡In silico predictions of protein coding 

potential assumed the presence of an intact exon 5 including canonical stop codon. C. 

Representation of 5’ RACE clones identified in this study that exhibited non-canonical 

5’ ends. Vertical broken lines represent canonical exon boundaries. Transcripts are 

grouped by the location of their 5’ ends, either intron2, intron 3, intron 4 or those 

transcripts that originated within exonic regions. For each of the four groups, alternative 

transcription start sites (alt. TSS) are shown by numbered green arrows (i to vi) and 

annotated on the right, with expected mRNA size* and predicted protein coding 

potential
‡
.  

 

 5.3 Discussion 

The disparity between in vitro CTGF mRNA and protein levels documented in Chapter 

4 prompted a more detailed analysis of CTGF mRNA to confirm that those CTGF 

transcripts detected by qRT-PCR and microarray methods represented the canonical 2.4 

kb message. The present findings demonstrate that the canonical CTGF mRNA was 

indeed the major form of CTGF transcribed in B-lineage ALL cell lines. Furthermore, 

canonical CTGF transcripts were readily detectable in the CTGF
low cell lines PER-145, 

PER-278 and PER-371 by northern blotting. This confirmed that these CTGF
low cell 

lines generate CTGF mRNA, despite lacking detectable levels of CTGF protein, as 

documented in Chapter 4.  
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In addition to canonical CTGF mRNA, northern blotting revealed the presence of 

shorter, much less abundant CTGF transcripts produced in CTGF positive cell lines. 

Sequencing of these mRNA variants (isolated from the CTGF
high cell line PER-377), 

confirmed that these minor CTGF transcripts, estimated to be present at less than 10% of 

the total pool of CTGF mRNA, were produced by alternative pre-mRNA splicing. This 

is the first evidence of alternative splicing of CTGF mRNA in any cell type and supports 

further investigation into alternative CTGF splicing in other cancers and normal tissues. 

A number of alternative splicing events were observed in sequenced cDNA fragments 

and RACE PCR products generated from the PER-377 cell line. These non-canonical 

transcripts summarised in Figure 5.12, exhibited exon skipping, alternative 5’ (donor) 

and 3’ (acceptor) splice site usage, alternative or premature polyadenylation and 

alternative transcription start sites.   

 

5.3.1 Aberrant CTGF transcription  

Targeted RT-PCR amplification of CTGF cDNA from exon 1 to 5 revealed the presence 

of three novel transcripts (Figure 5.12B). These transcripts exhibited internal deletions 

of exons 2 and 3, alternative exon 1 donor spice sites, and alternative exon 3 and 4 

acceptor splice sites. In silico analysis of these alternatively spliced transcripts indicated 

that they have the potential to encode a shorter, N-terminal truncated CTGF protein of 

approximately 15kDa. This protein would lack N-terminal domains including the signal 

peptide which may impair secretion of this truncated CTGF protein. Several smaller 

MW CTGF proteins ranging in size from 10 kDa up to 20 kDa have been detected in 

human cells and biological fluids (Steffen et al. 1998; Yang et al. 1998), however their 

existence has uniformly been attributed to post translational proteolysis of the full length 

CTGF protein. This notion may need to be reconsidered given the current findings, 

particularly if alternative splicing of CTGF is demonstrated in other cell types. The 

ability of these truncated CTGF cDNAs to encode biologically active proteins should be 

examined in vitro. If such protein isoforms are confirmed, functional characterisation 

will be required to establish their biological function and sub-cellular localisation.  
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In addition to alternative splicing events identified by RT-PCR, analysis of CTGF 

transcripts by 3’ RACE uncovered a novel 1.3 kb CTGF variant with an early 

polyadenylation signal 87 bp after the end of the CTGF coding region (Figure 5.12B). 

This transcript contained an intact coding region, but did not contain the canonical 3’ 

UTR and thus was devoid of important regulatory elements that have been shown to 

contribute to the post-transcriptional regulation of CTGF expression in other cell types. 

These include target sites for miRNAs, including miR18a, miR30, miR130 and the miR-

17-92 cluster (Ohgawara et al. 2009; Duisters et al. 2009; Ernst et al. 2010). While these 

miRNA target sites were missing from this 1.3 kb transcript, the CAESAR element 

described by Kubota and colleagues remained intact (Kubota et al. 2005). If this 

transcript was initiated at the canonical TSS, which is likely given the proximity of the 

gene specific forward primer CD_1F to the annotated CTGF TSS (Figure 5.12A), then 

the predicted size of this transcript would be 1.362 kb. This is the approximate size of 

one of the non-canonical transcripts identified by northern blots and points to the likely 

abundance of this transcript in CTGF positive B-lineage ALL cell lines, albeit at a minor 

frequency. Increased early polyadenylation of mRNA transcripts is a general feature of 

cancer cells and has been shown to enhance the protein coding potential of transcripts 

when compared to canonical mRNA by up to ten-fold (Mayr & Bartel 2009). 

Recombinant expression of this cDNA may reveal a higher translational affinity 

compared to canonical CTGF owing to differences in the 3’UTR. Thus, this 1.3 kb 

CTGF transcript represents an important candidate for further investigation and efforts 

should be made to determine its biological distribution in ALL cells and other tissues.  

 

Analysis of CTGF mRNA conducted by 5’ RACE detected a range of cDNAs with 

different 5’ ends ranging from internal regions of intron 2 to intron 4, summarised in 

Figure 5.12C. These non-canonical 5’ ends may represent alternative TSSs, suggesting 

possible promoter activity within the CTGF coding region. Analysis of 5’ RACE clones 

indicated that there were six regions that served as alternative TSSs (shown as green 

arrows in Figure 5.12C), one in intron 2, two in intron 3 one in intron 4 and on each in 

the 3’ end of exons 3 and 4. As with the CTGF cDNA fragments identified by RT-PCR, 
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some of these novel transcripts are predicted to encode shorter CTGF protein isoforms if 

translation is initiated at Met 215 and the coding portion of exon 5 remains intact. A 

limitation of the present study is that 5’ RACE clones were amplified using a GSP 

upstream from the canonical stop codon (CD_5R), and thus the downstream 

composition and coding potential of the 5’ RACE clones is not certain.  

 

A recent report suggests that the vast majority or protein coding genes are affected by 

alternative TSS usage, however the causes behind this phenomenon remain unclear 

(Denoeud et al. 2007). Alternative TSS selection has not been reported to affect human 

CTGF transcription, however a recent report by Huang and colleagues demonstrated that 

the murine CTGF 5’ UTR can induce reporter gene activation through promoter-like 

sequence elements (Huang et al. 2007). While the 5’ end of the human CTGF gene has 

not been investigated for promoter-like activity, the present findings suggest that such a 

study may be warranted as this may account for the alternative TSSs observed in the 

present study.  

 

5.3.2 Post transcriptional regulation of CTGF mRNA 

In assessing biological specimens, and in particular large patient cohorts for expression 

of a gene or genes of interest, microarray technology has paved the way for large-scale, 

high-throughput analysis. However, despite the importance of gene expression data, 

recent studies have suggested that mRNA levels are only a weak surrogate for the 

expression of proteins they encode (Tian et al. 2004; Nie et al. 2006), capturing only 

around 40% of global changes in protein expression levels. In agreement with this 

notion, CTGF mRNA was not a direct predictor of whether ALL cells actively 

synthesise CTGF protein. This may have been for technical reasons, because while low 

mRNA levels can be detected by RT-PCR and northern blot, correspondingly low 

protein levels may be below the detection limit of immunoblotting. However, another 

distinct possibility is that post-transcriptional regulation impacts upon the active 

synthesis of CTGF protein in these CTGF
low cell lines. Post-transcriptional regulation of 

gene expression has emerged as of key importance in recent years (Volinia et al. 2010; 
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Ruan et al. 2009), and there is significant evidence that miRNAs can modulate CTGF 

protein expression (Ohgawara et al. 2009; Duisters et al. 2009; Ernst et al. 2010). 

Investigation of miRNA levels in ALL was considered beyond the scope of the present 

study. However, analysis of the levels and activity of CTGF associated miRNAs may 

reveal an association between their activity and CTGF protein levels in pre-B ALL and 

such a study should be considered in the future.   

 

The importance of being able to accurately classify the CTGF protein status of ALL 

cells is highlighted by a 2007 study conducted by Sala-Torra and colleagues (Sala-Torra 

et al. 2007). Analysis of adult ALL specimens revealed that a poor outcome was 

associated with high CTGF expression. Of particular note in light of the current findings 

however, is that when patients were grouped into low, intermediate or high CTGF 

mRNA expression groups, the 5 year overall survival of patients was 58, 42 and 11% 

respectively (Sala-Torra et al. 2007). These data indicate that patients with high levels of 

CTGF mRNA exhibited markedly poorer survival compared to those with low or 

intermediate levels of CTGF mRNA. The average survival rate for adults diagnosed with 

ALL is around 40% (Rowe et al. 2005; Annino et al. 2002), thus the group with high 

CTGF mRNA had a significantly poorer outcome.  

 

The Sala-Torra report, coupled with the findings made in the present study suggest that 

there may be a stochastic mRNA tipping point that must be achieved before CTGF 

protein synthesis can occur. It is feasible that as the level of CTGF mRNA increases, the 

ability of post-transcriptional regulatory elements to hold CTGF protein synthesis in 

check is curtailed. No analysis of CTGF protein expression in pre-B ALL patient 

specimens has been reported to date and it is clear that such a study is now warranted to 

correlate CTGF mRNA with protein levels and furthermore to ascertain if stratifying 

patients based upon CTGF protein expression holds more robust prognostic significance 

compared to mRNA levels alone.  
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5.3.3 Conclusions 

The experiments reported in this chapter confirmed that while the major form (>90%) of 

CTGF mRNA expressed in B-lineage ALL cell lines was canonical, there was also a 

range of alternative CTGF transcripts produced in these cell lines including one 

transcript missing 3’ regulatory elements. Furthermore, the observation that CTGF
low 

cell lines transcribe canonical CTGF suggests that post-transcriptional regulation may be 

limiting CTGF protein synthesis in these cell lines. These findings are the first sequence-

level evidence of alternative splicing of CTGF mRNA and should prompt future 

research aimed at elucidating the full extent of alternative splicing affecting CTGF 

expression in both healthy and diseased tissues.  
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Chapter 6 

Epigenetic Mechanisms Influencing CTGF Expression  

in Pre-B ALL 

Chapter 6: Epigenetic Mechanisms Influencing CTGF Expression in Pre-B ALL 

6.1 Introduction 

Epigenetic changes are now accepted as a hallmark of many cancers, including those of 

hematopoietic origins (Bonifer & Bowen 2010; Martin-Subero et al. 2009). Cytosine 

methylation represents a reversible, epigenetic change that occurs predominantly at CpG 

dinucleotides in the mammalian genome, and was first suggested to play a role in gene 

expression and differentiation in the mid 1970’s (Holliday & Pugh 1975; Riggs 1975). 

The notion that methylation of cytosine residues can result in altered gene expression 

without changing the underlying DNA sequence is now widely accepted, but still poorly 

understood (Watanabe & Maekawa 2010). This is evidenced by the recent discovery of 

5’hydroxy-methylcytosine (OH-m5C) which is indistinguishable from 5’methylcytosine 

(m5C) by traditional bisulfite conversion-based analysis and is postulated to have 

functions distinct from that of m5C (Kriaucionis & Heintz 2009; Nestor et al. 2010). As 

well as covalent modifications to DNA, post-translational modification of histones, the 

fundamental building blocks of the nucleosome, can alter their interaction with DNA 

and other nuclear proteins, impacting significantly upon the transcriptional potential of 

surrounding DNA. A large number of histone modifications with the ability to alter gene 

expression have been characterised including acetylation, methylation, phosphorylation, 

ubiquitylation, sumoylation, ADP ribosylation, deimination and proline isomerisation 

(Kouzarides 2007). Together, DNA methylation and histone modifications represent an 

epigenetic code with enormous biological importance.  

 

Genomic hypomethylation was the initial epigenetic abnormality identified in human 

cancers almost 30 years ago (Feinberg & Vogelstein 1983a; Gama-Sosa et al. 1983). 

These seminal reports identified a significant decrease in the overall m5C content in 

primary cancer cells compared to healthy cells isolated from adjacent tissue. 

Furthermore, this reduction in m5C was progressive and further enriched in metastases 
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compared with the original tumours, suggesting that increased hypomethylation was 

associated with a more aggressive or metastatic phenotype (Feinberg & Vogelstein 

1983a; Gama-Sosa et al. 1983). A raft of subsequent studies have demonstrated genomic 

hypomethylation in numerous cancer types, including prostate, bladder, cervical, and 

brain, as well as chronic lymphoblastic leukaemia (Brothman et al. 2005; Seifert et al. 

2007; de Capoa et al. 2003; Cadieux et al. 2006; Wahlfors et al. 1992). A global 

reduction in DNA methylation is likely to significantly impact upon gene expression 

within cancer cells by promoting transcriptional activation of regions that are normally 

silent. 

 

Aberrant chromatin changes are frequently observed in MLL-rearranged leukaemia and 

contribute to leukaemogenesis through epigenetic activation of HOXA and MEIS1 genes, 

which promote uncontrolled self-renewal (Guenther et al. 2008; Somervaille & Cleary 

2010). The role of DNA methylation in leukaemogenesis is less clear, however it is 

generally accepted that DNA methylation can inhibit binding by trans-factors to DNA 

and can also recruit protein complexes that remodel chromatin and promote gene 

inactivation (Feng & Zhang 2001). Thus, an increase in DNA methylation at gene 

promoters is generally associated with inactivation of gene transcription and may 

contribute to leukaemogenesis by silencing of tumour suppressor loci (Vucic et al. 2008; 

Bernstein et al. 2007).  

 

Studies reporting hypermethylation of classical tumour suppressor genes (TSG) have 

dominated the scientific literature (Zhang et al. 2007; Sidhu et al. 2005; Ebinger et al. 

2004; Honorio et al. 2003), however almost all cases of TSG silencing through focal 

hypermethylation is accompanied by a general hypomethylation of the cancer genome, 

and these changes can result in activation of proto-oncogenes (Ehrlich 2009). Feinberg 

and colleagues provided the first evidence of this when they identified hypomethylation 

of HRAS and KRAS in lung and colonic adenocarcinomas compared to normal tissue 

(Feinberg & Vogelstein 1983b). Activation of proto-oncogenes associated with a 

reduction in DNA methylation in gene regulatory bodies has now been recorded in 

numerous cancer types, including prostate, liver, chronic lymphocytic leukaemia and 
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carcinoma (Wang et al. 2007; Tsujiuchi et al. 1999; Hanada et al. 1993; Smith et al. 

2009). 

 

Experiments reported in the previous chapters did not identify mutations or genetic 

changes that could account for the aberrant CTGF expression in pre-B ALL. Therefore, 

it may be possible that changes in CTGF gene expression arise due to altered CpG 

methylation at the CTGF locus. As discussed in Chapter 1, there is some evidence for 

the involvement of epigenetic phenomena in the regulation of CTGF. An inverse 

correlation between DNA methylation at the CTGF locus and CTGF gene expression 

has been demonstrated in ovarian and liver cancers (Kikuchi et al. 2007; Chiba et al. 

2005). Furthermore, a recent study investigating the methylome in a large panel (n=367) 

of haematological neoplasms, identified hypomethylation at the CTGF locus, in 42 pre-

B ALL specimens and hypermethylation of this locus in 18 T-ALLs, as well as 54 

diffuse large B-cell lymphomas (DLBCL) (Martin-Subero et al. 2009). This is 

compelling evidence for the involvement of epigenetic phenomena in deregulation of the 

CTGF locus, however the high throughput array used in this study only targeted a small 

number of CpGs (1505 individual CpG sites in 807 genes), and only 2 CpGs were 

interrogated at the CTGF locus. The first CpG designated as P693, was located within 

the AP-1 binding site of the CTGF promoter at position -638, and was de-methylated in 

pre-B ALL specimens. The second site designated as E156 was located within exon 1 at 

position +212 and was methylated in T-ALL and DLBCL specimens (Martin-Subero et 

al. 2009). The authors of this study did not investigate whether CTGF gene expression 

correlated with the differential methylation of these CpG residues. Collectively, these 

studies point to a significant role for epigenetic regulation of CTGF expression. Thus, 

further more detailed investigation into the epigenetic state of the CTGF locus in 

leukaemia is warranted. 

 

A comprehensive assessment of the methylation status of the CTGF locus was 

performed in cell lines and primary specimens to examine if aberrant CpG methylation 

may contribute to deregulation of the CTGF locus in pre-B ALL. The specific aims of 

the experiments presented in this chapter were as follows: 1) to investigate whether the 
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methylation status of the CTGF locus correlated with CTGF mRNA levels in cell lines, 

2) to investigate if such a correlation existed in primary patient specimens, 3) and finally 

to examine whether modulating the global epigenetic state of cells in vitro could 

influence CTGF gene expression. 

 

6.2 Results 

6.2.1 Identification of a CpG island at the human CTGF genomic locus 

To evaluate the distribution of CpG dinucleotides at the CTGF locus, the promoter and 

coding region from -800 to +3200 (relative to the TSS) was scrutinized using the “CpG 

island Searcher” program http://www.uscnorris.com/cpgislands2/cpg.aspx (Takai & 

Jones 2003). This program can detect an overrepresentation of CpG dinucleotides 

(CpGs) in DNA sequences defined by the user. The analysis identified a CpG island of 

approximately 1400 bp spanning the CTGF proximal promoter and extending to within 

exon 3 (Figure 6.1). Closer inspection revealed that the region containing the highest 

density of CpGs spanned position -91 to +883, comprising 111 individual CpG residues 

beginning around 100bp upstream from the canonical TSS and ending at the 5’ end of 

exon 3. The identified CTGF CpG island is shown in more detail in Figure 6.2.  
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Figure 6.1 CpG dinucleotide distribution within the CTGF locus 

CTGF genomic DNA sequence from -800 to +3200 was examined for distribution of 

CpG dinucleotides using the online tool “CpG Island Searcher”(Takai & Jones 2003). 

Nucleotide positions are indicated relative to the transcription start site (TSS). Red 

vertical lines denote identified CpGs. The blue bar indicates the extent of a CpG island 

within the CTGF locus. 
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Figure 6.2 Nucleotide sequence of the CTGF CpG island 

The CTGF CpG island extends from position -91 to +883 of the CTGF genomic locus. 

Blue bars denote exons 1 to 3. CpGs are shown in red and are numbered based upon 

position relative to the TSS. 

 

6.2.2 Methylation correlates with CTGF expression in ALL cell lines 

To determine if there was a correlation between CpG methylation and CTGF gene 

expression, methylation-specific PCR (msPCR) was performed on bisulfite-treated DNA 

from eight ALL cell lines, whose CTGF status had been established previously by qRT-

PCR (see Chapter 4). This panel of cell lines included seven B-lineage ALL cell lines, 

four of which were positive for CTGF mRNA, as well as the T-ALL cell line (JURKAT) 

that was used as a negative control due to the absence of CTGF expression in T-ALLs 

(Boag et al. 2007). The primers used in the msPCR assays were originally described by 
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Chiba and colleagues to investigate the methylation status of the CTGF locus in 

hepatoma specimens (Chiba et al. 2005). Figure 6.3A outlines the design of the msPCR 

reactions. DNA was treated with bisulfite which converts cytosines to uracil via a 

deamination reaction. Methyl-cytosines were protected from conversion and site-specific 

primers allowed discrimination between methylated (protected) or unmethylated 

(converted) DNA using the methylated-site PCR (MSP) and unmethylated-site PCR 

(USP) primer pairs. These two primer pairs annealed to and allowed amplification from 

CpGs 5 to 8 at the forward priming site and 27 to 29 at the reverse priming site as 

outlined in Figure 6.3A. based upon their methylation status, generating a 159 bp PCR 

product.  

 

The expression level of CTGF mRNA in the ALL cell lines is shown in Figure 6.3B. All 

four of the CTGF positive cell lines PER-145, PER-278, PER-371 and PER-377, were 

unmethylated according to the msPCR, as evidenced by a positive amplification with the 

USP primer pair only, shown in Figure 6.3C. In contrast, the cell lines that did not 

express CTGF, PER-485, PER-490, PER-495 and JURKAT, were amplified by the MSP 

primer pair indicating they were methylated at the MSP priming sites.  
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Figure 6.3 Methylation-specific PCR analysis of ALL cell lines 

A. CTGF reference sequence (ref seq) is shown with nucleotide position relative to the 

canonical TSS. Unmethylated cytosines are converted to uracil by bisulfite, shown as 

blue residues in bisulfite-treated sequence. The msPCR priming sites cover CpGs 5 to 8 

(numbered in red) at the forward priming site and CpGs 27 to 29 at the reverse priming 

site. Specific priming by MSP or USP PCR primers (green) infers the methylation status 

of DNA prior to bisulfite conversion. B. CTGF expression in a panel of seven B-lineage 

ALL and one T-ALL cell line, measured by qRT-PCR and normalized to ACTB. Error 

bars indicate the standard error of the mean of technical replicates (n=3). C. Cell lines 

examined by msPCR grouped by CTGF mRNA status (positive or negative). For each of 

the two assays the respective bisulfite-treated positive control was included, as well as a 

non-template control (NTC). For the USP primers, the BAC clone RP11-69I8 which 

contains the CTGF locus was used while for the MSP primers, the RP11-69I8 BAC was 

methylated using the SSI methyltransferase prior to bisulfite-treatment. 
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6.2.3 Bisulfite sequencing of B-lineage ALL cell lines 

While the msPCR experiments suggested an association between CpG methylation and 

reduced CTGF expression, a drawback of msPCR is that it restricts examination of the 

DNA methylation status to only those CpGs targeted by the msPCR primers. Therefore, 

to gain an understanding of DNA methylation across the entire CTGF CpG island, 

bisulfite sequencing was performed on five of the B-lineage ALL cell lines, three 

CTGF
pos (PER-145, PER-278, PER-377) and two CTGF

neg (PER-485, PER-495). The 

CpG island was examined as three overlapping amplicons as reported previously 

(Kikuchi et al. 2007). Amplicon 1 contained nucleotides -113 to +44, Amplicon 2 

contained +25 to +566 and Amplicon 3 contained +547 to +916 (numbering relative to 

TSS). These PCR amplicons were generated from bisulfite-treated genomic DNA, then 

gel extracted, cloned and sequenced. For each amplicon, eight clones were sequenced in 

order to gain a representative snapshot of CpG methylation. The results of bisulfite 

sequencing are shown in Figure 6.4. Consistent with the results of the msPCR, the 

CTGF CpG island was found to be hypomethylated in those cell lines that aberrantly 

expressed CTGF mRNA. The cell line with the highest CTGF expression, PER-377, was 

virtually devoid of CpG methylation at the CTGF locus. There was some residual 

methylation at the 3’ end of the CpG island in the lower CTGF-expressing cell lines 

PER-145 and PER-278, with PER-278 showing more pronounced methylation at CpG 

number 98. In contrast to these findings, the two CTGF-negative cell lines PER-485 and 

PER-495, displayed a high degree of CpG methylation across the CTGF locus. This was 

more pronounced in PER-495, which has only one copy of CTGF (see Chapter 4), where 

the locus was completely methylated. 
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Figure 6.4 Methylation status determined by bisulfite sequencing of the CTGF 

locus correlates with CTGF expression in B-lineage ALL cell lines 

(Figure legend over page) 
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Figure 6.4 Methylation status determined by bisulfite sequencing of the CTGF 

locus correlates with CTGF expression in B-lineage ALL cell lines 

The five cell lines examined by bisulfite sequencing were PER-377 (CTGF
high), PER-

145 (CTGF
low), PER-278 (CTGF

low), PER-485 (CTGF
neg) and PER-495 (CTGF

neg).  For 

each diagram, cell line name is indicated in the top left. Clone numbers 1 to 8 run from 

top to bottom for each amplicon. The three bisulfite sequencing PCR amplicons are 

shown as one block from left to right encompassing CpGs -10 to +1, +2 to +78 and +79 

to +101 respectively. Methylated CpGs are represented by shaded boxes. The incidence 

of methylation at each CpG residue is represented in the histogram at the base of each 

diagram.  

 

 

6.2.4 Hypomethylation of the CTGF locus in primary pre-B ALL 

Two independent techniques (msPCR and bisulfite sequencing) demonstrated a 

correlation between the degree of CpG methylation and expression of CTGF in a panel 

of B-lineage ALL cell lines. To determine if this relationship also existed in primary 

patient specimens, a panel of pre-B leukaemic bone marrow samples was selected for 

methylation analysis. Eight samples were analysed using the same msPCR approach that 

was used to screen the B-lineage ALL cell lines. Of these eight primary samples,  

qRT-PCR analysis of CTGF expression  revealed that five exhibited low to negative 

CTGF mRNA expression (CTGF
low/neg), while three were positive for CTGF mRNA at 

varying levels, collectively referred to herein as CTGF
high (Figure 6.5A). Despite the 

heterogeneous levels of CTGF expression, all of the primary specimens were amplified 

by the USP assay only, and thus were classed as unmethylated (Figure 6.5B). 
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Figure 6.5 msPCR analysis of primary pre-B ALL specimens 

A. CTGF expression in a panel of primary paediatric pre-B-ALL specimens measured 

by qRT-PCR and normalized to ACTB. Error bars indicate the standard error of the mean 

of technical replicates (n=3). B. Analysis of the methylation status of primary specimens 

by msPCR. For each of the two assays the respective bisulfite-treated positive control 

was included, as well as a non-template control (NTC). For the USP primers, the BAC 

clone RP11-69I8 which contains the CTGF locus was used while for the MSP primers, 

the RP11-69I8 BAC was methylated using the SSI methyltransferase prior to bisulfite-

treatment. 

 

6.2.5 Bisulfite sequencing of primary pre-B ALL specimens 

The msPCR assay indicated that all eight primary B-ALL specimens tested were 

unmethylated at the msPCR priming sites, regardless of CTGF expression status. 

However, the methylation status of the rest of the CpG island was unclear. Bisulfite 

sequencing was therefore undertaken using a larger panel of 14 primary specimens 

exhibiting varying levels of CTGF expression according to microarray data obtained 

previously (Boag et al. 2007). CTGF mRNA levels were validated using qRT-PCR 

(shown in Figure 6.6). Six of the samples displayed high levels of CTGF mRNA 

(CTGF
high). The remaining eight samples were classed as CTGF

low/neg, as seven samples 

displayed extremely low levels of CTGF mRNA and one sample, BSDN63 was 

completely negative for CTGF mRNA after 40 cycles of amplification. Bisulfite 

sequencing data for the CTGF
high specimens is shown in below in Figure 6.7 while the 

CTGF
low/neg samples are shown in Figure 6.8.  
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Figure 6.6 CTGF mRNA expression in primary pre-B ALL specimens used for 

bisulfite sequencing 

CTGF expression was measured in primary pre-B ALL specimens by qRT-PCR 

normalized to ACTB. Error bars represent the standard error of the mean of technical 

replicates (n=3). Samples were classed as either CTGF
high or CTGF

low/neg. 

 

Bisulfite sequencing revealed that all of the CTGF
high specimens were hypomethylated 

across the CTGF CpG island. However, in contrast to the inverse correlation observed in 

cell lines between CpG methylation and CTGF expression, this correlation was not 

found in primary specimens, as none of the CTGF
low/neg primary specimens displayed 

significant levels of DNA methylation across the CTGF locus. One exception was 

BHDN7 which displayed methylation of CpGs 15 to 19, 21 to 26, 31 to 33 and 36 to 44 

in two clones, suggesting mono-allelic methylation of these CpG residues. There was 

some sporadic methylated CpGs in BHDR31 which was methylated at the 3’ end of 

Amplicon 3 and BHRR92 was methylated at CpG 24, however no single CpG residue 

was consistently methylated amongst replicates, indicating that CpG methylation was 

unlikely to contribute to silencing of CTGF expression in these specimens. These results 

indicate that hypomethylation of the CTGF locus is a common feature of primary pre-B 

ALL specimens, irrespective of CTGF expression status. 
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Figure 6.7 Bisulfite sequencing of CTGF

high
 primary pre-B ALL specimens 

 (Figure legend over page). 
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Figure 6.7 Bisulfite sequencing of CTGF
high

 primary pre-B ALL specimens 

(Continued from previous page) 

For each diagram, specimen name is indicated in the top left. Clone numbers 1 to 8 run 

from top to bottom for each amplicon. The three bisulfite sequencing PCR amplicons are 

shown as one block from left to right encompassing CpGs -10 to +1, +2 to +78 and +79 

to +101 respectively. Methylated CpGs are represented by shaded boxes. The incidence 

of methylation at each CpG residue is represented in the histogram at the base of each 

diagram 
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Figure 6.8 Bisulfite sequencing of CTGF
low/neg

 primary pre-B ALL specimens  

(Figure and legend continued over page). 
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Figure 6.8 Bisulfite sequencing of CTGF
low/neg

 primary pre-B ALL specimens  

(Continued from previous page) 

For each diagram, specimen name is indicated in the top left. Clone numbers 1 to 8 run 

from top to bottom for each amplicon. The three bisulfite sequencing PCR amplicons are 

shown as one block from left to right encompassing CpGs -10 to +1, +2 to +78 and +79 

to +101 respectively. Methylated CpGs are represented by shaded boxes. The incidence 

of methylation at each CpG residue is represented in the histogram at the base of each 

diagram 

 

6.2.6 Bisulfite sequencing of primary T-ALL and CD34
pos

 specimens 

Microarray experiments had previously revealed that CTGF was not expressed in T-

ALL specimens, nor CD34pos cells enriched from normal bone marrow (Boag et al. 

2007; Boag et al. 2006). Analysis of T-ALL specimens by qRT-PCR did not detect 

CTGF mRNA (data not shown), and RNA was not available from CD34pos cells. To 

examine the methylation status of the CTGF locus in these two cell types, DNA from 

two T-ALL primary bone marrow specimens (THDN2 and THDN6) and the CD34pos 

cells isolated by Boag and colleagues (Boag et al. 2007), were analysed by bisulfite 

sequencing of the CTGF locus. Figure 6.9 shows the results of bisulfite sequencing of 

these primary specimens. Both of the T-ALL specimens displayed extensive methylation 

in Amplicons 1 and 3, while the middle amplicon was not consistently methylated, but 



 

 166 

did show focal mono-allelic methylation in both cases. Bisulfite sequencing of THDN2, 

showed that Amplicon 2 was sporadically methylated at different regions on each allele. 

In THDN6, Amplicon 2 was hypermethylated on one allele, while the other exhibited 

methylation of a single CpG dinucleotide (CpG 33). Similar to the primary pre-B ALL 

specimens, CD34-positive bone marrow cells were hypomethylated across all three 

bisulfite sequencing amplicons. 

 

 

 

 
 

Figure 6.9 Bisulfite sequencing of primary T-ALL specimens and normal CD34 

positive bone marrow cells 

For each diagram, specimen name is indicated in the top left. Clone numbers 1 to 8 run 

from top to bottom for each amplicon. The three bisulfite sequencing PCR amplicons are 

shown as one block from left to right encompassing CpGs -10 to +1, +2 to +78 and +79 

to +101 respectively. Methylated CpGs are represented by shaded boxes. The incidence 

of methylation at each CpG residue is represented in the histogram at the base of each 

diagram. 
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6.2.7 Modulation of the global epigenetic state of B-lineage ALL cell lines 

Expression of CTGF in B-lineage ALL cell lines was highly correlated with the 

epigenetic status of the CTGF locus. Thus, altering the global epigenetic state of ALL 

cell lines in vitro might be expected to lead to changes in CTGF gene expression. To test 

this hypothesis, five B-lineage ALL cell lines were treated with the DNA demethylating 

agent 5-aza-2’-deoxycytidine (Aza) and the histone deacetylase (HDAC) inhibitor 

Trichostatin-A (TSA). The three CTGF
neg cell lines used for this experiment were PER-

485, PER-490 and PER-495. In all three cases, treatment with Aza or TSA was highly 

cytotoxic compared with medium controls and this persisted for two biological replicates 

(data not shown). Two of these cell lines, PER-490 and PER-485 were derived from 

infant ALL specimens exhibiting t(4;11) MLL rearrangements which are known to 

exhibit a marked sensitivity to HDAC inhibitors and Aza (Tonelli et al. 2006; Niitsu et 

al. 2001). For this reason, these cell lines were not examined further. Therefore two 

CTGF
pos cell lines were examined for their response to Aza and TSA, namely PER-145 

and PER-377. These two cells lines were shown to be hypomethylated at the CTGF 

locus by bisulfite sequencing, see Figure 6.4. 

 

In the B-ALL cell line PER-377, Aza alone resulted in a modest but not statistically 

significant increase in CTGF expression (Figure 6.10). Treatment with TSA alone also 

had little effect on CTGF expression. However, co-treatment with both agents resulted 

in a marked and significant increase in CTGF expression compared to untreated cells.  In 

the pre-B ALL cell line PER-145, treatment with either agent alone and in combination 

resulted in a significant increase in CTGF expression compared to medium only controls 

confirming that both DNA methylation and histone acetylation can influence CTGF 

expression in this cell line.  
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Figure 6.10 The effect of Aza and TSA on CTGF expression in B-lineage ALL cell 

lines PER-377 and PER-145  

Cells were treated with 5µM 5’aza-2’-deoxycytidine (Aza), 330nM Trichostatin-A 

(TSA), a combination of both Aza and TSA or culture medium only (UT). Changes in 

CTGF gene expression were measured by qRT-PCR normalized to ACTB. Error bars 

represent the standard error of the mean of three independent experiments. * p<0.05, ** 

p<0.005. 

 

6.3 Discussion 

Investigation of the human genomic CTGF locus revealed the presence of a CpG island 

of approximately 1 kb that was predominantly localised to the 5’ end of the CTGF gene 

and coding region. This study showed for the first time that methylation across this 

region was inversely correlated with CTGF gene expression in B-lineage ALL cell lines, 

thus indicating that this locus can be regulated epigenetically and that hypomethylation, 

rather than mutation, provides a plausible mechanism for its deregulated expression in 

pre-B ALL. This finding extended other studies that made use of cell lines derived from 

hepatocellular carcinoma and ovarian cancers (Chiba et al. 2005; Kikuchi et al. 2007). 

Several studies have demonstrated that the methylation patterns observed in cancer cell 

lines closely resemble those observed in the primary tumours from which they were 

derived (Ueki et al. 2002; Markl et al. 2001; Lind et al. 2004). Furthermore, studies from 

this laboratory have shown that cell line models can serve as excellent surrogates for 
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primary tumours (Beesley et al. 2006; Kees et al. 2003). However, novel findings 

should, where possible, be validated in primary tumour specimens.  

 

6.3.1 The CTGF locus is hypomethylated in primary pre-B ALL  

Bisulfite sequencing of primary patient specimens provided a detailed map of CpG 

methylation of the CTGF locus in paediatric pre-B ALL specimens and confirmed that 

hypomethylation of the CTGF coding region is a general feature of this disease, 

regardless of the level of CTGF expression, which directly contrasted with observations 

made in the B-lineage ALL cell lines. When selecting primary bone marrow specimens 

for bisulfite sequencing analysis, specimens exhibiting a range of CTGF expression 

levels were selected using microarray data obtained in previous studies (Boag et al. 

2006; Boag et al. 2007). When these primary specimens were re-examined for CTGF 

expression using qRT-PCR, 6 out of 14 pre-B ALL specimens displayed high levels of 

CTGF mRNA, while seven of the remaining eight CTGF
low/neg specimens exhibited 

extremely low CTGF mRNA levels that were unlikely to result in synthesis of 

biologically relevant levels of CTGF protein. In contrast, when the two T-ALL primary 

specimens and CTGF
neg B-lineage ALL cell lines, PER-485, PER-490 and PER-495 

were examined by qRT-PCR, CTGF mRNA was completely undetectable after 40 

cycles of amplification, and this corresponded to hypermethylation at the CTGF locus. 

RNA was not available from the CD34pos specimen for this study, however they were 

considered negative for CTGF mRNA based on microarray data (Boag et al. 2007). 

These findings suggest a model where hypomethylation of the CTGF locus leaves this 

region susceptible to promiscuous transcriptional activation in primary pre-B ALL, 

while hypermethylation of the CTGF locus in T-ALL and CTGF
neg cell lines renders this 

region transcriptionally silent.  

 

This observation is supported by previous findings that identified decreased methylation 

at the CTGF locus in pre-B ALL specimens compared to T-ALL and DLBCL (Martin-

Subero et al. 2009). The assertion that the CTGF locus is, by contrast, hypermethylated 

in T-ALL is also supported by Martin-Subero and colleagues, although analysis of a 
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greater number of patient specimens is required to confirm this definitively. With the 

exception of CD34pos cells, normal haematopoietic precursor cells were not available for 

analysis during this study. However, given the observation that both DLBCL and T-ALL 

cells were hypermethylated at the CTGF locus, and conversely this region was 

hypomethylation in bone marrow derived CD34pos cells, and pre-B ALL cells, it is 

conceivable that that epigenetic silencing of the CTGF locus may occur during normal 

haemopoiesis. Careful examination of the methylation status of the CTGF locus 

throughout haemopoiesis should be undertaken to determine if and when epigenetic 

silencing of the CTGF locus occurs.   

 

6.3.2 The importance of histone modifications 

The heterogeneity in CTGF expression between the CTGF
high and CTGF

low/neg primary 

pre-B ALL specimens may also be a result of histone modifications such as methylation 

or acetylation which can alter chromatin accessibility and gene expression (Smith & 

Shilatifard 2011). This hypothesis was supported by the observation that CTGF 

expression was enhanced in response to treatment with the HDAC inhibitor TSA in the 

PER-145 cell line, which already exhibited moderate CTGF expression. Reinforcing this 

finding, HDAC inhibitors have been shown previously to up-regulate CTGF expression 

in renal epithelial cells, hepatoma cell lines and primary hepatocytes (Komorowsky et al. 

2009; Chiba et al. 2004). Care needs to be taken when interpreting these results 

however,  as pharmacological inhibition of HDACs is a blunt instrument in investigating 

the role of histone acetylation in gene regulation and changes in acetylation cannot be 

targeted to specific loci. A more detailed analysis of the role of histone acetylation in the 

regulation of the CTGF locus could be undertaken by performing chromatin 

immunoprecipitation (ChIP) using antibodies against acetylated H3 and H4 histones, and 

comparing CTGF
high and CTGF

low/neg pre-B ALL specimens by ChIP-sequencing or 

ChIP-on-Chip (Ho et al. 2011). The enormous power of next generation sequencing 

means that global patterns of histone acetylation in pre-B ALL could be elucidated, and 

this may prove useful for not just analysis of the CTGF locus, but other regions of 

interest in pre-B ALL. 
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A commonly held view of the role of CpG islands is one where methylated CpGs can 

direct repression of gene transcription by recruiting methyl-CpG binding proteins such 

as the methyl-CpG binding domain (MBD) proteins 1 to 4 to influence gene expression 

(Feng & Zhang 2001). These proteins prevent gene transcription by inhibiting the 

binding of transcription factors to DNA regulatory elements or by recruiting histone 

modifying complexes to alter the local chromatin structure. For example, MBD1 recruits 

the histone methyltransferase SETDB1 which catalyses tri-methylation of lysine 9 on 

histone H3 (H3K9m3),  which is a repressive mark (Snowden et al. 2002; Sarraf & 

Stancheva 2004). Recent findings however suggest that CpG islands can also be 

interpreted through the specific recognition of non-methylated CpGs and furthermore 

that non-methylated CpG islands can reinforce active chromatin marks within a coding 

region.  

 

Two important histone modifying enzymes, KDM2A and CFP1, have been shown to 

specifically bind to non-methylated CpGs through their zinc finger (ZF)-CxxC domain 

(Blackledge et al. 2010; Lee & Skalnik 2005). KDM2A is a histone demethylase and 

catalyses the removal of repressive dimethyl marks from H3 lysine 36 (H3K36me2) (Li 

et al. 2009a; Tsukada et al. 2006). ChIP assays demonstrated that while intergenic 

regions show constant high levels of H3K36Me2, non-methylated CpG islands occupied 

by KDM2A were depleted of this repressive mark (Blackledge et al. 2010). CFP1 also 

contains a ZF-CxxC domain and specifically binds non-methylated CpGs. CFP1 

associates with the SET1 complex to catalyse the addition of the trimethyl marks to H3 

lysine 4 (H3K4me3) (Lee & Skalnik 2005). H3K4me3 is generally associated with the 

5’ end of gene coding regions as is strongly associated with transcriptional activation 

(Okitsu & Hsieh 2007). These data clearly demonstrate that these ZF-CxxC proteins 

bind to non-methylated DNA and enforce active chromatin marks and encouraging 

transcription of target genes. Determining the array of histone modifications at the 

CTGF locus may shed light on mechanisms controlling gene expression through 

alterations in chromatin structure. This is no small task due to the large number of 

histone modifications that can be examined, however this should be considered a 
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worthwhile goal for future investigation into the role of epigenetic modification in 

regulating the CTGF locus. 

 

6.3.3 Conclusions 

In summary, the experiments described in this chapter demonstrated that the CTGF 

locus contains a CpG island extending from the proximal promoter into exon 3, that is  

hypomethylated in primary paediatric pre-B ALL and thereby provides a mechanism to 

explain the tendency of this locus to be deregulated in pre B-ALL. Furthermore, analysis 

of T-ALL specimens and bone marrow derived CD34pos cells points to the potential 

developmental methylation (and silencing) of the CTGF locus during lymphopoiesis, 

although more evidence is required before any definitive conclusions can be drawn. 

Modulation of global methylation and histone acetylation influenced CTGF expression 

in B-lineage ALL cell lines and further investigation into the covalent modification of 

histones occupying CTGF associated nucleosomes is warranted. Such an investigation 

may reveal differences in chromatin state between pre-B ALL cells exhibiting non-

methylated CpG island but different levels of CTGF expression. 
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Chapter 7 

General Discussion 

Chapter 7: General Discussion 

7.1 Introduction 

The prognosis for patients diagnosed with ALL is excellent compared to other cancers, 

achieving cure rates of 85-90% for some forms of this disease, yet ALL continues to be 

the most frequently diagnosed cancer in children worldwide (Pui et al. 2010; Gaynon et 

al. 2010; Conter et al. 2010). Moreover, while these cure rates are remarkable, around 

20% of children diagnosed with ALL still relapse (Conter et al.; Gaynon et al. 2010; Pui 

et al. 2010), and improving therapy for these patients is of paramount importance. 

Advances in long-term survival for ALL patients have come about largely through the 

careful optimisation of treatment protocols, facilitated by large, multi-centre clinical 

trials (Gaynon et al. 2010; Pui et al. 2010), and not through the development of novel 

therapeutic agents. One of the most critical aspects of conventional ALL therapy is 

stratifying patients based on clinical features present at diagnosis, and directing these 

patients to the appropriate level of treatment (Pieters & Carroll 2010). The aim is to 

identify patients at a high risk of relapse, and ensure these patients are directed to 

intensive chemotherapy, to afford them the best chance of achieving a clinical remission. 

At the same time, low or standard-risk patients are spared from the more toxic therapies 

reserved for high-risk patients or those that relapse. These treatments can carry 

significant long-term health risks, and thus limiting their use in children is desirable 

(Dowling et al. 2010).  

 

However, a key question remains in terms of what biological features can best 

distinguish these high-risk patients from others and how therapy can be tailored further 

for high-risk patients according to specific biological features, such as gene expression 

signatures or clinical features. Clinical trials alone cannot answer these questions, thus 

the key to improving patient outcomes further is to elucidate the molecular mechanisms 

underlying ALL. This may facilitate the discovery of novel prognostic biomarkers with 
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therapeutic relevance, or the elucidation of tumour specific cellular pathways that can be 

exploited by new or existing cancer treatments for therapeutic gain.  

 

7.2 Study objectives 

This thesis investigated the molecular mechanisms responsible for deregulated 

expression of the proto-oncogene CTGF in childhood pre-B ALL. The literature review 

highlighted that aberrant CTGF expression is a frequent event in pre-B ALL (Vorwerk et 

al. 2000; Sala-Torra et al. 2007; Boag et al. 2007), as well as numerous solid cancers, 

however this review also highlighted an incomplete understanding of both the 

mechanisms regulating the CTGF gene locus and its involvement in the pathogenesis of 

ALL. Hence, this thesis addressed four related research questions. The first hypothesis 

was that CTGF expression may be a result of abnormal transcription factor activation or 

expression. Therefore, the global gene expression profiles of three, independent, 

paediatric pre-B ALL cohorts, were compared to identify CTGF-correlated patterns of 

gene expression. The second hypothesis was that CTGF expression may exhibit 

prognostic significance and may be associated with clinical features at the time of the 

patient’s diagnosis. Thus, the association between clinical features, CTGF expression 

and patient survival was investigated in the PMH cohort of paediatric pre-B ALL. The 

third hypothesis was that aberrant CTGF expression may have a genetic basis. To 

address this, a sequencing and hybridisation approach was employed to investigate the 

CTGF gene locus and CTGF mRNA transcripts for lesions that may contribute to its 

deregulated expression. Lastly, the fourth hypothesis was that CTGF expression has an 

epigenetic basis. Hence, methylation-specific PCRs and bisulfite sequencing was 

performed to investigate the association between DNA methylation and CTGF 

expression. These experiments were expected to shed light on the mechanisms driving 

CTGF expression in pre-B ALL, as well as highlighting its prognostic relevance. 
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7.3 Critical findings 

7.3.1 A possible role for Ikaros proteins in CTGF transcription 

To examine whether aberrant transcription factor activation or expression was 

responsible for transcriptional activation of CTGF in pre-B ALL, three independent,  

pre-B ALL microarray datasets were compared and examined for CTGF-correlated 

genes. Six genes were identified by this approach and by comparing the 5’ flanking 

regions of these six genes to that of CTGF, as well as each other, it was expected that 

common transcription factor binding sites would become evident, implicating individual 

transcription factors as candidates for functional analysis. Somewhat surprisingly, 

binding sites for nuclear factors known to regulate the CTGF locus in other cell types 

were not identified in these CTGF-correlated genes. Instead, in silico analysis uncovered 

binding sites for the Ikaros protein family members IKAROS and HELIOS, in the 5’ 

flanking sequence of these genes.  

 

The Ikaros family of transcriptional regulators have been associated with both 

transcriptional activation, as well as silencing of target loci by targeting repressive 

chromatin changes (Koipally et al. 1999; Rebollo & Schmitt 2003). Both HELIOS and 

IKAROS have been associated with haematological malignancies and IKAROS is 

frequently deleted or mutated in high-risk pre-B ALL (Kuiper et al. 2010; Mullighan et 

al. 2009). Thus, the Ikaros family of proteins may be involved in silencing the CTGF 

locus, and a loss of IKAROS or HELIOS function may result in dysregulation of CTGF 

expression. Indeed analysis of a cohort of high-risk pre-B ALL patients that were 

recently examined for IKAROS mutations and deletions (Mullighan et al. 2009), 

confirmed that CTGF expression was significantly associated with IKAROS genomic 

lesions. While these findings suggest that IKAROS and/or HELIOS may play a role in 

regulating the CTGF locus, detailed functional characterisation of the effect of these 

proteins upon the CTGF promoter have not yet been undertaken.  

 

This is the first time IKAROS or HELIOS have been implicated in CTGF gene 

expression. The role of the Ikaros family gene mutations and deletions in dysregulation 
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of the CTGF locus and in pre-B ALL more broadly is warranted. IKAROS gene 

mutations or deletions are highly predictive of relapse (Kuiper et al. 2010; Mullighan et 

al. 2009), and in-frame deletions within the IKAROS coding region can result in the 

synthesis of inhibitory DN isoforms. However, these may also be generated by 

alternative splicing (Meleshko et al. 2008), making this a challenging area of research. 

Compounding this, DN isoforms may interact with other Ikaros family members due to 

conservation in the dimerisation domain of this protein family. Thus, a broad analysis of 

the mutation and transcriptional status, as well as the functional capacity of all five 

Ikaros family members should be performed simultaneously in any future studies and 

correlated to CTGF gene expression.   

 

7.3.2 Clinical importance of CTGF expression in pre-B ALL 

While CTGF expression has been associated with a poor outcome in both adult and 

high-risk paediatric ALL (Sala-Torra et al. 2007; Kang et al. 2010), it was unclear if 

specific biological features correlated with CTGF mRNA levels. Detailed patient data 

was available for the PMH cohort, and thus associations between a range of clinically 

relevant biological features and CTGF gene expression was examined. Significantly 

lower mean CTGF expression was observed in patients with enlarged lymph nodes, and 

there was also a similar trend in patients with enlarged spleens, however this did not 

reach significance. This observation suggests that CTGF expression in leukaemic cells 

does not promote metastasis to sites outside of the bone marrow. As reported in Chapter 

1, CTGF expression has been both positively and inversely associated with metastasis 

(Lin et al. 2005; Li et al. 2007), and thus the tissue context is likely to significantly 

influence the biological outcome of CTGF secretion. 

 

To investigate the associations between CTGF expression and patient outcomes, the 

PMH cohort was stratified based upon CTGF expression and examined for RFS and 

overall survival. These was no association between overall survival and CTGF 

expression, however those patients whose leukaemic blasts were CTGF
pos had a lower 

RFS compared to those patients whose blasts were CTGF
low/eg (71% and 83% 
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respectively). This association in the PMH cohort did not reach statistical significance, 

and this may be due to the cohort composition which contained 68% standard-risk and 

32% high-risk patients. Nonetheless, these findings confirm reports by others that CTGF 

expression is associated with a poor outcome in pre-B ALL. The mechanisms through 

which CTGF exerts its biological effects in ALL remains unclear, however it is 

suspected that aberrant CTGF gene expression in the bone marrow may result in changes 

in the microenvironment that create a preferred site of sanctuary for leukaemic cells, and 

this may have important ramifications in regards to the emergence of drug resistance 

during therapy. 

 

7.3.3 A model for CTGF-mediated leukaemogenesis 

The CTGF protein is pleiotropic, however CTGF has no known role in lymphocyte 

biology. It is expressed in numerous tumour types, and thus may confer a biological 

advantage to leukaemic cells through autocrine or paracrine mechanisms, or by altering 

interactions with the stromal microenvironment. It is now widely accepted that bone 

marrow stromal cells facilitate adhesion of leukaemic cells within the bone marrow 

microenvironment, affording them sanctuary from chemotherapy (Weisberg et al. 2008; 

Meads et al. 2008). CTGF can induce terminal differentiation of bone marrow stromal 

cells (BMSCs) into fibroblasts (Lee et al. 2010) and these BMSC-derived fibroblasts 

may exhibit some of the growth-promoting effects exhibited by cancer-associated 

fibroblasts in other cancer types (Allen & Louise Jones 2011).   

 

This proposed model, where secreted CTGF has a paracrine effect upon the bone 

marrow microenvironment is outlined in Figure 7.1, and is supported by two key 

unpublished findings generated in the laboratory of Prof Ursula Kees. Firstly, both 

CTGF
pos and CTGF

neg pre-B ALL cells fail to respond to treatment with exogenous 

recombinant human CTGF protein in vitro, seemingly ruling out autocrine growth 

effects upon these leukaemic cells. Secondly, pre-treatment of human bone marrow 

stromal cells (HS5 cell line) with rhCTGF resulted in enhanced adhesion, migration, 

proliferation and most notably drug-resistance, of pre-B ALL cells in subsequent co-
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culture experiments. It could be speculated that a paracrine growth loop exists that is 

facilitated by CTGF-induced changes in stromal cell gene expression. These 

unpublished findings, which were not part of the present study, may account for the 

enhanced bone marrow fibrosis observed in pre-B ALL (Noren-Nystrom et al. 2008). 

This model also provides a plausible mechanism by which CTGF expression in the bone 

marrow may promote drug resistance and relapse in patients, thus highlighting the 

importance of better understanding the mechanisms driving its deregulated expression. 

These studies are ongoing and are expected to yield important data regarding the 

paracrine effects of CTGF in the bone marrow microenvironment. 

 

 
 

Figure 7.1 Proposed model of the growth-promoting effects of CTGF in the 

bone marrow microenvironment 

Acquisition of CTGF gene expression by pre-leukaemic or early leukaemic cells results 

in aberrant secretion of CTGF protein. Bone marrow stromal cells (BMSCs) respond to 

CTGF protein by releasing pro-survival signals such as growth factors and cytokines as 

well as increasing synthesis of extracellular matrix (ECM) proteins. BMSC derived pro-

survival factors promote enhanced proliferation and adherence of pre-B ALL cells. 

Tumour stroma may also facilitate crosstalk between ALL cells and other stromal cells 

in the bone marrow microenvironment. 
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 7.3.4 Genomic lesions did not contribute to CTGF expression  

The third major hypothesis of this study was that aberrant CTGF expression was the 

result of genomic lesions affecting the CTGF locus. Southern blotting ruled out 

rearrangement of a 16 kb region encompassing the CTGF locus and flanking regions. 

Similarly, gene copy number analysis revealed that primary pre-B ALL specimens and 

ALL cell lines were diploid for CTGF. Thus gross structural alterations could not 

account for abnormal CTGF expression. Sequencing of the CTGF promoter and 3’UTR 

in ALL cell lines did not identify any mutations that could account for either abnormal 

promoter activation, or a failure in post-transcriptional regulation of CTGF mRNA. It is 

possible that cryptic enhancer or promoter elements outside of the region sequenced in 

this study may be responsible for the activation of the CTGF locus, and sequencing of 

upstream regions may yet uncover mutations relevant to CTGF expression. It should be 

noted that the rs6918698 C>G SNP at position -739 was identified in one of the CTGF
pos 

ALL cell lines, however given the fact that it was only identified in one of four CTGF
pos 

cell lines, it seems unlikely that this SNP contributes significantly to CTGF promoter 

dysregulation. Nonetheless, investigation of the incidence of this SNP in primary pre-B 

ALL specimens may reveal association with CTGF expression, and thus could be 

considered in future studies if only to rule out its involvement. 

 

7.3.5 CTGF mRNA is subject to alternative splicing in pre-B ALL 

While evidence of aberrant CTGF expression has been provided from several sources 

(Sala-Torra et al. 2007; Vorwerk et al. 2000; Boag et al. 2007), these findings have all 

been generated by detection of CTGF mRNA using qRT-PCR and microarrays, 

targeting the 3’ UTR of the CTGF transcript. Northern blotting and cDNA sequencing 

was used to evaluate the complement of CTGF mRNA transcripts produced in ALL cell 

lines. These experiments confirmed that while the majority of CTGF mRNA (>90%) 

was the canonical 2.4 kb mRNA, an array of CTGF transcripts were generated by 

alternative pre-mRNA splicing, as well as alternative transcription start site usage in 

ALL cells. This is the first evidence of alternative splicing of CTGF mRNA in any tissue 

type and thus is an important finding, as some of these CTGF spliceforms may exist in 
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other cancer types or normal tissues and have the potential to encode truncated CTGF 

proteins as well as synthesizing transcripts that can avoid post-transcriptional control of 

CTGF expression. Analysis of CTGF mRNA splicing in primary pre-B ALL specimens 

was not performed in the present study. However, such an investigation is warranted to 

establish accurate patterns of CTGF mRNA synthesis in pre-B ALL that may uncover 

tumour-specific CTGF transcripts with altered coding potential or susceptibility to post-

transcriptional control mechanisms.  

 

7.3.6 CTGF mRNA may not reflect CTGF protein levels in ALL 

A disparity was observed between CTGF mRNA and protein levels in ALL cell lines. 

While four cell lines were CTGF
pos, only the PER-377 cell line exhibiting the highest 

level of CTGF mRNA synthesized detectable levels of CTGF protein, suggesting that 

post-transcriptional regulation of CTGF mRNA may be occurring in these cell lines. 

This finding suggests that the levels of CTGF mRNA detected in primary specimens 

may not accurately represent the amount of CTGF protein produced by these cells. 

Therefore, CTGF protein would make a more attractive target as a biomarker and may 

hold more prognostic significance than mRNA levels alone. Future studies should 

investigate the correlation between CTGF mRNA and protein levels in primary 

specimens. Furthermore, evaluation of the association between CTGF protein expression 

and patient outcomes is justified. 

 

If CTGF protein levels are to be examined for prognostic significance in pre-B ALL, this 

raises the question as to what biological material is most appropriate. Diagnostic bone 

marrow aspirates are routinely collected to confirm a diagnosis of ALL. These 

specimens represent the most relevant biological material for detecting CTGF protein 

levels, as CTGF is predicted to significantly alter the bone marrow microenvironment. 

Purification of mononuclear cells from diagnostic bone marrow aspirates is usually 

performed with a ficoll-hypaque density gradient. This protocol could be easily adapted 

to ensure that the acellular plasma fraction of this density gradient is retained and 

cryopreserved for subsequent molecular investigation of secreted growth factors present 
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in the bone marrow space. This method would fit into current diagnostic sample 

processing protocols without significant procedural changes, however aspirates would 

need to be obtained using the anticoagulant ethylenediaminetetraacetic acid (EDTA) 

only, as the other commonly used anticoagulant heparin would bind to CTGF through its 

CT domain, potentially confounding protein detection. Collection of this material for 

retrospective analysis should be encouraged to focus not only on CTGF, but also other 

biomarkers present in the bone marrow that may come to light in future research. 

 

7.3.7 The CTGF locus is hypomethylated in pre-B ALL 

The final hypothesis of this study was that aberrant CTGF expression may be a result of 

epigenetic changes in ALL cells. DNA methylation and histone acetylation has been 

shown to play a role in modulating the transcriptional potential of the CTGF locus in 

liver and ovarian cancers (Chiba et al. 2004; Chiba et al. 2005; Kikuchi et al. 2007) and 

global hypomethylation of cancer cells is an accepted mechanism by which oncogenes 

can be activated in cancer cells (Feinberg & Vogelstein 1983b; Tsujiuchi et al. 1999; 

Hanada et al. 1993). A combination of msPCR and bisulfite sequencing was used to 

investigate DNA methylation at the CTGF locus in ALL cell lines and primary 

specimens. This was the first such detailed analysis of epigenetic regulation of the 

CTGF locus in ALL. 

  

An inverse correlation between CTGF gene expression and DNA methylation was 

observed in a panel of ALL cell lines. In contrast, all fourteen pre-B ALL primary 

specimens were hypomethylated at the CTGF locus despite displaying heterogeneous 

levels of CTGF expression. It is not clear whether the CTGF gene locus is normally 

subjected to epigenetic silencing during lymphoid specification or maturation, however 

in contrast to pre-B ALLs the CTGF locus was hypermethylated in two T-ALL 

specimens investigated in this study and this finding is supported by others that have 

observed a similar pattern in global methylation analysis of a large panel of 

haematological malignancies (Martin-Subero et al. 2009). Thus, hypomethylation of the 

locus is a conceivable mechanism by which aberrant CTGF expression may arise. The 
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ability of epigenetic factors, including DNA methylation and histone acetylation to 

modulate CTGF expression were confirmed in vitro, and this finding is also in 

agreement with published data from others relating to epigenetic regulation of CTGF in 

other cancer types (Kikuchi et al. 2007; Chiba et al. 2004). Because CTGF mRNA is not 

detectable at any stage in normal haemopoiesis, it is highly likely that this locus is 

epigenetically silenced during normal development. Careful analysis of the epigenetic 

state of the CTGF locus at each stage of lymphopoiesis is a worthwhile endeavour to 

confirm whether epigenetic processes are responsibly for maintaining this region in a 

transcriptionally silent state.  

 

7.4 Future directions 

7.4.1 Prognostic relevance of CTGF 

CTGF mRNA was associated with lower RFS in the PMH cohort of paediatric ALL and 

unpublished data implicates CTGF protein in modulating the bone marrow 

microenvironment to support leukaemic cells. The prognostic relevance of secreted 

CTGF protein in the bone marrow should be investigated, as there is abundant data 

supporting associations between aberrant CTGF mRNA expression and unfavourable 

outcome in both paediatric and adult ALL. As discussed, diagnostic bone marrow 

specimens represent the most appropriate biological material for this analysis as this 

material would provide a snapshot of protein levels in the bone marrow space. Thus, 

bio-banking of this material should be encouraged to facilitate retrospective analysis of 

the associations between patient outcomes and secreted growth factors, including CTGF 

or other factors that are highlighted as important candidates in the pathogenesis of ALL. 

 

7.4.2 Modeling the role of CTGF in ALL pathogenesis in-vivo 

Murine models of B-lineage lymphomas or leukaemias, as well as xenographs of 

primary human pre-B ALLs represent suitable in vivo models with which to study the 

effect of CTGF gene expression upon the biology of leukaemia, as well as the bone 
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marrow microenvironment. Human pre-B ALL murine xenographs provide the 

opportunity to examine whether inhibition of CTGF activity can affect the viability, 

engraftment or drug resistance profiles of pre-B ALL cells in vivo. In an orthotopic 

murine model of pancreatic adenocarcinoma, in which CTGF is expressed at high levels, 

administration of a human monoclonal CTGF antibody attenuated tumour growth and 

metastasis. This study demonstrated that secreted CTGF can have a significant effect 

upon tumour biology and the surrounding stroma, and further that blocking the function 

of CTGF can influence tumour growth (Aikawa et al. 2006). This highlights the 

potential for a similar role in ALL therapy. Preliminary studies have shown that co-

incubation of pre-B ALL cells with CTGF-treated bone marrow stromal cells affords a 

significant level of protection against chemotherapy. Thus, it is conceivable that 

inhibiting CTGF function using blocking antibodies during induction chemotherapy 

could hypothetically reduce the emergence of resistance. There is much to be learnt from 

murine models before such a hypothesis could be tested, however attenuating CTGF 

function could conceivably provide a novel therapeutic strategy for the management of 

paediatric pre-B ALL in the future.  

 

7.4.3 Factors interacting with the CTGF gene locus 

While nuclear factors known to regulate the CTGF locus were not expressed at higher 

levels in CTGF
pos cells, these factors may be activated post-transcriptionally, or through 

aberrant activation of binding partners. As such, analysis of nuclear factors bound at the 

CTGF gene locus should be explored by chromatin immunoprecipitation (ChIP). 

Candidates for analysis by ChIP include those factors known to activate the CTGF 

promoter in other cell types such as AP-1, Ets-1, MMP3 or SP-1 (Yu et al. 2009; Van 

Beek et al. 2006; Eguchi et al. 2008; Holmes et al. 2003), as well as members of the 

Ikaros family of nuclear factors highlighted in the present study. 

7.5 Final conclusions 

This thesis supports previous observations that CTGF expression is associated with a 

poor outcome in paediatric pre-B ALL and identified an association between CTGF 
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gene expression and reduced lymph node metastasis, suggesting CTGF expression may 

influence homing of leukaemic cells. A disparity between CTGF mRNA and protein 

levels was observed, thus future studies should develop methods for detecting CTGF 

protein levels in the bone marrow space. Analysis of global gene expression data from 

three independent cohorts implicated the Ikaros family lymphoid-specific nuclear factors 

in regulation of the CTGF gene locus. Functional investigations into the role of these 

lymphoid-specific nuclear factors in altering CTGF expression are now warranted. 

Genomic lesions such as gene rearrangements, copy number alterations, and gene 

mutations were ruled out as mechanisms contributing to CTGF expression in pre-B 

ALL, however hypomethylation of the CTGF locus was a feature of all primary pre-B 

ALL specimens examined, providing a plausible mechanism for its deregulated 

expression. As well as aberrant epigenetic marks, alternative splicing of CTGF mRNA 

was observed and minor transcripts were characterized that displayed altered coding 

potential and others with the ability to evade post-transcriptional control mechanisms. 

 

In conclusions this thesis has improved our understanding of the molecular mechanisms 

contributing to CTGF gene expression in pre-B ALL, as well as highlighting important 

aspects of CTGF biology that require further investigation. Continued research into the 

role of CTGF gene expression in the development and maintenance of pre-B ALL may 

uncover biological interactions that are critical for ALL pathogenesis. There is evidence 

emerging from both in vitro and in vivo models to suggest that inappropriate CTGF 

secretion by leukaemic cells may have significant effects upon the establishment and 

progression of this disease. Furthermore these interactions may be therapeutically 

vulnerable and may represent a valid avenue of improving patient therapy in the future. 

By continuing to advance our understanding of key molecular pathways underlying 

ALL, we can move toward improving treatments and ultimately long-term outcomes for 

children diagnosed with this disease. 
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Chapter 1 

General Introduction 

Chapter 1: General Introduction 

1.1 Childhood cancer 

In Australia, cancer is the leading cause of disease-associated deaths among children 

aged 1-14 years (Australian Bureau of Statistics 2006). This statistic is universal in the 

developed world, with childhood cancer outstripping deaths associated with other 

disease processes in children (Kaatsch 2010). While outcomes for some childhood 

cancers today have improved dramatically, there is still much work to be done to 

improve our understanding of underlying cancer biology. By enhancing our knowledge 

of the molecular mechanisms involved in oncogenesis we can continue to develop new 

and refine existing therapies to improve clinical outcomes.  

 

Of the various types of cancers commonly affecting infants (< 1yr) and children (1-14 

yrs), leukaemia is by far the most prevalent accounting for around 34% of new 

diagnoses, followed by cancers of the central nervous system at around 24% (Pieters & 

Carroll 2010). Leukaemia is a malignancy arising from transformation of cells of the 

haemopoietic system and there are two main types, lymphoblastic and myelogenous, 

owing to the two arms of haemopoiesis, myeloid and lymphoid which both arise from a 

common stem or progenitor cell. Acute lymphoblastic leukaemia (ALL) is the most 

common form of the disease in children accounting for 79% of all paediatric leukaemia 

diagnoses. This equates to 27% of all childhood cancers (Kaatsch 2010), thus, leukaemia 

represents a significant contribution to childhood mortality and morbidity. Improving 

our understanding of the molecular mechanisms of leukaemogenesis is critical to 

improve outcomes for young patients and their families.   

 

1.2 Acute lymphoblastic leukaemia 

As the name suggests, ALL is a swiftly progressive form of leukaemia, characterised by 

the clonal accumulation of rapidly proliferating, poorly differentiated lymphoid 
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precursors (Bourquin & Izraeli 2010). ALL disease can be divided into two broad 

biological categories, precursor B-cell ALL (pre-B ALL) and precursor T-cell ALL (T-

ALL) (Gaynon 2005). Of these two types, pre-B ALL is more common, accounting for 

up to 85% of childhood ALL diagnoses (Pieters & Carroll 2010). Presenting symptoms 

invariably correlate with the level of tumour cell burden within the bone marrow. As 

normal marrow is replaced by leukaemic cells, haemopoiesis is impaired, resulting in 

blood lineage cytopaenias and if left untreated ALL is rapidly fatal (Onciu 2009). Other 

common symptoms include fever, fatigue and joint or bone pain. Leukaemic cells can 

also reside outside of the bone marrow and common sites of extradmedullary 

involvement include the blood, liver, spleen, lymph nodes, meninges and in T-lineage 

ALLs, the thymus.  

 

1.2.1 Origins: Normal haemopoiesis 

The haemopoietic system is responsible for the production of differentiated cells of all 

blood lineages. This includes lymphoid cells, incorporating B, T and NK cells, as well as 

those of the myeloid lineage, such as erythrocytes, megakaryocytes and granulocytes. 

All of these mature blood cells are formed from a common haemopoietic stem cell 

(HSC) at the apex of this developmental hierarchy (Mansson et al. 2009). These cells 

reside in the bone marrow space of long bones in specialised niches that are tightly 

regulated (Wilson & Trumpp 2006). HSCs are normally quiescent, but will respond to 

haemopoietic stress such as blood loss by re-entering the cell cycle and dividing to 

produce intermediate progenitor cells which in turn give rise to mature functional 

effector cells. Haemopoiesis progresses by limiting the developmental potential of 

precursors in a step-wise fashion until the fully mature blood cells are produced (Blom 

& Spits 2006). This process has been extensively characterised in mice and while 

surface antigens differ between species, the overall process of differentiation from HSC 

to mature blood cells is thought to be highly conserved (Welner et al. 2008; Mansson et 

al. 2009).   
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1.2.1.1 Haemopoietic stem cell niche 

The bone marrow microenvironment is comprised of a number of different cell types, 

including reticular cells, fibroblasts, chondrocytes, apidoctyes, endothelial cells, 

osteoblasts and osteoclasts, as well as haemopoietic stem and progenitor cells (Ehninger 

& Trumpp 2011). Defining the role of each of these cell types within the context of 

haemopoiesis is still ongoing, however it is widely accepted that haemopoietic stem cells 

(HSCs) reside in specialised regions within the bone marrow microenvironment that 

govern HSC fate by providing extrinsic regulatory signals. These developmental sites, 

termed niches, provide extracellular cues through soluble factors and cell-cell 

interactions that are critical for guiding the maintenance, proliferation and differentiation 

of HSCs throughout adult life (Mendez-Ferrer et al. 2010; Nagasawa 2006; Sugiyama et 

al. 2006; Wilson et al. 2007).  

 

The mouse haemopoietic stem cell is possibly the most-well well characterised of all 

mammalian stem cells. These cells are well defined by surface marker expression (lin-

negSca1hic-Kit+CD34-CD48-CD150hi), and can reconstitute the entire haemopoietic 

system of irradiated mice (Purton & Scadden 2007; Wilson et al. 2007). Advances in 

intravital imaging have revealed the localisation of these HSCs within distinct regions of 

bone marrow including the endosteal surface (termed the endosteal niche) as well as 

adjacent to sinusoidal endothelium (termed the vascular niche) (Xie et al. 2009; Lo 

Celso et al. 2009), and these two niches are thought to differentially regulate stem cell 

fate. Evidence is now emerging for the central role of mesenchymal stem cells (MSCs) 

within the haemopoietic niche in maintaining the bone marrow HSC pool. In recent 

years, a subset of perivascular nestin positive MSCs have been identified that are critical 

for HSC maintenance (Mendez-Ferrer et al. 2010). These nestonpos cells also express 

high levels of the HSC maintenance factors chemokine C-X-C motif ligand 12 (Cxcl12), 

osteopontin, angiopoietin-1, interleukin 7 and vascular cell adhesion molecule 1, and 

depletion of nestinpos MSCs results in the mobilisation of HSCs away from the bone 

marrow to other organs (Mendez-Ferrer et al. 2010). Furthermore, the bone marrow-

homing of transplanted HSCs into nestinpos MSC-depleted recipients is significantly 

reduced. Similar to nestinpos MSCs, a distinct subset of reticular cells also express high 
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levels of Cxcl12 and these cells dubbed Cxcl12 abundant reticulocytes (CAR) are found 

in close proximity to HSCs within the vascular niche and are critical for lymphoid 

specification of haematopoietic progenitor cells (Crisan et al. 2008; Omatsu et al. 2010).  

 

1.2.1.2 Lymphoid specification 

Fluorescence activated cell sorting (FACS) has allowed the prospective isolation and 

characterisation of cells at various stages of development with particular emphasis on 

their lineage potential (Mansson et al. 2009). The previously accepted model of 

haemopoiesis proposed a linear series of maturation steps, beginning with asymmetric 

division of activated HSCs giving rise to multipotent progenitor cells (MPPs), which in 

turn gave rise to either common myeloid progenitors (CMPs) or common lymphoid 

progenitors (CLP). Recent evidence has pointed to several intermediate steps in 

lymphoid specification prior to the restriction to CLP identity, however the precise 

model of transition from MPP to CLP in humans is still unclear (Corfe & Paige 2009). 

The earliest stage of irreversible lymphoid specification of CLPs is marked by 

expression of the interleukin 7 receptor (IL7R/CD127) (Dias et al. 2005; Parrish et al. 

2009). These cells can progress to form mature B and T lymphocytes and NK cells.    

 

1.2.1.3 B-cell development 

Humoral immunity is critical to mammalian homeostasis and B cells are the effectors of 

this arm of the immune system. Mature B cells produce antibodies against foreign 

antigens and can also act as antigen-presenting cells themselves (Rodriguez-Pinto 2005). 

Activation of the early B cell factor (EBF) gene is critical for the induction of B-cell 

development. EBF activates PAX5 which acts as a positive regulator of EBF, enforcing a 

feedback loop. These two transcription factors then act in concert to inhibit T-lineage 

and myeloid gene expression programs.  

 

While the model of lymphoid lineage specification is still evolving, the process of B-cell 

development from CLP to mature B-cell in humans is well established (Blom & Spits 
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2006). This progression, outlined in Figure 1.1, is marked by a number of 

immunophenotypic changes at each stage of development. These include differential 

expression of cluster of differentiation (CD) markers; CD34, CD10, CD127 (IL7Rα ), 

CD19, CD79a, and CD179a (Vpre-B) (Blom & Spits 2006). As cells progress through 

B-cell development, they can also be characterized by the presence or absence of 

specific immunoglobulin (Ig) gene rearrangements, which are important events in B 

lymphopoiesis. Expression of terminal deoxynucleotidyl transferase (TdT) and 

recombination activating gene (RAG) are both required for successful rearrangement of 

Ig loci and are expressed early in B-cell development (Corfe & Paige 2009). Prior to the 

immature B stage, development occurs exclusively within the bone marrow. Acquisition 

of surface IgM expression marks the stage at which immature B-cells exit the bone 

marrow and home to the spleen and other secondary lymphoid organs where they 

develop into mature B-cells. 

  

 

Figure 1.1 Model of human B-cell development  

Adapted from Blom and Spits (2006). 
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1.2.2 Origins: Aetiology and incidence  

Pre-B ALL has a peak incidence at 2-5 years of age (Gurney et al. 1995) and 

approximately one hundred and sixty new cases of ALL are diagnosed annually in 

Australia, with this number remaining unchanged over the last decade (Youlden et al. 

2010).  There is evidence that acquisition of genetic changes associated with ALL can 

occur in utero (Maia et al. 2003; Hjalgrim et al. 2002). This is supported by 

retrospective detection of genetic signatures associated with some forms of childhood 

ALL in Guthrie spot cards taken at birth from children who later developed ALL 

(Wiemels et al. 2009; Hjalgrim et al. 2002). Recurrent genetic abnormalities (discussed 

in detail later) have been associated with increased risk of developing ALL in early life 

and children with Downs syndrome (trisomy 21) are 10-15 times more likely to develop 

ALL, and they often suffer more treatment-related toxicities (Whitlock et al. 2005). Race 

and ethnicity has been shown to predict significantly different outcomes for children 

diagnosed with ALL, with children of African or Hispanic ancestry having a poorer 

prognosis than those with Anglo-Saxon ancestry (Bhatia 2004; McNeil et al. 2002), 

although this has been attributed by some to the lack of parity in healthcare for some 

minorities (Pui et al. 2003; Pui & Evans 2006). There is also a predilection towards a 

higher incidence of ALL in males, however the reason for this bias is unclear. In utero 

exposure to solvents, pesticides, hydrocarbons or ionizing radiation have all been linked 

to increased risk of developing ALL in early life (McNally & Parker 2006; Buffler et al. 

2005), and studies on this topic are ongoing.  

 

1.2.3 ALL therapy  

Cancer in the very young can lead to significant problems for survivors in later life 

(Dowling et al. 2010). Cancer treatments in early life may result in impaired 

neurocognitive development and function (Ness et al. 2010), infertility, cardiovascular 

disease (Geenen et al. 2010), as well as impairments in musculoskeletal development 

(Ishida et al. 2010) and other complications. Furthermore, the experiences of cancer 

survivors can result in significant psychosocial disorders (Oeffinger et al. 2008). While 

current therapeutic regimens are largely successful, the present goal is to develop 
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therapies that are less toxic and will ultimately result in improved long term outcomes 

for survivors. Reducing the severity of treatment, while still attaining curative outcomes 

is important, thus balancing the type and amount of therapy with the risk of relapse is 

critical to reduce unnecessary exposure to toxic agents. 

 

Despite the relatively high incidence of ALL in children, 5 yr event free survival (EFS) 

of up to 85-90% can now be achieved for some forms of the disease (Conter et al. 2010; 

Gaynon et al. 2010; Pui et al. 2010). Improved survival rates are attributable to the 

optimisation of complex chemotherapeutic regimens assessed in large scale, randomized 

clinical trials, as well as improved understanding of ALL biology (Pieters & Carroll 

2010). Risk-based stratification of patients has also resulted in improved patient 

outcomes, and patients that are recognized as having a high risk of relapse are now 

receiving more intensive therapy. Unfortunately, those patients that do relapse often 

have a dismal prognosis, with relapsed ALL usually resistant to front-line chemotherapy.  

 

Clinical management of ALL is continually undergoing improvements through large 

scale multicenter clinical trials run by major cooperative groups such as the Children’s 

Oncology Group (COG) and the United Kingdom Children’s Cancer Study Group 

(UKCCSG). These groups advise on best-practice treatment for a range of childhood 

cancers. Therapeutic protocols for the treatment of ALL endorsed by these organisations 

are similar in that they are comprised of several discreet stages, including induction 

therapy, consolidation, re-induction and maintenance therapy. However factors such as 

dosage, timing and the combination of drugs given to patients, differs among groups.  

 

1.2.3.1 Induction therapy 

Treatment for ALL incorporates several stages and in most cases continues for up to 

three years. The first stage of treatment is induction therapy and the primary goal of this 

phase is to restore normal haemopoiesis by eliminating as many leukaemic blasts as 

possible with high-dose chemotherapy. Three to four drugs are used depending on the 

perceived risk classification of patients (discussed later). Standard risk patients will 
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typically receive vincristine and asparaginase, as well as a glucocorticoid, either 

dexamethasone, prednisolone or prednisone (McNeer & Nachman 2010). Those patients 

that are identified as high risk may also receive an anthracycline, especially if they are 

over the age of 10 years (Pieters & Carroll 2010). The aim of induction chemotherapy is 

to achieve morphological remission in 4-6 weeks, and a patient’s response to induction 

therapy has invariably been found to be the best predictor of long-term outcome.  

 

The efficacy of induction therapy is evaluated by the detection of minimal residual 

disease (MRD) which can be defined as the level of leukaemic cells detectable in the 

bone marrow upon completion of induction therapy. MRD is used as a key indicator of 

response that guides the remainder of therapy during intensification and consolidation. 

The two main methods of MRD measurement are quantitative polymerase chain reaction 

(qPCR) and flow cytometry. The current limit of detection by flow cytometry is between 

1 cell in 103 to 104, while assessment of immunoglobulin (IG) or T-cell receptor (TCR) 

rearrangements by qPCR affords sensitivity of 1 cell in 104 to 105 (Bruggemann et al. 

2010). While qPCR offers a superior level of sensitivity, this approach requires 

characterisation of rearrangements that are specific to the patients’ leukaemic cells by 

sequencing the rearranged IG and TCR loci at diagnosis to develop specific primer/probe 

combinations. Leukaemic clones can continue to rearrange these loci during the 

progression of the disease, resulting in false-negatives which may inaccurately guide the 

remainder of therapy (Bruggemann et al. 2010; van der Velden & van Dongen 2009). 

Assessing a negative qPCR-MRD finding by flow cytometry offers confirmation, 

despite the obvious disparity in sensitivity between techniques. 

 

1.2.3.2 Consolidation and re-induction 

Once a negative MRD finding indicates that induction therapy has been effective in 

reducing the burden of leukaemic cells, patients begin the consolidation phase of 

treatment. Consolidation therapy aims to eliminate residual leukaemic cells that may be 

cycling slowly or have been driven into growth-arrest in response to chemotherapy. This 

phase typically includes asparaginase and high-dose methotrexate or 6-mercaptopurine. 
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Consolidation may also include intrathecal administration (injection into the  

cerebro-spinal fluid) of methotrexate with or without cytarabine and hydrocortisone to 

prevent central nervous system (CNS) relapse, particularly in high-risk patients (Pui & 

Evans 2006).  Intrathecal administration of chemotherapy has been shown to have an 

equal or greater efficacy in preventing CNS relapse compared to cranial irradiation used 

by some groups (Stark et al. 2009), and introduction of intrathecal CNS prophylaxis has 

seen a substantial decrease in the practice of cranial radiation, which often has 

devastating long term effects on the developing brain. Upon completion of consolidation 

therapy, patients undergo re-induction therapy, sometimes referred to as delayed 

intensification therapy. This is essentially a repeat of the same therapy used in the 

induction phase and is a critical component of successful ALL treatment protocols (Pui 

& Evans 2006).  

 

1.2.3.3 Maintenance therapy 

At the completion of re-induction therapy, patients progress to maintenance therapy, 

which is the final stage of treatment. Maintenance therapy in paediatric ALL can 

continue for up to two years in females and three years in males. Standard maintenance 

therapy consists of daily 6-mercaptopurine and weekly methotrexate (Pieters & Carroll 

2010). Some study groups have proposed the incorporation of pulsed administration of 

vincristine and dexamethasone, however the results of trials so far have not shown 

significant improvements in patient outcomes (Nagatoshi et al. 2010; Arico et al. 2008).  

 

1.3 B-lineage acute lymphoblastic leukaemia 

Although traditionally grouped together, cases of B-lineage ALL can be further 

delineated into different subtypes based on the immunophenotype of leukaemic cells. 

These subtypes are associated with differentiation stages of B-cell development and 

have significant prognostic ramifications (Pieters & Carroll 2010; Bene 2005). At the 

time of diagnosis, patient samples are assessed for immunophenotype and are grouped 

into one of three types; early pro-B, pre-B and transitional pre-B, while mature B-cell 

ALL is rarely diagnosed in children (Pui 2006). Table 1.1 outlines these subtypes, and 
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their immunological features and frequency. It is important to note that there is a degree 

of plasticity in the immunophenotype of B-lineage ALL cells, making a determination as 

to the specific subtype difficult in some cases. For this reason, B-lineage ALL is 

frequently referred to as precursor B-cell ALL (pre-B ALL) as a whole, and often more 

importance is placed on identifying specific genomic alterations associated with clinical 

outcomes, as these are considered more important for risk-based stratification. 

 

Table 1.1 Immunologic classification of B-lineage ALL 

Table adapted from Childhood Leukemias by Ching-Hon Pui (Pui 2006). 

 

 

1.3.1 Prognosis and risk stratification 

As stated previously, vast improvements have been achieved in the long term EFS of 

paediatric ALL patients. A cornerstone of contemporary ALL management is the  

risk-based stratification of patients based on presenting features (Pui et al. 2011). By 

directing patients expected to have a poor outcome to more intensive therapy, these 

high-risk patients are afforded the best possible chance of disease clearance. 

Furthermore, by limiting the amount of therapy given to patients identified as having a 

favourable outcome, these low-risk patients are spared the detrimental short and long-

term side effects associated with agents used in high-risk therapy (Pui & Evans 2006). 

 

Clinical features that predict outcome include age, gender and white blood cell (WBC) 

count at diagnosis. Biological factors with prognostic relevance include 

immunophenotype (pro-B, pre-B or common B) and the genotype of the patient’s 
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leukaemic cells. Hyperdiploidy defined as > 51 chromosomes or a DNA index greater 

than 1.16 is associated with a favourable outcome in standard risk pre-B ALL (Heerema 

et al. 2000; Sutcliffe et al. 2005). Several recurrent cytogenetic abnormalities are 

associated with ALL biology and are discussed in the next section. Table 1.2 shows the 

clinical and biological features that are used to initially stratify patients diagnosed with 

pre-B ALL as either standard or high-risk. Features associated with a higher risk include 

age of 0-1yr or greater than 9yrs, male gender, high WBC count (> 50 x 109/L), pro-B 

immunophenotype and hypodiploidy defined as less than 45 chromosomes. As discussed 

earlier, perhaps the most important prognostic factor in ALL is the response to induction 

therapy detected as MRD. This is a strong predictor of relapse or resistance to therapy 

and determines the appropriate treatment protocol for patients, either intensification or 

consolidation of treatment administered.  

 

Table 1.2 Clinical and biological features for initial patient stratification  

Adapted from Pieters and Carroll (2010). 

Factor Standard Risk High Risk 

Age at diagnosis 1-9 yrs < 1yr or > 9 yrs 

Sex Female Male 

WBC count < 50 x 109 / L > 50 x 109 / L 

Immunophenotype precursor B ALL B ALL 

Genotype  Hyperdiploid  

>50 chromosomes 

hypoploidy  

< 45 chromosomes 

Post-induction MRD  no blasts detected detectable blasts 

 

1.3.2 Molecular types and cytogenetics 

Numerous recurrent cytogenetic anomalies have been characterised in pre-B ALL and 

these are associated with different outcomes (Pui & Evans 2006). Fusion transcripts 

generated by some chromosomal rearrangements have been demonstrated to have 

leukaemogenic potential. Juxtaposition of genes encoding developmentally critical  

DNA-binding proteins with foreign loci can result in the production of fusion proteins 
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with unrestricted and, or, oncogenic transcriptional activity (Poppe et al. 2007). A high 

proportion of cytogenetic rearrangements associated with leukaemia involve 

transcription factors required for, or involved in, lymphoid development. Some 

examples of these are the master transcriptional regulator mixed lineage leukaemia 

(MLL) or the runt-related transcription factor 1 (RUNX1 also known as AML1). The 

most common cytogenetic alterations and their prognostic implications are outlined in 

Table 1.3. 

 

1.3.2.1 TEL-AML1 

The TEL-AML1 fusion (also known as ETV6-RUNX1) is characterised by the 

t(12;21)(p13;q22) translocation and is the most common cytogenetic rearrangement in 

paediatric pre-B ALL, occurring in around 25% of cases (Onciu 2009). TEL-AML1 is 

associated with high chemosensitivity, and thus a favourable outcome. Both TEL/ETV6 

and AML1/RUNX1 are transcription factors with established roles in haemopoiesis 

(Okumura et al. 2007; Wang et al. 1998). Targeted disruption of TEL after the 

establishment of haemopoiesis results in an accumulation of progenitor cells at the pro-B 

stage, however the developmental potential of these cells is not blocked completely 

(Fischer et al. 2005). These data reflect what is seen in human disease, as carriers of the 

TEL-AML1 rearrangement do not always progress to overt leukaemia and identical twin 

studies have demonstrated that it is possible to carry TEL-AML1 in haemopoietic cells 

without any manifestation of disease (Maia et al. 2003). In studies conducted by Greaves 

and colleagues, TEL-AML1-transduced human CD34pos cord blood cells, transplanted 

into NOD-SCID mice, gave rise to cells that display B-cell developmental potential and 

also exhibit greatly enhanced resistance to some apoptotic stimuli, including Fas ligand, 

camptothecin and melphalan, suggesting that these pre-leukaemic clones have a growth 

advantage over non-transduced cells (Hong et al. 2008). In carriers of TEL-AML1, 

progenitor cells harbouring this feature are referred to as pre-leukaemic clones and tend 

to display an early pre-B/pro-B immunophenotype. It is postulated that they require a 

second hit to become overtly tumorigenic (Greaves 2009). 
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Table 1.3 Common cytogenetic abnormalities in pre-B ALL 

Adapted from Onciu, M. (2009). 

Cytogenetic group Frequency 

(%) 

Fusion gene Cytogenetic 

abnormality 

Prognosis Notes 

Hyperdiploid 27-29 NA 51-65 

chromosomes 

Low-risk Higher sensitivity to MTX, MP 

ALL with t(12;21) 25 TEL-AML1 

(ETVX-RUNX1) 

t(12;21)(p13;q22) Low-risk Higher sensitivity to L-asparaginase 

Hypodiploid 5-6 NA <45 chromosomes High-risk B-cell developmental gene mutation 

in 100% of cases 

ALL with t(1;19) 3-6 TCF3-PBX1 

(E2A-PBX1) 

t(1;19)(q23;p13) Standard-risk NA 

Philadelphia positive 

ALL 

3-5 BCR-ABL t(9;22)(q34;q11.2) High-risk IKZF1 (Ikaros) deletions common  

ALL with MLL (11q23) 

rearranged  

2-3 AF4-MLL 

ELL-/MLL 

t(4;11)(q21;q23) 

t(19;11)(p13;q23) 

High-risk 

High-risk 

 

Increased expression of HOX genes.  
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1.3.2.2 TCF3-PBX1  

The t(1;19)(q23;p13) TCF3-PBX1 (also known as E2A-PBX1) translocation occurs in 

around 5% of cases of paediatric B-lineage ALL. Expression of this fusion gene 

produces an oncogenic protein containing the N-terminal transactivation domain 

encoded by the transcription factor 3 gene (TCF3) fused to the DNA-binding 

homeodomain encoded by pre-B-cell leukaemia homeobox 1 gene (PBX1). The resulting 

fusion protein can induce expression of genes defined by the PBX1 DNA-binding 

domain alone (Van Dijk et al. 1993) or alternatively the TCF3-PBX1 oncoprotein can 

dimerize with HOX proteins, resulting in enhanced expression of HOX target genes 

(Aspland et al. 2001). TCF3 encodes two basic helix-loop-helix (bHLH) proteins, E12 

and E47 that form homodimeric complexes to regulate immunoglobulin gene expression 

(Bain et al. 1999). The TCF3 gene is required for lymphoid development and disruption 

of normal TCF3 expression results in accumulation of cells at the pro-B cell stage 

(Uckun et al. 1998b). Recent studies investigating conditional knockout of Tcf3 in 

murine embryonic stem cells have demonstrated that Tcf3 gene expression plays a 

critical role in repressing expression of genes associated with self-renewal such as 

Nanog, Tcl1, Tbx3 and Esrrb (Yi et al. 2008). Dysregulated expression of the TCF3-

PBX1 may result in improper activation of gene expression programs associated with 

self-renewal.  

 

The t(1;19) feature was historically associated with a poor outcome, however 

improvements in multi-agent therapy have resulted in this rearrangement being removed 

from risk stratification matrices (Raimondi et al. 1990). This may need to be reviewed 

however, as a recent study has identified an association between TCF3-PBX1 and CNS 

relapse in children with pre-B ALL (Jeha et al. 2009). Re-inclusion of this genotype in 

clinical matrices would direct these patients to intensified CNS-directed prophylaxis 

which may have a significant effect on patient outcomes. 
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1.3.2.3 BCR-ABL1  

Perhaps one of the best-known translocations associated with leukaemia is the 

t(9;22)(q34;q11.2) BCR-ABL1 fusion, also known as the Philadelphia chromosome. This 

rearrangement is characterised by translocation of the coding region of ABL1 from 

chromosome 9 to the BCR gene on chromosome 22 and occurs in 3-5% of cases of 

childhood ALL (Arico et al. 2000). This event results in constitutive expression of the 

BCR-ABL1 fusion RNA driven by the BCR promoter (Pieters & Carroll 2010). While the 

precise function of the BCR gene has not been established, ABL1 is a proto-oncogene 

encoding a non-receptor tyrosine kinase and the BCR-ABL1 fusion protein has been 

demonstrated as a driver of oncogenesis (Uckun et al. 1998a). Transformation by BCR-

ABL1 activates a number of intracellular signalling pathways, and those shown to play 

major roles in BCR-ABL1 induced cellular proliferation and transformation include 

activation of RAS, PI-3 kinase and Jun kinase (Pui 2006). BCR-ABL1 transformation 

also enhances resistance to some cytostatic drugs and radiation by upregulating the anti-

apoptotic BCL2 family member BCL-XL (Skorski 2002). Children with ALL positive 

for the BCR-ABL1 genotype usually have a high MRD after induction therapy and this 

translocation is associated with high-risk and a poor outcome with 5ys EFS of around 

28% (Arico et al. 2000).  

 

BCR-ABL1-positive ALL frequently harbours deletions in B-cell developmental genes 

(Onciu 2009). Recent data gathered on BCR-ABL1-positive ALL indicated that 75% of 

children and 91% of adults harboured mutation of at least one IKAROS allele (Mullighan 

et al. 2008). Iacobucci and colleagues recently reported the acquisition of mutations in 

IKAROS splice sites after treatment with tyrosine kinase inhibitors, suggesting a role for 

dominant-negative IKAROS isoforms in the acquisition of Imatanib and Dasatanib 

resistance in BCR-ABL1-positive patients (Iacobucci et al. 2008). 

 

1.3.2.4 MLL rearrangements 

Translocations involving the mixed lineage leukaemia (MLL) gene at 11q23 are very 

common in infant ALL (< 1 yr) with around 80% of such cases attributable to 
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rearrangements of the MLL locus. In contrast, only 2% of children aged 1-9 yr present 

with MLL rearrangements (Somervaille & Cleary 2010). Universally, MLL involvement 

is associated with high-risk and a poor outcome. Leukaemic cells containing MLL 

rearrangements are usually highly resistant to glucocorticoids and L-asparaginase, two 

front-line chemotherapeutic agents used in standard induction therapy (Pieters & Carroll 

2010). MLL-rearranged ALL exhibits an early pro-B immunophenotype and CD10 

negativity and mutations in B-cell developmental genes are common (Ayton & Cleary 

2001). The striking feature of MLL rearrangements is the large number of partner loci 

involved in 11q23 translocations. To date over 100 different MLL rearrangements have 

been described (Meyer et al. 2009).  

 

MLL is required for normal haemopoiesis (Jude et al. 2007), however the precise 

mechanism by which MLL rearrangements induce transformation is unclear. MLL 

encodes a large, multidomain protein (3972 amino acids), that contains an AT hook 

DNA-binding domain, as well as a H3K4 histone methyltransferase moiety which is 

associated with epigenetic activation of homeobox genes by chromatin remodelling. 

Regardless of the 11q23 fusion partner, MLL-fusion oncoproteins consistently induce 

high level transcriptional activation of HOXA and MEIS1 genes through epigenetic 

activation of these gene loci (Somervaille & Cleary 2010). These genes are normally 

repressed during terminal differentiation and constitutive expression is thought to 

contribute to uncontrolled proliferation of leukaemic cells harbouring MLL fusions. 

 

1.3.2.5 Numerical chromosomal alterations 

Changes in chromosome number (ploidy) are frequently observed in paediatric ALL. 

Hyperdiploidy is defined as greater than 50 chromosomes and is the most common 

genetic abnormality present in childhood ALL with an incidence of around 25-30% 

(Onciu 2009). Hyperdiploidy confers a favourable prognosis and current estimates of 

overall survival of children with hyperdiploid ALL is 90% (Paulsson & Johansson 

2009). Furthermore, cases with trisomies 4, 10 and 17 have a particularly favourable 

outcome (Sutcliffe et al. 2005). Activating mutations affecting FLT3 occur in around 
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20% of hyperdiploid ALL and efforts are underway to incorporate small molecule 

inhibitors of FLT3 in standard therapy as these have been shown to be highly effective at 

killing FLT3 positive, hyperdiploid ALL (Brown et al. 2005). 

 

Hypodiploidy which is defined as fewer than 45 chromosomes, is much less frequent in 

childhood ALL, occurring in around 5% of cases of paediatric B-lineage ALL (Onciu 

2009). Due to its low frequency, there have been few studies investigating the biological 

and clinical significance of this genetic subtype of ALL, however patients harbouring 

this genetic abnormality have a dismal outcome. A study conducted by Harrison and 

colleagues found that the 3yr EFS of 121 children with 42-45 chromosomes was around 

65%, while those with 25-39 chromosomes (n=20) exhibited a 3yr EFS of only 30% 

(Harrison et al. 2004). As one might expect, deletions of B-cell developmental genes 

occurred in 100% percent of cases (Harrison et al. 2004). 

 

1.3.2.6 Recurrent mutations in pre-B ALL  

Genome-wide screens have provided insights into the molecular pathogenesis of ALL 

(Mullighan et al. 2007; Mullighan & Downing 2009). The most commonly disrupted 

loci in pre-B ALL are those encoding transcription factors involved in the regulation of 

B-cell development such as PAX5, IKZF1 (IKAROS), IKZF2 (HELIOS), IZKF3 

(AIOLOS), LEF1, TCF3 and BLNK. Perturbations in lymphoid developmental genes 

occur in around 60% of cases of pre-B ALL and explain the developmental blockade 

that is a feature of this disease (Kuiper et al. 2007b; Mullighan et al. 2007). Surprisingly, 

DNA damage response pathways and tumour suppressor genes that are often mutated or 

lost in other tumour types are normally intact in pre-B ALL, with the prominent 

exception of the p16INK4
/p14

ARF locus which is altered in around 30% of paediatric pre-B 

ALLs (Kim et al. 2009).  

 

Loss of function mutations affecting IKAROS (IKZF1) are associated with 

haematological malignancies including AML (Yagi et al. 2002) and pre-B ALL 

(Mullighan et al. 2007), and inactivating mutations or deletions affecting the IKAROS 
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locus are highly predictive of relapse in paediatric pre-B ALL (Kuiper et al. 2010; 

Mullighan et al. 2009). Ikaros proteins are nuclear factors required for normal 

haemopoiesis and lymphoid specification (Koipally et al. 1999; Cobb & Smale 2005). 

Mice homozygous for germline mutations in the murine Ikaros DNA-binding domain 

completely lack lymphoid and natural killer cells (Georgopoulos et al. 1994), while 

retaining normal development within the myeloid and erythroid compartment.  

 

Ikaros proteins are sequence-specific transcription factors that have also been implicated 

in chromatin remodelling and can both repress and potentiate gene expression (Koipally 

et al. 1999; Rebollo & Schmitt 2003). Ikaros family proteins can form homodimers or 

heterodimers with other Ikaros family members (Rebollo & Schmitt 2003; 

Georgopoulos et al. 1994) and isoforms of the IKAROS protein generated by alternative 

splicing have been identified in both normal haemopoietic cells and leukaemic blasts 

(Tabayashi et al. 2007; Rebollo & Schmitt 2003; Iacobucci et al. 2008; Meleshko et al. 

2008). These isoforms frequently lack part or all of the N-terminal zinc finger  

DNA–binding domain. However, the C-terminal dimerisation domain typically remains 

unaffected, thus these alternative isoforms can bind to canonical IKAROS (or other 

Ikaros family proteins) and act as dominant negative (DN) inhibitors (Sun et al. 1996).  

 

1.3.2.7 Classical oncogenes associated with pre-B ALL 

As well as activation of proto-oncogenes through cytogenetic rearrangements that are 

unique to haematological malignancies, there are also a number of “classical” oncogenes 

involved in leukaemogenesis, particularly in the case of TEL-AML1 carriers who are 

thought to require a second oncogenic hit to progress to overt leukaemogenesis (Hong et 

al. 2008). One such example is the B-cell CLL/lymphoma gene (BCL2) (Vaux et al. 

1988). BCL2 activation is most frequently associated with t(14;18) translocations, 

however BCL2 can also be overexpressed by activating point mutations or gene 

amplification. BCL2 protein inhibits apoptosis by binding to and inhibiting the pro-

apoptotic protein BCL2-associated X protein (BAX) (Zivny et al. 2010). While 
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expression of BCL2 in ALL is common, it has not been associated with outcome (Gala 

et al. 1994).    

 

One of the best studied oncogenes is the v-myc myelocytomatosis viral oncogene 

homolog, better known as MYC, which is overexpressed in a large number of solid 

tumours as well as some leukaemias (Albihn et al. 2010; Rubnitz & Crist 1997). T(8;14) 

rearrangements result in the translocation of the MYC gene to the immunoglobulin heavy 

chain (IgH) locus, resulting in an overexpression and an abundance of MYC protein 

driven by the IgH promoter. 

 

MYC activity requires dimerisation with the basic helix-loop-helix (bHLH) protein 

MYC-associated factor X (MAX). The MYC-MAX dimer modulates gene transcription 

by binding to hexanucleotide sequences termed E boxes 5’CA[C/T]GTG-3’ in the 

promoter of target genes (Luscher & Larsson 1999). MYC also interacts with proteins 

involved in chromatin remodelling such as transformation/transcription domain-

associated protein (TRRAP), RuvB-like 1 (RUVBL1/TIP49) and RuvB-like 2 

(RUVBL2/TIP48) (Amati et al. 2001; Wood et al. 2000; Park et al. 2001). A large 

number of genes are targets of MYC and many of these have been documented in the 

MYC Target Gene Database available online at: http://www.myc-cancer-

gene.org/site/mycTargetDB.asp. To date this database contains 1697 individual genes 

that are predicted to be targets of MYC, and studies are ongoing to establish patterns of 

gene expression associated with oncogenic MYC activation (Albihn et al. 2010).  

 

1.3.2.8 Tumour suppressor genes in pre-B ALL 

Disruption of tumour suppressor genes (TSGs) are infrequent events in childhood ALL 

with the exception of those affecting the p16INK4/p14ARF locus which is altered in 25-

30% of paediatric B-lineage ALLs by either mutation or hypermethylation (Krug et al. 

2002; Kim et al. 2009). This locus encodes the cyclin-dependent kinase inhibitor 2A 

(CDKN2A) gene which can give rise to several different mRNA transcripts. Two 

CDKN2A variants encode protein isoforms of p16 that inhibit CDK4 kinase, while a 
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third CDKN2A transcript contains an alternative open reading frame (ARF) encoding the 

p14 protein which can inhibit MDM2. MDM2 binds to and induces degradation of the 

tumour suppressor p53, and p14 inhibits this interaction (Pomerantz et al. 1998). CDK4 

and p53 both have prominent roles in regulating transition from G1 to S phase and are 

tightly regulated. Mutations involving the gene encoding p53 (TP53) are very common 

in solid malignancies, however the incidence of p53 mutations is extremely low in 

childhood cancers in general. Disruption of p53 is observed in around 5% of paediatric 

ALL cases, typically correlating with a poor outcome (Marks et al. 1997).  

 

1.4 CTGF gene expression is dysregulated in pre-B ALL 

A microarray study performed by Boag and colleagues compared the global gene 

expression profiles of 102 paediatric ALL samples with two control populations, bone 

marrow derived CD34pos cells representing the HSC to pro-B cell compartment, and 

CD19pos/IgMneg cells representing the pro-B to small pre B-II compartment. It was 

expected that this approach would identify genes that may be relevant to 

leukaemogenesis (Boag et al. 2007). The results of this study demonstrated that one gene 

in particular, connective tissue growth factor (CTGF) displayed elevated expression, 19-

fold higher vs CD34pos and 37-fold higher vs CD19pos IgMneg cells in 75% of pre-B ALL 

samples. Expression was restricted to pre-B ALL and CTGF expression was not detected 

in T-ALL cells. Curiously, CTGF expression was also absent in the TCF3-PBX1 

cytogenetic group of pre-B ALL. Importantly, these finding were validated in an 

independent cohort of 132 paediatric ALL patients used in a study at St Jude Children’s 

Research Hospital, Memphis (Ross et al. 2003). Deregulation of CTGF in B-lineage 

ALL has now been identified in four independent studies (Vorwerk et al. 2000; Sala-

Torra et al. 2007; Boag et al. 2007; Kang et al. 2010). CTGF is not normally expressed 

by haemopoietic cells at any stage of development and has no known role in lymphocyte 

biology, thus the role of CTGF in pre-B ALL and the mechanism promoting its aberrant 

expression are unclear and remain to be elucidated.  
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1.5 Connective tissue growth factor 

The name connective tissue growth factor (CTGF) was coined in 1991 by Bradham and 

colleagues to describe a novel protein secreted by a human umbilical endothelial cell 

line (HUVEC) that stimulated mitogenesis and chemotaxis of murine fibroblasts in vitro 

(Bradham et al. 1991). Subsequently, overexpression of CTGF has been observed in a 

number of fibrotic pathologies (Manetti et al. 2007; Lang et al. 2007; Leask 2004; Faull 

2005). CTGF also has roles in numerous other biological and developmental processes 

including wound healing, angiogenesis, chondrogenesis, adhesion, apoptosis, 

chemotaxis, mitogenesis, extracellular matrix formation, endochondral ossification and 

tumorigenesis (Leask & Abraham 2006; Brigstock 2003; Dhar & Ray). CTGF appears to 

exert its effects through interacting with other protein factors through one of its four 

functional domains or by interacting with cell surface receptors and integrins. While 

some of these interactions have been characterised in various cell types, the precise role 

of CTGF in these biological contexts is largely unknown. Several recent reviews on 

CTGF function have highlighted the role of CTGF as a matricellular protein rather than 

a classical growth factor as CTGF is thought to facilitate interactions between cells and 

the surrounding extracellular matrix (Chen & Lau 2009; Brigstock 2010; Leask 2010). 

There is a growing body of evidence that CTGF acts to connect cells to the 

microenvironment by providing adhesive signals as well as modulating the availability 

of soluble growth factors, thus the tissue context within which CTGF is expressed is 

likely to play a key role in determining its biological function in any given 

microenvironment. 

 

1.5.1 Origins 

CTGF also known as CCN2, is a member of the CCN family of structurally related 

proteins, named after the three founding members Cysteine rich 61 (Cyr61 or CCN1), 

connective tissue growth factor (CTGF) and nephroblastoma overexpressed (NOV or 

CCN3) (Brigstock 2003). The remaining CCN members include the WNT1 inducible 

signalling pathway protein (WISP) members 1 to 3; WISP1 (CCN4), WISP2 (CCN5) 

and WISP3 (CCN6) (Leask & Abraham 2006). All six proteins share a similar modular 
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structure, as illustrated in Figure 1.2, containing up to four highly conserved domains. 

These domains contain motifs that resemble functional elements present in important 

regulatory proteins, including the insulin-like growth factor binding proteins (IGFBP), 

von Willebrand type-C (VWC), thrombospondin type-1 (TSP1) and a cysteine knot 

motif in the CT domain (Perbal 2001; Leask & Abraham 2006). This curious mosaic 

structure has resulted in CTGF (and other CCN proteins) being implicated both directly 

and indirectly in a vast array of biological processes and has made predicting the 

function of CTGF in any given biological context difficult (Chen & Lau 2009; Holbourn 

et al. 2008).  

 

1.5.2 Protein structure 

The CTGF protein contains 349 amino acid residues and has a molecular weight of 36-

38 kDa depending on glycosylation of the full length protein (Bradham et al. 1991; Ball 

et al. 2003b). CTGF is a secreted protein and the N-terminus contains a 37 amino acid 

signal peptide (SP) directing the protein through the Golgi apparatus to the cell 

membrane for secretion (Abreu et al. 2002; Chen et al. 2001). CTGF is thought to have a 

short half-life and is susceptible to proteolysis by several enzymes, including elastase, 

plasmin and the matrix metalloproteases (MMPs) 1, 3, 7 and 13 (Hashimoto et al. 2002). 

Several smaller molecular weight fragments of CTGF have been detected in biological 

fluids and these are thought to potentiate specific biological functions (Yang et al. 1998; 

Steffen et al. 1998; Ball et al. 1998). These smaller isoforms, which arise from 

proteolysis upon secretion, range in size from 10-20 kDa and are primarily comprised of 

either module 4 alone or modules 3 and 4 combined (Brigstock et al. 1997). The two 

enzymes elastase and plasmin can cleave CTGF between any of the four modules 

(Hashimoto et al. 2002), while MMPs 1, 3, 7 and 13 cleave the CTGF protein in the 

proteinase-sensitive hinge region between modules 2 and 3 (Gressner & Gressner 2008).  
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Figure 1.2 Modular structure of CCN proteins 

All CCN members share a similar modular structure including an  

N-terminal signal peptide (SP), insulin-like growth factor binding protein domain 

(IGFBP), Von Willebrand type-C (VWC) domain, and a thrombospondin type-1 domain 

(TSP1). CCNs1-4 and CCN6 contain a cysteine-rich C-terminus (CT) which is not 

present in CCN5. All CCN family members contain a protease-sensitive hinge region 

between module 2 and 3. Figure adapted from Leask, A. and Abraham, D. (2006). 

 

1.5.3 CTGF signalling  

CTGF is pleiotropic and has been implicated in numerous biological processes, largely 

due to the diversity of proteins shown to interact with CTGF and other CCN family 

members. Our understanding of the various roles CTGF may play in any given 

microenvironment or biological process is limited at present and important questions 

that require addressing include which cellular receptors can be activated by CTGF, 

which soluble factors can CTGF bind to, and can these interactions modulate the 

function of target proteins? The following sections outline some of the key protein 

factors and receptors that are known to bind CTGF. 

 

1.5.3.1 Insulin signalling 

Module 1 of CTGF contains a sequence motif homologous to the IGFBP superfamily 

and this domain has been shown to bind human recombinant insulin-like growth factor 

(IGF) 1 and 2 with low affinity (Kim et al. 1997). IGF family proteins have been 
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implicated in haemopoietic development and importantly in leukaemia (Zumkeller 2002; 

Elmlinger et al. 1996). Furthermore, the first observation that CTGF was expressed 

specifically in pre-B ALL came from a study investigating the expression of insulin 

binding protein genes in leukaemia (Vorwerk et al. 2000). However, there is little 

functional evidence so far that CTGF plays a significant role in IGF signal transduction 

and the biological implications of the structural relationship between CTGF and IGFBPs 

remains unclear and warrants further investigation.  

 

1.5.3.2 TGFB family signalling 

CTGF module 2 contains a cysteine rich VWC motif and this domain can bind members 

of the transforming growth factor beta superfamily of proteins including; bone 

morphogenic proteins (BMPs) 4 and 7 and transforming growth factor beta 1 (TGFΒ1) 

(Abreu et al. 2002; Nguyen et al. 2008). Binding modulates the availability of these 

factors to attach to their cognate receptors and activate intracellular signalling. 

Interaction between CTGF and either BMP4 or BMP7 impairs the ability of these 

proteins to bind to the type II TGF receptor (TGFBR2). Conversely, TGFβ1 bound to 

CTGF displays enhanced TGFBR2 binding (Abreu et al. 2002). Interestingly, CTGF can 

be potently induced by TGFΒ1 signalling and this is the best studied inducer of CTGF 

gene expression (Trojanowska 2009; Arnott et al. 2008). Furthermore, around a third of 

TGFΒ1-responsive genes are no longer inducible in CTGF null embryonic fibroblasts, 

demonstrating the critical role CTGF plays in signalling downstream of TGFB1(Shi-wen 

et al. 2006). These data indicate that the CTGF/TGFB1 axis may demonstrate a positive 

feedback loop.  

 

1.5.3.4 Vascular endothelial growth factor signalling 

CTGF has been suggested to play a role in regulating the angiogenic effects of vascular 

endothelial growth factor (VEGF). Inoki and colleagues identified CTGF in a screen for 

VEGF-binding partners using a yeast two-hybrid system (Inoki et al. 2002). The authors 

further demonstrated that CTGF has the ability to bind to VEGF, using either module 3 
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(TSP1 domain) or module 4 (CT domain) independently. Full length CTGF sequesters 

VEGF in a complex preventing it from binding to cell surface receptors, and 

experiments have shown that cleavage of this complex by a number of MMPs in the 

CTGF hinge region can result in the release of previously bound VEGF (Hashimoto et 

al. 2002; Ito et al. 2007). This mechanism is suggested to fine-tune the bioavailability of 

VEGF. Furthermore, MMPs are commonly expressed and activated during wound 

healing and tissue remodelling (Murphy & Nagase 2008), two environments where 

angiogenesis is required. An overall increase in cell surface or extracellular expression 

of MMP family proteins is likely to impair the ability of CTGF to bind VEGF and 

induce the release of any VEGF that is sequestered in either stromal or cell surface-

bound complexes. Curiously, reminiscent of TGFΒ1, induction of CTGF gene 

expression by VEGF has also been reported (He et al. 2003; Suzuma et al. 2000; Kuiper 

et al. 2007a), however these findings were obtained in studies of bovine retinopathies 

and may not represent the role for CTGF in human biology, and further investigation is 

required. 

 

1.5.4 CTGF cell surface interactions 

As well as binding important regulatory proteins, CTGF has been shown to bind several 

membrane-bound receptors that can facilitate intracellular signalling via tyrosine 

phosphorylation. Because the response to extracellular CTGF appears to vary depending 

on the tissue context, an important step in elucidating the potential role of CTGF in any 

given microenvironment is to determine what receptors are available to bind CTGF and 

what cells are expressing such receptors. Some of the known CTGF receptor interactions 

that have been validated are outlined below. 

 

1.5.4.1 LRP1 receptor 

A study performed by Segarini and colleagues demonstrated the ability of CTGF to bind 

the low density lipoprotein receptor-related protein (LRP1), also known as α2-

macroglobulin receptor (α2MR) through interactions with the TSP1 domain in module 3 
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of the CTGF protein (Segarini et al. 2001). In this study, the authors used LRP1 purified 

from lysates prepared from the bone marrow stromal cell line BSM2, suggesting that 

LRP1 has the potential to act as a CTGF receptor in the bone marrow microenvironment. 

LRP1-CTGF interactions have also been confirmed in rat hepatic stellate cells and 

human renal fibroblasts (Gao & Brigstock 2003; Yang et al. 2004). Yang and colleagues 

confirmed phosphorylation of the intracellular domain of LRP1 in response to CTGF 

binding, resulting in activation of downstream mitogen-activated protein kinase 

(MAPK) signalling (Yang et al. 2004). Blockade of LRP1 with receptor associated 

protein (RAP) or inhibition of MAPK activation with the MAPK/ERK kinase 1 (MEK1) 

inhibitor PD98059 reduced myofibroblast differentiation in response to exogenous 

CTGF (Yang et al. 2004). CTGF has also been shown to bind the Wnt-co receptor LRP6 

on Xenopus embryos, inhibiting Wnt signaling. However, this has not been investigated 

in mammalian cells (Mercurio et al. 2004). 

 

1.5.4.2 NTRK1/NGFR receptor complex 

CTGF is thought to play a role in diabetic retinopathy and a study by Wahab et al 

demonstrated that CTGF activates signalling pathways, including ERK 1/2, JNK, ERK5, 

phosphatidylinositol 3-K, CaM-KII, PKCα, and PKCδ in human mesangial cells (Wahab 

et al. 2005). Furthermore they demonstrated that this response was downstream from 

CTGF binding to the type 1 neurotrophic tyrosine kinase receptor (NTRK1/TrKA) and 

the co-receptor nerve growth factor receptor (NGFR/p75NTR). The cytoplasmic domain 

of NTRK1 contains tyrosine residues that can be phosphorylated and interact directly 

with intracellular adapter proteins, resulting in a vast array of biological responses, 

including proliferation, cytoskeletal remodelling and membrane trafficking, and 

differentiation (Huang & Reichardt 2003). 

 

1.5.4.3 CTGF-associated adhesion 

Module 4 of CTGF (CT domain) binds heparin sulphate proteoglycans (HSPGs). These 

proteins are expressed on the surface of some cell types and HSPG-CTGF interactions 
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have been demonstrated in fibroblasts (Chen et al. 2000), hepatic stellate cells (Gao & 

Brigstock 2004), and some monocytes (Schober et al. 2002). In each case, specific 

integrin complexes were required as co-receptors and these differed between cell types, 

including αmβ2 integrins in monocytes, α6β1 in fibroblasts and α5β3 in hepatic stellate 

cells. Furthermore binding of CTGF to α5β3 integrins through the CT domain facilitates 

migration and adhesion of chondrosarcoma cells independent of HSPG binding (Tan et 

al. 2009). Other integrins known to interact with CTGF include α5β1 on pancreatic 

stellate cells and chondrocytes (Gao & Brigstock 2006; Hoshijima et al. 2006; Nishida et 

al. 2007), and αIIbβ3 on human platelets (Jedsadayanmata et al. 1999). Hoshijima and 

colleagues have demonstrated that fibronectin (FN1) also binds the CT domain, 

promoting adhesion of chondrocytes. This process was dependant on co-binding α5β1 

integrins (Hoshijima et al. 2006). 

 

HSPGs are common components of stroma and this has led to the hypothesis that the 

microenvironment may act as a sink for bioactive CTGF. Perlecan is the major 

extracellular matrix proteoglycan in the bone marrow (Schofield et al. 1999) and has 

been shown to sequester CTGF as well as a number of other important protein factors, 

including fibroblast growth factors (FGFs), platelet derived growth factor (PDGF), 

VEGF and many more (Melrose et al. 2008). It is not known whether CTGF bound to 

stroma can interact with other binding partners such as TGFΒ1, BMPs or VEGF and 

careful functional characterisation of HSPG-bound CTGF is required before such 

fundamental biological questions can be answered. 

1.5.5 The CTGF locus 

The human CTGF gene maps to the long arm of chromosome 6, at cytoband q23.1 

(Martinerie et al. 1992). CTGF is an immediate early gene and can be expressed rapidly 

in the absence of endogenous protein synthesis, highlighting its importance in 

mammalian homeostasis (Igarashi et al. 1993). The CTGF gene is relatively small at 

approximately 3.5 kb in length and encodes a single mature mRNA transcript of 2.4 kb 

in length, containing five exons. There have been no conclusive reports of CTGF 

splicing variants or alternative transcripts, however a recent study investigating the 
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exome of thymic tumours identified CTGF mRNA transcripts with reduced inclusion of 

exon 2 (Soreq et al. 2008). Follow-up studies need to be performed to accurately 

characterize CTGF mRNA transcripts in these samples.  

 

1.5.5.1 The CTGF promoter  

CTGF expression can be modulated by a number of extracellular stimuli, including high 

glucose (Wang et al. 2008), hypoxia (Higgins et al. 2004; Hong et al. 2006), mechanical 

stress (Nishida et al. 2008) and soluble factors such as transforming growth factor beta 

(TGFB1) (Xie et al. 2005; Arnott et al. 2008), endothelin-1 (ET-1) (Recchia et al. 2009), 

serum response factor (SRF) (Muehlich et al. 2007) and curiously the matrix 

metalloprotease MMP3 (Eguchi et al. 2008). Other factors have also been implicated in 

the induction of CTGF expression, however these observations are largely cell type 

specific and in some cases indirect, requiring further investigation. The CTGF promoter 

contains several well characterised regulatory elements, outlined in Figure 1.3. These 

include binding sites for Sp1 and Ap-1/c-Jun (Holmes et al. 2003; Yu et al. 2009), 

tandem Ets-1 binding motifs (Van Beek et al. 2006), as well as a Smad-binding element 

(SBE) (Holmes et al. 2001), and the basal control element (BCE-1), originally named 

the TGFB1 response element (TBRE) (Grotendorst et al. 1996).  

 

TGFB1 has long been recognised as one of the most potent inducers of CTGF 

expression in fibroblasts, mesangial cells and vascular smooth muscle cells (Grotendorst 

1997; Chen et al. 2002; Fu et al. 2001). The BCE-1 was originally described by 

Grotendorst and colleagues as a promoter region critical for the induction of CTGF 

expression by TGFB1. This promoter element is activated downstream of MEK/ERK 

signalling and mutation of this region can abolish TGFB1-induced CTGF expression 

(Chen et al. 2002; Holmes et al. 2001; Pickles & Leask 2007). The SBE is also critical 

for TGFB1-induced CTGF expression. Signalling through the type II TGFB receptor 

(TGFBR2) results in activation of smad2 and smad3 nuclear factors. These factors in 

turn dimerize with smad4 to activate gene transcription through binding at the SBE. 

Smad3 and smad4, but not smad2 have been shown to be critical for TGFB1-induced 



 29 

CTGF expression in fibroblasts, osteoblasts, and proximal-tubule epithelial cells 

(Holmes et al. 2001; Arnott et al. 2008; Phanish et al. 2006).  

 

The SBE can also act in concert with the tandem Ets-1 sites and this synergy is required 

for the induction of CTGF by TGFB1 in fibroblasts (Van Beek et al. 2006). These 

tandem Ets-1 binding sites have also been shown to be a target of the oncogenic 

transcriptional co-activators YAP and TEAD, and CTGF expression is potently activated 

by YAP in NIH-3T3 and MCF10A breast cancer cells (Zhao et al. 2008). An element 

termed the transcriptional enhancer dominant in chondrocytes (TRENDIC) can be 

activated by the matrix metalloprotease MMP3 (Eguchi et al. 2008). Transcriptional 

regulation is not a function commonly attributed to matrix metalloproteinases, however 

Eguchi and colleagues demonstrated nuclear localisation of MMP3 in chondrocytes and 

confirmed trans-activation of CTGF gene expression by nuclear MMP3 bound to the 

CTGF promoter (Eguchi et al. 2008). CTGF expression can also be modulated by 

hypoxia through two HIF response elements (HRE) at -3745 and  

-1558 (Higgins et al. 2004), however hypoxia has been shown to induce (Samarin et al. 

2010) and inhibit (Kroening et al. 2009) CTGF expression depending on cell type and 

activation of different signalling pathways downstream from hypoxic stimuli, thus the 

role of hypoxia in regulating CTGF expression is controversial. Because CTGF is not 

normally expressed in lymphoid cells, it is unclear what transcriptional mechanisms are 

likely to be responsible for its aberrant expression in pre-B ALL. 
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Figure 1.3 Transcription factor binding sites at the CTGF promoter  

The CTGF promoter region from -1009 to +70 is shown. Functional transcription factor binding sites (green boxes) include two AP-1 

sites (Yu et al. 2009), the transcriptional enhancer dominant in chondrocytes (TRENDIC) which is bound by MMP3 (Eguchi et al. 

2007; Eguchi et al. 2008), an SP3 binding site (Fonseca et al. 2007), a smad binding element (SBE) (Arnott et al. 2008), basal control 

element (BCE-1) (Grotendorst 1997), tandem Ets-1 binding sites (Van Beek et al. 2006), a TATA box and an SP-1 binding site 

(Holmes et al. 2003). TSS: transcription start site (+1). 
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1.5.5.2 Epigenetic regulation of CTGF expression 

Epigenetic features are now widely acknowledged to be important in tumorigenesis 

(Bonifer & Bowen 2010). Post-translational modifications of histone tails can alter 

chromatin structure, impacting on the accessibility of DNA elements for transcriptional 

initiation and elongation (Chi et al. 2010). Methylation of DNA at CpG dinucleotides 

can directly alter the ability of trans-factors to bind to DNA and can also recruit protein 

complexes that can remodel chromatin and promote gene inactivation, thus an increase 

in DNA methylation at gene promoters is generally associated with inactivation of gene 

transcription (Watanabe & Maekawa 2010). Cancer cells frequently exhibit global 

hypomethylation of DNA with an accompanying focal, hypermethylation at tumour 

suppressor loci (Kondo & Issa 2010).  The role of epigenetic factors in the regulation of 

CTGF gene expression is still not clear, however several studies have identified cancer 

associated changes in DNA methylation and histone acetylation affecting the CTGF 

locus (Komorowsky et al. 2009; Chiba et al. 2004; Kikuchi et al. 2007). Chiba and 

colleagues identified an association between CTGF gene expression and histone 

acetylation, as well as changes in DNA methylation in some but not all hepatoma cell 

lines (Chiba et al. 2004; Chiba et al. 2005). An association between histone acetylation 

and CTGF expression has also been observed in renal endothelial cells (Komorowsky et 

al. 2009). DNA methylation of this region is inversely correlated with CTGF gene 

expression in ovarian cancer specimens and cell lines (Kikuchi et al. 2007). These 

findings suggest that aberrant epigenetic regulation may play a role in inducing CTGF 

expression in some cancers.  

 

Recent evidence points to a crucial role for DNA methylation in haematological 

malignancies more generally. Milani and colleagues assessed the methylation status of 

1320 CpG sites in the regulatory region of 416 genes and showed that the methylation 

status of 300 of these CpG sites facilitated the accurate prediction of lineage and 

cytogenetic subtype in a large cohort of paediatric ALL specimens (Milani et al. 2010). 

Furthermore, a recent analysis of the global DNA methylation status of 367 

haematological neoplasms by Martin-Subero and colleagues identified increased 
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methylation of the CTGF locus in T-ALL and conversely a reduction in methylation of 

this locus in B-lineage ALLs (Martin-Subero et al. 2009). Given the notable absence of 

CTGF expression in T-ALL, this suggests that DNA methylation may be involved in 

regulating the CTGF locus in ALL (Martin-Subero et al. 2009). This study did however 

have significant limitations as only 1505 individual CpG sites were analysed, spread 

across 807 genes, and only 2 CpG residues were interrogated at the CTGF locus. Thus, a 

thorough investigation into epigenetic regulation of CTGF expression in ALL is 

warranted. 

 

1.5.5.3 The CTGF 3’ UTR 

The 3’ untranslated region (3’ UTR) of canonical CTGF mRNA contains important 

regulatory elements and several miRNAs have been functionally demonstrated to 

regulate CTGF post-transcriptionally by inducing degradation of CTGF mRNA. These 

include miR18a, miR30, miR130 and the miR-17-92 cluster (Ohgawara et al. 2009; 

Duisters et al. 2009; Ernst et al. 2010). Another sequence element termed cis-acting 

element of structure-anchored repression (CAESAR) by Kubota and colleagues, has 

been shown to bind an as yet unidentified nuclear factor in chondrocytes, resulting in 

attenuation of CTGF protein synthesis (Kubota et al. 2000). Disruption of this sequence 

influences the stability of the CTGF mRNA, particularly in response to hypoxic 

conditions (Kubota et al. 2000; Kondo et al. 2006; Kubota et al. 2005). This element has 

the potential to act as a powerful inhibitor of CTGF protein expression and may serve as 

a negative regulator in other tissue types. While it is possible that modulation of CTGF 

mRNA stability conferred by the CAESAR element is mediated by miRNA, no 

functional miRNA binding domains have been identified in this 84bp sequence element.  

 

1.5.6 CTGF expression and cancer 

Aberrant expression of CTGF has been implicated in the biology of up to 21 different 

cancer types to date (Chu et al. 2008). However, the precise role that CTGF plays in 

tumour biology is presently unclear. This is highlighted by the observations that CTGF 
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can both promote and inhibit cancer progression, depending on the type and location of 

the tumour. CTGF expression has been associated with an aggressive phenotype in 

breast cancer (Kang et al. 2003), adenocarcinoma (Koliopanos et al. 2002), pancreatic 

cancer (Wenger et al. 1999), malignant melanoma (Kubo et al. 1998) and glioblastoma 

(Yin et al. 2010). Conversely, CTGF expression has been associated with reduced 

metastasis and proliferation in ovarian cancer (Barbolina et al. 2009), chondrosarcoma 

(Shakunaga et al. 2000), lung cancer (Chien et al. 2006) and squamous cell carcinoma 

(Moritani et al. 2003). This duality likely reflects the importance of biological context 

and microenvironment on the action of CTGF.  

 

CTGF expression has been shown to have prognostic relevance in ALL. A study 

investigating patient outcomes in adult ALL identified an association between high 

CTGF mRNA expression and a poor outcome (Sala-Torra et al. 2007). Patients were 

stratified based on the level of CTGF mRNA expression in their leukaemic blasts into 

three groups, low (n=26), intermediate (n=26) or high (n=26). The five year event free 

survival rates for these groups were 58%, 42% and 12% respectively (Sala-Torra et al. 

2007). More recently, a COG study investigating gene expression classifiers for 

improved prognostic stratification of high-risk paediatric pre-B ALL patients identified 

an association between high CTGF expression and low relapse free survival (RFS) 

(Kang et al. 2010). Clearly, high CTGF expression is associated with a poor outcome in 

ALL and studies to establish the biological role of CTGF in this disease are warranted.   

 

1.5.7 CTGF gene expression in the bone marrow  

The bone marrow space is exposed to CTGF during normal development and 

maintenance, and CTGF is required for differentiation and proliferation of chondrocytes 

and osteoblasts (Takigawa et al. 2003; Nishida et al. 2000). The process of endochondral 

ossification whereby cartilaginous framework is replaced by bone, is distorted in the 

absence of CTGF protein (Song et al. 2007; Takigawa et al. 2003), and CTGF knock out 

mice die shortly after birth due to respiratory failure, as a result of significant skeletal 
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defects (Ivkovic et al. 2003). Other potential sources of CTGF protein in the bone 

marrow include fibroblasts, bone marrrow stromal cells and endothelial cells.  

 

Evidence supporting a role for CTGF expression in normal haemopoiesis has not been 

observed, however a 2007 study provided tantalizing data demonstrating that CTGF 

gene expression is induced in CD34pos haemopoietic progenitor cells (HPCs) by 

adhesion to bone marrow stromal cells in vitro (Wagner et al. 2007). Adherent HPCs 

displayed 60-fold higher CTGF mRNA expression compared to non-adherant HPCs. 

Additional investigation is required to delineate the specific cell types expressing CTGF 

in this model system, as the CD34 marker can also be expressed by other cell types 

present in the bone marrow such as fibrocytes and vascular endothelial cells (Barth & 

Westhoff 2007; Nielsen & McNagny 2009). Nevertheless, this study points to a role for 

CTGF in adhesion of CD34pos HPCs in the bone marrow and is the first such evidence of 

a role for CTGF in haemopoietic development. 

 

1.5.8 CTGF, ALL and bone marrow fibrosis 

High CTGF levels feature prominently in fibrotic pathologies and much research is 

directed toward understanding the role of CTGF in fibrotic disease (Wang et al. 2011; 

Brigstock 2010). In 1964 a study identified a concordance between bone marrow fibrosis 

and B-lineage ALL (Kundel et al. 1964), and this finding was further reinforced in 1989, 

with the reported observation that bone marrow fibrosis was present in 46 of the 56 

(82%) paediatric ALL cases of B-lineage, but only 1 out of 7 patients with T-lineage 

ALL (Wallis & Reid 1989). Confirmation as to the importance of these early studies has 

been forthcoming with a report from Sweden by Noren-Nystrom and colleagues 

confirming increased bone marrow reticulin fiber density (RFD), a marker of fibrosis, in 

pre-B ALL versus T-ALL specimens (Noren-Nystrom et al. 2008). Furthermore, the 

clinical relevance of this increased bone marrow fibrosis was highlighted by the finding 

that the level of RFD at diagnosis correlated with the level of MRD after induction 

chemotherapy, suggesting that fibrotic bone marrow provides  protection to leukaemic 

cells against chemotherapy (Noren-Nystrom et al. 2008). While this apparent fibrotic 
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pathology cannot be attributed retrospectively to the action of CTGF, the incidence of 

fibrosis and the predilection toward B-lineage ALL is consistent with the observed 

incidence of aberrant CTGF expression in pre-B ALL (~75%) (Boag et al. 2007; 

Vorwerk et al. 2000).  

 

Solid tumours are now known to be comprised of not only neoplastic cells, but also 

stromal cells, including endothelial cells, inflammatory cells and fibroblasts (Chouaib et 

al. 2011; Allen & Louise Jones 2011). Cancer associated fibroblasts (CAFs) can enhance 

tumour growth and metastasis through release of classical growth factors, chemokines 

and enhanced synthesis of extracellular matrix (Kalluri & Zeisberg 2006). Elevated 

CTGF protein expression has been detected in the stroma of a number of tumours, 

including pancreatic, breast and oesophageal cancers (Wenger et al. 1999; Frazier & 

Grotendorst 1997; Koliopanos et al. 2002), suggesting an important role for CTGF in 

modulating the tumour microenvironment. In a xenograph model of human prostate 

cancer, human prostate carcinoma cells (LNCaP) were combined with murine fibroblasts 

carrying an inducible CTGF transgene. Expression of CTGF in murine fibroblasts 

significantly enhanced LNCaP engraftment and tumour growth, suggesting CTGF plays 

an important role in the tumour-promoting functions of CAFs (Yang et al. 2005).  

 

While the role of CAFs in the growth and maintenance of solid tumours is now well 

established, the role of bone marrow stromal cells in promoting leukaemogenesis 

remains ill-defined. A number of stromal cell types exist in the bone marrow and these 

cells together with osteoblasts play important roles in regulating specialised HSC niches 

(Wilson & Trumpp 2006; Wilson et al. 2009). Furthermore, recent studies by Lee and 

colleagues have shown that CTGF can induce terminal differentiation of primary human 

bone marrow stromal cells into fibroblasts (Lee et al. 2010), thus ectopic expression of 

CTGF in the bone marrow microenvironment is likely to significantly alter the bone 

marrow stroma and may provide ALL cells with a growth advantage or refuge from 

chemotherapy (Lane et al. 2009).  
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1.6 Overall objectives of this study 

Regulation of CTGF expression is complex and mechanisms vary significantly between 

cell types (Eguchi et al. 2007; Chaqour & Goppelt-Struebe 2006; Shi-Wen et al. 2008). 

While transcriptional networks have been elucidated in some cell types, the mechanisms 

by which CTGF expression is regulated in haemopoietic cells or leukaemia has not yet 

been investigated, as CTGF is not normally expressed in cells of haemopoietic origin. 

Transcription factors, epigenetic factors and miRNAs may all play a role in regulating 

CTGF expression and any number of these may be responsible for the observed 

dysregulation of the CTGF locus in pre-B ALL.  

 

 

The specific aims of this thesis were as follows: 

 

i. To examine whether aberrant CTGF expression is a result of abnormal 

transcription factor expression or activation. 

 

ii. To examine clinical features associated with CTGF gene expression in pre-B 

ALL, and furthermore to investigate the association between CTGF expression 

and overall patient outcomes. 

 

iii. To determine if aberrant CTGF expression is a result of genomic lesions such as 

structural rearrangements or gene mutations. 

 

iv. To determine whether aberrant CTGF expression has an epigenetic basis. 
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Chapter 2 

Materials and Methods 

Chapter 2: Materials and Methods 

2.1 Specimens and cell lines 

2.1.1 Patient specimens 

Bone marrow specimens were obtained from children diagnosed with ALL at Princess 

Margaret Hospital for Children, Perth, WA, Australia, between 1984 and 2005. Patients 

were treated according to Children’s Cancer Group (CCG) protocols (Gaynon et al. 

2000), and specimens were obtained either at the time of initial diagnosis, relapse or 

both. Ethics approval for this study was obtained from the Institutional Review Board, 

and informed consent for the use of tissues for research purposes was obtained for all 

individuals. White blood cells (WBC) were separated from whole BM specimens at the 

time of diagnosis using a Lymphoprep gradient (Nycomed) according to the 

manufacturer’s instructions, then cryopreserved.  

 

2.1.2 Donor mononuclear cells 

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy adult donors 

after provision of informed consent. Briefly, 8 ml of donor blood was collected into 

heparin vacutainers (BD Bioscience), inverted several times and left at room 

temperature for 15 min. Blood was separated by centrifugation at 1500 x g for 15 mins 

at 4°C. After centrifugation, the buffy coat was collected and adjusted to 10 ml with ice-

cold PBS, washed twice with a further 10 ml of ice-cold PBS, then resuspended in one 

pellet volume of ice-cold PBS. PMBCs were processed immediately for nucleic acid 

extraction (described below), or stored at -80°C for no more than 2 weeks. 

2.1.3 Mammalian tissue culture 

The T-ALL cell line Jurkat was obtained from the American Type Tissue Collection 

(ATCC). All remaining ALL cell lines used in this study were generated at the Telethon 
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Institute for Child Health Research in the laboratory of Prof Ursula Kees according to 

previously published methods (Kees et al. 1987). Culture medium used for all cell 

culture was RPMI supplemented with 1 mM sodium pyruvate (MP Biomedicals, LLC), 

non-essential amino acids (MP Biomedicals, LLC), 2 nM 2-mercapto-ethanol, and 2 

mM L-glutamine. Culture medium used for PER-145, PER-278, PER-371 and PER-377 

was supplemented with 20% fetal calf serum (FCS) (Invitrogen, Life Technologies), 

while culture medium used for PER-485, PER-490, PER-495 and JURKAT was 

supplemented with 10% FCS. Cells were maintained in 5% CO2 at 37°C.   

 

2.1.3.1 Culture with 5-aza-2-deoxycytidine and Trichostatin A 

Cells were seeded in fresh culture medium at 106 cells/well in 24 well culture plates 

(Nunc, Thermo Fisher Scientific). In culture, 5-aza-2-deoxycytidine (Aza) was added to 

medium to a final concentration of 5 µM. Cells were treated for a total of 72 h with 

medium containing Aza replaced daily. Cells treated with Trichostatin A (TSA) were 

grown for 72 h, but treated for only the last 12 h in culture with TSA at a concentration 

of 330 nM. For cells treated with both agents, medium containing 5 µM Aza and 330 

nM TSA was added to cells 60 h after the first Aza treatment. 

 

2.2 Bioinformatics and statistics 

2.2.1 Microarray data analysis 

Global gene expression data from the PMH cohort was obtained by Boag and colleagues 

using the human Affymetrix U133A platform as described previously (Boag et al. 2007; 

Boag et al. 2006). Global gene expression data for the Ross cohort was obtained using 

the Affymetrix U133A platform according to the methods reported by Ross and 

colleagues (Ross et al. 2003). The Kang cohort was analysed using the Affymetrix plus 

2.0 platform and global expression data was normalised according to methods outline in 

the report by Kang and colleagues (Kang et al. 2010). Normalised gene expression data 

for the Kang cohort was obtained from the European Bioinformatics Institute’s Array 
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Express website http://www.ebi.ac.uk/arrayexpress/ under the accession number  

E-GEOD-11877. Gene expression data for the Ross cohort was provided as 

supplemental data in the original publication (Ross et al. 2003). 

 

2.2.1.1 Establishing gene expression cut-offs  

Micro-array gene expression cut-offs were established based upon comparisons between 

global gene expression data from the PMH cohort and qRT-PCR validation experiments 

(Boag et al. 2007). Robust multi-array analysis (RMA) normalised probeset signals of < 

50 were classed as negative for the mRNA targeted by that probeset. For CTGF mRNA 

expression levels, specimens were classed as high if the CTGF probeset intensity was > 

500, med if between 500 and 50, and low/neg if < 50. 

 

2.2.2 Promoter analysis 

The MEME software suite (Bailey & Elkan 1994) was used to compare gene promoter 

regions for shared sequence motifs. Common motifs identified by analysis with MEME 

were screened for similarities with annotated transcription factor binding matrices 

contained in the JASPER database (Portales-Casamar et al. 2010) using the TOMTOM 

web interface (Gupta et al. 2007). Promoter regions were also manually scanned for 

transcription factor binding sites using the TFSEARCH database of transcription factor 

binding sites (Akiyama n.d.), and the PROMO transcription factor binding prediction 

software (Farre et al. 2003).  

 

2.2.3 Statistical analyses 

2.2.3.1 Spearman correlation analyses 

Spearman’s correlations were performed by Dr Martin Firth at the Telethon Institute for 

Child Health Research, Subiaco, Western Australia using the R software environment. 
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For each probeset contained within the three microarray datasets (PMH, Kang and 

Ross), its correlation with the CTGF probeset (209101_at) was calculated. This analysis 

was performed independently for all three microarray cohorts and probesets were ranked 

based upon correlation values. The top 100 CTGF-associated probesets were compared 

amongst cohorts. 

 

2.2.3.2 Pearson correlation analyses  

CTGF gene expression was measured in a selection of primary specimens from the PMH 

cohort by real-time PCR (section 2.3.4.1). These expression values were compared to 

those generated by microarray analysis of matched specimens in the PMH cohort 

described previously (Boag et al. 2007). Concordance was examined between these 

methods by carrying out a Pearson correlation analysis. This was performed using the 

“CORREL” function in the Excel spreadsheet application (Microsoft). 

 

2.2.3.3 Graphing and statistical analysis of gene expression data 

Graphing of all gene expression, patient survival and densitometry data was performed 

using Prism 4.0 (GraphPad Software). Statistical comparison of means was performed 

by t-tests or ANOVA in Prism 4.0. 

 

2.3 Molecular Techniques 

Unless otherwise stated, all biochemical and molecular reagents were obtained from 

Sigma Aldrich. A full list of suppliers is provided as an appendix at the end of this 

chapter in Table A2.1. A list of primers and oligonucleotides is presented as an appendix 

of this chapter in Table A2.2.  
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2.3.1 Isolation of nucleic acids  

Prior to extraction of nucleic acids from bone marrow specimens or PMBCs, 

cryopreserved specimens were thawed rapidly at 37˚C, transferred to ice, then processed 

according to extraction protocols below. Quantitation of nucleic acids was performed 

using an ND1000 spectrophotometer (ThermoFisher Scientific). 

2.3.1.1 Genomic DNA extraction 

After thawing of cryopreserved primary specimens or collection of cells from culture, 5 

x 106 cells were washed twice in ice-cold PBS and then genomic DNA was extracted 

using the DNeasy Blood and Tissue kit (QIAGEN) as per the manufacturer’s 

instructions. DNA was eluted in TE buffer and stored at 4°C until use.  

 

2.3.1.2 Total RNA extraction 

Total RNA was isolated from cells using a modified TRIZOL method (Hoffmann et al. 

2005). After two washes with ice-cold PBS, cells were resuspended in one pellet volume 

of PBS and combined with 0.5 ml TRIZOL reagent (Invitrogen, Life Technologies) per 

106 cells. Samples were vortexed thoroughly and left at room temperature for 5 min. 

After the addition of 0.1 ml chloroform, samples were vortexed thoroughly and 

centrifuged at 15,000 x g for 15 min at 4°C. The aqueous phase was then transferred to 

fresh nuclease-free, sterile 1.5 ml tubes and combined with 0.54 vol of absolute EtOH 

and vortexed. The resulting solution was purified using the RNeasy Mini kit (QIAGEN) 

following the manufacturers instructions, from step 5 of the protocol: “Purification of 

total RNA from animal cells” in the RNeasy mini kit handbook. On-column DNase 

treatment was included during purification. Samples were eluted in 50 µl of nuclease 

free H2O, quantitated and stored immediately at -80°C. 

 

2.3.1.3 Cytoplasmic RNA extraction 

Cytoplasmic RNA for northern blotting was isolated from ALL cell lines by the 

following method. Cells were collected by centrifugation at 3,000 x g then washed twice 
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with 10 ml of ice-cold PBS and resuspended in 200 µl of lysis buffer [10mM Tris-HCl 

(pH 7.4), 150 mM NaCl, 1 mM MgCl2, 0.5% nonident P-40] per 5 x 106 cells and 

incubated on ice for 10 min. Nuclei were collected by centrifugation at 12,800 x g for 10 

min at 4°C. Supernatant containing cytoplasmic RNA was collected into fresh sterile, 

nuclease-free 1.5 ml tubes and combined with 25 µl of 10% sodium dodecyl sulphate 

(SDS) on ice. RNA was extracted twice with 100 µl of buffered phenol solution. After 

addition of the phenol solution, samples were vortexed thoroughly and centrifuged at 

15,000 x g for 3 min at room temperature, and supernatants were transferred to fresh 1.5 

ml tubes. Following the second phenol extraction, supernatants were combined with 0.1 

vol of 2 M sodium acetate (pH 5.0) and 2.5 vol of absolute EtOH and incubated at -20°C 

overnight. RNA was pelleted by centrifugation at 15,000 x g for 15 min at 4°C. Pellets 

were washed with 70% EtOH, air dried briefly, and then resuspended in 50 µl of 

nuclease-free H2O and stored immediately at -80°C.  

 

2.3.2 Polymerase chain reaction  

Polymerase chain reaction (PCR) assays were performed on either a PTC 200 (MJ 

Research), or a C1000 Thermal Cycler (Bio-Rad). All PCR reactions were assembled on 

ice in sterile 0.2 ml thin-walled tubes (Bio-Rad). Primer and oligonucleotide sequences 

are listed in Table A2. 

 

2.3.2.1 Standard polymerase chain reaction 

Standard PCRs were performed using GoTaq Flexi DNA polymerase (Promega). 

Typically these reactions contained between 25 and 100 ng of template genomic DNA or 

equivalent cDNA, 5 µl of 5 x reaction buffer, 1.5 mM MgCl2, 200 µM dNTPs, 0.2 µM 

of each primer and 1 U of GoTaq DNA polymerase, combined into a 25 µl reaction. 

DNA was denatured at 94°C for 2 min, followed by a variable number of cycles 

encompassing denaturation at 94°C for 30 s, primer annealing for 30 s (temperature 

determined using the melting temperature of primers), and a 30 s per kilobase extension 
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step at 72°C. The number of cycles varied depending on the abundance of the target as 

well as the efficiency of primer pairs. 

 

2.3.2.2 High-fidelity polymerase chain reaction 

When PCR was required to amplify cDNA for sequencing, or if long amplicons were 

generated, the LongAmp DNA polymerase (New England Biolabs) was used. The 

LongAmp polymerase exhibits 3’-5’ exonuclease (proofreading) activity and thus 

ensured high-fidelity amplification. These reactions consisted up to 100 ng of template 

genomic DNA or equivalent cDNA, 5 µl of reaction buffer, 300 µM dNTPs, 0.4 µM of 

each primer, and 5 U of LongAmp DNA polymerase combined into a 25 µl reaction. 

Reactions were cycled as described for GoTaq above, however extension was performed 

at 65°C with a 1 min per kilobase extension time. For difficult to amplify templates or 

high GC-rich regions, 5% dimethyl sulfoxide (DMSO) was used in PCR reactions.  

 

2.3.2.3 Agarose gel electrophoresis and gel extractions 

PCR products were resolved by agarose gel electrophoresis (AGE). Molecular biology 

grade agarose (Amresco) was melted in 1 X TAE buffer [40 mM tris, 5.7% glacial acetic 

acid, 1 mM EDTA] and supplemented with SYBR Safe DNA stain (Invitrogen, Life 

Technologies). Samples were combined with 10 x loading buffer [4.4 mM Orange G, 

40% glycerol] and separated by AGE alongside either 100 bp or 1 kb DNA markers 

(Invitrogen). DNA was visualised and photographed on a Gel Doc 2000 gel 

documentation system (Bio-Rad). PCR products destined for sequencing or for use as 

cDNA probes were isolated using the QIAquick gel extraction kit (QIAGEN) according 

to the manufacturer’s protocol. Briefly, bands were excised using sterile scalpel blades, 

column purified and resuspended in 30 µl of H2O. Extracts were stored at -20°C until 

required for downstream analysis.   
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2.3.2.4 First strand cDNA synthesis 

First strand cDNA synthesis was performed using the Omniscript Reverse Transcriptase 

kit (QIAGEN) according to the manufacturer’s instructions. RNA was first denatured at 

65°C for 5 min to reduce secondary structure and then snap chilled on ice for a further 5 

min. Reactions were assembled on ice and consisted of 1 µg of total RNA, 2 µl of 

reaction buffer, 500 µM dNTPs, 1 µM OligodT primer, 10 U of RNase inhibitor, and 4 

U of Omniscript reverse transcriptase. Reactions were adjusted to 20 µl total volume 

with nuclease free H2O mixed thoroughly and incubated at 37°C for 1 h. After 

extension, specimens were diluted 1 in 5 with nuclease free H2O and stored at -80°C 

until required. 

 

2.3.3 Rapid amplification of cDNA ends 

Rapid amplification of cDNA ends (RACE) was performed using the GeneRacer kit 

(Invitrogen) to facilitate sequencing of full-length CTGF mRNA transcripts present in 

the pre-B ALL cell line PER-377. This method consists of three principal steps, 

preparing RNA for RACE amplification, reverse transcribing cDNA, and finally 

amplification by PCR.  

 

2.3.3.1 Preparation of RACE-ready RNA 

Ligation of a 44 base RNA oligonucleotide (5’ GeneRacer Oligo) to the 5’ end of 

decapped mRNA is the first step in the RACE protocol. The 5’ GeneRacer oligo 

contains two priming sites that facilitate PCR amplification of the 5’ end of transcripts in 

concert with a gene specific primer (GSP) after cDNA synthesis. Dephosphorylation and 

then decapping of 2 µg of DNase-treated total RNA was undertaken in accordance with 

the manufacturer’s instructions without deviation. The 5’ GeneRacer RNA 

oligonucleotide was then ligated to the 5’ end of full length mRNA. 
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2.3.3.2 RACE cDNA synthesis 

Full-length cDNA was reverse transcribed using SuperScript reverse transcriptase (RT) 

included in the GeneRacer kit and the GeneRacer OligodT primer which consists of 36 

bases of complex sequence followed by 24 dT bases. This OligodT primer facilitated 

priming of first strand synthesis by annealing to polyadenylated mRNA and also 

incorporated known priming sites into the 3’ end of all cDNA. Prior to reverse 

transcription, 2 µg of RACE-ready RNA, 0.5 mM dNTPs and 2.5 µM GeneRacer 

OligodT primer was combined in 3 µl H2O and incubated at 65°C for 5 min to remove 

RNA secondary structure, then snap-chilled on ice for 2 min. The cDNA synthesis 

reaction consisted of 3 µl of denatured RACE-ready RNA, dNTPs and GeneRacer 

OligodT primer, combined in 20 µl with first strand reaction buffer, 5mM DTT, 40 U of 

RNase inhibitor and 200 U of SuperScript RT enzyme. Synthesis proceeded at 50°C for 

1 h and this was followed by incubation at 70°C for 20 min to deactivate the RT 

enzyme. RNA was then digested by the addition of 2 U of RNase H at 37°C for 20 min.  

  

2.3.3.3 Amplification of RACE clones by polymerase chain reaction 

LongAmp DNA polymerase was used to amplify full-length race cDNA by nested PCR. 

For 5’ RACE, the gene specific reverse primers used were CD_7R in the primary PCR, 

and CD_5R in the nested secondary PCR. For 3’ RACE, the CD_1F forward primer was 

used in the primary PCR, followed by CD_1F_nested in the secondary PCR.  

 

2.3.3.4 Band-stab polymerase chain reaction 

The band stab technique (Bjourson & Cooper 1992), was used to isolate and re-amplify 

5’ and 3’ RACE cDNA using LongAmp DNA polymerase. Bands of interest were 

inoculated into fresh PCR mix using sterile pipette tips and PCR amplification was 

performed using the same primer pair and thermocycling conditions as those used to 

amplify the original cDNA.  
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2.3.4 Quantitative real-time polymerase chain reaction 

All reagents, assays, equipment and software were obtained from Applied Biosystems 

unless otherwise stated. 

 

2.3.4.1 Quantitation of CTGF gene expression  

Quantitative real-time PCR (qRT-PCR) was performed to measure expression of CTGF 

mRNA in cell lines and primary specimens. CTGF expression was measured using the 

on-demand assay Hs00170014_m1. Reactions were performed in 384 well plates on an 

ABI 7900HT Fast Real-Time PCR System, with the following thermal profile, 50°C for 

2 min then 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. 

CTGF reactions were prepared by combining the following components per well, 1 µl of 

CTGF assay, 10 µl of universal PCR master mix, 8 µl of H2O and 1 µl of first strand 

cDNA. CTGF gene expression was normalised using a custom ACTB assay comprising 

10 µl of universal PCR master mix, 0.4 µl of 10 µM ACTB probe, 0.2 µl each of the 

ACTB_forward and ACTB_reverse primers (10 µM), 8.2 µl of H2O and 1 µl of cDNA. 

Standards were prepared from cDNA generated from the PER-377 cell line. This cDNA 

was not diluted after cDNA synthesis and thus was approximately 5 times more 

concentrated than test specimens which were diluted 1 in 5 immediately after cDNA 

synthesis. Standards were prepared by serial dilution and assayed in duplicate to control 

for pipette error, while test specimens were assayed in triplicate. The relative expression 

for each assay was calculated using the standard curves. 

 

2.3.4.2 CTGF gene copy number analysis 

CTGF Gene copy number analysis was performed using qRT-PCR. The CTGF gene 

copy number assay Hs00517234_cn targets exon 5 within the coding region. This assay 

was run in duplex with the Taqman reference copy number assay for the RPPH1 locus. 

Assays were performed in 384 well plates on an ABI 7900HT Fast Real-Time PCR 

System with the following thermal profile, 95°C for 10 min, followed by 40 cycles of 

95°C for 15 s and 60°C for 1 min. CTGF and RPPH1 copy number assays were run in 
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duplex reactions prepared by combining the following components per well, 0.5 µl 

CTGF assay, 0.5 µl RPPH1 reference assay, 5 µl of universal PCR master mix, 2 µl of 

H2O and 2 µl of genomic DNA at 5 ng/µl. Samples were assayed using 4 technical 

replicates. At the completion of the assay, data was imported into the Copy Caller 

software and analysed to determine CTGF gene copy number normalised to RPPH1.  

 

2.3.5 Northern blotting of RNA 

2.3.5.1 RNA electrophoresis and membrane transfer 

Cytoplasmic RNA was isolated according to the method outlined in section 2.3.1.3, and 

10 µg of cytoplasmic RNA was combined with 1 µl of 20 x northern running buffer 

(NRB) [122 mM Na2HPO4, 78 mM NaH2PO4] and 1.5 µl of deionised 8.8 M glyoxal in 

a final volume of 20 µl. Samples were denatured at 50°C for 1 h and then chilled on ice 

for 20 min. Samples were combined with 5 µl of sample loading buffer [50% glycerol, 

0.02% bromophenol blue, 1 x NRB] and together with an RNA ladder (Invitrogen, Life 

Technologies), were resolved on 0.8% agarose in 1 x NRB. Gels were run slowly at 

50V, at 4ºC for 3.5 h.  RNA was stained with a solution of 0.8 mg/ml ethidium bromide 

in 1 x NRB for 30 min, then de-stained in fresh NRB for a further 30 min. RNA was 

transferred to a neutral magna membrane (Osmonics) by capillary transfer in 20 x SSC 

[3 M NaCl, 300 mM Na Citrate, pH 7.0] overnight and cross linked to the membrane 

while still damp with 150 mJoules UV using a GS Gene Linker (Bio-Rad). 

 

2.3.5.2 Northern blot probe synthesis 

Hybridisation probes were generated by PCR amplification using GoTaq DNA 

polymerase. The template cDNA used to amplify these probes was reverse transcribed 

from RNA isolated from an airway fibroblast cell line (HFL-1). This RNA sample was a 

kind gift from Mr Bradley Shelton, Lung Institute of Western Australia, (Shenton Park, 

Australia). Two probes were generated targeting CTGF mRNA. The first probe 

designated as the Central probe, hybridised CTGF between exons 3 and 5 and was 
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amplified with the primer pair NB_central_for and NB_central_rev. The second probe 

hybridized CTGF mRNA in the 3’UTR and was amplified with the primer pair 

NB_3pr_for and NB_3pr_rev. To provide a loading control, a probe hybridizing 

ATP5G3 was amplified using the primer pair ATP5G3_for and ATP5G3_rev.  

 

2.3.5.3 Radiolabelling of cDNA probes 

After gel extraction, 30 ng of purified cDNA probe was labelled with 50 µCi of 32P 

dCTP radionuclide (Perkin Elmer) using the Rediprime II Random prime labelling 

system (GE Healthcare) according to the manufacturers instructions.  

 

2.3.5.4 Northern blot probe hybridisation 

Directly after cross linking, the RNA-bound membrane was soaked in 2 x SSC for 5 min 

at room temperature, then placed between two sheets of nylon mesh and added to a 50 

cm hybridisation bottle together with 15 ml of hybridization buffer [5% dextran 

sulphate, 20% Denharts Solution, 0.5 mg/ml salmon sperm DNA, 3% SSC, 0.1% SDS] 

pre-heated to 50°C. Hybridisation bottles were incubated at 50°C for 1 h in a model 400 

hybridisation incubator (Robbins Scientific). 32P-labelled probe was denatured by 

boiling for 5 min then snap chilled on ice for 10 min. Denatured probe was then added to 

the hybridisation bottle and incubated in the rolling incubator overnight at 50°C. The 

next morning, the membrane was washed with four successive and increasingly stringent 

15 min washes, comprised of 2 x SSC, 2 x SSC/0.1% SDS, 0.5 x SSC/1% SDS, 0.2 x 

SSC/0.1% SDS respectively. The membrane was then incubated with autoradiograph 

film at -80°C. Membranes were stripped for re-probing by pouring a boiling solution of 

0.1 x SSC/0.1% SDS over membranes and allowing them to cool to room temperature.  

Densitometry analysis was performed using the ImageJ program (NIH). 
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2.3.6 Southern blotting  

2.3.6.1 Restriction digest of genomic DNA  

Genomic DNA from pre-B ALL cell lines or PBMCs was concentrated by ethanol/ 

sodium acetate precipitation. Briefly, DNA solutions were combined with 2.5 vol of 

absolute ETOH and 0.1 vol of 3 M sodium acetate pH 5.2 and stored overnight at -20°C. 

The following day, samples were centrifuged at 15,000 x g for 15 min at 4°C. Following 

removal of the supernatant, pellets were washed with 70% EtOH and briefly air-dried. 

Once almost dry, pellets were resuspended in 50 µl nuclease-free H2O. Samples were 

heated at 65°C for 30 min to ensure complete resuspension, and then lightly vortexed to 

avoid excessive pipetting which may result in shearing of full-length DNA. Samples 

were quantitated and 15 µg of gDNA was digested with 15 U of either Psi I (New 

England Biolabs) or Hind III (Promega) in 150 µl digests overnight at 37ºC. The 

following day, restriction enzymes were inactivated by incubating samples at 65°C for 

15 min and samples were concentrated by EtOH/sodium acetate precipitation as 

described above and resuspended in 15 µl of nuclease-free H2O.  

 

2.3.6.2 Electrophoresis and transfer of digested genomic DNA 

Samples were separated on 0.8% agarose in TAE overnight at 40 V. The following day, 

the gel was stained with 1 x SYBR safe DNA strain (Invitrogen, Life technologies) in 

TAE buffer for 30 min and photographed under UV illumination to confirm adequate 

migration of digested DNA. The gel was then soaked in 300 ml of denaturing solution 

(1.5 M NaCl, 0.5 M NaOH) for 40 min at room temperature, then rinsed twice with 

ddH2O (Baxter) and soaked in two changes of neutralizing solution (0.5 M tris pH 7.4, 

1.5 M NaCl) for a total of 1 h. DNA was then transferred to a neutral Magna membrane 

(Osmonics) by capillary transfer with 10 x SSC overnight. Following transfer, lanes 

were marked with a soft pencil and the membrane was soaked in 6 x SSC for 5 min. 

DNA was cross linked to the membrane while still damp with 150 mJoules UV using a 

GS Gene Linker (Bio-Rad). 
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2.3.6.3 Southern blot probe synthesis 

A hybridisation probe for genomic Southern blotting was amplified from PBMC 

genomic DNA using LongAmp DNA polymerase. This DNA probe spanned the CTGF 

gene from -1024 to +3418 and was amplified with the primer pair SB_CTGF_for and 

SB_CTGF_rev. A 1050 bp probe which hybridized the IL2RB gene was a kind gift from 

Dr M. Hatakeyama, Osaka (Hatakeyama et al. 1989).  

 

2.3.6.4 Radiolabelling of probes 

After gel extraction, 30 ng of gel purified probe was labelled with 50 µCi of 32P dCTP 

radionuclide (Perkin Elmer) using the Rediprime II Random prime labelling system (GE 

Healthcare) according to the manufacturers instructions.  

 

2.3.6.5 Southern probe hybridisation 

Membrane and mesh was pre-soaked in 2 x SSC for 5 min at room temp, then rolled and 

added to a hybridisation bottle together with 15 ml of pre-heated hybridization buffer [2 

x SSPE, 7% SDS, 0.5% Blotto, 0.5 mg/ml salmon sperm DNA] and incubated at 65°C 

for 1 h. 32P-labelled DNA probe was denatured by boiling for 5 min then snap chilled 

on ice for 10 min. Denatured probe was then added to the hybridisation bottle and 

incubated overnight at 65°C. The next morning, the membrane was washed with four 

successive 15 min washes comprised of 2 x SSC/0.1% SDS, 2 x SSC/0.1% SDS, 1 x 

SSC/0.1% SDS, 0.5 x SSC/0.1% SDS. The membrane was then incubated with 

autoradiograph film at -80°C. Membranes were stripped for re-probing by pouring a 

boiling solution of 0.1 x SSC/0.1% SDS over membranes and allowing them to cool to 

room temperature. 

 

2.3.6.6 Electrophoresis and transfer of RACE-PCR products 

Band-stab PCR products were examined by Southern blotting with a CTGF-specific 

probe. PCR products were separated on 1.5% agarose in TAE and stained with SYBR 
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Safe DNA stain. PCR products were then transferred to a positively charged N+ Hybond 

membrane (Amersham, GE Healthcare) by capillary transfer with 0.4 M NaOH 

overnight. Following transfer, lanes were marked with a soft pencil and the damp 

membrane was cross linked with 150 mJoules UV using a GS Gene Linker (Bio-Rad). 

The probe used to hybridise band-stab PCR products was amplified from cloned full-

length CTGF cDNA with GoTaq DNA polymerase using the CD_1F and CD_5R 

primers, then radiolabelled and hybridised to membrane-bound RACE PCR products 

according to the method outlined above in section 2.3.6.5. 

2.3.7 DNA cloning  

2.3.7.1 Preparation of chemically competent cells 

TOP10 E. coli were a gift from Mrs Marie Scobie. Single colony isolation was 

performed by streak isolating on LB agar plates grown at 37ºC overnight. A 10 ml 

culture of LB broth [10 g Bacto-tryptone (BD Bioscience), 5 g yeast extract (BD 

Bioscience), 170 mM NaCl] was inoculated with a single colony and grown overnight at 

30ºC with moderate shaking. The following day, 99 ml of LB agar was pre-warmed to 

30ºC, and then inoculated with 1 ml of overnight culture. This culture was grown at 

30ºC with moderate shaking and the absorbency at 600 nm was measured regularly 

using a BioPhotometer spectrophotometer (Eppendorf). Once the OD600 reached 0.5, 

cultures were immediately transferred to a 4ºC cold-room and chilled on ice for 10 min. 

All remaining steps were where possible performed at 4ºC using pre-chilled glassware 

and instruments. Cells were collected by centrifugation at 3000 x g for 10 min. The 

supernatant was discarded and cells were gently resuspended in 20 ml of ice-cold, 50 

mM CaCl2. Cells were collected by centrifugation at 3000 x g for 5 min and then 

resuspended gently in ice-cold 75 mM CaCl2/25% glycerol. This suspension was added 

to pre-chilled, sterile 1.5 ml tubes in 100 µl aliquots, then snap frozen by immersion in 

liquid nitrogen. Competent cells were stored at -80ºC until use. 
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2.3.7.2 Cloning into the pGEM-T Easy vector 

PCR products were cloned using the pGEM-T Easy TA cloning system (Promega) 

according to the manufacturer’s protocol. Inserts were invariably generated using the 

LongAmp DNA polymerase. While this enzyme exhibits 3’-5’ exonuclease activity, the 

majority of PCR products contain dA overhangs at the 3’ end allowing cloning into TA 

vectors such as pGEM-T Easy. After gel purification, PCR products were quantitated 

and 5 to 10 ng of insert was combined with ligation buffer, pGEM-T Easy vector (50 ng) 

and 3 U of T4 DNA ligase in a 10 µl reaction. Ligations were incubated overnight at 

4°C.   

 

2.3.7.3 Transformation of chemically competent cells 

Chemically competent cells were thawed on ice for 15 min. After thawing, 5 µl of 

ligation reaction was added to competent cells followed by a further 15 min incubation 

on ice. Cells were then subjected to heat shock transformation by submersion in a 42°C 

water bath for 1 min, then transferred to ice immediately and incubated for 15 min. To 

maximise transformation, this process of heat shock and recovery was repeated once 

more. After the second 15 min recovery, 250 µl of SOC medium [10 mM NaCl, 2.5 mM 

KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose] was added to cells and tubes were 

incubated for 1 h at 37°C with moderate shaking. LB agar plates were prepared 

containing 100 µg/ml ampicillin. Thirty mins prior to spreading transformants, plates 

were supplemented with 50 µl of 200 mM IPTG and 20 µl of 50 mg/ml X-Gal and 

placed at 37°C.  At the completion of the 1 h incubation, 150 µl of transformed cells 

were spread on the prepared selective agar plates and incubated overnight at 37°C.  

 

2.3.7.4 Transformant screening and plasmid DNA extraction 

The following day, blue-white screening revealed clones carrying DNA inserts and these 

clones were used to inoculate LB broth supplemented with 100 µg/ml ampicillin. These 

5 ml cultures were grown overnight at 37°C with vigorous shaking. The following day, 

glycerol stocks were prepared from each culture by combining 100 µl of culture with 
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100 µl of 80% glycerol. These stocks were frozen immediately at -80°C. The remainder 

of the overnight culture was centrifuged in preparation for plasmid DNA extraction 

using the QIAprep Spin Miniprep kit (QIAGEN) according to the manufacturer’s 

instructions.  Purified plasmid DNA was eluted in 50 µl of elution buffer and stored at -

20˚C. 

 

2.3.7.5 Isolation of bacterial artificial chromosome DNA 

The Human TilePath Library clone RP11-69I8 was purchased from the Murdoch 

Research Institute (Melbourne, Australia). This bacterial artificial chromosome (BAC) 

contained a fragment of chromosome 6 that included the CTGF locus. A single colony 

was streak isolated on an LB agar plate supplemented with 12.5 µg/ml chloramphenicol. 

This colony was used to inoculate 50 ml LB broth containing the same concentration of 

chloramphenicol and this culture was grown overnight at 37°C with shaking. The 

following day, cells were collected by centrifugation at 3000 x g for 10 min at 4°C. Cells 

were resuspended in 50 ml ice-cold STE buffer [10 mM Tris-Cl (pH 8.0), 0.1 M NaCl, 1 

mM EDTA (pH 8.0)]. Cell were then collected by centrifugation again and resuspended 

in 1 ml of ice-cold alkaline lysis solution I [50 mM glucose, 25 mM Tris-Cl (pH 8.0), 10 

mM EDTA (pH 8.0)] and transferred to five 1.5 ml tubes (200 µl each) and placed on 

ice. After 5 min, 400 µl of alkaline lysis buffer II [0.2 M NaOH, 1% w/v SDS] was 

added to tubes and mixed by gentle inversion several times. Next, 300 µl of ice-cold 

alkaline lysis buffer III [3 M potassium, 5 M acetate] was added and tubes were mixed 

gently by inversion and incubated on ice for 5 min. Debris was cleared by centrifugation 

at 15,000 x g for 5 min at 4°C and supernatants were decanted into fresh 2 ml tubes. At 

room temperature, 900 µl of isopropanol was added and the tube was mixed again by 

gentle inversion. Precipitated nucleic acids were then collected by centrifugation at 

15,000 x g for 5 min at room temperature. Pellets were washed once with 70% EtOH 

and briefly air dried, then resuspended in 20 µl of TE buffer. Tubes were combined and 

stored at -20°C.  
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2.3.8 DNA Sequencing 

DNA sequencing was carried out using BigDye version 3.1 (Applied Biosystems). 

Sequencing reactions were performed in 96 well plates suitable for the 3130x Genetic 

Analyser sequencing platform (Applied Biosystems). Briefly, 75 ng of plasmid DNA or 

100 ng of gel extracted PCR products were combined with 3.5 µl of 5 x BigDye reaction 

buffer, 9.3 µl of ultrapure H2O (Baxter), 3.2 µl of 1 µM sequencing primer and 1 µl of 

BigDye v3.1. Samples were denatured at 96°C for 1 min, followed by 25 cycles of 96°C 

for 10 s, 50°C for 5 s and 60°C for 4 min. Inserts cloned into the pGEM-T Easy vector 

were sequenced using M13 forward and reverse primers listed in Table A2. 

 

2.3.8.1 BigDye reaction purification and analysis 

BigDye reaction products were purified in situ by EtOH/sodium acetate precipitation. To 

each well, 2 µl of 3 M sodium acetate (pH 5.2) and 50 µl of absolute EtOH was added. 

The plate was resealed, mixed by vortexing, and spun for 30 s at 1000 x g to collect the 

solution to the bottom of wells. The plate was then incubated at room temperature in the 

dark for 2 h. BigDye products were then pelleted by centrifugation at 15,000 x g for 30 

min at 4°C. The supernatant was removed by inversion and pellets were washed using 

70% EtOH and centrifuged again at 15,000 x g for 10 min at 4°C. Supernatants were 

removed by inversion and the pellets were dried by inverting the plate on lint-free paper 

towel and centrifuging at 800 x g for 1 min.  

 

After briefly air drying pellets, 10 µl of HiDi formamide (Applied Biosystems) was then 

added to each well and the pellets were denatured by two consecutive rounds of 96°C for 

2 min followed by incubation on ice for 2 min. Plates were then loaded onto a 3130x 

Genetic Analyzer (Applied Biosystems) for capillary sequencing. Sequencing data 

generated from BigDye sequencing was analysed using the KB Base Caller software 

(Applied Biosystems).  
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2.3.8.2 CTGF promoter and 3’UTR sequencing  

The promoter and 3’ UTR regions of the CTGF locus were amplified using the high-

fidelity LongAmp DNA polymerase. The PR_3F and PR_1R primers were used to 

generate a PCR amplicon spanning the CTGF proximal promoter and this product was 

gel extracted and sequenced using the primers; PR_3F, PR_3R, PR_2F, PR_2R, PR_1F 

and PR_1R. The 3’UTR was amplified in 3 separate PCR amplicons using primer pairs; 

CD_7F and CD_7R, CD_8F and CD_8R, CD_9F and CD 9R and these three amplicons 

were gel purified and sequenced in forward and reverse orientation using these primers.  

 

2.3.9 Analysis of DNA methylation 

2.3.9.1 Conversion of DNA by sodium bisulfite 

To investigate DNA methylation at the CTGF locus a number of techniques were 

performed that relied upon effective bisulfite conversion of non-methylated cytosines in 

the genome by sodium bisulfite. The EpiTect Bisulfite Kit (QIAGEN) was used 

according to the manufacturer’s instructions to convert genomic DNA from cell lines 

and primary specimens, as well as BAC DNA which served as a control in methylation 

specific PCRs (outlined below).  

 

2.3.9.2 BAC DNA methylation 

The human BAC Tile Path clone RP11-69I8 containing the entire CTGF coding region 

was methylated using the CpG methyltransferase M.SssI (New England Biolabs) to 

serve as a positive control in methylation specific PCRs. Reactions consisted of 1 µg of 

BAC DNA, 160 µM S-adenosylmethionine (SAM), reaction buffer and 4 U of 

methyltransferase in 20 µl. Reactions were performed at 37°C for 3 h. The enzyme was 

then deactivated by incubating at 65°C for 20 min. Converted BAC DNA was diluted to 

1000 µl with H2O and stored at -20°C. 
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2.3.9.3 Methylation specific PCR 

Bisulfite converted DNA was subjected to PCR amplification using primers specific for 

either methylated or unmethylated priming sites. These primer pairs were designated 

“methylated-site PCR” (MSP_for, MSP_rev) or “unmethylated site PCR” (USP_for, 

USP_rev), and have been used successfully in other studies (Chiba et al. 2005). 

Methylation specific PCR (msPCR) reactions were performed with the GoTaq DNA 

polymerase as outlined in section 2.3.2.1, using 100 ng of bisulfite-treated genomic 

DNA. Bisulfite-treated BAC DNA (1 ng) served as a positive control for the USP 

reaction, while M.SssI-methylated, bisulfite-treated BAC DNA served as a positive 

control for the MSP reaction.  

2.3.9.4 Bisulfite Sequencing 

Three separate PCR amplicons spanning the CTGF CpG island were amplified using 

LongAmp DNA polymerase. These amplicons, described previously (Kikuchi et al. 

2007) were generated from 100 ng of bisulfite treated genomic DNA. Amplicon 1 was 

amplified with the primer pair Bis1_for and Bis1_rev. Bisulfite amplicons 2 and 3 were 

amplified in nested PCR reactions using the following primers; Bis2-primary_for and 

Bis2_primary_rev, Bis2_secondary_for and Bis2_secondary_rev, Bis3-primary_for and 

Bis3_primary_rev, Bis3_secondary_for and Bis3_secondary_rev. PCR products were 

gel extracted using the QIAquick Gel Extraction Kit (QIAGEN) and eluted in 50 µl of 

H2O. Purified bisulfite amplicons were cloned into the pGEM-T Easy vector according 

to the method outlined in section 2.3.7.2 and plasmid DNA was purified for sequencing 

from a selection of transformants. 

 

Sequencing of cloned bisulfite amplicons was performed according to the method 

described in section 2.3.8, however bisulfite-converted DNA has a significantly lower 

melting temperature, and thus sequencing of bisulfite clones required a different thermal 

profile for BigDye reactions. After denaturation at 96°C for 1 min, samples were 

subjected to 24 cycles of 96°C for 10 s followed by extension at 50°C for 4 min. 

Bisulfite clones were analysed for effective bisulfite conversion and incidence of CpG 

methylation using BiQ Analyzer software (Bock et al. 2005). 
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2.3.10 Immunological detection of CTGF protein 

2.3.10.1 Isolation of total cellular protein 

Total protein was isolated from cell lines for analysis by western blotting. Cells were 

pelleted by centrifugation and washed twice with ice-cold PBS. Cell pellets were 

resuspended in one pellet volume of ice-cold PBS and then lysed using 50 µl of ice-cold 

protein lysis buffer [2 mM ethylenediaminetetraacetic acid (EDTA), 10 mM 

iodoacetamide, 25 µg/ml p-nitrophenylguanidinobenzoate, 10µg/ml Leupeptin, 10µg/ml 

Aprotinin and 0.5% Triton-X] per 106 cells, and incubated on ice for 30 min. Samples 

were centrifuged for 20 min at 15,000 x g at 4°C and supernatants were transferred to 

fresh 1.5 ml tubes. Protein samples were stored at -20°C or used immediately in 

downstream assays. 

 

2.3.10.2 Protein estimation 

Protein concentration in cell line extracts was determined using a commercial Bradford 

assay (Bradford 1976). Protein concentration was re-established each time samples were 

thawed prior to western blotting. Bio-Rad Protein Assay (Bio-Rad) dye was diluted 1 in 

4 with H2O and then added to a 96 well micro-titre plate (Becton Dickinson) at 200 µl 

per well. A stock solution of 10 mg/ml BSA was serially diluted to provide a standard 

curve within the range of 5 mg/ml to 10 µg/ml. Samples were diluted 1 in 10 and 

together with standards, were added to the plate at 10 µl per well. Standards were 

assayed in duplicate, while protein samples were assayed in triplicate. After addition of 

samples and standards, the plate was incubated at room temperature for 5 min, and the 

absorbance was measured at 595 nm on a Victor2 1420 multilabel counter (Wallac, 

Perkin Elmer). Protein concentration in cell line extracts was calculated using the 

standard curve. 
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2.3.10.3 Sample preparation 

Prior to SDS polyacrylamide gel-electrophoresis (SDS-PAGE), 75 µg of total protein 

was combined with 3.3 x sample buffer [0.2 M Tris-HCl, 40% glycerol, 8.3 mM 

dithiothreitol, 4% w/v SDS, 0.008% bromophenol blue and 6% 2-mercaptoethanol] and 

placed in boiling water for 5 min. Samples were chilled on ice for 5 min then loaded 

onto the gel or frozen immediately at -20°C until required. If frozen, samples were 

denatured by boiling again prior to electrophoresis.  

  

2.3.10.4 Heparin-affinity enrichment of conditioned culture medium 

Cells were seeded in fresh culture medium at a density of 106 cells per ml on 24 well 

culture plates (Nunc, Thermo Fisher Scientific), and grown for 24 h prior to isolation of 

conditioned medium (CM). Cells and CM were collected and centrifuged at 800 x g for 

5 min and supernatants comprising the CM was then transferred to fresh tubes and 

chilled on ice. After 5 min, 5 ml of ice-cold PBS was added to fresh 10 ml tubes together 

with 150 µl of heparin agarose beads. 5 ml of chilled CM was added to these tubes and 

incubated for 24 h at 4°C with constant gentle mixing. After 24 h, beads were collected 

by centrifugation at 800 x g for 5 min at 4°C then allowed to stand for 2 min at 4°C. 

Supernatant was carefully removed by vacuum aspiration and beads were washed twice 

by this method with ice-cold PBS. After the second wash, beads were resuspended in 1 

ml ice-cold PBS and transferred to 1.5 ml tubes. Beads were collected by centrifugation 

at 800 x g for 3 min at 4°C and the supernatant was carefully aspirated. Bound protein 

was eluted by adding 200 µl of protein loading buffer and denatured in boiling water for 

5 min. Tubes were centrifuged while still hot at 10,800 x g for 3 min to collect beads. 

The supernatant containing eluted protein was removed to fresh 1.5 ml tubes and either 

subjected immediately to SDS-PAGE or frozen at -80°C until required. 

 

2.3.10.5 Western blotting 

Denatured protein samples were separated by 15% SDS-PAGE together with Precision 

Plus Protein Dual Colour Standards (Bio-Rad), before being transferred to Hybond-C 
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Super membrane (AP Biotech) in transfer buffer [25 mM tris, 190 mM glycine, 20% 

methanol, pH 8.2]. Membranes were blocked with 5% skim milk powder (SMP) in wash 

buffer [50 mM tris, 150 mM NaCl, 0.05% Tween] at room temperature for 1 h and 

incubated with primary antibody in 5% SMP in wash buffer overnight at 4°C. Primary 

antibody was removed and the membrane rinsed twice with wash buffer, then washed 

three times for 15 min with wash buffer. Membranes were incubated with either horse 

radish peroxidise (HRP) or biotin conjugated secondary antibodies, in 5% SMP in wash 

buffer for 1 h at room temperature. After three 15 min washes with wash buffer, 

membranes incubated with biotinylated secondary antibodies were incubated with a 

straptavidin conjugated HRP (Dako) for 5 min then re-washed three times in wash 

buffer. Visualisation of bands was performed by enhanced chemiluminescence using the 

Immobilon HRP substrate (Millipore).  

 

2.3.10.6 Antibodies 

The two CTGF antibodies used in this study included the polyclonal L20 goat anti-

CTGF antibody (Santa Cruz Biotechnology), which targets amino acids 150-200 of the 

CTGF protein, and the polyclonal Rabbit-A rabbit anti-CTGF antibody, which targets 

amino acids 247-260 of the CTGF protein. This antibody was a generous gift from Prof 

David Brigstock (Brigstock et al. 1997). The ACTN05 monoclonal mouse anti-ACTIN 

antibody (Neomarkers) was used to detect ACTIN which served as a loading control. 

Secondary, HRP-conjugated antibodies included the anti-rabbit Na9340V antibody (GE 

Healthcare) and the anti-mouse Na 9310V antibody (GE Healthcare). For detection of 

primary goat antibodies, the biotinylated EO466 rabbit anti-goat antibody (Dako) was 

used followed by detection with streptavidin-conjugated HRP (Dako). 

 

2.3.10.7 Membrane stripping protocol 

Where it was necessary to strip and re-probe membranes, they were incubated in 

stripping buffer [50 mM Tris (pH 6.8), 2% SDS, 100 mM 2-mercaptoethanol] at 50°C 

for 30 min with gently shaking, then washed three times in western wash buffer for 15 
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min at room temperature. These membranes were then blocked and probed as previously 

described.  

 

Table A2.1 List of suppliers 

Amresco - Solon, Ohio, USA 

AP Biotech - Little Chalfont, Buckinghamshire, UK 

Baxter - Old Toongabbie, New South Wales, Australia 

BD Bioscience - San Jose, California, USA 

Becton Dickinson - Franklin Lakes, New Jersey, USA 

Bio-Rad - Hercules, California, USA 

Dako - DK-2600, Glostrup, Denmark 

GE Healthcare  - Little Chalfont, Buckinghamshire, UK 

Geospiza - Seattle, Washington, USA 

GraphPad Software - De La Playa, California, USA. 

Ibis Biosciences - Carlsbad, California, USA 

Life Technologies - Carlsbad, California, USA 

Microsoft - Redmond, Washington, USA 

Milipore - Bedford, Massachusetts, USA 

MJ Research - Waltham, Massachusetts, USA 

MP Biomedicals, LLC - Santa Ana, California, USA 

Neomarkers - Fremont, California, USA 

New England Biolabs - Ipswich, Massachusetts, USA 

Nycomed - Asker, Oslo, Norway 

Osmonics - Westborough, Massachusetts, USA 

Perkin Elmer - Waltham, Massachusetts, USA 

QIAGEN - Hilden, Germany 

Robbins Scientific - Sunny Vale, California, USA 

Santa Cruz Biotechnology - Santa Cruz, California, USA 

Sigma Aldrich - St Louis, Missouri, USA 

Thermo Fisher Scientific - Waltham, Massachusetts, USA 
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Table A2.2 Primer and oligonucleotide sequences 

primer name  sequence 5'-3' 

ACTB_forward  GGCACCCAGCACAATGAAG 

ACTB_probe  VIC_TCAAGATCATTGCTCCTCCTGAGCGC_TAMRA 

ACTB_reverse  GCCGATCCACACGGAGTACT 

ATP5G3_for  TAATCCAAAGGGAGTTTCAGAC 

ATP5G3_rev  AATCAAGAAAGCAACCATCAAAC 

Bis1_for  GTAGGAAGGTGGGGAGGAA 

Bis1_rev  CACTAACTATCTCCTCTCAAC 

Bis2_primary_for  GGAATGTTGAGTGTTAAGGGGTTAGGATTA 

Bis2_primary_rev  ATCAAACATTAAAACACTCTCACATCCAAA 

Bis2_secondary_for  TTGAGAGGAGATAGTTAGTG 

Bis2_secondary_rev  AACAAAATAAACCCTTATAC 

Bis3_primary_for  GGTTGTTAGGGAGGGATT 

Bis3_primary_rev  TCCATACTACACAAAAACATACAACC 

Bis3_secondary_for  GTATAAGGGTTTATTTTGTTATTT 

Bis3_secondary_rev  CACTAATACTTACAACTACTCTA 

CD_1F  AGTGCGACTCCACCCTCCA 

CD_1F_nested  CCTCCAGCTCGACGGCAG  

CD_4F  AAGGACCAAACCGTGGTTGG 

CD_5F  GACCTGGAAGAGAACATTAAGG 

CD_5R  TACTCCACAGAATTTAGCTCGG 

CD_6R  TTAATGTCTCTCACTCTCTGGC 

CD_7F  TGTACTACAGGAAGATGTACGG 

CD_7R  AGAATGTCAGAGCTGAGTCTGC 

CD_8F  TTAGCGTGCTCACTGACCTG 

CD_8R  TTCCTACCTAGAAATCAGCC 

CD_9F  TGCTCAGATAGAATGACAGTCC 

CD_9R  TCAATGTGGTGTGTATGCCTGC 

GeneRacer 3'   GCTGTCAACGATACGCTACGTAACG 

GeneRacer 3' nested  CGCTACGTAACGGCATGACAGTG 
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Table A2.2 (continued) 

primer name  sequence 5'-3' 

GeneRacer 5'  CGACTGGAGCACGAGGACACTGA 

GeneRacer 5' nested  GGACACTGACATGGACTGAAGGAGTA 

GeneRacer OligodT  GCTGTCAACGATACGCTACGTAACGGCATGACAGTGT(24) 

GeneRacer RNA oligo  CGACUGGAGCACGAGGACACUGACAUGGACUGAAGGAGUAGAAA 

M13_for  GTAAAACGACGGCCAGTG 

M13_rev  CAGGAAACAGCTATGAC 

MSP_for  TCGTTTCGGTCGATAGTTTC 

MSP_rev  CGAAACCCATACTAACGACG 

NB_3pr_for   AGGGTACCAGCAGAAAGGTTAGTA 

NB_3pr_rev  AGAAATCAGCCTGCCAAGGACACT 

NB_central_for   GAGTGGGTGTGTGACGAGCCCAAGG 

NB_central_rev  ATGTCTCCGTACATCTTCCTGTAGT 

PR_1F  AGTGGACAGAACAGGGCA 

PR_1R  GCGGCTGCCGTCGAGCTG 

PR_2F  CAGGTAGGCATCTTGAG 

PR_2R  CACTGGCTGTCTCCTC 

PR_3F  ACAACAGGGTACACTGCTC  

PR_3R  TGATTTGCGTTTTAGAGGC  

SB_CTGF_for  CCTTTGCTGGCCATTCACACTATTG  

SB_CTGF_rev  ACCCCTACTAGATTCAACAGCTGCT 

USP_for  TTGTTTTGGTTGATAGTTTT 

USP_rev  CAAAACCCATACTAACAACA 
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Chapter 3 

Gene Expression and Clinical Correlates of CTGF  

Expression in Childhood Pre-B ALL 

Chapter 3: Gene Expression and Clinical Correlates of CTGF Expression in Childhood Pre-B ALL 

3.1 Introduction 

Oncogenic events contributing to leukaemogenesis include the activation of proto-

oncogenes that promote dysregulation of cell cycle controls, apoptosis, and 

differentiation (Pui 2006). Aberrant CTGF gene expression occurs in around 75% of 

pre-B ALL cases (Vorwerk et al. 2000; Boag et al. 2007; Sala-Torra et al. 2007), 

however the mechanism underlying this dysregulated expression is not known. 

Activation of CTGF transcription in other cell types has been attributed to numerous 

soluble factors such as TGFB1 (Arnott et al. 2008), SRF (Muehlich et al. 2007) and 

MMP3 (Eguchi et al. 2008), as well as changes in the microenvironment such as 

hypoxia (Hong et al. 2006), mechanical stretch (Nishida et al. 2008) and high glucose 

(Wang et al. 2008). Regulation of the CTGF promoter is complex and is heavily 

dependent on cell type and tissue context (Cicha & Goppelt-Struebe 2009). Control of 

CTGF expression and its role in the cellular biology of lymphocyte precursors remains 

ill-defined as there has only been one study to date that has identified CTGF gene 

expression in normal haemopoietic precursor cells (Wagner et al. 2007), and no detailed 

characterisation of CTGF gene expression in haemopoietic cells has been reported. 

 

Analysis of global gene expression data may provide some clues. Identifying 

transcriptional programs associated with CTGF gene expression by discerning genes that 

are highly correlated with CTGF, could point to the involvement of common 

transcription factors or regulatory pathways (Eisen et al. 1998). Global gene expression 

data gathered from a cohort of 73 paediatric patients diagnosed with pre-B ALL has 

been recently generated by this laboratory (Boag et al. 2006; Boag et al. 2007). This has 

provided a valuable resource to investigate whether any genes display patterns of 

expression similar to CTGF. This approach was expected to shed light on putative DNA 
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regulatory elements or transcription factors contributing to CTGF deregulation, through 

analysis of the regulatory sequences of co-regulated genes in pre-B ALL.  

 

While its role in the leukaemogenesis of pre-B ALL is unclear, several studies have 

highlighted associations between CTGF gene expression and patient outcome in  

high-risk pre-B ALL. Sala-Torra and colleagues demonstrated a significant difference in 

EFS in adult ALL patients stratified based upon CTGF mRNA expression levels 

exhibited by their leukaemic cells. Specifically, patients whose leukaemic blasts 

expressed CTGF at low levels showed 5yr EFS of 58%, in contrast to 12% for those 

with high CTGF expression (Sala-Torra et al. 2007). Clearly, high CTGF expression was 

associated with a profoundly poor outcome for these patients. In relation to childhood 

ALL, a recent COG study investigating methods of improving stratification of high-risk 

pre-B ALL patients by microarray, successfully used CTGF expression in a multi-gene 

classifier model to predict the response of patients to therapy (Kang et al. 2010). As in 

adult ALL, high CTGF expression in this paediatric cohort was associated with a poor 

outcome and shorter period of RFS. These studies support the hypothesis that CTGF 

protein may play an important role in the pathobiology of ALL. CTGF expression has 

been associated with a metastatic and aggressive phenotype in other cancers (Shimo et 

al. 2006; Aikawa et al. 2006; Kang et al. 2003), however despite clear association with 

patient outcomes, no progress has been made in identifying biological features 

associated with CTGF gene expression in pre-B ALL. Analysis of clinical features 

associated with CTGF expression may point to a role for this pleiotropic protein in 

leukaemogenesis or maintenance of leukaemic cells. 

 

In this study, analysis of CTGF gene expression in primary paediatric pre-B ALL 

specimens was performed to establish gene expression and clinical correlates with 

CTGF. Specifically, the aims of this chapter were to 1) validate CTGF expression data 

generated by microarray in primary specimens using qRT-PCR, 2) determine genes 

correlated with CTGF mRNA levels in three independent pre-B ALL cohorts, and 

compare their promoters with respect to common regulatory motifs, and 3) examine 
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whether CTGF expression is linked to diagnostic features or prognosis in paediatric pre-

B ALL. 

 

3.2 Results 

3.2.1 The PMH cohort of paediatric pre-B ALL 

The global gene expression profiles of primary pre-B ALL specimens was measured by 

Boag and colleagues using Affymetrix microarray technology (Boag et al. 2006; Boag et 

al. 2007). This group of specimens, named the PMH cohort, comprised 73 paediatric 

pre-B ALL specimens from patients treated on COG protocols (Gaynon et al. 2000). 

These were obtained either at the time of diagnosis; n=60, or at relapse; n=13. The 

critical clinical and biological features of this cohort are detailed in Table 3.1. 

 

Prior to analysing the global gene expression data from the PMH cohort (Boag et al. 

2006; Boag et al. 2007), CTGF expression levels measured by microarray were 

validated using 17 primary pre-B ALL specimens from this cohort. Also included were 3 

T-ALL specimens for comparison. The details of these specimens are outlined in Table 

3.2. These specimens, also used in later parts of the current study (Chapters 4 & 6) were 

assayed for CTGF expression by quantitative real-time PCR (qRT-PCR). RNA from 

these 20 primary bone marrow samples was extracted from cryopreserved material that 

was matched with those used for the previous microarray study (Boag et al. 2007). 

These specimens represented a range of cytogenetic subtypes, determined using a 

previously published 20 gene classifier model for cytogenetic prediction (Hoffmann et 

al. 2006). These were MLL (n=1), BCR-ABL (n=4), hyperdiploidy (n=2), TEL-AML 

(n=2), TCF3-PBX1 (n=1) and 10 cases where known cytogenetic abnormalities could 

not be detected (Other). These latter specimens were all classed as low/neg for CTGF 

mRNA by microarray as they exhibited RMA normalised probeset signals of <50 (see 

section 2.2.1.1). 
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Table 3.1 Clinical and biological features of pre-B ALL patients in the PMH 

cohort 

 Number %  Number % 
Age   CNS involvement   

1-10 years 53 73 Not known 4 5.5 

>10 years 20 27 Present 1 1.5 

Gender   Absent 68 93 

Male 41 56 Spleen   

Female 32 44 Normal 32 44 

WBC§   Enlarged (BU) ‡ 37 51 

<50 x 10^9/l 67 92 Enlarged (AU) ‡ 4 5 

>50 x 10^9/l 6 8 Lymph nodes   

NCI risk *   Normal 37 51 

Standard 50 68 Enlarged <3cm 32 44 

High 23 32 Enlarged >3cm 4 5 

Specimens   Mediastinal mass   

Diagnosis 60 82 Not known 12 16 

Relapse  13 18 No mass 58 80 

Clinical outcome   Anterior mass 3 4 

(diagnosis specimens) (n=60)     

CCR ┼ 11 18    

Relapsed 49 82    

Cytogenetics #      

MLL 1 1    

BCR-ABL1 7 10    

TEL-AML1 15 21    

TCF3-PBX1 2 3    

Hyperdiploid 26 36    

Other 22 30    

 

§ WBC: Peripheral white blood cell count at diagnosis, ┼ CCR: Complete clinical 

remission, * NCI risk stratification: see Smith et al., (1996), # Cytogenetics: determined 

by karyotype or inferred by gene expression profiling, see Hoffman et al., (2006), ‡ 

BU/AU: below/above umbilicus. (Hoffmann et al. 2006) (Smith et al. 1996) 
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Table 3.2 Characteristics of pre-B ALL specimens used for validation of CTGF 

expression 

The panel of primary specimens used in this study consisted of 17 pre-B ALL, both 

diagnosis (D) and relapse (R) specimens, and 3 T-ALL specimens. CTGF expression 

measured by Affymetrix (U133A) human genome array and classed as high, med or 

low/negative based on probeset intensity (defined in Section 2.2.1.1).  (Smith et al. 1996) 

 

Specimen 

Code 

Diagnosis 

/Relapse Lineage 

cytogenetics 

(inferred) # 

NCI                                                                         
...Risk * 

Age ‡ 

(months) 

CTGF 

expression 

BHDN9 D B MLL High 166 high 
± BHDR25 D B BCR-ABL High 196 high 
± BHRR25 R B BCR-ABL High 201 high 

BHDN12 D B HYP High 29 high 

BSDR85 D B TEL-AML Standard 92 high 

BSDN36 D B TEL-AML Standard 64 high 

BSDR79 D B BCR-ABL Standard 113 med 

BHRR83 R B HYP High 250 med 

BSDN34 D B BCR-ABL Standard 50 med 

BSRR89 R B TCF3-PBX1 Standard 133 med 

BSDN67 D B Other Standard 79 low/neg 

BSDN40 D B Other Standard 97 low/neg 

BHDN7 D B Other High 132 low/neg 

BSDN51 D B Other Standard 74 low/neg 

BHDR31 D B Other High 171 low/neg 

BHRR92 R B Other High 177 low/neg 

BSDN63 D B Other Standard 30 low/neg 

THDN2 D T Other High 70 low/neg 

THDN4 D T Other High 59 low/neg 

THDN6 D T Other High 161 low/neg 
 

±  Paired diagnosis and relapse specimens, # Cytogenetics inferred by 20 gene classifier 

method (Hoffmann et al. 2006), * NCI risk stratification, see Smith et al., (1996), ‡ Age 

in months at the time of diagnosis or relapse. 
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3.2.2 Validation of CTGF expression data 

CTGF expression values generated by microarray (probeset 209101_at) and qRT-PCR 

were examined for concordance in these 20 ALL specimens. Figure 3.1 demonstrates 

CTGF gene expression levels and the correlation between the methods used to 

characterise expression in these samples. A comparison of CTGF expression values 

generated by microarray versus those obtained by qRT-PCR performed on freshly 

extracted, matched cryopreserved specimens, demonstrated a highly similar pattern of 

CTGF expression. Specimens BSDN36 and BSDR79 seemed to display different CTGF 

expression levels when measured by qRT-PCR, however overall a Pearson correlation of 

0.972 was observed between methods, which was highly significant (p < 0.001). Those 

primary specimens that lacked one of the common cytogenetic rearrangements (Table 

3.2 “Other”), were considered to be CTGF
low/neg when assessed by microarray, however, 

almost all of these cells exhibited an extremely low level of CTGF mRNA detectable by 

qRT-PCR, indicating the CTGF locus is in a permissive state.  
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Figure 3.1 Analysis of CTGF expression by microarray and qRT-PCR 

A. CTGF expression in a selection of primary B-lineage (n=17) and T-lineage (n=3) 

ALL specimens measured by Affymetrix human genome array U133A (probe 

209101_at) B. CTGF expression measured in matched, cryopreserved specimens by 

qRT-PCR normalised to ACTB. Error bars represent the standard error of the mean of 

three technical replicates. C. Comparison of CTGF expression data generated by 

microarray and qRT-PCR. A highly significant Pearson correlation of 0.972 was 

observed (p<0.001) between the two methods.  

 

3.2.3 Gene expression profiles associated with CTGF expression 

Identifying genes that are co-regulated with CTGF may point to common promoter 

elements or trans-acting factors involved in activation of the CTGF promoter (Mansson 

et al. 2004). Probesets that correlated with CTGF expression in pre-B ALL were 

identified by examining global gene expression data from the PMH cohort (n=73), and 

two publically available paediatric pre-B ALL cohorts. These two cohorts were denoted 
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as the Ross cohort and the Kang cohort (Ross et al. 2003; Kang et al. 2010). The former 

was studied by Ross and colleagues while investigating the suitability of gene 

expression profiling for classifying paediatric ALL specimens into clinically relevant 

subtypes (Ross et al. 2003). This cohort consisted of 118 pre-B ALL specimens, BCR-

ABL1; n=15, TCF3-PBX1; n=18, Hyperdiploid; n=15, MLL disease; n=20, TEL-AML1; 

n=20, and 28 cases where the aforementioned cytogenetic subtypes were not detected 

(Ross et al. 2003). The Kang cohort was comprised of 207 high-risk paediatric pre-B 

ALL patients enrolled in the Children’s Oncology Group (COG) P9906 clinical trial and 

defined by age > 10yrs, WBC > 5x104/µl, and the absence of low-risk (Hyperdiploidy, 

ETV6-RUNX1) or very high-risk (hypodiploid, BCR-ABL1) disease (Kang et al. 2010). 

However, patients with low-risk cytogenetics were included if they displayed high-risk 

features like CNS or testicular involvement. While the Kang cohort was comprised of a 

discreet, high-risk group, it was considered appropriate for investigating CTGF 

correlates because CTGF was shown to be highly predictive of outcome in their study 

(Kang et al. 2010). 

 

The distribution of CTGF gene expression values was assessed across samples in each 

cohort without normalizing the three datasets together, as the Kang cohort had been 

analysed using a different Affymetrix microarray platform (U133 plus2.0 array) to the 

PMH and Ross cohorts (U133A array). The range of CTGF expression in each cohort is 

shown in Figure 3.2A. A Spearman correlation analysis was performed on each cohort 

individually to examine which probesets displayed a similar pattern of expression to 

CTGF. The top 100 ranked probesets from the Spearman correlations were compared 

among cohorts and 11 probe sets overlapped between cohorts, as illustrated in Figure  

3.2B. These probesets corresponded to 6 genes; suppressor of cytokine signalling 2 

(SOCS2), myocyte enhancer factor 2C (MEF2C), adducin 3 (ADD3), gelsolin (GSN), 

metastasis suppressor 1 (MTSS1) and dihydropyrimidinase-like 2 (DPYSL2). These 

probesets displayed significant Spearman correlation values in the PMH cohort ranging 

from 0.68 (p<10-7) to 0.51 (p<10-5) and are shown in Figure 3.2C. The variance in the 

expression of these 11 probesets was compared to confirm that they display a similar 

pattern as CTGF (Figure 3.2D). All but one of the probesets, corresponding to SOCS2, 
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MEF2C, ADD3, GSN and DPYSL2 appeared to have a distribution very similar to CTGF 

suggesting they may be co-regulated.  In contrast, MTSS1 gene expression varied 

substantially from CTGF in that it was expressed at comparatively lower levels and 

displayed less variance in expression among samples. As such this gene was omitted 

from further analysis.  

 

Based upon the significant correlation with CTGF expression displayed by SOCS2, 

MEF2C, ADD3, GSN and DPYSL2, it was considered that there may be common cis 

regulatory elements in the 5’ flanking region of these genes. One of these co-regulated 

genes, MEF2C, encodes a transcription factor, suggesting that it may itself be a 

candidate. However, analysis of the promoter regions of the above genes using the 

TFSEARCH database of transcription factor motifs available at 

http://www.cbrc.jp/research/db/TFSEARCH.html, did not identify any predicted 

MEF2C binding sites, even when the region examined was extended to include up to 

4kb of 5’ flanking sequence adjacent to the transcription start site.   
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Figure 3.2 CTGF correlation analysis in three independent cohorts 

A. Distribution of CTGF expression (probeset 209101_at) measured by microarray in 

three independent paediatric pre-B ALL cohorts. Cohort datasets are not normalised 

together as they originate from different Affymetrix platforms. B. A Spearman 

correlation analysis with CTGF (209101_at) was performed in each cohort individually 

and the top 100 probesets from each cohort were compared. Eleven common probesets 

were indentified in the top 100 probesets in each cohort. C. Overlapping probe sets 

corresponded to 6 genes; suppressor of cytokine signalling 2 (SOCS2), myocyte 

enhancer factor 2C (MEF2C), adducin 3 (ADD3), gelsolin (GSN), metastasis suppressor 

1 (MTSS1) and dihydropyrimidinase-like 2 (DPYSL2). For each probeset the correlation 

with CTGF expression (R) is shown for each cohort. D. Expression of the 11 

overlapping top-ranked probesets as well as CTGF in the PMH cohort measured by 

microarray. 
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3.2.2.1 Common 5’ flanking motifs in CTGF-correlated genes 

In order to identify common sequence elements, the 5’ flanking sequence of CTGF 

together with five highly correlated genes from -2 kb to +1 (relative to the 

transcriptional start site) were examined for shared sequence motifs using the MEME 

software suite (Bailey & Elkan 1994) available at http://meme.nbcr.net/meme/intro.html. 

This program searches for common sequence motifs in specified DNA sequences. 

Analysis with MEME identified two sequence motifs that were present in the 5’ flanking 

sequence of the majority of the genes determined to be co-regulated with CTGF. These 

two motifs were referred to as MEME enriched motif 1 (MEM1) and MEM2.  

 

The first motif, MEM1, was 15bp in length, heavily G-rich and was present in the 

promoters of ADD3, DPYSL2, GSN, CTGF and SOCS2 (Figure 3.3A). This motif was 

examined for transcription factor binding sites using the TOMTOM motif comparison 

tool (Gupta et al. 2007) available as part of the MEME suite of applications. This 

program compares sequence motifs against known transcription factor binding matrices 

annotated in the TRANSFAC (Fu & Weng 2004) and JASPER databases (Portales-

Casamar et al. 2010). The results of this analysis is shown in Figure 3.3B and predicted a 

binding site for the Ikaros family of transcription factors in MEM1 which are known to 

play an important role in haemopoietic development (Koipally et al. 1999). Although the 

Ikaros-binding site was predicted by the TOMTOM analysis, the Ikaros-binding motif 

was only a partial match to the 5’ region of MEM1. Furthermore, the location of the 

MEM1 motif in the 5’ flanking sequences shown in Figure 3.3 was highly variable, 

suggesting that this motif may not be a functional element, but rather a simple sequence 

repeat identified by the MEME analysis.  

 

The second motif, MEM2, was 32 bp in length, as shown in Figure 3.4 and was 

identified at similar positions (approximately -650 to -1150) in the promoter regions of 

ADD3, SOCS2, GSN and DPYSL2, but was not present in the CTGF promoter. 

Significantly, this motif was also predicted to facilitate binding of the Ikaros family of  
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Figure 3.3 MEME enriched motif 1 (MEM1) 

A. Top; Meme enriched motif (MEM) 1 and flanking sequence for each promoter including gene symbol (name), nucleotide 

coordinate (start) of motif in input sequence (-2kb to +1) and p-value of motif discovery. Sequences are ranked from top to bottom by 

statistical significance. Bottom; location of motif in input sequence. B. Top; Predicted Ikaros-binding motif. Bottom; MEM1 and 

ideogram representing nucleotide incidence at each base in motif. Analysis was performed using MEME and TOMTOM programs 

available online at http://meme.nbcr.net/meme/intro.html. 
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Figure 3.4 MEME enriched motif 2 (MEM2) 

A. Top; Meme enriched motif (MEM) 2 and flanking sequence for each promoter including gene symbol (name), nucleotide 

coordinate (start) of motif in input sequence (-2kb to +1) and p-value of motif discovery. Sequences are ranked from top to bottom by 

statistical significance. Bottom; location of motif in input sequence. B. Top; Predicted Ikaros-binding motif. Bottom; MEM2 and 

ideogram representing nucleotide incidence at each base in motif. Analysis was performed using MEME and TOMTOM programs 

available online at http://meme.nbcr.net/meme/intro.html. 
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transcription factors and displayed higher homology with the IKAROS motif than 

MEM1. This motif additionally contained an invariant CTGGGA sequence in all four 

promoters, however this sequence element was not predicted to be part of any 

transcription factor binding motif by TOMTOM. This was surprising, as the first three 

members of the Ikaros family; IKAROS, HELIOS and AIOLOS, all contain a central 

GGGA sequence in their DNA recognition sequences (shown in Figure 3.5) and the 

invariant CTGGGA identified in MEM2 is compatible with IKAROS, HELIOS and 

AIOLOS binding matrices (Molnar & Georgopoulos 1994). While the data provided by 

analysis with MEME and TOMTOM were novel, the existence of Ikaros family binding 

sites in these genes warranted further validation. 

 

 

Figure 3.5 DNA binding matrices for the Ikaros family members 1, 2 and 3 

DNA binding matrices are shown for the first three members of the Ikaros family of 

transcription factors. These members are IKAROS (IKZF1), HELIOS (IKZF2) and 

AIOLOS (IKZF3). Figure adapted from Molnar et al., (1994).  

 

3.2.2.2 Analysis of putative Ikaros family binding sites 

The In silico evidence presented above suggested that members of the Ikaros family of 

transcription factors IKAROS, HELIOS and AIOLOS may bind to the 5’ flanking 

sequence of genes displaying similar patterns of expression as CTGF. Each promoter 

was independently examined for predicted Ikaros family binding sites using the 

TFSEARCH transcription factor motif database  

(http://www.cbrc.jp/research/db/TFSEARCH.html). The 5’ flanking sequence of GSN, 
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DPYSL2, ADD3, SOCS2, MEF2C and CTGF were all predicted to contain at least one, 

and in some cases several, binding sites for the Ikaros family member HELIOS as 

outlined in Figure 3.6. A number of sites co-localised with the matrices predicted by 

MEME in Figures 3.3 and 3.4. These sites, annotated in Figure 3.6 included 1, 2, 3, 4, 8, 

10 and 12. These predicted binding sites are based on functionally characterised murine 

Helios binding motifs (Molnar & Georgopoulos 1994), however the sequence identity 

shared between the human and murine HELIOS/Helios coding region is over 97% and 

they are predicted to recognise similar, if not identical, recognition sequences 

(Hosokawa et al. 1999). Furthermore, some of the predicted binding sites were also 

compatible with binding by IKAROS. The remarkable similarities in the binding 

matrices for IKAROS, HELIOS and AIOLOS as outlined in Figure 3.5 suggested that 

while some predicted binding sites are only compatible with HELIOS or IKAROS, any 

of these three proteins may in fact bind to the sites identified in the promoters of genes 

that showed expression correlated to CTGF gene expression. 

 

3.2.2.3 Expression of Ikaros family genes in the PMH cohort 

Binding motifs for HELIOS and IKAROS were identified in the 5’ flanking sequence of 

genes that correlate with CTGF expression, suggesting a role for the Ikaros family of 

transcription factors in regulating expression of these genes. The PMH microarray 

dataset was examined to determine whether changes in expression of any Ikaros family 

members; IKAROS, HELIOS, AIOLOS, EOS and PEGASUS was associated with CTGF 

expression in this cohort (Figure 3.7). Specimens were grouped into CTGF
pos and 

CTGF
low/neg groups based on microarray expression values, and mean expression of the 

Ikaros family of genes were compared between these groups. All Ikaros family genes 

were expressed except for AIOLOS which displayed probeset intensity values well 

below what would normally be classed as a background signal on the U133A chip 

(intensity value of <25). There was no significant difference observed in the mean 

expression of any Ikaros family member between CTGF
pos and CTGF

low/neg specimens 

as shown in Figure 3.7, suggesting that any effect mediated by HELIOS or other Ikaros 

proteins was not due to alterations in their mRNA expression levels.  
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Figure 3.6 Helios (IKZF2) is predicted to bind the promoters of CTGF and correlated genes 

Binding sites for IKZF1/IKAROS and IKZF2/HELIOS predicted in the 5’ flanking regions (-2 kb to +1) of CTGF-correlated genes by 

TFSEARCH. Numbered red boxes indicate predicted binding sites (1-12) which are annotated (bottom) with coordinates relative to the 

transcription start site of each gene, motif sequence, and indication of which factor was predicted to bind the target.  
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Figure 3.7 Expression of Ikaros family members in the PMH cohort 

Expression of Ikaros transcription factors, measured by microarray analysis of primary 

specimens in the PMH cohort. Specimens were grouped according to CTGF expression 

status (samples classed as CTGF
low/neg are denoted by the minus symbol). Expression 

indicated by probeset intensity for IKAROS probesets; A-216901_s_at, B-205038_at and 

C-205039_s_at, as well as HELIOS 220567_at, AIOLOS  221092_at, EOS  208472_at 

and PEGASUS  220086_at.  

 

3.2.2.4 IKAROS gene lesions are associated with CTGF expression 

Deletions and mutations of IKAROS are common events in high-risk pre-B ALL (Kuiper 

et al. 2010; Mullighan et al. 2008), and internal in-frame deletions can produce 

dominant-negative (DN) protein isoforms that can inhibit the function of Ikaros proteins, 

in the absence of changes in gene expression (Sun et al. 1996). The Ikaros family of 

proteins is thought to promote gene silencing through enforcing repressive chromatin 

marks at target gene loci (Koipally et al. 1999). If aberrant CTGF expression can indeed 

be attributed to a loss of function in Ikaros family genes in pre-B ALL, then those 

specimens harbouring mutations or deletion of IKAROS would be expected to exhibit 

high CTGF expression. A recent report from St Jude Children’s Research Hospital 
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examined the prognostic significance of IKAROS deletions and mutations, herein 

referred to collectively as IKAROS alterations, using a combination of SNP arrays and 

direct sequencing of B-cell developmental genes (Mullighan et al. 2009). This study was 

undertaken in a selection of high-risk patients from the COG P9906 clinical trial cohort. 

Patient specimens used for the study by Kang and colleagues were also selected from the 

COG P9906 cohort (Kang et al. 2010). Despite the selection criteria of the two studies 

being very similar, focussing on high-risk pre-B ALL, not all specimens examined for 

copy number alterations by Mullighan et al were represented in the gene expression data 

associated with the Kang cohort. However, of the 221 specimens in the Mullighan 

cohort, 198 matched with gene expression data from the Kang cohort. Pairing of this 

data allowed the exploration of the effect of IKAROS alterations upon CTGF expression 

in high-risk pre-B ALL. 

 

Of the 67 patient specimens that were identified as harbouring an IKAROS alteration by 

Mullighan et al, gene expression data from the Kang cohort was available for 59 of 

these. To examine whether IKAROS alterations were associated with aberrant CTGF 

expression, mean CTGF expression was compared between these 59 specimens and the 

remainder of specimens in the Mullighan cohort for which gene expression data was 

available. This analysis shown in Figure 3.8A demonstrated that IKAROS alterations 

were indeed associated with higher CTGF expression, with a significant difference in 

mean CTGF expression evident between these two groups (p=0.036).  

 

CTGF expression was also investigated in a more homogeneous subset of pre-B ALLs, 

which all contained a deletion in at least one critical B-cell developmental gene 

specimens (66.5 % of high-risk cases), including IKAROS, PAX5, TCF3, EBF1, 

RAG1/2, BLNK, BCL11A, HELIOS, LEF1, MEF2C, SOX4 and SPI1 (Mullighan et al. 

2009). IKAROS deletions were present in 43% of this group compared to 29% in the 

total P9906 cohort, thus it was expected that any association between IKAROS 

alterations and CTGF gene expression would be easily observed in this group. These 

specimens were stratified based upon the presence or absence of IKAROS alterations and 

examined for CTGF expression, shown in Figure 3.8B. A total of 154 specimens 
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harboured disruption of one or more of these critical B-cell developmental genes. Of 

these 154 specimens, gene expression data was available for 137 specimens, and 59 of 

these were affected by IKAROS alterations. This group of 59 specimens exhibited higher 

mean CTGF expression compared to those specimens harbouring B-cell pathway lesions 

but no IKAROS alterations and this was highly significant (p=<0.001). These findings 

support the hypothesis that IKAROS alterations are associated with aberrant CTGF 

expression in high-risk pre-B ALL.  

 

 

 

Figure 3.8 IKAROS alterations are associated with aberrant CTGF expression in 

high-risk pre-B ALL  

A. Patient specimens from the Mullighan cohort (Mullighan et al. 2009), were divided 

into two groups based on whether they had a confirmed IKAROS alteration, then 

examined for expression of CTGF. Those patients with alterations affecting IKAROS 

(n=59) displayed significantly higher CTGF expression (p=0.036) compared to the 

remainder of the cohort in which alterations of the IKAROS locus were absent. B. CTGF 

expression was examined in patient specimens harbouring disruption of at least one 

critical B-cell pathway gene, including IKAROS, PAX5, TCF3, EBF1, RAG1/2, BLNK, 

BCL11A, HELIOS, LEF1, MEF2C, SOX4 and SPI1. Of the 137 specimens harbouring 

mutation of at least one of these genes, 59 had a deletion or mutation affecting the 
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IKAROS gene, and these specimens had significantly higher CTGF expression 

(p=<0.001).  

 

3.2.3 Clinical features associated with CTGF expression 

CTGF expression reportedly has prognostic significance in pre-B ALL and has been 

associated with reduced RFS for some forms of the disease in both adults and children 

(Sala-Torra et al. 2007; Kang et al. 2010). As shown in Figure 3.9, CTGF expression in 

the PMH cohort varied considerably across specimens. This suggested that CTGF 

expression might correlate with one or more clinical features present at the time of 

diagnosis, thus acting as a biomarker for a specific group (defined by age, cytogenetic 

group, etc) at greater risk (Yoshida et al. 2009; Choi et al. 2006). Patients comprising the 

PMH cohort were diagnosed locally, enabling access to detailed patient data for this 

study. 

  

 

 

 

 

Figure 3.9 CTGF gene expression in the PMH cohort 

CTGF gene expression measured by Affymetrix human genome array U133A (probeset 

209101_at) in the paediatric pre-B ALL cohort from PMH (n=73). 
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Patient specimens obtained at the time of diagnosis (n=60) were stratified based upon 

clinical features including gender (male; n=33, female; n=27), age at diagnosis in years 

(1.5-3 yrs; n=12, 3-6 yrs; n=16, 6-10 yrs; n=22 and 10-20 yrs; n=10), percentage blasts 

in bone marrow (>95%; n=38, 90-95%; n=12 and <90%; n=10), haemoglobin levels in 

g/dL, (>10; n=12, 7.5-10; n=18, 7.5-5; n=25 and <5; n=5), lymph node status (enlarged; 

n=33, normal; n=27) and spleen status (enlarged; n=38, normal; n=22). CTGF 

expression was also compared between these 60 diagnosis specimens and 13 relapse 

specimens. The mean CTGF expression was compared between these clinically relevant 

groups as shown in Figure 3.10. Patients with enlarged lymph nodes displayed 

significantly lower CTGF expression (p=0.0349) than those that did not have lymph 

node involvement. A similar trend was observed for those patients with an enlarged 

spleen, however this did not reach significance. No other clinical features examined 

demonstrated an association with CTGF expression. 
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Figure 3.10 Comparison of CTGF expression versus clinical features present at diagnosis in the PMH cohort 

CTGF gene expression (measured by microarray) in pre-B ALL specimens (n=60) stratified by clinical features present in patients at 

the time of diagnosis, including gender (A.), age at diagnosis (B.), percentage blasts in bone marrow (C.), haemoglobin (D.), lymph 

node status (E.) and Spleen status (F.). CTGF expression was also compared between the 60 diagnosis specimens and 13 relapse 

specimens (G.). Mean CTGF expression was compared between groups using unpaired t-tests or one-way ANOVA where appropriate. 
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3.2.4 Prognostic significance of CTGF expression 

The association between CTGF expression in specimens obtained at diagnosis in the 

PMH cohort and both patient relapse and overall survival was examined to investigate 

the prognostic relevance of CTGF expression (Figure 3.11). Patient diagnostic 

specimens were stratified based upon CTGF expression into two groups, CTGF
pos and 

CTGF
low/neg, based on previously determined gene expression cut-offs (section 2.2.1.1), 

and the incidence of relapse and overall survival was examined. Three patients were 

censored from the analysis of overall survival due to incomplete survival data for the 5yr 

period. There was a trend toward lower RFS in the CTGF
pos group at 71% compared to 

83% for the CTGF
low/neg group, however this was not statistically significant (p=0.39). 

The overall 5 year survival did not differ between the CTGF
pos and CTGFl

low/neg groups. 

The trend for higher relapse lends support to previous studies indicating that CTGF has 

prognostic significance in pre-B ALL (Sala-Torra et al. 2007; Kang et al. 2010). 

 

 

 

Figure 3.11 Association between CTGF expression and patient outcome. 

Patients were stratified based upon CTGF expression (pos or low/neg) and assessed for 

both relapse-free survival (RFS) and overall survival over 5 years. 
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3.3 Discussion 

Deregulated CTGF expression in pre-B ALL has now been identified by several studies, 

however the mechanisms driving its aberrant expression remain unknown (Vorwerk et 

al. 2000; Sala-Torra et al. 2007; Boag et al. 2007). Before analysing global gene 

expression data and investigating clinical correlates in the PMH cohort, CTGF 

expression levels obtained by microarray were validated in cryopreserved pre-B ALL 

specimens by qRT-PCR. These validation experiments revealed that there was a 

significant correlation between microarray and qRT-PCR methods for detection of 

CTGF mRNA, confirming that the global gene expression data obtained by Boag and 

colleagues provided an accurate representation of CTGF gene expression in the PMH 

cohort (Boag et al. 2007).  

 

Analysis of CTGF mRNA levels by qRT-PCR revealed that those primary samples that 

were not grouped into one of the common cytogenetic groups exhibited very low, almost 

undetectable CTGF expression. These specimens had previously been classified as 

CTGF
low/neg by array, based on CTGF probeset signals that were close to or the same as 

background levels. However, the extreme sensitivity of qRT-PCR confirmed that there 

was low level CTGF expression in almost all of these primary specimens. The level of 

CTGF mRNA that was detected was so low as to be unlikely to result in translation of 

CTGF protein, however this finding nonetheless suggests that the CTGF locus was in a 

permissive transcriptional state in these pre-B ALL specimens. These data infer that 

biological changes associated with BCR-ABL1, TEL-AML1, MLL disease and 

hyperdiploidy may be important in actively promoting overexpression of CTGF, 

although the underlying factors involved remain undefined. Recurrent oncogenic 

mutations and genomic rearrangements are common in pre-B ALL (Mullighan et al. 

2007; Pui 2006), and if such genomic lesions affect the CTGF locus at 6q23.1 they may 

enhance CTGF gene expression. Extensive genome-wide analysis of genetic alterations 

in pre-B ALL have thus far failed to identify any recurrent alterations at the CTGF locus 

(Mullighan et al. 2007; Kuiper et al. 2007b), however a more focussed investigation of 

this region is warranted. 
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3.3.1 Clinical correlates of CTGF   

The vast range of CTGF expression observed in the PMH cohort prompted the 

investigation into associations between clinical features present at the time of diagnosis 

and CTGF gene expression in patient specimens. When patients were stratified based on 

clinical features there was a significant association between lymphadenopathy and lower 

CTGF mRNA expression in patient specimens (p=0.036). There was also a similar trend 

with splenomegaly, however this did not reach significance. High CTGF expression has 

been positively associated with lymph node metastasis in squamous cell carcinomas of 

the neck (Li et al. 2007), while low CTGF expression is associated with lymph node 

metastasis in colorectal cancer (Lin et al. 2005). Thus the relationship between CTGF 

expression and lymph node metastasis is controversial and is likely to depend heavily 

upon tumour type and cell of origin. Validation of the association between 

lymphadenopathy and low CTGF expression in pre-B ALL should be performed in an 

independent patient cohort, however no such patient data was available during this 

study. 

 

Details from unpublished experiments performed in the laboratory of Prof Ursula Kees 

imply a role for CTGF in enhancing adhesion of pre-B ALL cells to stromal elements. 

This finding coupled with the high incidence of bone marrow fibrosis in ALL (Kundel et 

al. 1964; Wallis & Reid 1989) and correlation between bone marrow fibrosis and high 

MRD after induction therapy (Noren-Nystrom et al. 2008), suggests that fibrotic or 

reactive stroma in the bone marrow microenvironment may represent a preferred 

sanctuary site for leukaemic blasts compared to peripheral organs. It is conceivable that 

aberrant CTGF secretion within the bone marrow space may result in the formation of 

reactive stroma, thus promoting homing of leukaemic cells to the bone marrow, rather 

than peripheral organs. Future functional studies focussing on the effect of CTGF-

induced alterations in bone marrow stroma are expected to test such hypotheses and may 

confirm a role for CTGF in attracting leukaemic cells to this microenvironment. 
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3.3.2 CTGF expression is a prognostic biomarker 

The prognostic importance of CTGF expression in pre-B ALL has been demonstrated in 

both adult and paediatric pre-B ALL, with CTGF expression correlating with low RFS 

(Sala-Torra et al. 2007; Kang et al. 2010). Analysis of the role of CTGF as a biomarker 

in the PMH cohort confirmed an association between CTGF expression and a reduced 

RFS. While the difference in RFS between CTGF
pos and CTGF

low/neg groups did not 

reach statistical significance, the present findings support those made by Kang and 

colleagues that CTGF expression can be predictive of relapse in paediatric pre-B ALL 

(Kang et al. 2010). The striking associations observed in the Kang and Sala-Torra 

studies were not observed in the PMH cohort, and this may be due to differences in 

treatment protocols, as well as differences in the molecular types represented in the 

various cohorts.  

 

While both the Kang and PMH cohorts were comprised of paediatric pre-B ALL 

patients, there were significant differences in the composition of these cohorts. The 

Kang cohort was comprised of high-risk patients as defined by age > 10yrs, WBC > 

5x104 /µl, and the absence of low-risk (Hyperdiploidy, ETV6-RUNX1) or very high-risk 

(hypodiploid, BCR-ABL1) disease (Kang et al. 2010), whereas the PMH cohort was 

comprised predominantly of standard-risk patients at a ratio of 3:1 (standard:high). 

Furthermore, the PMH cohort is comprised predominantly of younger patients with 73% 

aged between 1 and 10 years, and this age group has a favourable outcome compared to 

those over 10 years of age (Pieters & Carroll 2010). It is unsurprising therefore that the 

ability of CTGF mRNA to independently predict relapse was more limited in the PMH 

cohort, as the majority of patients in this cohort were predicted to have a favourable 

outcome based on the assessment of risk-features alone. Analysis of clinical features 

associated with CTGF expression would be useful in the Kang cohort which consists of 

a highly specific subtype of ALL, however this data was not made publically available 

(Kang et al. 2010). Analysis of such a discreet prognostic group may infer an association 

between CTGF expression and biological features and suggest a functional role for 

CTGF in pre-B ALL. 
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3.3.3 Gene expression correlates of CTGF 

In order to investigate regulation of the CTGF locus in pre-B ALL, interrogation of gene 

expression profiles correlated with that of CTGF was undertaken in the PMH cohort 

(Boag et al. 2007). Two other publically available pre-B ALL microarray cohorts were 

also included to ensure robust analysis (Ross et al. 2003; Kang et al. 2010). 

Identification of genes highly correlated with CTGF expression was expected to identify 

common transcriptional networks (Mansson et al. 2004). The five genes that 

demonstrated significant correlation with CTGF expression in all three cohorts (SOCS2, 

MEF2C, ADD3, GSN, and DPYSL2) have disparate functions, and while one of these 

genes, MEF2C encodes a transcription factor, direct involvement of MEF2C protein was 

ruled out due to the lack of predicted MEF2C binding sites in the 5’ flanking sequence 

of these CTGF-correlated genes.  

 

Analysis of the 5’ flanking sequence of CTGF and the five CTGF-correlated genes 

revealed predicted binding sites for the Ikaros family of transcription factors in all 6 

sequences. At least one HELIOS binding site was identified in the 5’ flanking regions of 

all six genes, and binding motifs for IKAROS in all but the SOCS2 flanking sequence. 

These predicted sites were in agreement with published IKAROS and HELIOS binding 

matrices (Molnar & Georgopoulos 1994). The first four members of the Ikaros family,  

IKAROS, HELIOS, AIOLOS and EOS, have similar DNA binding preferences through 

recognition of a core GGGA[A/T] pentamer motif (Molnar & Georgopoulos 1994; 

Perdomo et al. 2000). The fifth member; PEGASUS has very different requirements, 

preferring an 8pb GNNGTGNG sequence motif (Perdomo et al. 2000).  

 

3.3.4 Ikaros family of transcriptional regulators 

As discussed in Chapter 1, Ikaros proteins are sequence specific transcription factors 

required for normal haemopoiesis and lymphoid specification, that can both repress and 

potentiate gene expression through interactions with DNA and chromatin modifying 

complexes (Koipally et al. 1999; Kim et al. 1999; Cobb & Smale 2005). Ikaros proteins 

function as homodimers, but can also form heterodimers with other Ikaros family 
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members (Rebollo & Schmitt 2003). Mutations or in-frame deletions affecting the N-

terminal zinc finger DNA–binding domain can result in the synthesis of dominant 

negative (DN) isoforms that bind to canonical IKAROS (or other Ikaros family proteins) 

and inhibit the ability of the protein dimer to bind to DNA target sequences (Sun et al. 

1996). Forced expression of DN IKAROS mutants immortalises murine haemopoietic 

precursor cells (Ruiz et al. 2008) and loss of function mutations affecting Ikaros proteins 

are associated with haematological malignancies including AML, pre-B ALL and T-cell 

leukaemia (Yagi et al. 2002; Mullighan et al. 2007; Tabayashi et al. 2007).  

 

Recent reports have identified deletion of IKAROS or expression of DN isoforms as a 

powerful indicator of relapse and a poor prognosis in high-risk pre-B ALL (Kuiper et al. 

2010; Kang et al. 2010; Mullighan et al. 2008; Mullighan et al. 2009). In the present 

study, the relative expression levels of Ikaros family genes remained constant between 

CTGF
pos and CTGF

low/neg specimens in the PMH cohort, thus gross changes in 

expression of Ikaros family genes cannot account for changes in CTGF expression. 

Analysis of the Mullighan cohort of high-risk, paediatric, pre-B ALL patients 

(Mullighan et al. 2009), revealed that CTGF expression was significantly higher in those 

high-risk patients that harboured deletion or mutation of the IKAROS gene, compared to 

those with wild-type IKAROS. Furthermore, analysis of a sub-set of specimens 

harbouring genetic lesions in critical B-cell developmental genes revealed a highly 

significant association between IKAROS alterations and high CTGF expression.  

 

These data provide independent evidence to support the hypothesis that Ikaros family 

proteins are linked to aberrant CTGF gene expression. A more detailed analysis of the 

role of the Ikaros family of transcriptional regulators in the context of CTGF expression 

is warranted. Furthermore, the focus of any future study should be extended to include 

the first three members of the Ikaros family of proteins (IKAROS, AIOLOS and 

HELIOS), because of the similarities in their DNA binding preferences (Molnar & 

Georgopoulos 1994; Rebollo & Schmitt 2003), their ability to interact with and 

modulate the function of each other (Sun et al. 1996), as well as the presence of 

predicted HELIOS binding motifs in the 5’ flanking sequence of all CTGF-correlated 
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genes investigated. Such a study may uncover as-yet unidentified DN forms of other 

Ikaros family proteins that are of importance in modulating IKAROS function. 

 

3.3.6 Conclusions 

In summary, the findings reported in this chapter suggest that the CTGF locus exists in a 

transcriptionally permissive state in the majority of pre-B ALL specimens. A panel of 

five genes displayed significant correlation with CTGF expression in three independent 

patient cohorts and these five genes, as well as CTGF all contain predicted binding sites 

for the Ikaros family transcription factors IKAROS and HELIOS in their 5’ flanking 

region. IKAROS mutations are significantly associated with increased CTGF expression 

in high-risk pre-B ALL, particularly in those patients with lesions affecting B-cell 

developmental pathways. Analysis of RFS survival in the PMH cohort demonstrated a 

lower RFS in patients exhibiting high CTGF expression, confirming findings by others 

in adult and paediatric ALL (Sala-Torra et al. 2007; Kang et al. 2010).  
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Chapter 4 

Sequence and Structure of the CTGF Locus in Pre-B ALL 

Chapter 4: Sequence and Structure of the CTGF Locus in Pre-B ALL 

4.1 Introduction  

CTGF is overexpressed in a high proportion of pre-B ALL tumours (Boag et al. 2007; 

Sala-Torra et al. 2007), however the mechanisms promoting its aberrant expression are 

unclear. The answer to this question may lie in DNA mutations or genomic 

rearrangements affecting the CTGF locus. Discreet DNA mutations can alter the ability 

of nuclear factors to bind to DNA and regulate gene expression. Mutation within the 

CTGF promoter or 5’ flanking sequence could result in enhanced expression by 

disrupting sequences normally bound by repressive transcription factors such as the 

putative Ikaros family binding site identified in the previous chapter (Laurila & 

Lahdesmaki 2009; Blesa et al. 2008). Alternatively, mutation may create a new 

transcription factor binding site, as seen in the mutational activation of the survivin 

(BIRC5) promoter in some breast cancers (Boidot et al. 2010) or aberrant activation of 

superoxide dismutase 2 (SOD2) promoter in a broad range of carcinomas (Xu et al. 

2008). As well as mutations involving the 5’ flanking sequence of CTGF, disruption of 

regulatory elements in the 3’ UTR may also serve to enhance CTGF expression by 

disrupting post-transcriptional, miRNA-mediated repression. Altered patterns of gene 

expression have been attributed to changes in miRNA levels in numerous cancers 

including leukaemia (Tanaka et al. 2009; Agueli et al. 2010; Volinia et al. 2010). 

Mutation of miRNA binding sites may result in altered CTGF expression or mRNA 

stability in pre-B ALL cells.  

 

A feature of the genomic landscape of leukaemia is the existence of recurrent genomic 

rearrangements that can influence gene expression or create oncogenic fusion proteins 

(Pui 2006). Whole genome scans can now be performed on large patient cohorts using 

high resolution single nucleotide polymorphism (SNP) arrays or comparative genome 

hybridisation (CGH) to identify regions frequently affected by copy number alterations 

(CNAs) in the cancer genome. These studies have recently highlighted genetic loci that 
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are frequently deleted in paediatric pre-B ALL including PAX5, EBF and IKAROS 

(Mullighan et al. 2007; Harvey et al. 2010; Kuiper et al. 2007b). The long arm of 

chromosome 6 is frequently altered in pre-B ALL, but while the most common 

alterations are deletions, these events rarely affect the CTGF locus at 6q23.1 (Thelander 

et al. 2008; Mullighan et al. 2007). Nonetheless, the observed genomic instability of 6q 

might result in structural alterations promoting CTGF expression that may have been 

overlooked in genome wide scans. These structural alterations may exist as discreet 

CNAs or as complex translocations involving the CTGF locus. Analysis of CTGF 

expression in the PMH cohort demonstrated that CTGF expression was highest in 

leukaemic blasts containing a recurrent cytogenetic rearrangement in pre-B ALL, with 

the exception of those harbouring the TCF3-PBX1 rearrangement (Boag et al. 2007). 

This indicates that genome instability is possibly associated with transcriptional 

activation of CTGF. Therefore the structure of the CTGF locus at 6q23.1 should be 

examined to establish whether such alterations affect this region directly.    

 

A comprehensive assessment of the DNA sequence and gross genomic structure of the 

CTGF locus was undertaken to identify genomic lesions associated with CTGF 

overexpression. The specific aims of the experiments presented in this chapter were as 

follows: 1) To characterise CTGF expression in a panel of B-lineage ALL cell line 

models, 2) to examine these ALL cell lines for promoter and 3’UTR mutations that may 

contribute to CTGF overexpression, and 3) to evaluate the CTGF genomic locus for 

structural rearrangements or copy number alterations.  

 

4.2 Results 

4.2.1 Cell line models of paediatric B-lineage ALL 

Cell lines represent a valuable tool for the molecular modelling of human diseases, as 

they provide an inexhaustible supply of proteins and nucleic acids for analysis of tumour 

biology, as well as facilitating functional studies in vitro. Numerous B-lineage ALL cell 

lines have been generated from primary samples in the laboratory of Prof. Kees. These 
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cell lines were derived by serial passage of paediatric patient specimens in vitro and 

experiments have confirmed they mirror critical features of the primary patient 

specimens from which they were derived (Kees et al. 2003; Beesley et al. 2006). The 

cell lines that were chosen as a model for B-lineage ALL in this study are shown in 

Table 4.1. They include three pre-B ALL, two B-ALL and two infant-ALL cell lines 

with B-lineage features. All of the cell lines have complex karyotypes and all harbour 

genetic features known to contribute to leukaemogenesis, namely; TEL-AML1, TCF3-

PBX1 and MYC-IgH translocations as well as rearrangements involving the MLL locus 

at 11q23. The CTGF locus is located on the long arm of chromosome 6 at cytoband 

6q23.1 and there have been no alterations of this locus observed in any of these cell lines 

to date.  
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Table 4.1 Features of B-lineage ALL cell lines 

§ Subtype: Classification of ALL specimens by immunophenotype. 

‡ Specimens obtained at diagnosis (D) or relapse (R)

Cell Line Subtype 
§
 D/R

‡
 Karyotype Genetic Feature Refs 

PER-145 pre-B R 45,XY, der(3)t(3;?)(q12;?), der(4)t(4;?)(p15.2;?), 
t(5;17)(q15;p13), der(7)t(7;8)(p13–14;q13– 21), -
8,?t(9;20;9)(p13;p12;q34), der(12)t(12;?)(p13;?) 
 

TEL-AML1  (Kees 1987) 

PER-278 pre-B D 46,XY,der(9)t(1;9)(q23;p13),der(19)t(1;19)(q23;p13) 
 

TCF3-PBX1 (Kees et al. 1990) 

PER-371 pre-B D 46,XY, der(16)t(1;16)(q2?1;p13), der(19)t(1;19)(q?13;p13) 
46,X,-Y,+?der(1)t(Y;1)(q12;?q21), add(11)(q21), der(19)t(1;19) 
 

TCF3-PBX1 (Kees et al. 2003) 

PER-377 B-ALL R 46,XY, t(2;13)(p12;q34), del(7)(q11q21), ?inv(14)(q11q24), 
der(17)t(8;17)(q11;p11) 

cryptic MLL-

AF9 

(Kees et al. 1995; 
Whitman et al. 
2001) 

PER-495 B-ALL R 46,XY,t(8;14)(q24;q32) 
 

MYC-IgH (Kees et al. 2003) 

PER-485 infant-ALL R 47,XX, der(4)t(4;11)(q21;q23) add(4)(p16),_6, del(7)(p14), 
add(8)(q24.3), der(9)inv(9)(p11q12) del(9)(p24), 
der(11)t(4;11)(q21;q23) 
 

MLL rearranged (Kees et al. 2003) 

PER-490 infant-ALL D 46,XX,t(4;11)(q21;q23) 
46,XX,t(4;11),dup(1)(q12q44) 
46,XX,t(4;11),der(2)t(1;2)(q12;q37) 
 

MLL rearranged  (Kees et al. 2003) 
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4.2.2 CTGF expression in B-lineage ALL cell lines 

To gain an insight into the range of CTGF mRNA levels in these cell lines, expression 

was measured in seven B-lineage ALL cell lines and one commercial T-ALL cell line 

(JURKAT) by qRT-PCR. Those cell lines that expressed detectable levels of CTGF 

mRNA were classed as CTGF
high or CTGF

low. As shown in Figure 4.1, PER-377 

expressed CTGF mRNA at levels approximately five and a half times that of the next 

highest cell line, PER-145 and was classed as CTGF
high. PER-145, PER-278 and PER-

371 expressed CTGF at more modest levels and were classed as CTGF
low. The 

remaining cell lines; PER-485, PER-490 and PER-495, as well as the T-ALL cell line 

JURKAT, were negative for CTGF mRNA. All of these cell lines have been analysed 

previously by microarray and the CTGF expression data generated by qRT-PCR were in 

good agreement with this data. 

 

  

 
 

Figure 4.1 CTGF gene expression in ALL cell lines 

CTGF expression normalized to ACTB was measured by qRT-PCR in seven B-lineage 

ALL and one T-ALL cell line (JURKAT). Error bars represent the standard error of the 

mean of three technical replicates. 
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4.2.2.1 CTGF is secreted by PER-377 

CTGF is a secreted protein and may have important extracellular roles in signalling 

between pre-B ALL cells and the bone marrow microenvironment. B-lineage ALL cell 

lines were examined for CTGF protein synthesis by immunoblotting using two 

antibodies outlined in Figure 4.2A. These were the L20 antibody which recognised an 

epitope encompassing the C-terminal region of module 1 and the N-terminal region of 

module 2 (amino acids 150 to 200) of the CTGF protein, and the polyclonal Rabbit–A 

antibody which recognised the C-terminus of the CTGF protein between amino acids 

247 and 260 (Brigstock et al. 1997). Whole protein extracts (75µg) from the three cell 

lines that exhibited the highest CTGF mRNA levels; PER-377, PER-145 and PER-278 

were examined by immunoblotting using the L20 antibody with the T-ALL cell line 

JURKAT serving as a negative control. Recombinant human CTGF (rhCTGF), which 

was generously provided by Prof. David Brigstock, was used as a positive control. 

 

Full-length CTGF (38kDa) was detected in extracts from PER-377 as shown in Figure 

4.2B, which was classed as CTGF
high by qRT-PCR. No CTGF protein was detected in 

the CTGF
low cell lines PER-145 or PER-278. CTGF protein may be produced in these 

cells below the level of detection by immunoblotting, or alternatively the protein may be 

rapidly secreted making it difficult to detect in whole protein extracts. Efforts were 

therefore directed towards detecting secreted CTGF in cell culture supernatants. 

Conditioned cell culture medium (CM) from the CTGF
high cell line PER-377 was 

examined using the Rabbit-A antibody which was a gift from Prof. David Brigstock and 

has been used previously to detect CTGF proteins in biological fluids (Brigstock et al. 

1997). Cell were seeded in 1ml of culture medium, containing 20% fetal calf serum 

(FCS) denoted as A+20, at a density or 106 cells/ml and grown for 24 hrs, after which 

time CM was collected and pooled for analysis.  

 

Immunoblotting of 50µl of unprocessed (Raw) CM or untreated culture medium (A+20), 

is shown in lanes 1 and 2 of Figure 4.2C. These lanes appeared overloaded and there 

was excessive cross-reactivity with the Rabbit-A antibody resulting in a failure to 

adequately detect secreted CTGF. This cross-reactivity was attributed to the high levels 
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of FCS used to culture the cell lines, as FCS contains a high concentration of bovine 

immunoglobulins. To overcome this, a heparin-affinity purification method was 

developed using heparin-conjugated agarose beads. Briefly, CM harvested at 24 hrs was 

pooled to a volume of 5ml, then incubated with heparin-agarose beads for 24 hrs. After 

washing beads, the bound protein was eluted directly into 200µl of hot SDS-PAGE 

sample buffer. The CTGF protein contains a heparin binding motif in the CT domain 

and enriching supernatants by this method improved the detection of CTGF from 

conditioned medium greatly as shown in lanes 3 and 4 of Figure 4.2C.  

 

This approach was used to screen heparin-enriched CM from eight ALL cell lines using 

the L20 antibody, as immunoblots performed with this antibody were of superior quality 

compared to those using the Rabbit-A antibody. Nevertheless, when the entire panel of 

cell lines was screened for secreted CTGF (shown in Figure 4.2D), only the CTGF
high 

cell line PER-377 secreted detectable CTGF, evident as a 36-38kDa doublet which 

represented the differentially glycosylated forms of the full length protein (Ball et al. 

2003a). From these results it was clear that CTGF mRNA levels did not reflect protein 

levels in vitro. This disparity may simply be due to the high level of CTGF mRNA 

expression in PER-377 compared to the CTGF
low cell lines, however  

post-transcriptional mechanisms may also be involved in regulating CTGF protein 

synthesis in these cell lines.  
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Figure 4.2 Detection of CTGF protein by immunoblotting 

A. Structure of the CTGF protein and epitopes targeted by the L20 and Rabbit-A 

antibodies. B. Immunoblotting of 75µg of total protein performed with the L20 

antibody. 50ng of Recombinant CTGF (rCTGF) was used as a positive control. C. 

Immunoblotting of 50µl of A+20 or CM from PER-377 without heparin purification 

(Raw) or after heparin purification using the Rabbit-A antibody. D. Detection of CTGF 

protein in 50 µl of heparin-purified CM from seven B-lineage ALL and one T-ALL cell 

line or control media (A+20) using the L20 antibody.   

 

4.2.3 Analysis of CTGF 5’ flanking sequence  

Sequencing of the CTGF promoter and 5’ flanking sequence was undertaken to 

determine if promoter mutations may contribute to dysregulation of CTGF expression in 

ALL. Three cell lines were chosen as appropriate models with which to screen the 

CTGF promoter for mutations. These were the CTGF
high cell line PER-377 and the 
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CTGF
low cell lines PER-145 and PER-278. Sequencing of the CTGF promoter was 

undertaken using three separate overlapping PCR amplicons. Figure 4.3 outlines the 

CTGF promoter and 5’ flanking sequence. Validated transcription factor-binding sites 

are highlighted, as well as the predicted binding site for Ikaros family proteins identified 

in Chapter 3. Placement of primers used to amplify regions of interest and sequence 

PCR products are also shown. PCR products were gel extracted, purified and sequenced 

directly in both forward and reverse orientation and aligned to the human chromosome 6 

reference sequence. 

  

Sequencing provided complete coverage of the CTGF promoter in all three cell lines and 

high quality sequencing reads were generated in both forward and reverse orientations. 

The only observed deviation from the reference sequence was found in the PER-278 cell 

line. This cell lines was heterozygous for the rs6918698 C>G SNP at position -739 as 

shown in Figure 4.4A. The C>G transversion is thought to promote CTGF expression by 

disrupting repression by the SP3 nuclear factor (Fonseca et al. 2007). To determine if 

this polymorphism may have other functional impacts, analysis of the flanking sequence 

containing either the C or G allele was performed using the PROMO transcription factor 

binding prediction program (Farre et al. 2003; Messeguer et al. 2002) and the 

TFSEARCH program applied in Chapter 3. Putative transcription factor-binding sites 

are shown in Figure 4.4. Despite the findings by Fonseca and colleagues in relation to 

Sp3-mediated repression of CTGF expression in airway fibroblasts, neither the C nor G 

allele was predicted to facilitate transcription factor binding by PROMO and 

TRANSFAC. Nevertheless, this site has been functionally validated as a binding site for 

SP3 in airway fibroblasts (Fonseca et al. 2007). Further investigation into the incidence 

of the rs6918698 -739G genotype in CTGF positive specimens may be warranted.  
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Figure 1.3 Transcription factor binding sites at the CTGF promoter  

Primers used to generated the three sequencing amplicons (PR_1-3) from the CTGF promoter (-1009 to +70) are indicated by blue 

arrows. Validated transcription factor binding sites (green boxes) include two AP-1 sites (Yu et al. 2009), transcriptional enhancer 

dominant in chondrocytes (TRENDIC) which is bound by MMP3 (Eguchi et al. 2007; Eguchi et al. 2008), an SP3 binding site 

(Fonseca et al. 2007), a Smad binding element (SBE) (Arnott et al. 2008), basal control element (BCE-1) (Grotendorst 1997), tandem 

Ets-1 binding sites (Van Beek et al. 2006), a TATA box and an SP-1 binding site (Holmes et al. 2003). In addition, the location of the 

predicted HELIOS binding site is indicated by the red open box. TSS: transcription start site (+1).  
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Figure 4.4 Analysis of the rs6918698 C>G SNP in PER-278 

 Forward and reverse sequencing of the CTGF promoter in PER-278 found this cell line 

to be heterozygous for the 6918698 C>G SNP at position -739. B. This SNP, highlighted 

by an open red box, together with flanking sequence, was examined for transcription 

factor binding motifs using the PROMO and TFSEARCH transcription factor binding 

prediction programs. Predicted TF binding motifs are indicated by coloured boxes. None 

of the identified motifs were associated with the rs6918698 SNP. 

 

4.2.4 Sequencing of CTGF 3’ UTR 

The discrepancy between CTGF mRNA and protein levels in CTGF
low cell lines 

suggests some level of post-transcriptional regulation affecting the translational potential 

or longevity of CTGF mRNA. The CTGF 3’UTR contains several experimentally 

validated miRNA binding sites (Ohgawara et al. 2009; Duisters et al. 2009; Ernst et al. 

2010) and mutation of miRNA binding sites may result in increased expression via 

inhibition of miRNA binding or alternatively, the introduction of a new miRNA binding 

site by mutagenesis may result in translational repression or increased turnover of 

mRNA. The miRNA target prediction software TargetScan available online at 

http://www.targetscan.org/ (Friedman et al. 2009) was used to screen the CTGF 3’UTR 

for predicted miRNA binding motifs that may be of interest in addition to known 

binding sites. Figure 4.5 illustrates the known miRNA targets in the CTGF 3’ UTR that 

have been functionally validated, including those for mIR30, mIR133, mIR18a, as well 

as sites predicted by TargetScan, including binding sites for mIR26a/1297, mIR-132/212 

and mIR-19. Three PCR amplicons were generated for the 3’UTR as outlined in Figure 

4.5. Primers pairs used to generate these amplicons were as follows, amplicon 1; CD_7F 
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& CD_7R, amplicon 2; CD_8F & CD_8R, and amplicon 3; CD_9F & CD_9R. 

Sequencing of these amplicons produced high quality reads in forward and reverse 

orientation for the PER-145, PER-278 and PER-377 cell lines. Comparing these 

sequences to the chromosome 6 reference sequence did not reveal any 3’ UTR mutations 

in these cell lines. This confirmed that all known miRNA binding sites were intact in the 

CTGF 3’UTR. 

 

 

 

Figure 4.5 miRNA binding sites in the CTGF 3’ UTR 

The CTGF 3’ UTR (blue) is 1084 bases in length. Predicted miRNA binding sites are 

indicated by green circles. Functionally validated miRNAs are shown by orange squares. 

Red lines (bottom) indicate overlapping PCR amplicons used to sequence the CTGF  

3’ UTR. Coordinates are relative to the CTGF transcription start site.  

 

4.2.5 Structure of the CTGF gene locus 

Besides single-base mutations, larger scale genomic rearrangements can result in 

activation of proto-oncogenes by juxtaposing coding regions adjacent to active 

promoters or similarly by moving enhancer or promoter elements to a normally silent 

coding region (Pui 2006). Although no 6q23 rearrangements were evident by karyotype 

analysis of the B-lineage ALL cell lines (shown in Table 4.1), rearrangements such as 

gene copy number alterations or cryptic translocations affecting the CTGF gene locus 

may influence CTGF gene transcription in pre-B ALL.  
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To examine whether the CTGF locus is frequently affected by genomic rearrangements 

in ALL, the Mitelman database of chromosomal aberrations and translocations in cancer 

(Mitelman et al. 2010) was screened for alterations involving 6q23.1. The results of this 

analysis are summarised in Table 4.2. There have not been any recorded focal 

amplifications of 6q23.1 in ALL, however there has been numerous cases involving 

deletion of regions both upstream and downstream from 6q23, indicating that this region 

has a relatively high frequency of rearrangement (Mitelman et al. 2010). Furthermore, 

data from the Mitelman database suggested that trisomy of chromosome 6 is nine-fold 

higher than deletion of chromosome 6 in ALL.  

 

Table 4.2 Documented aberrations involving 6q23 in ALL 

Structural alterations involving the 6q23 locus (left panel) and gross numerical 

alterations involving chromosome 6 (right panel) in ALL. Source: Mitelman database of 

chromosomal aberrations and translocations in cancer (Mitelman et al. 2010) 

 

 
 

 

Analysis of the expression of genes proximal to the CTGF coding region was performed 

using global gene expression data from the PMH cohort described in Chapter 3, to 

determine if gene expression in this region was broadly deregulated or followed a 

similar pattern to CTGF. Six genes in total were analysed. These included genes on the 

centromeric side of the CTGF coding region at 6q23.1, namely A-Kinase anchor protein 

7 (AKAP7), mediator complex subunit 23 (MED23) and ectonucleotide 

pyrophosphatase/phosphodiesterase 1 (ENPP1), and three genes on the telomeric side of 

the CTGF locus, namely syntaxin 7 (STX7), trace amine associated receptor 5 (TAAR5) 
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and vanin3 (VNN3). When expression of these genes was compared between CTGF 

positive and low/negative samples, there was no significant difference in expression 

between the two groups, as shown in Figure 4.6. Based on these data it is unlikely that 

deregulation of the 6q23 region as a whole contributes to CTGF overexpression in pre-B 

ALL. 

 

 
 

Figure 4.6 Expression of genes neighbouring the CTGF coding region 

Expression of six genes in close proximity to the CTGF coding region at 6q23.1 

measured in the PMH cohort by microarray. Genes were selected based on their position 

relative to the CTGF coding region. AKAP7; 205771_s_at, MED23; 218846_at and 

ENPP1; 205066_s_at are located on the centromeric side of the CTGF coding region. 

while STX7; 212631_at, TAAR5; 221459_at and VNN3; 220528_at are located on the 

telomeric side of the CTGF gene.  For each gene, expression levels are shown in 

CTGF
low/neg (minus symbol, n=13) or CTGF

med/high (plus symbol, n=60) samples.  

 

4.2.5.1 Southern blotting of the CTGF locus 

There is evidence that internal deletions affecting the long arm of chromosome 6 occur 

at a relatively high frequency in pre-B ALL (Thelander et al. 2008). Genome instability 

may result in translocations that have profound effects on gene expression. To 
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investigate whether the CTGF locus is affected by genomic rearrangements, Southern 

blotting was performed on seven B-lineage ALL cell lines. The hybridisation probe and 

restriction sites used are outlined in Figure 4.7. Genomic DNA was digested with either 

Hind III or Psi I, gel fractionated and hybridised with a 4.4kb probe spanning the CTGF 

locus from -1024 to +3418 relative to the transcription start site (TSS). Digestion with 

Hind III was predicted to yield two fragments; 12.5kb and 2kb, capable of being 

hybridised by the CTGF probe, while digestion with Psi I produced two fragments; 

2.6kb and 6.5kb. These two digests provided coverage of the CTGF locus from 

nucleotide position -9660 to +6224. Figure 4.8 shows the result of Southern blotting 

performed on digested genomic DNA from seven B-lineage ALL cell lines and one 

PBMC control sample from a healthy donor (C5). Fragments of the expected size were 

observed in all cases with no extraneous bands identified. Thus, there were considered to 

be no detectable rearrangements of the CTGF locus present in these samples.  
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Figure 4.7 Localisation of hybridisation probe and restriction sites used for Southern blotting analysis of the CTGF locus 

10kb either side of the CTGF transcription start site (TSS) is shown above. Sequence flanking the CTGF coding sequence (cds) is 

shown in blue, while exons are indicated by yellow boxes. Scale bar at the bottom indicates distance in kilobases. Restriction sites for 

Hind III (top) are denoted by red arrows at -9660 (a), +2860 (b) and +4860 (c), while restriction sites for Psi I (bottom) occur at -290 

(a), -300 (b) and +6224 (c). A 4.4kb CTGF probe (grey bar at top) spanning from -1024 to +3418 hybridises digest fragments shown as 

purple bars; Hind-A (12.5kb) and Hind-B (2kb) as well as two Psi I fragments; Psi-A (2.6kb) and Psi-B (6.5kb). 
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Figure 4.8 Southern blot analysis of the CTGF locus 

Seven B-lineage ALL cell lines and PBMC gDNA from a healthy donor (C5) analysed 

by Southern blotting. Samples were digested with either Hind III (H) or Psi I (P) and 

hybridised to a cDNA probe specific for the CTGF locus (see Figure 4.7). Different 

exposures are shown for optimal resolution of large (top panel) and small fragments 

(middle panel). The top panel contains large fragments (Hind-A and Psi-B), while 

middle panel contains smaller MW fragments (Hind-B and Psi-A). Bottom panel 

contains samples re-probed for the IL2BR gene as a loading control. 
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4.2.5.2 Gene copy number analysis 

Southern blotting did not indicate any overt rearrangements of the CTGF locus, however 

there may be CNAs outside of the region detected by Southern blotting. To further 

examine CNAs, a commercial qPCR gene copy number assay (Applied Biosystems) 

(CTGF:hs00517234_cn) was used to examine 7 B-lineage ALL cell lines and 17 

primary pre-B ALL specimens (outlined in Chapter 3). The CTGF copy number assay 

was performed in a duplex reaction with the reference copy number assay targeting the 

RNase P (RPPH1) coding region at 14q11. Assays were run in duplex reactions in two 

independent experiments and data was imported into the CopyCaller software package 

(Applied Biosystems) for analysis. Samples were considered to contain a copy number 

alteration if they crossed a threshold of 3.0 indicated on the Y axis in Figure 4.9. The 

reference PBMC DNA samples A4 and A5 were isolated from healthy donors and used 

as diploid calibrator samples for these experiments. Analysis of the data using the 

CopyCaller software predicted alterations in CTGF copy number in two cell lines; PER-

377 (amplification) and PER-495 (deletion).  

 

Upon manual inspection of the raw copy number assay data, it was noted that there was 

significant variation in the cycle threshold (Ct) values obtained for the  

RNaseP control assay in cell lines, which may confound interpretation of CTGF copy 

number. Figure 4.10A shows the raw Ct values generated by both assays from the B-

lineage ALL cell lines. The CTGF assay ct values suggested that only PER-495 

contained a genuine alteration in CTGF copy number, namely a deletion of one CTGF 

allele. Data obtained from the RNaseP assay suggested that PER-377 and potentially 

PER-490 may contain less than two copies of the RNaseP locus. Furthermore, RNaseP is 

located at 14q11.2 and the cytogenetics of PER-377 indicates that this cell line harbours 

a cryptic rearrangement on chromosome 14 between q11 and q24. 
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Figure 4.9 CTGF copy number analysis 

Top; the CTGF copy number assay (hs00517234_cn) targets exon 5 within the CTGF coding region.  Bottom; results of the copy 

number assay from 2 independent experiments normalised against the reference assay for ribonuclease P RNA component H1 

(RPPH1). For each experiment, error bars represent the standard error of the mean of technical replicates (n=4). A4 and A5 gDNA was 

obtained from PBMC isolated from healthy individuals. 
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Figure 4.10 Raw gene copy number data obtained from ALL cell lines 

A. Taqman copy number assay data generated from the CTGF assay (left) and the 

reference RNaseP assay (right). Raw (non normalized) Ct values are plotted for each of 

the seven B-lineage ALL cell lines. Two biological replicates (experiments 1 and 2) 

were conducted. Error bars represent the standard error of the mean of technical 

replicates (n=4). B. The RNaseP copy number reference assay targets the coding region 

of RNaseP (RPPH1) at 14q11.2. The PARP2 gene is located on the opposite strand at 

this locus. C. PARP2 expression measured by microarray (204742_x_at, 214086_s_at) 

in seven B-lineage ALL cell lines. 

 

Gene expression at the 14q11.2 locus was examined, as loss of one allele should be 

reflected in changes in expression of affected genes. There was no Affymetrix probeset 

targeting RNaseP (RPPH1) on the U133A platform, however there is a probeset for 

PARP2, which is located in close proximity to RPPH1on the opposite genomic strand as 

shown in Figure 4.10B. The expression level of PARP2 was determined using 

microarray profiles from our B-lineage ALL cell lines and it was found that there was 
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indeed a reduced expression of the two PARP2 probesets (204752_x_at, 214086_s_at) in 

PER-377 (Figure 4.10-C), supporting the hypothesis that PER-377 harbours a deletion at 

the RPPH1/PARP2 locus. Based on this finding as well as the observed differences in Ct 

values for the RNaseP/RPPH1 copy number assay, the most likely explanation is that 

PER-377 contains two copies of CTGF and harbours a deletion of RPPH1, while PER-

495 contains a focal deletion of one copy of CTGF. All primary specimens tested were 

diploid for CTGF. 

 

4.3 Discussion 

Alterations in DNA sequences are considered to be the earliest events underpinning 

neoplastic transformation of pre-cancerous cells (Greaves 2009). Recurrent 

chromosomal translocations and genome instability are a feature of leukaemia cells, thus 

determining if overexpression of CTGF mRNA occurs in the absence of DNA 

rearrangements or mutations was considered an important step in elucidating the 

molecular mechanisms contributing to CTGF deregulation. Analysis of the CTGF locus 

was carried out in a panel of seven B-lineage ALL cell lines, which had been previously 

evaluated for CTGF expression (Kees et al. 2003; Beesley et al. 2006). Further analysis 

of CTGF expression levels in these cell lines revealed that only the CTGF
high cell line 

PER-377 synthesised CTGF protein. This suggested that post-transcriptional regulation 

may repress CTGF protein synthesis in the CTGF
low cell lines. A study into the 

prognostic significance of CTGF mRNA expression in adult ALL observed a poorer 

outcome in patients that expressed CTGF mRNA at high levels in their leukaemic blasts 

compared to those with low or intermediate level expression (Sala-Torra et al. 2007), 

thus there may be a threshold below which CTGF protein synthesis is repressed post-

transcriptionally. Stratifying patients in the PMH cohort by CTGF mRNA expression 

(high, medium or low) was not predictive of RFS or outcome (data not shown), thus 

careful immunological examination of CTGF protein expression in trephine bone 

marrow biopsies should be performed and coupled with qPCR analysis from matched 

leukaemic blasts, to determine if such a threshold exists as this may have significant 

prognostic relevance for pre-B ALL patients.  
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The 3’ UTR in exon 5 of CTGF contains several miRNA binding sites that have been 

experimentally validated, as well as a number of predicted binding sites identified in the 

present study (Duisters et al. 2009; Ohgawara et al. 2009). Sequencing this region in 

three CTGF positive cell lines confirmed that no mutations affected the 3’ UTR, thus 

full-length, canonical CTGF transcripts should be amenable to post-transcriptional 

regulation by miRNAs. Profiling of miRNA expression levels in pre-B ALL was 

considered beyond the scope of the present study, however post-transcriptional 

regulation by miRNAs may be responsible for the apparent lack of CTGF protein in 

CTGF
low cell lines. Global miRNA profiling integrated with gene expression data would 

provide some clues as to the role of miRNAs in regulating CTGF and other genes in pre-

B ALL (Lionetti et al. 2009; Volinia et al. 2010). Furthermore, inhibiting specific 

miRNAs such as those already validated as CTGF regulators, in CTGF
low cell lines may 

confirm a role for these miRNAs in CTGF expression in pre-B ALL. 

 

4.3.1 CTGF promoter mutation was not detected in pre-B ALL 

Mutation of the CTGF promoter or 5’ flanking sequence was considered a possible 

mechanism by which CTGF overexpression may be potentiated in pre-B ALL. Analysis 

of the CTGF locus confirmed that the promoter and 5’ flanking region from pos -1009 to 

+70 did not contain any DNA sequence mutations. However, the PER-278 cell line 

harboured the rs6918698 C>G SNP at -739. This polymorphism is contained within a 

binding site for the ubiquitously expressed nuclear factor SP3, and transversion from C 

to G can disrupt SP3-mediated repression of the CTGF locus (Fonseca et al. 2007). 

Functional studies conducted by Fonseca and colleagues in primary airway fibroblasts 

confirmed that SP3 can bind to this site when the -739 C nucleotide is present and 

repress basal and thrombin-induced CTGF promoter activation (Fonseca et al. 2007). 

SP3 is a dual function transcription factor that can induce or repress gene expression 

through interaction with different co-factors. SP3 can undergo post-translational 

modification by small ubiquitin-like modifier (SUMO) proteins, and these modifications 

promote repression of SP3-bound loci (Stielow et al. 2008). Furthermore, SUMO 

proteins have been shown to recruit chromatin-modifying enzymes and DNA 
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methyltransferases, resulting in compact, transcriptionally silent heterochromatin and 

increased site-specific DNA methylation, thus SP3 may act to target or maintain 

epigenetic silencing at the CTGF locus (Stielow et al. 2010).  

 

Genotyping studies have investigated the association of this SNP with CTGF 

overexpression in systemic sclerosis (SSc), as serum and dermal CTGF levels are 

elevated in patients with this disease (Sato et al. 2000; Igarashi et al. 1995). Some 

studies have identified significant associations between the rs6918698 G allele and SSc 

(Fonseca et al. 2007; Kawaguchi et al. 2009), however, other studies have not been able 

to replicate these associations in independent cohorts (Rueda et al. 2009; Gourh et al. 

2008; Granel et al. 2010). While this SNP was only identified in one of the three cell 

lines that were sequenced, it may have a higher penetrance in primary pre-B ALL 

specimens. Based on the findings by Stielow and colleagues, germline transversion of 

this SNP to the G allele may result in a failure of SP3 to target epigenetic repression of 

the CTGF locus and subsequently the CTGF locus would be permissive to improper 

transcriptional activation (Stielow et al. 2010). Previous studies investigating frequent 

genetic alterations in pre-B ALL have employed genome-wide SNP-array technology 

(Kuiper et al. 2007b; Mullighan et al. 2007), however a probe for the the rs6918698 SNP 

is not contained on Affymetrix array platforms and thus was not interrogated in these 

studies. Future experiments are justified to undertake genotyping of this SNP in a cohort 

of primary pre-B ALL specimens, and to establish if there is an association between the 

rs6918698 SNP and CTGF gene expression more broadly in ALL.   

 

4.3.2 The CTGF locus in not structurally altered in pre-B ALL 

In addition to single base DNA mutations, genomic translocation or gene amplification 

may be associated with CTGF overexpression. Genome wide scans have identified 

frequent internal deletions in the long arm of chromosome 6, however the CTGF locus 

remains largely unaffected by such alterations (Thelander et al. 2008; Mullighan et al. 

2007). This finding was confirmed by analysis of the Mitelman database of 

Chromosome Aberrations and Gene Fusions in Cancer which contains cytogenetic 
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information from 58,819 primary cancers (Mitelman et al. 2010). Analysis of 6q 

alterations in ALL revealed that areas adjacent to CTGF at 6q23.1 are frequently 

affected by deletions. This genetic instability may result in translocation or 

rearrangement of the CTGF locus, or the juxtaposition of enhancer elements from distant 

loci close to the CTGF promoter. Analysis of gene expression in the PMH cohort 

revealed that expression of genes adjacent to CTGF at 6q23 was independent of CTGF 

expression, ruling out amplification or any kind of positional effect upon 6q23 as a 

whole. Southern blotting confirmed that the CTGF locus was not rearranged in the ALL 

cell lines studied, and direct copy number analysis of the CTGF coding region by qPCR 

ruled out amplification of the CTGF coding region in seven ALL cell lines and 17 

primary pre-B ALL specimens. These findings confirmed that structural alterations of 

the CTGF locus do not contribute to CTGF overexpression in pre-B ALL. Gene copy 

number analysis indicated that the CTGF
high cell line PER-377 was diploid for CTGF.  

 

4.3.3 Conclusions 

In summary, the experiments presented in this chapter identified a disparity between 

CTGF mRNA and protein levels suggesting that post-transcriptional regulation of CTGF 

mRNA may occur in CTGF
low cell lines. This finding highlights the need to evaluate 

leukaemic blasts for CTGF protein using immunological techniques, as qRT-PCR alone 

may not be sufficient to gauge the CTGF protein status of leukaemic cells. Analysis of 

the CTGF locus in B-lineage ALL cell lines and primary patient specimens ruled out 

structural alterations in the CTGF locus as contributing to CTGF expression in pre-B 

ALL. Furthermore, the 5’ flanking sequence and 3’ UTR were wild-type, confirming 

that promoter and 3’ UTR mutation is not a mechanism by which CTGF expression is 

promoted in pre-B ALL. Finally, this study highlights the potential importance of the 

rs6918698 C>G SNP in the repression of the CTGF locus and suggests that further 

analysis of this SNP by genotyping in patient cohorts is warranted. 
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Chapter 5 

Characterisation of CTGF Transcription in B-lineage ALL 

Chapter 5: Characterisation of CTGF Transcription in B-lineage ALL 

5.1 Introduction 

Aberrant CTGF gene expression in pre-B cell ALL has been identified in a number of 

studies as previously discussed. These findings have all been made based upon the level 

of CTGF mRNA detected in leukaemic blasts by either qRT-PCR or array based 

methods (Vorwerk et al. 2000; Sala-Torra et al. 2007; Boag et al. 2007). It is unclear 

whether CTGF mRNA transcribed in leukaemic cells is only represented by the 

canonical 2.4 kb transcript or whether there may be other CTGF transcripts synthesised 

in these cells that exhibit altered coding potential. This possibility was highlighted by 

findings presented in Chapter 4 showing that CTGF protein was detectable in only one 

of four cell lines that were positive for CTGF mRNA. While there were large 

quantitative differences in CTGF mRNA levels between the CTGF
high cell line PER-377 

and the three CTGF
low cell lines PER-145, PER-278 and PER-371, the disparity in 

CTGF protein expression raises the possibility that there may be non-canonical CTGF 

transcripts synthesised in these cell lines that are either non-coding or encode CTGF 

protein isoforms that were not able to be detected by the antibodies used in this study.    

  

Alternative splicing of pre-mRNA to generate transcript variants can increase protein 

coding diversity without increasing genome size (Hallegger et al. 2010). On the other 

hand, alternative splicing can also result in the synthesis of truncated mRNA transcripts 

that may be destined for degradation by nonsense-mediated decay (Peltz et al. 1994), or 

transcripts missing important regulatory elements such as the 3’ UTR, thus modulating 

protein expression. Since original observations of alternative splicing almost 35 years 

ago, a great number of mRNA transcript variants have been recorded and it is now 

estimated that around 90% of human multi-exon genes are alternatively spliced 

(Mortazavi et al. 2008; Hallegger et al. 2010). Alternative splicing of CCN mRNAs 

including CCN1, CCN3 and CCN4 has been reported by several groups in the last 

decade (Perbal 2009). Furthermore WNT1 (CCN4) transcript variants have been 
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observed in numerous tumour types, including gastric carcinoma, chondrosarcoma and 

hepatoma (Tanaka et al. 2001; Yanagita et al. 2007; Cervello et al. 2004), while 

alternative CYR61 (CCN1) transcripts have been identified in breast cancer cell lines 

(Hirschfeld et al. 2009).  

 

Despite evidence supporting alternative splicing in other CCN family members, 

alternative CTGF transcripts documented by sequencing has not been reported. 

However, there is some evidence for their existence in the form of truncated cDNAs in 

expressed sequence tag (EST) databases and a recent study examining the exome of 

thymic tumours (Soreq et al. 2008). In this study, the authors used Affymetrix exon 

arrays to identify overexpression of CTGF in thymoma specimens. Analysis of the 

signals generated by probes targeting individual CTGF exons indicated a proportional 

increase in exon 5 and a concurrent decrease in exon 2 compared to other CTGF exons 

(Soreq et al. 2008). This is compelling evidence for the existence of alternative CTGF 

transcripts in these thymic tumours. However, this study was conducted using exon 

arrays, and no further characterisation of CTGF transcripts by sequencing was obtained.  

 

Previous characterisation of CTGF transcription was performed using either the 

Affymetrix microarray platform or qRT-PCR (Vorwerk et al. 2000; Sala-Torra et al. 

2007; Boag et al. 2007; Kang et al. 2010). These technologies target discreet regions 

within CTGF mRNA and cannot indicate the size or structure of CTGF mRNA 

transcribed in cells under test. The experiments detailed in this chapter sought to 

examine CTGF mRNA transcripts expressed in B-lineage ALL cell lines, and to 

characterise these by sequencing any novel CTGF transcripts that were identified. The 

specific aims of the experiments outlined in this chapter were as follows: 1) to evaluate 

the size and range of CTGF mRNA transcripts expressed in ALL cell lines, 2) to 

characterise any suspected CTGF mRNA variants by sequencing, 3) to characterise the 

5’ and 3’ ends of CTGF mRNA transcripts. 
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5.2 Results 

Analysis of CTGF expression in a panel of B-lineage ALL cell lines in Chapter 4 

(summarised in Table 5.1 below) demonstrated that the PER-377 cell line displayed the 

highest level of CTGF mRNA expression. This cell line was therefore chosen to 

examine CTGF mRNA transcripts by northern blotting. Three timepoints were examined 

to determine if CTGF expression was growth dependant. The PER-377 cell line was 

grown to confluency (2 x 106 cells/ml) and then split 1:1 with fresh culture medium. 

RNA was extracted at 24, 48 and 72 hrs and two independent northern blots were 

performed using two different probes designed to target distinct regions of the CTGF 

coding region (Figure 5.1A). The central probe hybridised to the 3’ half of the coding 

region, corresponding to exons 3, 4 and 5, while the 3’ probe hybridised to the exon 5 

encoded CTGF 3’ UTR in the same region as the CTGF probeset sequence (209101_at) 

on the Affymetrix human genome array U133A.  

 

Both probes hybridised to the canonical 2.4 kb CTGF transcript, as well as to three novel 

shorter transcripts of approximately 1.8, 1.6 and 1.3 kb in size (Figure 5.1B). While 

these bands were of a lower intensity, they provided evidence that there were minor 

CTGF transcripts produced in PER-377 and these warranted further investigation. A 

densitometric analysis (Figure 5.1C) indicated that expression of canonical CTGF was 

highest at 24hrs compared to the later timepoints when normalised to the ATP5G3 

control. Consequently, this timepoint was chosen to analyse the remaining pre-B ALL 

cell lines by northern blotting in order to determine whether these non-canonical 

transcripts were also produced in other ALL cell lines. 
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Table 5.1 CTGF mRNA expression in B-lineage ALL cell lines 

Expression levels are based upon qRT-PCR values reported in Chapter 4. 

 

 B-lineage ALL 

cell line 

CTGF mRNA 

expression 

 PER-377 CTGFhigh 

 PER-145  

 PER-278 CTGFlow 

 PER-371  

 PER-485  

 PER-490 CTGFneg 

 PER-495  

 

 

 

 

 

 

 

 

 



 

 120 

 
 

Figure 5.1 Expression of CTGF mRNA transcripts in the PER-377 cell line 

A. Schematic representation of CTGF gene structure and probes used for northern blot analysis. Central and 3’ probes (red bars) 

hybridise exons 3 to 5 or the 3’ UTR. The 3’ probe matches the Affymetrix CTGF probeset 209101_at target sequence (blue bar). B. 

Northern blots showing PER-377 RNA extracted at timepoints 24, 48 and 72 hrs. Blots were hybridised with either the central (left) or 

3’ probe (right). Canonical CTGF mRNA (2.4 kb) is indicated by the blue arrow. Red arrowheads indicate novel transcripts that were 

hybridised by both probes. A probe specific for ATP53G was used as a loading control. C. Relative abundance of canonical CTGF 

transcript at each timepoint calculated by densitometry using the signal for ATP53G.  
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5.2.1 Northern analysis of CTGF mRNA in ALL cell lines 

While CTGF expression was much higher in PER-377 compared to the remaining cell 

lines utilised in this study, all cell lines were examined by northern blot to determine if 

the minor CTGF transcripts were expressed more generally in B-lineage ALL. 

Characterisation of CTGF mRNA was therefore performed on the B-lineage ALL cell 

lines described in Chapter 4, as well as the T-ALL cell line JURKAT which was 

employed as a negative control. Two independent northern blots utilising the two 

different CTGF probes were performed, as shown in Figure 5.2. The CTGF
neg PER-485 

cell line was not available for analysis due to persistent RNA degradation occurring in 

three independent extractions. In agreement with the qRT-PCR data presented in 

Chapter 4, PER-377 displayed exceptionally high levels of CTGF mRNA compared to 

the other cell lines. For this reason, PER-377 is not shown in Figure 5.2A, due to high 

signal intensity with the central probe, but is shown hybridised by the 3’ probe in Figure 

5.2B.  

 

Full-length CTGF was detectable in B-lineage ALL cell lines PER-145, PER-278 and 

PER-371 but not in PER-490, PER-495 or the T-ALL cell line JURKAT. These findings 

were in good agreement with the previous qRT-PCR experiments. Again, the central 

probe hybridised to 2.4 kb CTGF mRNA, as well as a shorter transcript of 

approximately 1.6 kb in PER-145, PER-278 and PER-371. The minor 1.3 kb transcript 

was also present in these cells lines, but at very low levels. When samples were 

examined with the 3’ probe, the shorter transcripts observed in Figure 5.1, were evident 

only in the PER-377 cell line. This may be for technical reasons as the signal intensity of 

the 3’ probe hybridised to the canonical transcript was less intense compared to the 

central probe in two independent experiments. Nonetheless, this experiment confirmed 

that the remaining CTGF
pos cell lines produce alternative CTGF transcripts and the 

features of these transcripts remained to be elucidated.  
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Figure 5.2 Characterisation of CTGF mRNA transcripts in ALL cell lines 

A. Northern blot of ALL cell lines using the central probe. PER-377 was excluded from this figure due to high signal intensity. B. 

Northern blot of ALL cell lines using the 3’ probe. For both blots, the canonical 2.4kb transcript is indicated by the blue arrow. Novel 

transcripts are indicated by red arrowheads. The T-ALL cell line JURKAT was included as a negative control. A probe designed to 

hybridise ATP53G mRNA was used as a loading control.  
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5.2.2 Amplification and sequencing of novel CTGF transcripts 

Novel CTGF mRNA transcripts were identified by northern blotting in cell lines that 

were previously shown to be positive for CTGF expression by qRT-PCR. To examine 

whether these CTGF variants were produced by alternative splicing, a nested reverse-

transcriptase PCR (RT-PCR) strategy was employed to enable their amplification and 

sequencing. OligodT primed cDNA was generated from DNaseI-treated, total cellular 

RNA extracts isolated from PER-377 cells in log phase growth, as they displayed the 

highest level of CTGF expression and were shown to contain these novel CTGF 

transcripts. CTGF cDNA was amplified from exon 1 to exon 5 and these PCR products 

were gel extracted, TA cloned and sequenced. Primer placement relative to the CTGF 

gene is shown in Figure 5.3A. 

 

Somewhat surprisingly, amplification of a product corresponding to the canonical 

mRNA with these primers (1023 bp) was not observed. Instead, two shorter products of 

approximately 330 bp and 250 bp were amplified (Figure 5.3B). These PCR products 

were cloned and sequenced, revealing that only the larger PCR product was amplified 

from CTGF cDNA. This 331 bp product was amplified from a novel CTGF transcript 

generated by alternative splicing. Sequencing confirmed that this transcript was missing 

exons 2 and 3, and contained truncated forms of exons 1 and 4. Splicing of truncated 

exon 1 to exon 4 occurred 73 bases before the start of the CTGF coding region at 

position +207. Splicing from exon 4 to 5 adhered to canonical exon junctions. This 

novel cDNA was designated as Variant 1.  
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Figure 5.3 Structure of CTGF Variant 1 

A. Schematic representation of the CTGF gene structure and location targeted by the CD_1F and CD_5R PCR primers. B. 

Amplification products generated from PER-377 cDNA using the CD_1F and CD_5R primers. The top product of 331bp indicated by 

a red asterisk was demonstrated to be a novel CTGF transcript (designated Variant 1) by sequencing. C. Sequencing the 331bp clone 

revealed skipping of exons 2 and 3 (shown in red) as well as truncation of exons 1 and 4. 
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Further extension of this PCR strategy was undertaken to capture other alternative 

splicing events affecting CTGF mRNA in PER-377 cells. A more sensitive semi-nested 

PCR approach was conducted by incorporating a primary round of amplification using a 

reverse primer within the 3’ UTR of the CTGF transcript (CD_7R) shown in Figure 

5.4A. This primary PCR was followed by a secondary, semi-nested PCR reaction using 

the CD_1F to CD_5R primer combination from the previous experiment. The results of 

this approach shown in Figure 5.4B, yielded a further two fragments of around 380bp 

and 400bp in addition to the previously identified Variant 1 (331bp). These larger PCR 

products were gel extracted and cloned, and sequencing these clones revealed that they 

too were CTGF transcript variants arising from alternative splicing events in addition to 

Variant 1. 

 

These two new variants were found to be 366 bp (Variant 2) and 415 bp (Variant 3) 

respectively. Variant 2 exhibited splicing from a truncated exon 1, 35 bp downstream 

from the alternative splice site used in Variant 1. This shorter exon 1 was spliced to the 

same alternative acceptor splice site in exon 4 that was used to generate Variant 1, and 

splicing of exon 4 to exon 5 adhered to canonical exon junctions. The largest of these 

transcripts, Variant 3 was missing 170 bp of the 3’ end of exon 1, and in contrast to 

Variants 1 and 2, this truncated exon 1 was spliced to a shortened form of exon 3. As 

with the other two variants, downstream splicing adhered to canonical exon junctions for 

this transcript. In all cases (Variants 1, 2 and 3) splicing of the alternative exon 1 donor 

splice site occurred prior to start of the canonical CTGF reading frame at position 207 of 

exon 1, thus the CTGF reading frame is 5’ truncated in these alternative transcripts. 
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Figure 5.4 Structure of CTGF Variants 2 and 3 

A. Schematic representation of CTGF gene structure and binding sites for the CD_1F, CD_5R and CD_7R PCR primers. B. Second 

round semi-nested amplification from PER-377 cDNA using CD_1F, CD_5R primers. Plasmid DNA containing the previously 

detected Variant 1 clone was used as a positive control in the secondary PCR. The top two bands denoted by a red asterisk were 

demonstrated to be CTGF transcript variants by sequencing. C. Schematic representation of alternative splicing of Variant 2 and 

Variant 3 CTGF cDNA.  
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5.2.2.1 Structural analysis of novel CTGF transcript variants 

The structure of the three novel CTGF transcript variants outside of the region amplified 

by PCR was not known. However, if these three variant cDNAs retained the canonical 

transcriptional start and polyadenylation sites then their respective sizes would be; 1.67 

kb (Variant 1), 1.7 kb (Variant 2) and 1.75 kb (Variant 3), thus any one, or all of these 

transcripts could represent the upper, non-canonical CTGF bands of approximately 1.6 

kb and 1.8 kb detected in the northern blots shown in Figures 5.1 and 5.2. Splicing of all 

three of the variant transcripts occurred 5’ of the canonical start codon. However, in 

silico analysis predicted that these transcripts retain the 3’ of the canonical CTGF 

reading frame at position 102 of exon 4 (Met215).  Figure 5.5 outlines the sequenced 

regions of Variants 1 to 3 and the position of Met215 is shown in exon 4. There is a 

partial match with a Kozac consensus sequence (De Angioletti et al. 2004) 

(gccrccAUGG) adjacent to Met215, as there is at the canonical CTGF start codon, thus 

the Met215 codon may still serve as a valid site for translation initiation. 

  

If translated, these three transcripts could all encode a truncated CTGF protein 

containing half of the TSP1 domain and all of the CT domain. Immunoblotting 

experiments performed in the previous chapter with the C-terminal Rabbit-A antibody 

only detected the full length CTGF protein (38kDa) in enriched supernatants from PER-

377, thus these transcripts do not appear to be translated into protein. However, this may 

be accounted for by technical reasons as the level of this protein isoform may be below 

the assay detection limit. Alternatively, the predicted shorter CTGF protein may not 

expose the epitope targeted by the Rabbit-A antibody.  
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Figure 5.5 CTGF transcript variants may retain protein coding potential 

A. CTGF gene structure with forward and reverse primers used to amplify Variants 1 to 

3 indicated by blue arrows. A start codon (ATG) is encoded at position 207 of exon 1. 

Met215 encoded at position 102 of exon 4 is contained within all three variant cDNAs. 

B. CTGF amino acid sequence. Functional domains are colour coded: IGFBP domain 

(red), VWC domain (blue), TSP1 domain (purple) and the CT domain (green). 

Translation initiation at Met215 (highlighted by the red box) can encode a 134 amino 

acid protein (underlined) corresponding to the C-terminal one-third of the CTGF protein.  
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5.2.3 Amplification of CTGF transcripts by RACE 

RT-PCR amplification between exons 1 and 5 of CTGF from PER-377 RNA identified 

three novel cDNA fragments that were confirmed as CTGF splice variants by 

sequencing. It is possible that additional alternative transcripts are present in PER-377 

other than those detected by the PCR approach. For this reason, 5’ and 3’ RACE (rapid 

amplification of cDNA ends) was performed in an attempt to detect the full repertoire of 

CTGF mRNA species and also to characterise the 5’ and 3’ ends of these variant 

transcripts. For both 5’ and 3’ RACE, two gene specific primers (GSPs) were used in 

nested RACE PCR reactions as outlined in Figure 5.6A. OligodT-primed first strand 

cDNA was generated from DNaseI-treated total RNA from PER-377 cells and served as 

a template for RACE PCR. Both 5’ and 3’ RACE PCR amplification from PER-377 

cDNA yielded multiple RACE PCR products (Figure 5.6B). In the case of 5’ RACE, the 

full length canonical transcript (1064bp) was not amplified in either primary or 

secondary PCRs, however several smaller products between ~700 bp and 200 bp were 

amplified. When 3’ RACE was performed, there was strong amplification of a product at 

the expected size of the canonical CTGF transcript (2.4 kb) together with products at 

approximately 2.8 kb and 1 kb and less abundant products at 500 bp and 200 bp.  
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Figure 5.6 Amplification of CTGF variants by 5’ and 3’ RACE. 

A. Location of gene specific primers (GSPs) used for RACE amplification. CD_1F and CD_1F_nested were used as GSPs for 3’ 

RACE, while CD_7R and CD_5R were used as GSPs for 5’ RACE. B. Amplification of PER-377 cDNA by 5’ RACE and 3’ RACE 

primary (1°) and secondary (2°) PCRs. Reverse transcriptase negative (-RT) controls from 1° PCR reactions were used as templates 

for 2° PCR (-RT) controls. No template controls (NTCs) were used for both reactions. 
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 5.2.3.1 Isolation of RACE products by band-stab PCR 

The distribution of RACE products shown in Figure 5.6B indicated that isolation of 

individual products would be difficult. In the case of 3’ RACE, there was a clear 

amplification bias for the more abundant canonical transcript, which would result in an 

overrepresentation of this transcript if shotgun cloning was used to clone unselected 

RACE PCR products. In the case of 5’ RACE, there were a large number of bands that 

did not resolve satisfactorily, even on high percentage agarose gels. For this reason, 5’ 

and 3’ RACE products of interest were isolated by using a band-stab PCR strategy 

(Bjourson & Cooper 1992). The band-stab PCR allowed the selective isolation of 

individual RACE products that would otherwise have been difficult to independently 

obtain as shown in Figure 5.7. For the 5’ RACE PCR (Figure 5.7A), six bands were 

identified as independent PCR products and were targeted for re-amplification by band-

stab PCR, using the GSP primer CD_5R and the secondary 5’ RACE primer. For the 3’ 

RACE PCR (Figure 5.7B), five bands were similarly selected and then re-amplified 

using the CD_1F_nested primer and the nested 3’ RACE primer.  

 

When 5’ RACE products were re-amplified by band-stab PCR, the resulting products 

displayed the same size as those bands used as the template or target band in band-stab 

reactions (Figure 5.7A, lane 4, bands 1 to 6). Separation of these PCR products provided 

superior resolution compared to RACE PCR alone, facilitating the independent isolation 

of target bands by gel extraction. Separation of band-stab PCR products from 3’ RACE 

revealed there was amplification of a product in lane 1 and 2 that corresponded to the 

size of the canonical CTGF transcript. Lane 3 contained a dominant product of 

approximately 1.5 kb, while lanes 4 and 5 contained dominant products of 600 and 250 

bp respectively. 
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Figure 5.7 Re-amplification of individual CTGF RACE products by band-stab 

PCR  

(A) 5’ RACE products generated from PER-377 cDNA. Individual target bands 1 to 6 

(red dots; left panel) from the nested secondary RACE PCR were re-amplified by band-

stab PCR using the CD_5R GSP and the nested 5’ RACE primer (right panel). (B) 3’ 

RACE product generated from PER-377 cDNA. Individual target bands 1 to 5 (red dots; 

left panel) were re-amplified by band-stab PCR using the CD_1F_nested GSP and the 

nested 3’ RACE primer (right panel). 

 

5.2.3.2 Validation of a CTGF probe for Southern blot hybridisation 

Before extracting and cloning RACE band-stab cDNAs, Southern hybridisation was 

used to verify that these products contained genuine CTGF sequences. Only those bands 
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hybridised by a radio-labelled CTGF specific probe were isolated for further analysis. 

The CTGF probe was generated by amplifying from exon 1 to 5 from a cloned, full 

length CTGF cDNA, using the CD_1F and CD_5R primers. The specificity of the CTGF 

probe was examined by hybridisation to unselected primary and secondary CTGF 5’ 

RACE PCR products which displayed multiple bands by gel electrophoresis. As shown 

in Figure 5.8B, the CTGF probe strongly hybridised cDNA from the secondary RACE 

PCR only, indicating that the probe was highly specific for CTGF and was therefore 

suitable for probing band-stab PCR products. 

 

 

 

Figure 5.8 Southern blotting of 5’ RACE PCR products 

A. Primary (1°) and secondary (2°) PCR products from PER-377 5’ RACE, separated by 

agarose gel electrophoresis and stained with ethidium bromide. B. Southern 

hybridisation of these samples, probed using a radio-labelled (32P) CTGF probe. 

 

5.2.3.3 Characterisation of 5’ RACE products 

Southern hybridisation of 5’ RACE band-stab PCR products was performed with the 

CTGF probe to identify genuine CTGF RACE PCR products. As shown in Figure 5.9A, 

individual bands that were clearly hybridised by the CTGF probe (marked by red boxes) 

were deemed to be genuine CTGF RACE PCR products and were isolated and cloned. 
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Lane 2 in Figure 5.9A contains two prominent bands between 600 and 700 bp in size. 

The upper band was similar is size to the predominant product in lane 1 while the lower 

band did not appear to specifically hybridise the CTGF probe and as such, lane 2 

products were not included in further analysis. A total of seven bands were isolated and 

cloned and in the case of lanes 3 and 6, two individual bands were isolated from each 

lane. Three independent clones from each transformation were isolated and sequenced. 

Sequencing of these twenty one 5’ RACE clones revealed a total of eleven distinct 

CTGF transcripts, as shown in Figure 5.9B. Overall, there was a high degree of 

heterogeneity observed in the 5’ end of 5’ RACE clones and this heterogeneity suggests 

that there are likely to be additional CTGF transcripts present that were not fully 

characterised in these experiments. Of note, splicing of downstream intron/exon 

junctions were in agreement with canonical mRNA exon boundaries. Those 5’ ends 

within exonic regions are colour coded in red, while transcripts displaying 5’ ends 

localised within introns were similarly colour coded, however these were grouped 

according to their intron of origin, yellow for intron 2, blue for intron 3, and green for 

intron 4.  

 

Sequencing these RACE products revealed that clones 5_1:c1-c3 were between 688 and 

706 bp in size and exhibited 5’ ends ranging from 89 to 108 bp upstream from the exon 

3 boundary. Clones 5_3A:c1-c3 were isolated from the upper band in lane 3 of Figure 

5.9A. All three clones were identical in size (476 bp) and structure, exhibiting a 5’ end 

contained within intron 3, 129 bp upstream from the canonical exon 4 boundary and 

only 3bp downstream from the canonical exon 3 donor splice site. The 5_3B:c1-c3 

clones derived from isolates of the lower band in lane 3 of Figure 5.9A were also 

identical in size and structure. These cDNAs were 222 bp in length and exhibited a 5’ 

start site 89 bp upstream from the canonical end of exon 4.  

 

Clones derived from lane 4 in Figure 5.9A were similar in size but differed in their 5’ 

ends and structure. Clones 1 and 2 (5_4:c1,c2) both exhibited 5’ ends originating within 

exon 3, just before the canonical exon 3 donor site boundary, while the 5’ end of clone 3 

(5_4:c3) originated from within intron 3, 48 bp upstream from the canonical exon 4 
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acceptor site. The three 5_5:c1-c3 clones were 326 bp in size and exhibited a 5’ end 

originating within intron 4, 191 bp upstream from the 5’ end of exon 5. The upper 

isolate from lane 6 in Figure 5.9A (55_6A) was 197 bp in length and contained 62 bp of 

the 3’ end of exon 4 spliced to exon 5. All three clones were identical. Clones derived 

from 5_6B were also identical and contained 36 bp of exon 4 spliced to exon 5. None of 

these 5’ RACE clones contained any part of exons 1 or 2 in their 5’ end. This may be for 

technical reasons since, as stated previously, the canonical CTGF cDNA could not be 

obtained by 5’ RACE and exons 1 and 2 have a high GC content. Similarly, the cDNA 

variants detected by RT-PCR in the previous section were not detected by 5’ RACE. 
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Figure 5.9 Characterisation of PER-377 CTGF 5’ RACE products 

A. Band-stab isolated RACE products separated by agarose gel electrophoresis (AGE) 

and then examined by Southern blotting with a radio-labelled (32P) CTGF probe. Red 

boxes indicate bands that were isolated, cloned and sequenced. Where two or more 

isolates were obtained from a single lane, isolates are labelled by adding A or B to name. 

B. Schematic representation of 5’ RACE clones aligned with the CTGF gene. Reverse 

primer CD_5R is shown in blue. Clone name is followed by identifier for sequenced 

clone (c1, 2 or 3), and the size of clones is shown in bp. The cDNA start site is indicated 

on the right of each RACE clone. Vertical broken lines in transcripts represent canonical 

exon junctions. Clones with 5’ ends originating within canonical CTGF exons have their 

first exon coloured in pink, while those displaying 5’ ends within intronic regions have 

the intronic portion of their 5’ end colour coded as yellow for intron 2, blue for intron 3 

and green for intron 4.   
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5.2.3.4 Characterisation of 3’ RACE products 

Southern hybridisation of 3’ RACE PCR products re-amplified by band-stab PCR 

(Figure 5.10A) was performed as previously described for 5’ RACE PCR products. 

Hybridisation with the CTGF specific probe revealed that lane 1 did not contain any 

CTGF positive products that were unique compared with other lanes and as such, this 

lane was excluded from further analysis. A single band was extracted from each of the 

remaining 4 band-stab PCR reactions (lanes 2 to 5) as indicated by the red boxes in 

Figure 5.10A. Sequencing of the cloned isolates was performed with the primers 

CD_4F, CD_5F, CD_6R and CD_7R which anneal within exonic regions of the CTGF 

gene as indicated in Figure 5.10A. The 3’ end of cloned band-stab isolates were 

sequenced using vector specific primers (M13 forward and reverse). 

 

Sequencing of the 2.3 kb clones derived from lane 2 in Figure 5.10A (3_2:c1-c3) 

revealed that this 3’ RACE PCR product was amplified from the full length, canonical 

CTGF transcript. This is in contrast to 5’ RACE which did not yield products amplified 

from the canonical CTGF transcript. Analysis of 3_3:c1-c3 clones revealed that this 

isolate was amplified from a novel CTGF transcript that exhibited premature 

polyadenylation within exon 5. This transcript contained 384 bp of exon 5 and 

harboured an alternative polyadenylation site located 87 bp downstream from the 

canonical translation termination codon. Thus, this transcript retained CTGF coding 

potential, but was devoid of established regulatory elements contained within the 3’ 

UTR (Ohgawara et al. 2009; Duisters et al. 2009; Ernst et al. 2010; Kubota et al. 2005). 

If transcribed from the canonical transcription start site, this mRNA variant would be 

1.36 kb in length, thus this transcript may represent the lower band detected by northern 

blotting of B-lineage ALL cell lines, see Figures 5.1 and 5.2. This mRNA variant may 

represent a long-lived transcript with increased translational potential due to the lack of 

the 3’ regulatory elements. Thus, while this minor transcript was only present at low 

concentrations, it may nevertheless have biological importance.    
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Sequencing of 3_4:c1-c3 demonstrated that these isolates were cloned from a PCR 

artefact generated through reverse priming by the CD_1F nested primer, and not a 

genuine RACE product. Reverse priming occurred despite low specificity between 

primer and target, with only five bases of complementarity wholly localised to the 3’ end 

of the primer. Sequencing of the final RACE PCR isolate (3_5:c1-c3) revealed a novel 

RACE product that contained 121bp of CTGF exon 1, followed by a 46 bp of unknown 

sequence and a putative polyadenylation signal (shown in more detail in Figure 5.11A). 

Using the BLAST sequence alignment tool, this unknown sequence was used to query 

the human RNA_refseq database for a potential sequence match. Only one mRNA 

transcript; leucine rich repeat containing 58 (LRRC58) mRNA, matched the sequence 

query with 100 percent identity, shown in Figure 5.11B. Furthermore, when the 3_5 

clone sequences were aligned with the LRRC58 genomic sequence (Figure 5.11C), it 

was apparent that the LRRC58 genomic sequence contained a run of adenines similar to 

those seen in the sequenced RACE clone indicating that this segment of the sequenced 

clones may not represent the 3’ polyadenylation site of the original mRNA, thus the full 

length mRNA transcript may have been considerably longer.   
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Figure 5.10 Characterisation of PER-377 CTGF 3’ RACE products 

A. Band-stab isolated RACE products were separated by agarose gel electrophoresis (AGE) and then examined by Southern blotting 

with a radio-labelled (32P) CTGF probe. Red boxes indicate bands that were isolated, cloned and sequenced. B. Schematic 

representation of 3’ RACE clones aligned with the CTGF gene. Clone ID and size are indicated on the left. Forward GSPs for RACE 

PCR shown in blue. Primers used for internal sequencing of clones shown in red. M13 forward and reverse vector primers were used 

to sequence insert ends. 
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Figure 5.11 Sequence analysis of 3’ RACE clone, 3_5 

A. Partial sequence of the 3’ RACE clone 3_5 aligned against the CTGF genomic reference sequence. Position +175 (red arrowhead) 

relative to the canonical transcription start site, marks the end of homology between the CTGF gene and the 3_5 clone sequence. 

Unknown sequence is indicated by the blue box. The 3’ nested RACE primer is indicated by the red box. B. Output from BLAST 

alignment of the unknown sequence against the human refseq_RNA database using the blastn algorithm. The sequence matched the 

LRRC58 gene with 100% identity. C. Partial sequence of the 3’ RACE clone 3_5 aligned against the LRRC58 genomic reference 

sequence. Homologous region indicated by blue box. Genomic position relative to the LRRC58 canonical transcription start site 

indicated by red arrowheads (+22025 to +22090). 
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These observations suggested that there may be a translocation or insertion event 

involving the LRRC58 and CTGF gene loci. This seemed unlikely given the results 

reported Chapter 4 that ruled out rearrangement of the CTGF locus in PER-377, 

however to test this possibility two reverse primers targeting the LRRC58 locus 

immediately upstream from the run of adenines in Figure 5.11C were used in 

conjunction with the CD_1F and CD_1F_nested PCR primers. It was hypothesised that 

if the 3_5 RACE clone arose from a fusion between these two genomic loci these 

primers would facilitate amplification of the fusion gene. Amplification with these 

primer combinations using PER-377 genomic DNA did not yield any products, ruling 

out the existence of such a fusion in this cell line. Therefore this fusion transcript most 

likely arose as a result of aberrant trans-splicing between two disparate pre-mRNA 

transcripts and is unlikely to represent a genuine coding transcript (Houseley & 

Tollervey 2009; Li et al. 2009b). 
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Figure 5.12 Summary of novel CTGF transcripts detected in pre-B ALL cells (Figure legend over page)  
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Figure 5.12 Summary of novel CTGF transcripts detected in pre-B ALL cells 

A. Schematic representation of canonical CTGF mRNA aligned with the CTGF gene. 

Forward and reverse primers used in RACE experiments are shown in blue. The Met 

215 codon which may serve as a secondary translation start site, is shown in exon 4. The 

Central and 3’ northern blot probes (red bars) are aligned to the CTGF mRNA transcript. 

Post-transcriptional regulatory elements contained with the CTGF 3’ UTR are shown in 

green.  B. Novel CTGF transcripts detected by RT-PCR (Variants 1 to 3) are shown 

together with the 3’ truncated RACE transcript lacking most of the 3’ UTR. For each of 

these transcripts, the mRNA size is shown. *Predicted assuming canonical TSS and/or 

polyadenylation sites were present outside of sequenced regions. The predicted protein 

coding potential of transcripts is also shown ‡In silico predictions of protein coding 

potential assumed the presence of an intact exon 5 including canonical stop codon. C. 

Representation of 5’ RACE clones identified in this study that exhibited non-canonical 

5’ ends. Vertical broken lines represent canonical exon boundaries. Transcripts are 

grouped by the location of their 5’ ends, either intron2, intron 3, intron 4 or those 

transcripts that originated within exonic regions. For each of the four groups, alternative 

transcription start sites (alt. TSS) are shown by numbered green arrows (i to vi) and 

annotated on the right, with expected mRNA size* and predicted protein coding 

potential
‡
.  

 

 5.3 Discussion 

The disparity between in vitro CTGF mRNA and protein levels documented in Chapter 

4 prompted a more detailed analysis of CTGF mRNA to confirm that those CTGF 

transcripts detected by qRT-PCR and microarray methods represented the canonical 2.4 

kb message. The present findings demonstrate that the canonical CTGF mRNA was 

indeed the major form of CTGF transcribed in B-lineage ALL cell lines. Furthermore, 

canonical CTGF transcripts were readily detectable in the CTGF
low cell lines PER-145, 

PER-278 and PER-371 by northern blotting. This confirmed that these CTGF
low cell 

lines generate CTGF mRNA, despite lacking detectable levels of CTGF protein, as 

documented in Chapter 4.  
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In addition to canonical CTGF mRNA, northern blotting revealed the presence of 

shorter, much less abundant CTGF transcripts produced in CTGF positive cell lines. 

Sequencing of these mRNA variants (isolated from the CTGF
high cell line PER-377), 

confirmed that these minor CTGF transcripts, estimated to be present at less than 10% of 

the total pool of CTGF mRNA, were produced by alternative pre-mRNA splicing. This 

is the first evidence of alternative splicing of CTGF mRNA in any cell type and supports 

further investigation into alternative CTGF splicing in other cancers and normal tissues. 

A number of alternative splicing events were observed in sequenced cDNA fragments 

and RACE PCR products generated from the PER-377 cell line. These non-canonical 

transcripts summarised in Figure 5.12, exhibited exon skipping, alternative 5’ (donor) 

and 3’ (acceptor) splice site usage, alternative or premature polyadenylation and 

alternative transcription start sites.   

 

5.3.1 Aberrant CTGF transcription  

Targeted RT-PCR amplification of CTGF cDNA from exon 1 to 5 revealed the presence 

of three novel transcripts (Figure 5.12B). These transcripts exhibited internal deletions 

of exons 2 and 3, alternative exon 1 donor spice sites, and alternative exon 3 and 4 

acceptor splice sites. In silico analysis of these alternatively spliced transcripts indicated 

that they have the potential to encode a shorter, N-terminal truncated CTGF protein of 

approximately 15kDa. This protein would lack N-terminal domains including the signal 

peptide which may impair secretion of this truncated CTGF protein. Several smaller 

MW CTGF proteins ranging in size from 10 kDa up to 20 kDa have been detected in 

human cells and biological fluids (Steffen et al. 1998; Yang et al. 1998), however their 

existence has uniformly been attributed to post translational proteolysis of the full length 

CTGF protein. This notion may need to be reconsidered given the current findings, 

particularly if alternative splicing of CTGF is demonstrated in other cell types. The 

ability of these truncated CTGF cDNAs to encode biologically active proteins should be 

examined in vitro. If such protein isoforms are confirmed, functional characterisation 

will be required to establish their biological function and sub-cellular localisation.  
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In addition to alternative splicing events identified by RT-PCR, analysis of CTGF 

transcripts by 3’ RACE uncovered a novel 1.3 kb CTGF variant with an early 

polyadenylation signal 87 bp after the end of the CTGF coding region (Figure 5.12B). 

This transcript contained an intact coding region, but did not contain the canonical 3’ 

UTR and thus was devoid of important regulatory elements that have been shown to 

contribute to the post-transcriptional regulation of CTGF expression in other cell types. 

These include target sites for miRNAs, including miR18a, miR30, miR130 and the miR-

17-92 cluster (Ohgawara et al. 2009; Duisters et al. 2009; Ernst et al. 2010). While these 

miRNA target sites were missing from this 1.3 kb transcript, the CAESAR element 

described by Kubota and colleagues remained intact (Kubota et al. 2005). If this 

transcript was initiated at the canonical TSS, which is likely given the proximity of the 

gene specific forward primer CD_1F to the annotated CTGF TSS (Figure 5.12A), then 

the predicted size of this transcript would be 1.362 kb. This is the approximate size of 

one of the non-canonical transcripts identified by northern blots and points to the likely 

abundance of this transcript in CTGF positive B-lineage ALL cell lines, albeit at a minor 

frequency. Increased early polyadenylation of mRNA transcripts is a general feature of 

cancer cells and has been shown to enhance the protein coding potential of transcripts 

when compared to canonical mRNA by up to ten-fold (Mayr & Bartel 2009). 

Recombinant expression of this cDNA may reveal a higher translational affinity 

compared to canonical CTGF owing to differences in the 3’UTR. Thus, this 1.3 kb 

CTGF transcript represents an important candidate for further investigation and efforts 

should be made to determine its biological distribution in ALL cells and other tissues.  

 

Analysis of CTGF mRNA conducted by 5’ RACE detected a range of cDNAs with 

different 5’ ends ranging from internal regions of intron 2 to intron 4, summarised in 

Figure 5.12C. These non-canonical 5’ ends may represent alternative TSSs, suggesting 

possible promoter activity within the CTGF coding region. Analysis of 5’ RACE clones 

indicated that there were six regions that served as alternative TSSs (shown as green 

arrows in Figure 5.12C), one in intron 2, two in intron 3 one in intron 4 and on each in 

the 3’ end of exons 3 and 4. As with the CTGF cDNA fragments identified by RT-PCR, 
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some of these novel transcripts are predicted to encode shorter CTGF protein isoforms if 

translation is initiated at Met 215 and the coding portion of exon 5 remains intact. A 

limitation of the present study is that 5’ RACE clones were amplified using a GSP 

upstream from the canonical stop codon (CD_5R), and thus the downstream 

composition and coding potential of the 5’ RACE clones is not certain.  

 

A recent report suggests that the vast majority or protein coding genes are affected by 

alternative TSS usage, however the causes behind this phenomenon remain unclear 

(Denoeud et al. 2007). Alternative TSS selection has not been reported to affect human 

CTGF transcription, however a recent report by Huang and colleagues demonstrated that 

the murine CTGF 5’ UTR can induce reporter gene activation through promoter-like 

sequence elements (Huang et al. 2007). While the 5’ end of the human CTGF gene has 

not been investigated for promoter-like activity, the present findings suggest that such a 

study may be warranted as this may account for the alternative TSSs observed in the 

present study.  

 

5.3.2 Post transcriptional regulation of CTGF mRNA 

In assessing biological specimens, and in particular large patient cohorts for expression 

of a gene or genes of interest, microarray technology has paved the way for large-scale, 

high-throughput analysis. However, despite the importance of gene expression data, 

recent studies have suggested that mRNA levels are only a weak surrogate for the 

expression of proteins they encode (Tian et al. 2004; Nie et al. 2006), capturing only 

around 40% of global changes in protein expression levels. In agreement with this 

notion, CTGF mRNA was not a direct predictor of whether ALL cells actively 

synthesise CTGF protein. This may have been for technical reasons, because while low 

mRNA levels can be detected by RT-PCR and northern blot, correspondingly low 

protein levels may be below the detection limit of immunoblotting. However, another 

distinct possibility is that post-transcriptional regulation impacts upon the active 

synthesis of CTGF protein in these CTGF
low cell lines. Post-transcriptional regulation of 

gene expression has emerged as of key importance in recent years (Volinia et al. 2010; 
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Ruan et al. 2009), and there is significant evidence that miRNAs can modulate CTGF 

protein expression (Ohgawara et al. 2009; Duisters et al. 2009; Ernst et al. 2010). 

Investigation of miRNA levels in ALL was considered beyond the scope of the present 

study. However, analysis of the levels and activity of CTGF associated miRNAs may 

reveal an association between their activity and CTGF protein levels in pre-B ALL and 

such a study should be considered in the future.   

 

The importance of being able to accurately classify the CTGF protein status of ALL 

cells is highlighted by a 2007 study conducted by Sala-Torra and colleagues (Sala-Torra 

et al. 2007). Analysis of adult ALL specimens revealed that a poor outcome was 

associated with high CTGF expression. Of particular note in light of the current findings 

however, is that when patients were grouped into low, intermediate or high CTGF 

mRNA expression groups, the 5 year overall survival of patients was 58, 42 and 11% 

respectively (Sala-Torra et al. 2007). These data indicate that patients with high levels of 

CTGF mRNA exhibited markedly poorer survival compared to those with low or 

intermediate levels of CTGF mRNA. The average survival rate for adults diagnosed with 

ALL is around 40% (Rowe et al. 2005; Annino et al. 2002), thus the group with high 

CTGF mRNA had a significantly poorer outcome.  

 

The Sala-Torra report, coupled with the findings made in the present study suggest that 

there may be a stochastic mRNA tipping point that must be achieved before CTGF 

protein synthesis can occur. It is feasible that as the level of CTGF mRNA increases, the 

ability of post-transcriptional regulatory elements to hold CTGF protein synthesis in 

check is curtailed. No analysis of CTGF protein expression in pre-B ALL patient 

specimens has been reported to date and it is clear that such a study is now warranted to 

correlate CTGF mRNA with protein levels and furthermore to ascertain if stratifying 

patients based upon CTGF protein expression holds more robust prognostic significance 

compared to mRNA levels alone.  
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5.3.3 Conclusions 

The experiments reported in this chapter confirmed that while the major form (>90%) of 

CTGF mRNA expressed in B-lineage ALL cell lines was canonical, there was also a 

range of alternative CTGF transcripts produced in these cell lines including one 

transcript missing 3’ regulatory elements. Furthermore, the observation that CTGF
low 

cell lines transcribe canonical CTGF suggests that post-transcriptional regulation may be 

limiting CTGF protein synthesis in these cell lines. These findings are the first sequence-

level evidence of alternative splicing of CTGF mRNA and should prompt future 

research aimed at elucidating the full extent of alternative splicing affecting CTGF 

expression in both healthy and diseased tissues.  
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Chapter 6 

Epigenetic Mechanisms Influencing CTGF Expression  

in Pre-B ALL 

Chapter 6: Epigenetic Mechanisms Influencing CTGF Expression in Pre-B ALL 

6.1 Introduction 

Epigenetic changes are now accepted as a hallmark of many cancers, including those of 

hematopoietic origins (Bonifer & Bowen 2010; Martin-Subero et al. 2009). Cytosine 

methylation represents a reversible, epigenetic change that occurs predominantly at CpG 

dinucleotides in the mammalian genome, and was first suggested to play a role in gene 

expression and differentiation in the mid 1970’s (Holliday & Pugh 1975; Riggs 1975). 

The notion that methylation of cytosine residues can result in altered gene expression 

without changing the underlying DNA sequence is now widely accepted, but still poorly 

understood (Watanabe & Maekawa 2010). This is evidenced by the recent discovery of 

5’hydroxy-methylcytosine (OH-m5C) which is indistinguishable from 5’methylcytosine 

(m5C) by traditional bisulfite conversion-based analysis and is postulated to have 

functions distinct from that of m5C (Kriaucionis & Heintz 2009; Nestor et al. 2010). As 

well as covalent modifications to DNA, post-translational modification of histones, the 

fundamental building blocks of the nucleosome, can alter their interaction with DNA 

and other nuclear proteins, impacting significantly upon the transcriptional potential of 

surrounding DNA. A large number of histone modifications with the ability to alter gene 

expression have been characterised including acetylation, methylation, phosphorylation, 

ubiquitylation, sumoylation, ADP ribosylation, deimination and proline isomerisation 

(Kouzarides 2007). Together, DNA methylation and histone modifications represent an 

epigenetic code with enormous biological importance.  

 

Genomic hypomethylation was the initial epigenetic abnormality identified in human 

cancers almost 30 years ago (Feinberg & Vogelstein 1983a; Gama-Sosa et al. 1983). 

These seminal reports identified a significant decrease in the overall m5C content in 

primary cancer cells compared to healthy cells isolated from adjacent tissue. 

Furthermore, this reduction in m5C was progressive and further enriched in metastases 
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compared with the original tumours, suggesting that increased hypomethylation was 

associated with a more aggressive or metastatic phenotype (Feinberg & Vogelstein 

1983a; Gama-Sosa et al. 1983). A raft of subsequent studies have demonstrated genomic 

hypomethylation in numerous cancer types, including prostate, bladder, cervical, and 

brain, as well as chronic lymphoblastic leukaemia (Brothman et al. 2005; Seifert et al. 

2007; de Capoa et al. 2003; Cadieux et al. 2006; Wahlfors et al. 1992). A global 

reduction in DNA methylation is likely to significantly impact upon gene expression 

within cancer cells by promoting transcriptional activation of regions that are normally 

silent. 

 

Aberrant chromatin changes are frequently observed in MLL-rearranged leukaemia and 

contribute to leukaemogenesis through epigenetic activation of HOXA and MEIS1 genes, 

which promote uncontrolled self-renewal (Guenther et al. 2008; Somervaille & Cleary 

2010). The role of DNA methylation in leukaemogenesis is less clear, however it is 

generally accepted that DNA methylation can inhibit binding by trans-factors to DNA 

and can also recruit protein complexes that remodel chromatin and promote gene 

inactivation (Feng & Zhang 2001). Thus, an increase in DNA methylation at gene 

promoters is generally associated with inactivation of gene transcription and may 

contribute to leukaemogenesis by silencing of tumour suppressor loci (Vucic et al. 2008; 

Bernstein et al. 2007).  

 

Studies reporting hypermethylation of classical tumour suppressor genes (TSG) have 

dominated the scientific literature (Zhang et al. 2007; Sidhu et al. 2005; Ebinger et al. 

2004; Honorio et al. 2003), however almost all cases of TSG silencing through focal 

hypermethylation is accompanied by a general hypomethylation of the cancer genome, 

and these changes can result in activation of proto-oncogenes (Ehrlich 2009). Feinberg 

and colleagues provided the first evidence of this when they identified hypomethylation 

of HRAS and KRAS in lung and colonic adenocarcinomas compared to normal tissue 

(Feinberg & Vogelstein 1983b). Activation of proto-oncogenes associated with a 

reduction in DNA methylation in gene regulatory bodies has now been recorded in 

numerous cancer types, including prostate, liver, chronic lymphocytic leukaemia and 
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carcinoma (Wang et al. 2007; Tsujiuchi et al. 1999; Hanada et al. 1993; Smith et al. 

2009). 

 

Experiments reported in the previous chapters did not identify mutations or genetic 

changes that could account for the aberrant CTGF expression in pre-B ALL. Therefore, 

it may be possible that changes in CTGF gene expression arise due to altered CpG 

methylation at the CTGF locus. As discussed in Chapter 1, there is some evidence for 

the involvement of epigenetic phenomena in the regulation of CTGF. An inverse 

correlation between DNA methylation at the CTGF locus and CTGF gene expression 

has been demonstrated in ovarian and liver cancers (Kikuchi et al. 2007; Chiba et al. 

2005). Furthermore, a recent study investigating the methylome in a large panel (n=367) 

of haematological neoplasms, identified hypomethylation at the CTGF locus, in 42 pre-

B ALL specimens and hypermethylation of this locus in 18 T-ALLs, as well as 54 

diffuse large B-cell lymphomas (DLBCL) (Martin-Subero et al. 2009). This is 

compelling evidence for the involvement of epigenetic phenomena in deregulation of the 

CTGF locus, however the high throughput array used in this study only targeted a small 

number of CpGs (1505 individual CpG sites in 807 genes), and only 2 CpGs were 

interrogated at the CTGF locus. The first CpG designated as P693, was located within 

the AP-1 binding site of the CTGF promoter at position -638, and was de-methylated in 

pre-B ALL specimens. The second site designated as E156 was located within exon 1 at 

position +212 and was methylated in T-ALL and DLBCL specimens (Martin-Subero et 

al. 2009). The authors of this study did not investigate whether CTGF gene expression 

correlated with the differential methylation of these CpG residues. Collectively, these 

studies point to a significant role for epigenetic regulation of CTGF expression. Thus, 

further more detailed investigation into the epigenetic state of the CTGF locus in 

leukaemia is warranted. 

 

A comprehensive assessment of the methylation status of the CTGF locus was 

performed in cell lines and primary specimens to examine if aberrant CpG methylation 

may contribute to deregulation of the CTGF locus in pre-B ALL. The specific aims of 

the experiments presented in this chapter were as follows: 1) to investigate whether the 
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methylation status of the CTGF locus correlated with CTGF mRNA levels in cell lines, 

2) to investigate if such a correlation existed in primary patient specimens, 3) and finally 

to examine whether modulating the global epigenetic state of cells in vitro could 

influence CTGF gene expression. 

 

6.2 Results 

6.2.1 Identification of a CpG island at the human CTGF genomic locus 

To evaluate the distribution of CpG dinucleotides at the CTGF locus, the promoter and 

coding region from -800 to +3200 (relative to the TSS) was scrutinized using the “CpG 

island Searcher” program http://www.uscnorris.com/cpgislands2/cpg.aspx (Takai & 

Jones 2003). This program can detect an overrepresentation of CpG dinucleotides 

(CpGs) in DNA sequences defined by the user. The analysis identified a CpG island of 

approximately 1400 bp spanning the CTGF proximal promoter and extending to within 

exon 3 (Figure 6.1). Closer inspection revealed that the region containing the highest 

density of CpGs spanned position -91 to +883, comprising 111 individual CpG residues 

beginning around 100bp upstream from the canonical TSS and ending at the 5’ end of 

exon 3. The identified CTGF CpG island is shown in more detail in Figure 6.2.  
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Figure 6.1 CpG dinucleotide distribution within the CTGF locus 

CTGF genomic DNA sequence from -800 to +3200 was examined for distribution of 

CpG dinucleotides using the online tool “CpG Island Searcher”(Takai & Jones 2003). 

Nucleotide positions are indicated relative to the transcription start site (TSS). Red 

vertical lines denote identified CpGs. The blue bar indicates the extent of a CpG island 

within the CTGF locus. 
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Figure 6.2 Nucleotide sequence of the CTGF CpG island 

The CTGF CpG island extends from position -91 to +883 of the CTGF genomic locus. 

Blue bars denote exons 1 to 3. CpGs are shown in red and are numbered based upon 

position relative to the TSS. 

 

6.2.2 Methylation correlates with CTGF expression in ALL cell lines 

To determine if there was a correlation between CpG methylation and CTGF gene 

expression, methylation-specific PCR (msPCR) was performed on bisulfite-treated DNA 

from eight ALL cell lines, whose CTGF status had been established previously by qRT-

PCR (see Chapter 4). This panel of cell lines included seven B-lineage ALL cell lines, 

four of which were positive for CTGF mRNA, as well as the T-ALL cell line (JURKAT) 

that was used as a negative control due to the absence of CTGF expression in T-ALLs 

(Boag et al. 2007). The primers used in the msPCR assays were originally described by 
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Chiba and colleagues to investigate the methylation status of the CTGF locus in 

hepatoma specimens (Chiba et al. 2005). Figure 6.3A outlines the design of the msPCR 

reactions. DNA was treated with bisulfite which converts cytosines to uracil via a 

deamination reaction. Methyl-cytosines were protected from conversion and site-specific 

primers allowed discrimination between methylated (protected) or unmethylated 

(converted) DNA using the methylated-site PCR (MSP) and unmethylated-site PCR 

(USP) primer pairs. These two primer pairs annealed to and allowed amplification from 

CpGs 5 to 8 at the forward priming site and 27 to 29 at the reverse priming site as 

outlined in Figure 6.3A. based upon their methylation status, generating a 159 bp PCR 

product.  

 

The expression level of CTGF mRNA in the ALL cell lines is shown in Figure 6.3B. All 

four of the CTGF positive cell lines PER-145, PER-278, PER-371 and PER-377, were 

unmethylated according to the msPCR, as evidenced by a positive amplification with the 

USP primer pair only, shown in Figure 6.3C. In contrast, the cell lines that did not 

express CTGF, PER-485, PER-490, PER-495 and JURKAT, were amplified by the MSP 

primer pair indicating they were methylated at the MSP priming sites.  
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Figure 6.3 Methylation-specific PCR analysis of ALL cell lines 

A. CTGF reference sequence (ref seq) is shown with nucleotide position relative to the 

canonical TSS. Unmethylated cytosines are converted to uracil by bisulfite, shown as 

blue residues in bisulfite-treated sequence. The msPCR priming sites cover CpGs 5 to 8 

(numbered in red) at the forward priming site and CpGs 27 to 29 at the reverse priming 

site. Specific priming by MSP or USP PCR primers (green) infers the methylation status 

of DNA prior to bisulfite conversion. B. CTGF expression in a panel of seven B-lineage 

ALL and one T-ALL cell line, measured by qRT-PCR and normalized to ACTB. Error 

bars indicate the standard error of the mean of technical replicates (n=3). C. Cell lines 

examined by msPCR grouped by CTGF mRNA status (positive or negative). For each of 

the two assays the respective bisulfite-treated positive control was included, as well as a 

non-template control (NTC). For the USP primers, the BAC clone RP11-69I8 which 

contains the CTGF locus was used while for the MSP primers, the RP11-69I8 BAC was 

methylated using the SSI methyltransferase prior to bisulfite-treatment. 
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6.2.3 Bisulfite sequencing of B-lineage ALL cell lines 

While the msPCR experiments suggested an association between CpG methylation and 

reduced CTGF expression, a drawback of msPCR is that it restricts examination of the 

DNA methylation status to only those CpGs targeted by the msPCR primers. Therefore, 

to gain an understanding of DNA methylation across the entire CTGF CpG island, 

bisulfite sequencing was performed on five of the B-lineage ALL cell lines, three 

CTGF
pos (PER-145, PER-278, PER-377) and two CTGF

neg (PER-485, PER-495). The 

CpG island was examined as three overlapping amplicons as reported previously 

(Kikuchi et al. 2007). Amplicon 1 contained nucleotides -113 to +44, Amplicon 2 

contained +25 to +566 and Amplicon 3 contained +547 to +916 (numbering relative to 

TSS). These PCR amplicons were generated from bisulfite-treated genomic DNA, then 

gel extracted, cloned and sequenced. For each amplicon, eight clones were sequenced in 

order to gain a representative snapshot of CpG methylation. The results of bisulfite 

sequencing are shown in Figure 6.4. Consistent with the results of the msPCR, the 

CTGF CpG island was found to be hypomethylated in those cell lines that aberrantly 

expressed CTGF mRNA. The cell line with the highest CTGF expression, PER-377, was 

virtually devoid of CpG methylation at the CTGF locus. There was some residual 

methylation at the 3’ end of the CpG island in the lower CTGF-expressing cell lines 

PER-145 and PER-278, with PER-278 showing more pronounced methylation at CpG 

number 98. In contrast to these findings, the two CTGF-negative cell lines PER-485 and 

PER-495, displayed a high degree of CpG methylation across the CTGF locus. This was 

more pronounced in PER-495, which has only one copy of CTGF (see Chapter 4), where 

the locus was completely methylated. 
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Figure 6.4 Methylation status determined by bisulfite sequencing of the CTGF 

locus correlates with CTGF expression in B-lineage ALL cell lines 

(Figure legend over page) 

 

 

 



 

 159 

Figure 6.4 Methylation status determined by bisulfite sequencing of the CTGF 

locus correlates with CTGF expression in B-lineage ALL cell lines 

The five cell lines examined by bisulfite sequencing were PER-377 (CTGF
high), PER-

145 (CTGF
low), PER-278 (CTGF

low), PER-485 (CTGF
neg) and PER-495 (CTGF

neg).  For 

each diagram, cell line name is indicated in the top left. Clone numbers 1 to 8 run from 

top to bottom for each amplicon. The three bisulfite sequencing PCR amplicons are 

shown as one block from left to right encompassing CpGs -10 to +1, +2 to +78 and +79 

to +101 respectively. Methylated CpGs are represented by shaded boxes. The incidence 

of methylation at each CpG residue is represented in the histogram at the base of each 

diagram.  

 

 

6.2.4 Hypomethylation of the CTGF locus in primary pre-B ALL 

Two independent techniques (msPCR and bisulfite sequencing) demonstrated a 

correlation between the degree of CpG methylation and expression of CTGF in a panel 

of B-lineage ALL cell lines. To determine if this relationship also existed in primary 

patient specimens, a panel of pre-B leukaemic bone marrow samples was selected for 

methylation analysis. Eight samples were analysed using the same msPCR approach that 

was used to screen the B-lineage ALL cell lines. Of these eight primary samples,  

qRT-PCR analysis of CTGF expression  revealed that five exhibited low to negative 

CTGF mRNA expression (CTGF
low/neg), while three were positive for CTGF mRNA at 

varying levels, collectively referred to herein as CTGF
high (Figure 6.5A). Despite the 

heterogeneous levels of CTGF expression, all of the primary specimens were amplified 

by the USP assay only, and thus were classed as unmethylated (Figure 6.5B). 
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Figure 6.5 msPCR analysis of primary pre-B ALL specimens 

A. CTGF expression in a panel of primary paediatric pre-B-ALL specimens measured 

by qRT-PCR and normalized to ACTB. Error bars indicate the standard error of the mean 

of technical replicates (n=3). B. Analysis of the methylation status of primary specimens 

by msPCR. For each of the two assays the respective bisulfite-treated positive control 

was included, as well as a non-template control (NTC). For the USP primers, the BAC 

clone RP11-69I8 which contains the CTGF locus was used while for the MSP primers, 

the RP11-69I8 BAC was methylated using the SSI methyltransferase prior to bisulfite-

treatment. 

 

6.2.5 Bisulfite sequencing of primary pre-B ALL specimens 

The msPCR assay indicated that all eight primary B-ALL specimens tested were 

unmethylated at the msPCR priming sites, regardless of CTGF expression status. 

However, the methylation status of the rest of the CpG island was unclear. Bisulfite 

sequencing was therefore undertaken using a larger panel of 14 primary specimens 

exhibiting varying levels of CTGF expression according to microarray data obtained 

previously (Boag et al. 2007). CTGF mRNA levels were validated using qRT-PCR 

(shown in Figure 6.6). Six of the samples displayed high levels of CTGF mRNA 

(CTGF
high). The remaining eight samples were classed as CTGF

low/neg, as seven samples 

displayed extremely low levels of CTGF mRNA and one sample, BSDN63 was 

completely negative for CTGF mRNA after 40 cycles of amplification. Bisulfite 

sequencing data for the CTGF
high specimens is shown in below in Figure 6.7 while the 

CTGF
low/neg samples are shown in Figure 6.8.  
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Figure 6.6 CTGF mRNA expression in primary pre-B ALL specimens used for 

bisulfite sequencing 

CTGF expression was measured in primary pre-B ALL specimens by qRT-PCR 

normalized to ACTB. Error bars represent the standard error of the mean of technical 

replicates (n=3). Samples were classed as either CTGF
high or CTGF

low/neg. 

 

Bisulfite sequencing revealed that all of the CTGF
high specimens were hypomethylated 

across the CTGF CpG island. However, in contrast to the inverse correlation observed in 

cell lines between CpG methylation and CTGF expression, this correlation was not 

found in primary specimens, as none of the CTGF
low/neg primary specimens displayed 

significant levels of DNA methylation across the CTGF locus. One exception was 

BHDN7 which displayed methylation of CpGs 15 to 19, 21 to 26, 31 to 33 and 36 to 44 

in two clones, suggesting mono-allelic methylation of these CpG residues. There was 

some sporadic methylated CpGs in BHDR31 which was methylated at the 3’ end of 

Amplicon 3 and BHRR92 was methylated at CpG 24, however no single CpG residue 

was consistently methylated amongst replicates, indicating that CpG methylation was 

unlikely to contribute to silencing of CTGF expression in these specimens. These results 

indicate that hypomethylation of the CTGF locus is a common feature of primary pre-B 

ALL specimens, irrespective of CTGF expression status. 
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Figure 6.7 Bisulfite sequencing of CTGF

high
 primary pre-B ALL specimens 

 (Figure legend over page). 
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Figure 6.7 Bisulfite sequencing of CTGF
high

 primary pre-B ALL specimens 

(Continued from previous page) 

For each diagram, specimen name is indicated in the top left. Clone numbers 1 to 8 run 

from top to bottom for each amplicon. The three bisulfite sequencing PCR amplicons are 

shown as one block from left to right encompassing CpGs -10 to +1, +2 to +78 and +79 

to +101 respectively. Methylated CpGs are represented by shaded boxes. The incidence 

of methylation at each CpG residue is represented in the histogram at the base of each 

diagram 
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Figure 6.8 Bisulfite sequencing of CTGF
low/neg

 primary pre-B ALL specimens  

(Figure and legend continued over page). 
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Figure 6.8 Bisulfite sequencing of CTGF
low/neg

 primary pre-B ALL specimens  

(Continued from previous page) 

For each diagram, specimen name is indicated in the top left. Clone numbers 1 to 8 run 

from top to bottom for each amplicon. The three bisulfite sequencing PCR amplicons are 

shown as one block from left to right encompassing CpGs -10 to +1, +2 to +78 and +79 

to +101 respectively. Methylated CpGs are represented by shaded boxes. The incidence 

of methylation at each CpG residue is represented in the histogram at the base of each 

diagram 

 

6.2.6 Bisulfite sequencing of primary T-ALL and CD34
pos

 specimens 

Microarray experiments had previously revealed that CTGF was not expressed in T-

ALL specimens, nor CD34pos cells enriched from normal bone marrow (Boag et al. 

2007; Boag et al. 2006). Analysis of T-ALL specimens by qRT-PCR did not detect 

CTGF mRNA (data not shown), and RNA was not available from CD34pos cells. To 

examine the methylation status of the CTGF locus in these two cell types, DNA from 

two T-ALL primary bone marrow specimens (THDN2 and THDN6) and the CD34pos 

cells isolated by Boag and colleagues (Boag et al. 2007), were analysed by bisulfite 

sequencing of the CTGF locus. Figure 6.9 shows the results of bisulfite sequencing of 

these primary specimens. Both of the T-ALL specimens displayed extensive methylation 

in Amplicons 1 and 3, while the middle amplicon was not consistently methylated, but 
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did show focal mono-allelic methylation in both cases. Bisulfite sequencing of THDN2, 

showed that Amplicon 2 was sporadically methylated at different regions on each allele. 

In THDN6, Amplicon 2 was hypermethylated on one allele, while the other exhibited 

methylation of a single CpG dinucleotide (CpG 33). Similar to the primary pre-B ALL 

specimens, CD34-positive bone marrow cells were hypomethylated across all three 

bisulfite sequencing amplicons. 

 

 

 

 
 

Figure 6.9 Bisulfite sequencing of primary T-ALL specimens and normal CD34 

positive bone marrow cells 

For each diagram, specimen name is indicated in the top left. Clone numbers 1 to 8 run 

from top to bottom for each amplicon. The three bisulfite sequencing PCR amplicons are 

shown as one block from left to right encompassing CpGs -10 to +1, +2 to +78 and +79 

to +101 respectively. Methylated CpGs are represented by shaded boxes. The incidence 

of methylation at each CpG residue is represented in the histogram at the base of each 

diagram. 
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6.2.7 Modulation of the global epigenetic state of B-lineage ALL cell lines 

Expression of CTGF in B-lineage ALL cell lines was highly correlated with the 

epigenetic status of the CTGF locus. Thus, altering the global epigenetic state of ALL 

cell lines in vitro might be expected to lead to changes in CTGF gene expression. To test 

this hypothesis, five B-lineage ALL cell lines were treated with the DNA demethylating 

agent 5-aza-2’-deoxycytidine (Aza) and the histone deacetylase (HDAC) inhibitor 

Trichostatin-A (TSA). The three CTGF
neg cell lines used for this experiment were PER-

485, PER-490 and PER-495. In all three cases, treatment with Aza or TSA was highly 

cytotoxic compared with medium controls and this persisted for two biological replicates 

(data not shown). Two of these cell lines, PER-490 and PER-485 were derived from 

infant ALL specimens exhibiting t(4;11) MLL rearrangements which are known to 

exhibit a marked sensitivity to HDAC inhibitors and Aza (Tonelli et al. 2006; Niitsu et 

al. 2001). For this reason, these cell lines were not examined further. Therefore two 

CTGF
pos cell lines were examined for their response to Aza and TSA, namely PER-145 

and PER-377. These two cells lines were shown to be hypomethylated at the CTGF 

locus by bisulfite sequencing, see Figure 6.4. 

 

In the B-ALL cell line PER-377, Aza alone resulted in a modest but not statistically 

significant increase in CTGF expression (Figure 6.10). Treatment with TSA alone also 

had little effect on CTGF expression. However, co-treatment with both agents resulted 

in a marked and significant increase in CTGF expression compared to untreated cells.  In 

the pre-B ALL cell line PER-145, treatment with either agent alone and in combination 

resulted in a significant increase in CTGF expression compared to medium only controls 

confirming that both DNA methylation and histone acetylation can influence CTGF 

expression in this cell line.  
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Figure 6.10 The effect of Aza and TSA on CTGF expression in B-lineage ALL cell 

lines PER-377 and PER-145  

Cells were treated with 5µM 5’aza-2’-deoxycytidine (Aza), 330nM Trichostatin-A 

(TSA), a combination of both Aza and TSA or culture medium only (UT). Changes in 

CTGF gene expression were measured by qRT-PCR normalized to ACTB. Error bars 

represent the standard error of the mean of three independent experiments. * p<0.05, ** 

p<0.005. 

 

6.3 Discussion 

Investigation of the human genomic CTGF locus revealed the presence of a CpG island 

of approximately 1 kb that was predominantly localised to the 5’ end of the CTGF gene 

and coding region. This study showed for the first time that methylation across this 

region was inversely correlated with CTGF gene expression in B-lineage ALL cell lines, 

thus indicating that this locus can be regulated epigenetically and that hypomethylation, 

rather than mutation, provides a plausible mechanism for its deregulated expression in 

pre-B ALL. This finding extended other studies that made use of cell lines derived from 

hepatocellular carcinoma and ovarian cancers (Chiba et al. 2005; Kikuchi et al. 2007). 

Several studies have demonstrated that the methylation patterns observed in cancer cell 

lines closely resemble those observed in the primary tumours from which they were 

derived (Ueki et al. 2002; Markl et al. 2001; Lind et al. 2004). Furthermore, studies from 

this laboratory have shown that cell line models can serve as excellent surrogates for 
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primary tumours (Beesley et al. 2006; Kees et al. 2003). However, novel findings 

should, where possible, be validated in primary tumour specimens.  

 

6.3.1 The CTGF locus is hypomethylated in primary pre-B ALL  

Bisulfite sequencing of primary patient specimens provided a detailed map of CpG 

methylation of the CTGF locus in paediatric pre-B ALL specimens and confirmed that 

hypomethylation of the CTGF coding region is a general feature of this disease, 

regardless of the level of CTGF expression, which directly contrasted with observations 

made in the B-lineage ALL cell lines. When selecting primary bone marrow specimens 

for bisulfite sequencing analysis, specimens exhibiting a range of CTGF expression 

levels were selected using microarray data obtained in previous studies (Boag et al. 

2006; Boag et al. 2007). When these primary specimens were re-examined for CTGF 

expression using qRT-PCR, 6 out of 14 pre-B ALL specimens displayed high levels of 

CTGF mRNA, while seven of the remaining eight CTGF
low/neg specimens exhibited 

extremely low CTGF mRNA levels that were unlikely to result in synthesis of 

biologically relevant levels of CTGF protein. In contrast, when the two T-ALL primary 

specimens and CTGF
neg B-lineage ALL cell lines, PER-485, PER-490 and PER-495 

were examined by qRT-PCR, CTGF mRNA was completely undetectable after 40 

cycles of amplification, and this corresponded to hypermethylation at the CTGF locus. 

RNA was not available from the CD34pos specimen for this study, however they were 

considered negative for CTGF mRNA based on microarray data (Boag et al. 2007). 

These findings suggest a model where hypomethylation of the CTGF locus leaves this 

region susceptible to promiscuous transcriptional activation in primary pre-B ALL, 

while hypermethylation of the CTGF locus in T-ALL and CTGF
neg cell lines renders this 

region transcriptionally silent.  

 

This observation is supported by previous findings that identified decreased methylation 

at the CTGF locus in pre-B ALL specimens compared to T-ALL and DLBCL (Martin-

Subero et al. 2009). The assertion that the CTGF locus is, by contrast, hypermethylated 

in T-ALL is also supported by Martin-Subero and colleagues, although analysis of a 
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greater number of patient specimens is required to confirm this definitively. With the 

exception of CD34pos cells, normal haematopoietic precursor cells were not available for 

analysis during this study. However, given the observation that both DLBCL and T-ALL 

cells were hypermethylated at the CTGF locus, and conversely this region was 

hypomethylation in bone marrow derived CD34pos cells, and pre-B ALL cells, it is 

conceivable that that epigenetic silencing of the CTGF locus may occur during normal 

haemopoiesis. Careful examination of the methylation status of the CTGF locus 

throughout haemopoiesis should be undertaken to determine if and when epigenetic 

silencing of the CTGF locus occurs.   

 

6.3.2 The importance of histone modifications 

The heterogeneity in CTGF expression between the CTGF
high and CTGF

low/neg primary 

pre-B ALL specimens may also be a result of histone modifications such as methylation 

or acetylation which can alter chromatin accessibility and gene expression (Smith & 

Shilatifard 2011). This hypothesis was supported by the observation that CTGF 

expression was enhanced in response to treatment with the HDAC inhibitor TSA in the 

PER-145 cell line, which already exhibited moderate CTGF expression. Reinforcing this 

finding, HDAC inhibitors have been shown previously to up-regulate CTGF expression 

in renal epithelial cells, hepatoma cell lines and primary hepatocytes (Komorowsky et al. 

2009; Chiba et al. 2004). Care needs to be taken when interpreting these results 

however,  as pharmacological inhibition of HDACs is a blunt instrument in investigating 

the role of histone acetylation in gene regulation and changes in acetylation cannot be 

targeted to specific loci. A more detailed analysis of the role of histone acetylation in the 

regulation of the CTGF locus could be undertaken by performing chromatin 

immunoprecipitation (ChIP) using antibodies against acetylated H3 and H4 histones, and 

comparing CTGF
high and CTGF

low/neg pre-B ALL specimens by ChIP-sequencing or 

ChIP-on-Chip (Ho et al. 2011). The enormous power of next generation sequencing 

means that global patterns of histone acetylation in pre-B ALL could be elucidated, and 

this may prove useful for not just analysis of the CTGF locus, but other regions of 

interest in pre-B ALL. 
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A commonly held view of the role of CpG islands is one where methylated CpGs can 

direct repression of gene transcription by recruiting methyl-CpG binding proteins such 

as the methyl-CpG binding domain (MBD) proteins 1 to 4 to influence gene expression 

(Feng & Zhang 2001). These proteins prevent gene transcription by inhibiting the 

binding of transcription factors to DNA regulatory elements or by recruiting histone 

modifying complexes to alter the local chromatin structure. For example, MBD1 recruits 

the histone methyltransferase SETDB1 which catalyses tri-methylation of lysine 9 on 

histone H3 (H3K9m3),  which is a repressive mark (Snowden et al. 2002; Sarraf & 

Stancheva 2004). Recent findings however suggest that CpG islands can also be 

interpreted through the specific recognition of non-methylated CpGs and furthermore 

that non-methylated CpG islands can reinforce active chromatin marks within a coding 

region.  

 

Two important histone modifying enzymes, KDM2A and CFP1, have been shown to 

specifically bind to non-methylated CpGs through their zinc finger (ZF)-CxxC domain 

(Blackledge et al. 2010; Lee & Skalnik 2005). KDM2A is a histone demethylase and 

catalyses the removal of repressive dimethyl marks from H3 lysine 36 (H3K36me2) (Li 

et al. 2009a; Tsukada et al. 2006). ChIP assays demonstrated that while intergenic 

regions show constant high levels of H3K36Me2, non-methylated CpG islands occupied 

by KDM2A were depleted of this repressive mark (Blackledge et al. 2010). CFP1 also 

contains a ZF-CxxC domain and specifically binds non-methylated CpGs. CFP1 

associates with the SET1 complex to catalyse the addition of the trimethyl marks to H3 

lysine 4 (H3K4me3) (Lee & Skalnik 2005). H3K4me3 is generally associated with the 

5’ end of gene coding regions as is strongly associated with transcriptional activation 

(Okitsu & Hsieh 2007). These data clearly demonstrate that these ZF-CxxC proteins 

bind to non-methylated DNA and enforce active chromatin marks and encouraging 

transcription of target genes. Determining the array of histone modifications at the 

CTGF locus may shed light on mechanisms controlling gene expression through 

alterations in chromatin structure. This is no small task due to the large number of 

histone modifications that can be examined, however this should be considered a 
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worthwhile goal for future investigation into the role of epigenetic modification in 

regulating the CTGF locus. 

 

6.3.3 Conclusions 

In summary, the experiments described in this chapter demonstrated that the CTGF 

locus contains a CpG island extending from the proximal promoter into exon 3, that is  

hypomethylated in primary paediatric pre-B ALL and thereby provides a mechanism to 

explain the tendency of this locus to be deregulated in pre B-ALL. Furthermore, analysis 

of T-ALL specimens and bone marrow derived CD34pos cells points to the potential 

developmental methylation (and silencing) of the CTGF locus during lymphopoiesis, 

although more evidence is required before any definitive conclusions can be drawn. 

Modulation of global methylation and histone acetylation influenced CTGF expression 

in B-lineage ALL cell lines and further investigation into the covalent modification of 

histones occupying CTGF associated nucleosomes is warranted. Such an investigation 

may reveal differences in chromatin state between pre-B ALL cells exhibiting non-

methylated CpG island but different levels of CTGF expression. 
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Chapter 7 

General Discussion 

Chapter 7: General Discussion 

7.1 Introduction 

The prognosis for patients diagnosed with ALL is excellent compared to other cancers, 

achieving cure rates of 85-90% for some forms of this disease, yet ALL continues to be 

the most frequently diagnosed cancer in children worldwide (Pui et al. 2010; Gaynon et 

al. 2010; Conter et al. 2010). Moreover, while these cure rates are remarkable, around 

20% of children diagnosed with ALL still relapse (Conter et al.; Gaynon et al. 2010; Pui 

et al. 2010), and improving therapy for these patients is of paramount importance. 

Advances in long-term survival for ALL patients have come about largely through the 

careful optimisation of treatment protocols, facilitated by large, multi-centre clinical 

trials (Gaynon et al. 2010; Pui et al. 2010), and not through the development of novel 

therapeutic agents. One of the most critical aspects of conventional ALL therapy is 

stratifying patients based on clinical features present at diagnosis, and directing these 

patients to the appropriate level of treatment (Pieters & Carroll 2010). The aim is to 

identify patients at a high risk of relapse, and ensure these patients are directed to 

intensive chemotherapy, to afford them the best chance of achieving a clinical remission. 

At the same time, low or standard-risk patients are spared from the more toxic therapies 

reserved for high-risk patients or those that relapse. These treatments can carry 

significant long-term health risks, and thus limiting their use in children is desirable 

(Dowling et al. 2010).  

 

However, a key question remains in terms of what biological features can best 

distinguish these high-risk patients from others and how therapy can be tailored further 

for high-risk patients according to specific biological features, such as gene expression 

signatures or clinical features. Clinical trials alone cannot answer these questions, thus 

the key to improving patient outcomes further is to elucidate the molecular mechanisms 

underlying ALL. This may facilitate the discovery of novel prognostic biomarkers with 
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therapeutic relevance, or the elucidation of tumour specific cellular pathways that can be 

exploited by new or existing cancer treatments for therapeutic gain.  

 

7.2 Study objectives 

This thesis investigated the molecular mechanisms responsible for deregulated 

expression of the proto-oncogene CTGF in childhood pre-B ALL. The literature review 

highlighted that aberrant CTGF expression is a frequent event in pre-B ALL (Vorwerk et 

al. 2000; Sala-Torra et al. 2007; Boag et al. 2007), as well as numerous solid cancers, 

however this review also highlighted an incomplete understanding of both the 

mechanisms regulating the CTGF gene locus and its involvement in the pathogenesis of 

ALL. Hence, this thesis addressed four related research questions. The first hypothesis 

was that CTGF expression may be a result of abnormal transcription factor activation or 

expression. Therefore, the global gene expression profiles of three, independent, 

paediatric pre-B ALL cohorts, were compared to identify CTGF-correlated patterns of 

gene expression. The second hypothesis was that CTGF expression may exhibit 

prognostic significance and may be associated with clinical features at the time of the 

patient’s diagnosis. Thus, the association between clinical features, CTGF expression 

and patient survival was investigated in the PMH cohort of paediatric pre-B ALL. The 

third hypothesis was that aberrant CTGF expression may have a genetic basis. To 

address this, a sequencing and hybridisation approach was employed to investigate the 

CTGF gene locus and CTGF mRNA transcripts for lesions that may contribute to its 

deregulated expression. Lastly, the fourth hypothesis was that CTGF expression has an 

epigenetic basis. Hence, methylation-specific PCRs and bisulfite sequencing was 

performed to investigate the association between DNA methylation and CTGF 

expression. These experiments were expected to shed light on the mechanisms driving 

CTGF expression in pre-B ALL, as well as highlighting its prognostic relevance. 
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7.3 Critical findings 

7.3.1 A possible role for Ikaros proteins in CTGF transcription 

To examine whether aberrant transcription factor activation or expression was 

responsible for transcriptional activation of CTGF in pre-B ALL, three independent,  

pre-B ALL microarray datasets were compared and examined for CTGF-correlated 

genes. Six genes were identified by this approach and by comparing the 5’ flanking 

regions of these six genes to that of CTGF, as well as each other, it was expected that 

common transcription factor binding sites would become evident, implicating individual 

transcription factors as candidates for functional analysis. Somewhat surprisingly, 

binding sites for nuclear factors known to regulate the CTGF locus in other cell types 

were not identified in these CTGF-correlated genes. Instead, in silico analysis uncovered 

binding sites for the Ikaros protein family members IKAROS and HELIOS, in the 5’ 

flanking sequence of these genes.  

 

The Ikaros family of transcriptional regulators have been associated with both 

transcriptional activation, as well as silencing of target loci by targeting repressive 

chromatin changes (Koipally et al. 1999; Rebollo & Schmitt 2003). Both HELIOS and 

IKAROS have been associated with haematological malignancies and IKAROS is 

frequently deleted or mutated in high-risk pre-B ALL (Kuiper et al. 2010; Mullighan et 

al. 2009). Thus, the Ikaros family of proteins may be involved in silencing the CTGF 

locus, and a loss of IKAROS or HELIOS function may result in dysregulation of CTGF 

expression. Indeed analysis of a cohort of high-risk pre-B ALL patients that were 

recently examined for IKAROS mutations and deletions (Mullighan et al. 2009), 

confirmed that CTGF expression was significantly associated with IKAROS genomic 

lesions. While these findings suggest that IKAROS and/or HELIOS may play a role in 

regulating the CTGF locus, detailed functional characterisation of the effect of these 

proteins upon the CTGF promoter have not yet been undertaken.  

 

This is the first time IKAROS or HELIOS have been implicated in CTGF gene 

expression. The role of the Ikaros family gene mutations and deletions in dysregulation 
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of the CTGF locus and in pre-B ALL more broadly is warranted. IKAROS gene 

mutations or deletions are highly predictive of relapse (Kuiper et al. 2010; Mullighan et 

al. 2009), and in-frame deletions within the IKAROS coding region can result in the 

synthesis of inhibitory DN isoforms. However, these may also be generated by 

alternative splicing (Meleshko et al. 2008), making this a challenging area of research. 

Compounding this, DN isoforms may interact with other Ikaros family members due to 

conservation in the dimerisation domain of this protein family. Thus, a broad analysis of 

the mutation and transcriptional status, as well as the functional capacity of all five 

Ikaros family members should be performed simultaneously in any future studies and 

correlated to CTGF gene expression.   

 

7.3.2 Clinical importance of CTGF expression in pre-B ALL 

While CTGF expression has been associated with a poor outcome in both adult and 

high-risk paediatric ALL (Sala-Torra et al. 2007; Kang et al. 2010), it was unclear if 

specific biological features correlated with CTGF mRNA levels. Detailed patient data 

was available for the PMH cohort, and thus associations between a range of clinically 

relevant biological features and CTGF gene expression was examined. Significantly 

lower mean CTGF expression was observed in patients with enlarged lymph nodes, and 

there was also a similar trend in patients with enlarged spleens, however this did not 

reach significance. This observation suggests that CTGF expression in leukaemic cells 

does not promote metastasis to sites outside of the bone marrow. As reported in Chapter 

1, CTGF expression has been both positively and inversely associated with metastasis 

(Lin et al. 2005; Li et al. 2007), and thus the tissue context is likely to significantly 

influence the biological outcome of CTGF secretion. 

 

To investigate the associations between CTGF expression and patient outcomes, the 

PMH cohort was stratified based upon CTGF expression and examined for RFS and 

overall survival. These was no association between overall survival and CTGF 

expression, however those patients whose leukaemic blasts were CTGF
pos had a lower 

RFS compared to those patients whose blasts were CTGF
low/eg (71% and 83% 
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respectively). This association in the PMH cohort did not reach statistical significance, 

and this may be due to the cohort composition which contained 68% standard-risk and 

32% high-risk patients. Nonetheless, these findings confirm reports by others that CTGF 

expression is associated with a poor outcome in pre-B ALL. The mechanisms through 

which CTGF exerts its biological effects in ALL remains unclear, however it is 

suspected that aberrant CTGF gene expression in the bone marrow may result in changes 

in the microenvironment that create a preferred site of sanctuary for leukaemic cells, and 

this may have important ramifications in regards to the emergence of drug resistance 

during therapy. 

 

7.3.3 A model for CTGF-mediated leukaemogenesis 

The CTGF protein is pleiotropic, however CTGF has no known role in lymphocyte 

biology. It is expressed in numerous tumour types, and thus may confer a biological 

advantage to leukaemic cells through autocrine or paracrine mechanisms, or by altering 

interactions with the stromal microenvironment. It is now widely accepted that bone 

marrow stromal cells facilitate adhesion of leukaemic cells within the bone marrow 

microenvironment, affording them sanctuary from chemotherapy (Weisberg et al. 2008; 

Meads et al. 2008). CTGF can induce terminal differentiation of bone marrow stromal 

cells (BMSCs) into fibroblasts (Lee et al. 2010) and these BMSC-derived fibroblasts 

may exhibit some of the growth-promoting effects exhibited by cancer-associated 

fibroblasts in other cancer types (Allen & Louise Jones 2011).   

 

This proposed model, where secreted CTGF has a paracrine effect upon the bone 

marrow microenvironment is outlined in Figure 7.1, and is supported by two key 

unpublished findings generated in the laboratory of Prof Ursula Kees. Firstly, both 

CTGF
pos and CTGF

neg pre-B ALL cells fail to respond to treatment with exogenous 

recombinant human CTGF protein in vitro, seemingly ruling out autocrine growth 

effects upon these leukaemic cells. Secondly, pre-treatment of human bone marrow 

stromal cells (HS5 cell line) with rhCTGF resulted in enhanced adhesion, migration, 

proliferation and most notably drug-resistance, of pre-B ALL cells in subsequent co-
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culture experiments. It could be speculated that a paracrine growth loop exists that is 

facilitated by CTGF-induced changes in stromal cell gene expression. These 

unpublished findings, which were not part of the present study, may account for the 

enhanced bone marrow fibrosis observed in pre-B ALL (Noren-Nystrom et al. 2008). 

This model also provides a plausible mechanism by which CTGF expression in the bone 

marrow may promote drug resistance and relapse in patients, thus highlighting the 

importance of better understanding the mechanisms driving its deregulated expression. 

These studies are ongoing and are expected to yield important data regarding the 

paracrine effects of CTGF in the bone marrow microenvironment. 

 

 
 

Figure 7.1 Proposed model of the growth-promoting effects of CTGF in the 

bone marrow microenvironment 

Acquisition of CTGF gene expression by pre-leukaemic or early leukaemic cells results 

in aberrant secretion of CTGF protein. Bone marrow stromal cells (BMSCs) respond to 

CTGF protein by releasing pro-survival signals such as growth factors and cytokines as 

well as increasing synthesis of extracellular matrix (ECM) proteins. BMSC derived pro-

survival factors promote enhanced proliferation and adherence of pre-B ALL cells. 

Tumour stroma may also facilitate crosstalk between ALL cells and other stromal cells 

in the bone marrow microenvironment. 
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 7.3.4 Genomic lesions did not contribute to CTGF expression  

The third major hypothesis of this study was that aberrant CTGF expression was the 

result of genomic lesions affecting the CTGF locus. Southern blotting ruled out 

rearrangement of a 16 kb region encompassing the CTGF locus and flanking regions. 

Similarly, gene copy number analysis revealed that primary pre-B ALL specimens and 

ALL cell lines were diploid for CTGF. Thus gross structural alterations could not 

account for abnormal CTGF expression. Sequencing of the CTGF promoter and 3’UTR 

in ALL cell lines did not identify any mutations that could account for either abnormal 

promoter activation, or a failure in post-transcriptional regulation of CTGF mRNA. It is 

possible that cryptic enhancer or promoter elements outside of the region sequenced in 

this study may be responsible for the activation of the CTGF locus, and sequencing of 

upstream regions may yet uncover mutations relevant to CTGF expression. It should be 

noted that the rs6918698 C>G SNP at position -739 was identified in one of the CTGF
pos 

ALL cell lines, however given the fact that it was only identified in one of four CTGF
pos 

cell lines, it seems unlikely that this SNP contributes significantly to CTGF promoter 

dysregulation. Nonetheless, investigation of the incidence of this SNP in primary pre-B 

ALL specimens may reveal association with CTGF expression, and thus could be 

considered in future studies if only to rule out its involvement. 

 

7.3.5 CTGF mRNA is subject to alternative splicing in pre-B ALL 

While evidence of aberrant CTGF expression has been provided from several sources 

(Sala-Torra et al. 2007; Vorwerk et al. 2000; Boag et al. 2007), these findings have all 

been generated by detection of CTGF mRNA using qRT-PCR and microarrays, 

targeting the 3’ UTR of the CTGF transcript. Northern blotting and cDNA sequencing 

was used to evaluate the complement of CTGF mRNA transcripts produced in ALL cell 

lines. These experiments confirmed that while the majority of CTGF mRNA (>90%) 

was the canonical 2.4 kb mRNA, an array of CTGF transcripts were generated by 

alternative pre-mRNA splicing, as well as alternative transcription start site usage in 

ALL cells. This is the first evidence of alternative splicing of CTGF mRNA in any tissue 

type and thus is an important finding, as some of these CTGF spliceforms may exist in 
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other cancer types or normal tissues and have the potential to encode truncated CTGF 

proteins as well as synthesizing transcripts that can avoid post-transcriptional control of 

CTGF expression. Analysis of CTGF mRNA splicing in primary pre-B ALL specimens 

was not performed in the present study. However, such an investigation is warranted to 

establish accurate patterns of CTGF mRNA synthesis in pre-B ALL that may uncover 

tumour-specific CTGF transcripts with altered coding potential or susceptibility to post-

transcriptional control mechanisms.  

 

7.3.6 CTGF mRNA may not reflect CTGF protein levels in ALL 

A disparity was observed between CTGF mRNA and protein levels in ALL cell lines. 

While four cell lines were CTGF
pos, only the PER-377 cell line exhibiting the highest 

level of CTGF mRNA synthesized detectable levels of CTGF protein, suggesting that 

post-transcriptional regulation of CTGF mRNA may be occurring in these cell lines. 

This finding suggests that the levels of CTGF mRNA detected in primary specimens 

may not accurately represent the amount of CTGF protein produced by these cells. 

Therefore, CTGF protein would make a more attractive target as a biomarker and may 

hold more prognostic significance than mRNA levels alone. Future studies should 

investigate the correlation between CTGF mRNA and protein levels in primary 

specimens. Furthermore, evaluation of the association between CTGF protein expression 

and patient outcomes is justified. 

 

If CTGF protein levels are to be examined for prognostic significance in pre-B ALL, this 

raises the question as to what biological material is most appropriate. Diagnostic bone 

marrow aspirates are routinely collected to confirm a diagnosis of ALL. These 

specimens represent the most relevant biological material for detecting CTGF protein 

levels, as CTGF is predicted to significantly alter the bone marrow microenvironment. 

Purification of mononuclear cells from diagnostic bone marrow aspirates is usually 

performed with a ficoll-hypaque density gradient. This protocol could be easily adapted 

to ensure that the acellular plasma fraction of this density gradient is retained and 

cryopreserved for subsequent molecular investigation of secreted growth factors present 



 

 181 

in the bone marrow space. This method would fit into current diagnostic sample 

processing protocols without significant procedural changes, however aspirates would 

need to be obtained using the anticoagulant ethylenediaminetetraacetic acid (EDTA) 

only, as the other commonly used anticoagulant heparin would bind to CTGF through its 

CT domain, potentially confounding protein detection. Collection of this material for 

retrospective analysis should be encouraged to focus not only on CTGF, but also other 

biomarkers present in the bone marrow that may come to light in future research. 

 

7.3.7 The CTGF locus is hypomethylated in pre-B ALL 

The final hypothesis of this study was that aberrant CTGF expression may be a result of 

epigenetic changes in ALL cells. DNA methylation and histone acetylation has been 

shown to play a role in modulating the transcriptional potential of the CTGF locus in 

liver and ovarian cancers (Chiba et al. 2004; Chiba et al. 2005; Kikuchi et al. 2007) and 

global hypomethylation of cancer cells is an accepted mechanism by which oncogenes 

can be activated in cancer cells (Feinberg & Vogelstein 1983b; Tsujiuchi et al. 1999; 

Hanada et al. 1993). A combination of msPCR and bisulfite sequencing was used to 

investigate DNA methylation at the CTGF locus in ALL cell lines and primary 

specimens. This was the first such detailed analysis of epigenetic regulation of the 

CTGF locus in ALL. 

  

An inverse correlation between CTGF gene expression and DNA methylation was 

observed in a panel of ALL cell lines. In contrast, all fourteen pre-B ALL primary 

specimens were hypomethylated at the CTGF locus despite displaying heterogeneous 

levels of CTGF expression. It is not clear whether the CTGF gene locus is normally 

subjected to epigenetic silencing during lymphoid specification or maturation, however 

in contrast to pre-B ALLs the CTGF locus was hypermethylated in two T-ALL 

specimens investigated in this study and this finding is supported by others that have 

observed a similar pattern in global methylation analysis of a large panel of 

haematological malignancies (Martin-Subero et al. 2009). Thus, hypomethylation of the 

locus is a conceivable mechanism by which aberrant CTGF expression may arise. The 
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ability of epigenetic factors, including DNA methylation and histone acetylation to 

modulate CTGF expression were confirmed in vitro, and this finding is also in 

agreement with published data from others relating to epigenetic regulation of CTGF in 

other cancer types (Kikuchi et al. 2007; Chiba et al. 2004). Because CTGF mRNA is not 

detectable at any stage in normal haemopoiesis, it is highly likely that this locus is 

epigenetically silenced during normal development. Careful analysis of the epigenetic 

state of the CTGF locus at each stage of lymphopoiesis is a worthwhile endeavour to 

confirm whether epigenetic processes are responsibly for maintaining this region in a 

transcriptionally silent state.  

 

7.4 Future directions 

7.4.1 Prognostic relevance of CTGF 

CTGF mRNA was associated with lower RFS in the PMH cohort of paediatric ALL and 

unpublished data implicates CTGF protein in modulating the bone marrow 

microenvironment to support leukaemic cells. The prognostic relevance of secreted 

CTGF protein in the bone marrow should be investigated, as there is abundant data 

supporting associations between aberrant CTGF mRNA expression and unfavourable 

outcome in both paediatric and adult ALL. As discussed, diagnostic bone marrow 

specimens represent the most appropriate biological material for this analysis as this 

material would provide a snapshot of protein levels in the bone marrow space. Thus, 

bio-banking of this material should be encouraged to facilitate retrospective analysis of 

the associations between patient outcomes and secreted growth factors, including CTGF 

or other factors that are highlighted as important candidates in the pathogenesis of ALL. 

 

7.4.2 Modeling the role of CTGF in ALL pathogenesis in-vivo 

Murine models of B-lineage lymphomas or leukaemias, as well as xenographs of 

primary human pre-B ALLs represent suitable in vivo models with which to study the 

effect of CTGF gene expression upon the biology of leukaemia, as well as the bone 
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marrow microenvironment. Human pre-B ALL murine xenographs provide the 

opportunity to examine whether inhibition of CTGF activity can affect the viability, 

engraftment or drug resistance profiles of pre-B ALL cells in vivo. In an orthotopic 

murine model of pancreatic adenocarcinoma, in which CTGF is expressed at high levels, 

administration of a human monoclonal CTGF antibody attenuated tumour growth and 

metastasis. This study demonstrated that secreted CTGF can have a significant effect 

upon tumour biology and the surrounding stroma, and further that blocking the function 

of CTGF can influence tumour growth (Aikawa et al. 2006). This highlights the 

potential for a similar role in ALL therapy. Preliminary studies have shown that co-

incubation of pre-B ALL cells with CTGF-treated bone marrow stromal cells affords a 

significant level of protection against chemotherapy. Thus, it is conceivable that 

inhibiting CTGF function using blocking antibodies during induction chemotherapy 

could hypothetically reduce the emergence of resistance. There is much to be learnt from 

murine models before such a hypothesis could be tested, however attenuating CTGF 

function could conceivably provide a novel therapeutic strategy for the management of 

paediatric pre-B ALL in the future.  

 

7.4.3 Factors interacting with the CTGF gene locus 

While nuclear factors known to regulate the CTGF locus were not expressed at higher 

levels in CTGF
pos cells, these factors may be activated post-transcriptionally, or through 

aberrant activation of binding partners. As such, analysis of nuclear factors bound at the 

CTGF gene locus should be explored by chromatin immunoprecipitation (ChIP). 

Candidates for analysis by ChIP include those factors known to activate the CTGF 

promoter in other cell types such as AP-1, Ets-1, MMP3 or SP-1 (Yu et al. 2009; Van 

Beek et al. 2006; Eguchi et al. 2008; Holmes et al. 2003), as well as members of the 

Ikaros family of nuclear factors highlighted in the present study. 

7.5 Final conclusions 

This thesis supports previous observations that CTGF expression is associated with a 

poor outcome in paediatric pre-B ALL and identified an association between CTGF 
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gene expression and reduced lymph node metastasis, suggesting CTGF expression may 

influence homing of leukaemic cells. A disparity between CTGF mRNA and protein 

levels was observed, thus future studies should develop methods for detecting CTGF 

protein levels in the bone marrow space. Analysis of global gene expression data from 

three independent cohorts implicated the Ikaros family lymphoid-specific nuclear factors 

in regulation of the CTGF gene locus. Functional investigations into the role of these 

lymphoid-specific nuclear factors in altering CTGF expression are now warranted. 

Genomic lesions such as gene rearrangements, copy number alterations, and gene 

mutations were ruled out as mechanisms contributing to CTGF expression in pre-B 

ALL, however hypomethylation of the CTGF locus was a feature of all primary pre-B 

ALL specimens examined, providing a plausible mechanism for its deregulated 

expression. As well as aberrant epigenetic marks, alternative splicing of CTGF mRNA 

was observed and minor transcripts were characterized that displayed altered coding 

potential and others with the ability to evade post-transcriptional control mechanisms. 

 

In conclusions this thesis has improved our understanding of the molecular mechanisms 

contributing to CTGF gene expression in pre-B ALL, as well as highlighting important 

aspects of CTGF biology that require further investigation. Continued research into the 

role of CTGF gene expression in the development and maintenance of pre-B ALL may 

uncover biological interactions that are critical for ALL pathogenesis. There is evidence 

emerging from both in vitro and in vivo models to suggest that inappropriate CTGF 

secretion by leukaemic cells may have significant effects upon the establishment and 

progression of this disease. Furthermore these interactions may be therapeutically 

vulnerable and may represent a valid avenue of improving patient therapy in the future. 

By continuing to advance our understanding of key molecular pathways underlying 

ALL, we can move toward improving treatments and ultimately long-term outcomes for 

children diagnosed with this disease. 
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