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Abstract 

Non Hodgkin’s lymphoma (NHL) is a heterogeneous group of lymphoid 

neoplasms that arise mostly from different stages of B-cell development and 

account for approximately 90% of lymphoma cases. Diffuse Large B-Cell 

Lymphoma (DLBCL) and Follicular Lymphoma (FL) are the most common types 

of NHL accounting for around 50% of cases. Advances in molecular and 

genomic approaches have discovered genes and pathways that can in part 

explain the high heterogeneity in morphology, tumour biology and clinical 

outcome. However, the high genetic heterogeneity observed within these NHL 

subtypes has limited the identification of genes and pathways with biological 

and clinical relevance, which in turn has limited the discovery of novel, target-

specific and effective therapies that increase the survival rates of patients 

suffering from NHL.   

 

A recent study performed by the Griffith Lymphoma Project (GLP), using an 

integrative analytic approach of gene expression and copy number variation 

data from cases with DLBCL and FL, identified common genetic alterations 

across DLBCLs and FLs, targeting mainly the MAPK signalling pathway. These 

findings, apart from involving the MAPK signalling pathways as a crucial 

pathway in the lymphomagenesis of NHL, also unmasked the existence of 

common pathogenic mechanisms underlying the malignant phenotype of these 

B-cell lymphomas. These results also revealed that the investigation of common 

alterations in the mechanisms underlying the pathogenesis of these NHL 

subtypes is biologically and clinically relevant, as it provides a better 

understanding of the origin and progression of these lymphomas, and could 

unmask novel chemotherapeutic targets with a higher effectivity and selectivity 

than the available treatment for NHL. 

 

Based on these findings, the present study, as part of the Griffith Lymphoma 

Project, aimed to identify tumour suppressor genes (TSGs) that could be 

commonly involved in the lymphomagenesis of FL and DLBCL. For this 

research, loss of heterozygosity (LOH) was interrogated in a high-density single 

nucleotide polymorphism (SNP) array data from unpaired tumour samples of 21 
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FL cases and 21 DLBCL cases. Using a Hidden Markov Model (HMM) for 

analysis of this data, this high resolution approach inferred 46 common LOH 

regions across FL and DLBCL containing about 262 potential candidate TSGs, 

which, through their inactivation may be implicated in the pathogenesis and 

progression of both DLBCL and FL. Using pathway and gene set enrichment 

analyses, these candidate TSGs were found to take part in important cellular 

networks, which may be deregulated by inactivation of one or more TSGs and 

may play a critical role in the tumourigenesis of these B-cell lymphomas.  

 

In order to validate this high resolution LOH approach, a target-specific 

microsatellite-based LOH analysis was performed in a large cohort of NHL 

cases and controls. For this validation, the candidate TSGs FASLG (Fas 

ligand), CISH (cytokine inducible SH2-containing protein), PTPRJ (protein 

tyrosine phosphatase, receptor type, J), MPP5 (membrane protein, 

palmitoylated 5), TP53BP1 (tumour protein p53 binding protein 1) and B2M 

(Beta-2-microgobulin) were further investigated, and a pair of microsatellites 

mapping to each gene were used to validate the inferred LOH calls for each 

candidate TSG. As a result of this analysis, LOH of the candidate TSGs 

FASLG, CISH, PTPRJ and TP53BP1/B2M was validated through the significant 

decrease of heterozygosity rates of microsatellites targeting these TSGs in NHL 

cases. These results suggest that these candidate TSGs may play important 

roles in lymphomagenesis based on their role in key signalling pathways such 

as apoptosis, cytokine and proliferation signalling pathways, as well as double 

strand break (DSB) repair machinery and immune recognition. Based on these 

findings, the present study also aimed to further study the 15q15.1- 15q21 

genomic region containing the TSGs TP53BP1 and B2M, and the candidate 

TSG PTPRJ in NHL tumourigenesis. 

 

The high resolution LOH analysis performed in this study identified the 15q15.1- 

15q21 genomic region as a common event in FLs and DLBCLs. In order to 

study this region and identify the most likely candidate genes targeted by LOH-

driving events, an integration of LOH data and previously published copy 

number variation (CNV) data for this region was used to carry out fine-mapping 
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of this region. This analysis determined that the previously reported deletion at 

15q21 spans a 9 Mb region and covers two LOH regions. Interestingly, the 

known TSGs TP53BP1 and B2M were identified as the most likely targets within 

a LOH region of 3.4 Mb containing 41 genes, which was validated by a 

significant increase of homozygous frequency in cases with NHL for 

microsatellites targeting this region. This finding implicated the inactivation of 

TP53BP1 and B2M as a common event in the tumourigenesis of FL and 

DLBCL, identifying TP53BP1 and B2M as TSGs in FL pathogenesis and in the 

transformation of FL to DLBCL. In addition, transcript abundance analysis for 

TP53BP1 and B2M in cases with and without LOH, determined that LOH events 

do not have a significant effect in the expression of these TSGs. A mutational 

screening of B2M was carried out in NHL cases in order to identify mutations in 

coding regions of this TSG that could drive LOH. As a result of this approach, 

only two monoallelic microdeletions were identified in two DLBCL cases with 

LOH. Additional findings suggested that copy-neutral, in addition to copy-loss 

events, are the driving causes of LOH for TP53BP1 and B2M. The role of 

TP53BP1 and B2M in double-strand breaks (DSB) repair machinery, and in 

immune recognition mechanisms respectively, indicate that inactivation of these 

TSGs may play a crucial role in the pathogenic mechanisms underlying the 

malignant phenotype of FL and DLBCL.  

 

Another candidate TSG identified by this high resolution LOH study was the 

protein tyrosine phosphatase, receptor type J, named as PTPRJ and located at 

the 11q11.2 locus. LOH of PTPRJ was found as a common event across FLs 

and DLBCLs, which was validated by a significantly increased rate of 

homozygosity of a microsatellite targeting the PTPRJ locus in NHL cases. 

These findings implicated, for first time in any haematological malignancy, the 

inactivation of PTPRJ as a novel and common event in the lymphomagenesis of 

NHL. Based on this finding and the role of PTPRJ in the regulation of crucial 

pathways for the survival of B-cells (i.e. BCR, MAPK and PI3K signalling), the 

present study focused on determining the LOH-driving causes and the effect of 

LOH of this TSG in the pathogenic mechanisms underlying these NHL 

subtypes. The research also aimed to investigate the role of PTPRJ in the 
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normal and malignant B-cell development. Overall, this study provided strong 

evidence to support that PTPRJ plays an important role in the 

lymphomagenesis of FL and DLBCL. 

 

Initially, in order to determine the effect of LOH on PTPRJ expression, transcript 

abundance of PTPRJ was measured and compared in cases, with and without 

LOH. From these studies, a significant downregulation of PTPRJ was observed 

in FL cases but not in DLBCL cases with LOH. Additionally, comparison of the 

basal protein levels of PTPRJ and MAPK activity –phosphorylation of ERK 1/2- 

in NHL cell lines found an inverse correlation between the levels of PTPRJ and 

MAPK activity in these cell lines. Together, the observation of a significant 

downregulation of PTPRJ in FL cases with LOH, and the high levels of MAPK 

activity detected in NHL cell lines expressing low levels of PTPRJ, suggested 

that LOH-driving events targeting PTPRJ cause haploinsufficiency. Moreover, it 

is likely that this haploinsufficiency could play a crucial role in the 

lymphomagenesis of FL and DLBCL as low levels of PTPRJ can result in a 

failure to dephosphorylate SRC kinases and ERK1/2 kinases, which are crucial 

for the signalling of BCR, PI3K and MAPK signalling pathways. 

 

Based on the effect of LOH on PTPRJ expression, this study was interested in 

evaluating whether LOH of PTPRJ also had an effect on the expression of other 

genes. Comparison of genome expression profiling data from cases with and 

without LOH found that LOH of PTPRJ also affects the expression of a number 

of genes. Consequently, a gene set enrichment analysis of these genes 

determined that the signalling pathways VEGF, ERBB, MAPK and Ca++, which 

are regulated by PTPRJ, were identified to be upregulated in NHL cases with 

LOH of PTPRJ. This result indicated that the inactivation of PTPRJ could induce 

a constitutive activation and upregulation of these pathways and consequently, 

implicate these pathways in the tumourigenesis of FL and DLBCL. To determine 

whether the expression of candidate TSG genes, identified by the high 

resolution LOH analysis, was affected by the LOH of PTPRJ, a comparison of 

the differentially expressed genes in cases with LOH and the candidate TSGs 

was performed. As a result of this analysis, NFATC3 (nuclear factor of activated 
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T-cells, cytoplasmic, calcineurin-dependent 3) was identified as the only TSG 

that apart from being commonly inactivated across FL and DLBCL cases, was 

significantly upregulated in NHL cases with LOH of PTPRJ. This finding 

suggested that NFATC3 may play an important role, as a novel TSG, in the 

lymphomagenesis of these B-cell lymphomas. Moreover, an interactome 

analysis of PTPRJ was performed In order to determine whether PTPRJ 

interacted directly or indirectly with any other candidate TSG found to be 

inactivated in NHL subtypes. Although this approach did not find a potentially 

inactivated TSG interacting directly with PTPRJ, some of these candidate TSGs 

interact indirectly with PTPRJ, suggesting that PTPRJ-regulated pathways are 

also affected by inactivation of other regulators of their activity. In addition to 

this result, this study found that PTPRJ shares some target genes with PTPN11 

(protein tyrosine phosphatase, non-receptor type 11), a TSG involved in 

hematopoiesis that was found commonly inactivated in FL and DLBCL cases. 

This finding indicates a possible overlap between the regulatory functions of 

PTPN11 and PTPRJ, indicating that the inactivation of both TSGs might cause 

constitutive activation of critical lymphomagenic pathways. 

 

Results from the gene set enrichment analysis performed on the candidate TSG 

genes identified a transcription factor binding site for LMO2 (LIM domain only-2) 

in the promoter of PTPRJ. Due to the overexpression of LMO2 in B-cell NHL 

subtypes derived from the germinal centre, its prognostic significance in 

DLBCL, and the crucial role of LMO2 in haematopoiesis, the present study 

further investigated the potential repressor role of LMO2 in PTPRJ expression 

using gene expression, immunoblot and promoter analyses. The inverse 

correlation observed between the transcript and protein levels of PTPRJ and 

LMO2 and the prediction of binding sites for the transcriptional partners of 

LMO2 (SP1, LYL1, and TAL1) in the promoter of PTPRJ provided preliminary 

evidence to support the role of LMO2 (LIM domain only-2) as a negative 

regulator of PTPRJ. In addition, PTPRJ was highly expressed in the non-

germinal centre B-cell (GCB) - like DLBCL subgroup, opposite to LMO2, which 

is highly expressed in GCB-derived NHL lymphomas. Furthermore, transcript 
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abundance of PTPRJ was identified as an independent prognostic factor in 

DLBCL cases but not in FL cases.  

 

The present study also aimed to determine the driving events of LOH of PTPRJ 

in the cohort of NHL. Consequently, in order to correlate LOH of PTPRJ with a 

previously reported duplication of the genomic region, containing the exons 1 up 

to 11 of PTPRJ, in a region located 12Kb upstream of the transcriptional start of 

PTPRJ, the present study aimed to identify fusion transcripts derived from this 

duplication. For this research, a sensitive semi-nested RT-PCR assay was 

designed and was able to detect novel fusion transcripts derived from this 

duplication. This assay allowed the detection of fusion transcripts with junctions 

of the exons 10 and 11 with exons 2 and 3 and also identified aberrant in-frame 

fusion transcripts. Despite the fact that duplication did not correlate with LOH, 

the expression of these fusion transcripts was found to confer susceptibility to 

DLBCL as these were significantly more detected in DLBCL cases; whereas, FL 

cases showed similar frequency to the observed in controls. Additionally, the 

presence of duplication was found to induce downregulation of PTPRJ, which 

could induce haploinsufficiency of this TSG independently of the LOH status of 

PTPRJ. Altogether, these findings indicated that the expression of transcript 

fusions could play an important role in the lymphomagenesis of DLBCL and 

during FL transformation to DLBCL. 

 

Finally, in order to identify LOH-driving mutations, this study performed a 

sequence screening in exons 5 and 13 of PTPRJ in tumour DNA samples from 

NHL cases. Although mutations were not detected in this cohort, the present 

study identified the coding SNPs (cSNPs) G973A (rs2270993), T1054C 

(rs2270992), A1182C (rs1566734) and G2971C (rs4752904). Interestingly, the 

A1182 allele was found to be significantly more frequent in FLs, and the alleles 

C1054 (rs2270992), A1182 (rs1566734), and C2971 (rs4752904) were 

significantly over-represented in NHL cases with LOH of PTPRJ. A haplotype 

analysis, performed on these cSNPs, found a significantly lower frequency of 

the GTCG haplotype in NHL cases, but it was only detected in cases without 

LOH. Conversely, the GCAC haplotype was significantly over-represented in 
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cases with LOH. As a continuation of these findings, the present study aimed to 

evaluate the effect of these cSNPs in NHL susceptibility using germ-line DNA 

from a large cohort of NHL cases and controls. This revealed a significantly 

higher frequency of the A1182 allele in DLBCL cases, the GTCG haplotype in 

controls and the GTCC haplotype in FL cases. Taking all this evidence 

together, these findings indicated that PTPRJ plays a role in predisposition to 

NHL. In addition, they also suggest that the detection of polymorphisms in the 

PTPRJ ectodomain, especially retention of the C1182 allele, together with LOH 

events, could affect the ligand-mediated activation of this receptor-like protein 

tyrosine phosphatase and play a pathogenic role in these B-cell lymphomas.  

 

In conclusion, the present study confirmed that the lymphomagenesis of FL and 

DLBCL share at least some of the same pathogenic mechanisms. This is 

supported by the identification of common LOH regions and candidate TSGs 

that through their inactivation, could alter critical pathways and thus, play an 

important role in the tumourigenesis of these B-cell lymphomas. In addition, this 

high resolution LOH study implicated TP53BP1 and B2M as novel TSGs in FL 

pathogenesis. Importantly, the present work also provides strong evidence to 

support the crucial role of PTPRJ in the lymphomagenesis of FL and DLBCL. 

Finally, the present study provided significant, new molecular knowledge to 

enable a better understanding of the NHL pathogenesis and also unveiled 

pathogenic mechanisms that might be used as novel chemotherapeutic targets 

in NHL.    
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1.1 Significance 

Non Hodgkin’s Lymphoma (NHL) represents a group of around 30 different 

lymphoid-derived neoplasms that exhibit high variation in tumour biology, 

clinical outcome and prognosis (Swerdlow et al., 2008; Turner et al., 2010). In 

Australia, NHL is the 6th most common type of cancer with an incidence of 4381 

newly diagnosed cases, and the fifth most deadly cancer, causing 1381 deaths 

in 2009 (Australian Institute of Health and Welfare 2012). The recent 

implementation of genomic approaches in the study of the pathogenesis of NHL 

subtypes have shown that most of these lymphoid malignancies arise from 

different stages of B-cell differentiation, and have identified some of the genetic 

and genomic alterations that trigger the pathogenic mechanisms underlying the 

malignant phenotype of these lymphomas (Alizadeh et al., 2000; Shaffer et al., 

2002b; Bende et al., 2007; Lenz et al., 2008b; Carlotti et al., 2009; Leich et al., 

2009; Lenz and Staudt 2010; Morin et al., 2011; Nogai et al., 2011).  

 

Diffuse large B-cell lymphoma (DLBCL), an aggressive lymphoma, and follicular 

lymphoma (FL), a slow growing and indolent lymphoma, are the most common 

NHL subtypes, which account for over 50% of all NHL cases (Jayasekara et al., 

2010). Recent advances in these genomic approaches have increased 

understanding about the pathogenesis of FL and DLBCL by identifying subtypes 

of these B-cell lymphomas, histologically indistinguishable, that exhibit specific 

genomic profiles (i.e. differential gene expression, copy number variations, etc) 

and resemble different stages at B-cell differentiation (Alizadeh et al., 2000; 

Bende et al., 2007; Leich et al., 2009; Lenz and Staudt 2010). For instance, 

gene expression profiling has identified three distinct molecular DLBCL 

subtypes, termed germinal centre B-cell-like (GCB-DLBCL), activated B-cell-like 

(ABC-DLBCL) and primary mediastinal B-cell lymphoma (PMBL), which arise 

from different stages of normal B-cell development, present distinct pathogenic 

mechanisms and exhibit variable outcomes to the conventional chemotherapy 

(Alizadeh et al., 2000; Rosenwald et al., 2002; Rosenwald et al., 2003; Lenz et 

al., 2008b). Likewise, most follicular lymphomas harbour the translocation 

t(14;18) that triggers overexpression of the anti-apoptotic BCL2. The high 

diversity in the genomic and genetic aberrations that are acquired, as 
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secondary hits, during the lymphomagenesis and progression of FL, has 

demonstrated that FL can arise from distinct pathogenic mechanisms (Bende et 

al., 2007; Ott and Rosenwald 2008; Carlotti et al., 2009; Leich et al., 2009). In 

addition, genomic approaches have also been useful to unmask the diverse 

number of genomic alterations that are acquired by FL tumours in the 

transformation to DLBCL that occurs in 20% of FL cases (Martinez-Climent et 

al., 2003; Carlotti et al., 2009).  

 

Despite the usefulness of these approaches to understand the 

lymphomagenesis of these B-cell NHL subtypes, the high genetic heterogeneity 

observed in these NHL subtypes has led to the discovery of many genetic and 

genomic alterations with unclear significance in the biology and clinical outcome 

of these NHL tumours. In order to overcome this issue, a previous study from 

the Griffith Lymphoma Project (GLP), comparing genomic profiles from FL, 

DLBCL and CLL (chronic lymphocytic leukemia) tumours found shared genetic 

alterations across these B-cell NHL subtypes, indicating that the 

lymphomagenesis of these NHL subtypes is orchestrated by common and 

crucial pathways such as MAPK signalling pathway (Green et al., 2011). Hence, 

based on these findings, the search of common pathways implicated in the 

lymphomagenesis of FL and DLBCL, is highly relevant, as it could provide a 

better understanding of these diseases and unmask novel and more efficient 

chemotherapeutic targets for the increase of survival rates in patients suffering 

from these lymphomas. 

 

Tumour suppressor genes (TSGs) are normally involved in controlling cellular 

pathways responsible for cell growth, proliferation, apoptosis and differentiation. 

Since the disruption of these genes by genetic alterations (i.e. deletions, 

mutations, epigenetic silencing duplications, etc) is considered a hallmark in the 

origin and progression of cancer, the identification of TSGs which are 

inactivated in cancer is paramount for a better understanding of the oncogenic 

process (Knudson 1971; Strachan and Read 1999; Knudson 2001). One of the 

most helpful and effective strategies for the detection of TSGs implicated in the 

oncogenesis of a specific cancer is the analysis of loss of heterozygosity (LOH). 



34 

 

This method has allowed the detection of genomic regions harbouring novel 

TSGs through the comparison of the heterozygosity status of genetic markers, 

between DNA from tumour and unaffected samples DNA of the same individual 

(Tischfield 1997; Strachan and Read 1999; Knudson 2001). Conventionally, 

polymorphic microsatellites mapping to candidate regions harbouring novel 

TSGs has been used for the investigation of LOH regions in healthy and tumour 

samples. Nonetheless, with the advent of genomic approaches, single 

nucleotide polymorphisms (SNPs) are ideally used for the successful 

interrogation of LOH regions and identification of novel TSGs throughout the 

whole genome in hundreds of paired samples, but are also limited by lack of 

germ-line DNA samples (Tischfield 1997; Strachan and Read 1999; Lieberfarb 

et al., 2003; Zhao et al., 2004; Dutt and Beroukhim 2007).  

 

In order to identify TSGs in tumour tissue in the absence of a normal germ-line 

counterpart, several analytical approaches have been used to infer LOH 

regions, with a similar reliability to that obtained in paired LOH analysis 

(Goldberg et al., 2000; Beroukhim et al., 2006; Green et al., 2010). The 

implementation of the Hidden Markov Model (HMM) algorithm to interrogate 

LOH in high density SNP array data has become the preferred method for the 

efficient and reliable identification of TSGs when germ-line DNA is unavailable, 

as it was independently validated in a study analysing unpaired pancreatic 

tumours (Beroukhim et al., 2006; Calhoun et al., 2006a; Calhoun et al., 2006b; 

Dutt and Beroukhim 2007; Heinrichs et al., 2010). 

 

The present study, as part of the Griffith Lymphoma Project (GLP), aimed to 

discover and validate common LOH regions and TSGs across FL and DLBCL 

tumours from an unpaired high resolution LOH analysis, in order to unveil 

common mechanisms underlying the lymphomagenesis of these B-cell NHL 

subtypes, and determine the possible role of these TSGs in normal B-cell 

development. The findings obtained from this study have provided a new and 

better understanding of the pathogenesis of these NHL subtypes, as this is the 

first study to use an LOH approach to identify common LOH regions across FL 

and DLBCL cases, implicating novel TSGs in the tumourigenesis of these B-cell 
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lymphomas, unveiling common pathways affected by the inactivation of these 

TSGs, investigating the possible mechanisms driving LOH in these genes, and 

studying the expression of these TSGs in these NHL subtypes. This study also 

provides the grounds for future investigations focused on the understanding of 

the pathogenic mechanisms underlying malignant B-cell development. 

 

1.2 Importance  

NHL is a common type of cancer affecting 4381 new cases every year in 

Australia. DLBCL and FL are the two most common NHL subtypes and 

although treatment outcomes are very improved, success rate after 5 years is 

still only 60% in cases with DLBCL and after 3 years is only 73% in FL cases. It 

is important that we identify genes implicated in NHL development, progression 

and prognosis as these may define new molecular targets for therapeutic 

development.  

 

1.3 Impact of this study 

The Griffith Lymphoma Project (GLP) has focused its research on the 

identification of common pathways that are altered in the lymphomagenesis of 

two of the most common NHL subtypes (FL and DLBCL). This research is being 

undertaken in order to identify common pathogenic mechanisms underlying the 

malignant transformation of both B-cell lymphomas, and discover novel 

chemotherapeutic targets that can increase survival rates in patients suffering of 

any of these two lymphomas. Initially, Green et al., (2011) identified that the 

MAPK signalling pathway was commonly targeted in cases with FL and DLBCL, 

indicating the crucial role of deregulation of this pathway in the tumourigenesis 

of these NHL subtypes. In the present study, an unpaired high resolution LOH 

approach was used to detect common LOH regions across FL and DLBCL 

cases, in order to identify novel TSGs that may be implicated in the 

pathogenesis of these B-cell lymphomas and discover common cellular 

pathways that may be altered through the inactivation of these TSGs. These 

findings, apart from confirming that FL and DLBCL share some pathogenic 

mechanisms, may also unmask novel TSGs that may be feasible targets for the 

design of novel therapies. 
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1.4 Aims 

 

1.4.1 General Aim 

Using a high resolution LOH analysis and samples from FL and DLBCL 

patients, identify common LOH regions and TSGs within these regions, that are 

involved in FL and DLBCL development. 

 

1.4.2 Specific Aims 

I. Identify common LOH regions across cases with FL and DLBCL from an 

unpaired high resolution LOH approach. 

II. Discover TSGs within those common LOH regions that may be involved 

in tumourigenesis of both NHL subtypes and validate LOH of five 

candidate TSGs, using a microsatellite-based validation approach in a 

larger cohort of controls and NHL cases. 

III. Further investigate implicated TSGs such as TP53BP1, B2M and 

PTPRJ, from a biological and genetic perspective, in the 

lymphomagenesis of FL and DLBCL. 

IV. Identify common pathways which may be altered as a result of the 

inactivation of TSGs located within common LOH regions, as these may 

play an important role in the lymphomagenesis of these B-cell 

lymphomas 
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Chapter 2: 

Background 
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2.1 Clinical aspects of Non Hodgkin’s Lymphoma (NHL) 

 
2.1.1 Definition and Classification  

Non Hodgkin’s Lymphoma (NHL) is a wide group of lymphoid-derived 

neoplasms that do not exhibit the same morphological and clinical features of 

Hodgkin’s Lymphoma (HL), and differ in morphology, aggressiveness, age 

onset and prognosis. The classification of NHL lymphomas is mainly based on 

the 2008 World Health Organisation classification of lymphoid neoplasms 

(Swerdlow et al., 2008). This guideline has been updated in previous years, in 

order to facilitate the classification of lymphomas, define new lymphoma 

subtypes and include new advances in the classification of lymphomas based 

on results from molecular approaches (Swerdlow et al., 2008; Turner et al., 

2010; Campo et al., 2011). These guidelines have identified around 30 different 

NHL subtypes; however, diffuse large B-cell lymphoma (DLBCL) and follicular 

lymphoma (FL) account for over 50% of NHL cases (Swerdlow et al., 2008; 

Turner et al., 2010). Description of these NHL subtypes will be provided in 

Sections 1.2 and 1.3.  

 

2.1.2 Epidemiology  

During the period of 2005-2009, the incidence rate of NHL was an average of 

19.8 cases per 100,000 individuals and a median age at diagnosis of 66 years, 

and a mortality rate of 6.6 NHL-associated deaths per 100,000 individuals, and 

a median age at death of 75 years in the Unites States. For B-cell NHL, the 

incidence rate was 16.5 cases per 100,000 persons with a median age at 

diagnosis of 67 years of age  (Howlader et al., 2012). 

 

In Australia, NHL is the 6th most common type of cancer with an incidence rate 

of 18.5 newly diagnosed cases per 100,000 individuals in 2009, and NHL is the 

5th most deadly cancer with a mortality rate of 5.8 deaths per 100,000 persons 

in 2007. Moreover, the male to female ratio in incidence and mortality was 1.5 

(Australian Institute of Health and Welfare 2012). In Queensland, NHL had a 

incidence rate of 17.9 per 100,000 persons, and a mortality rate of 4.7 deaths 

per 100,000 individuals in 2009 (Queensland Cancer Registry 2012). 
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2.1.3 Etiology of NHL 

The etiology of NHL is still unknown; however, several lines of evidence have 

suggested that the origin of NHL is a multifactorial disease, likely involving 

environmental and genetic risk factors, which are outline below. Nevertheless, 

the identification of these risk factors has only explained a small proportion of 

NHL count but it has failed to explain the increase of NHL incidence in 

developed countries.  

    

I) Environmental risk factors 

Previous studies have determined that factors, such as immunological 

(immunosuppression), infections (Hepatitis C, HIV, EBV) and occupational 

(polychlorinated byphenils-PCBs, pesticides, diet, hair dyes and solvents), are 

moderately or slightly associated with NHL development (Alexander et al., 

2007). Also, severe immunodeficiencies have been found to confer highest risk 

to NHL (Swerdlow et al., 2008; Campo et al., 2011).  

 

Additionally, cigarette smoking has been identified as a risk factor of FL, DLBCL 

and other NHL malignancies development (Morton et al., 2005). The possible 

carcinogenic mechanisms of tobacco, may involve a t(14;18) translocation and 

hence, upregulation of BCL2-mediated anti-apoptotic pathways, as this 

chromosomal aberration has been shown to be frequent in heavy smokers 

(Cleary et al., 1986; Bell et al., 1995). Another smoking-produced oncogenic 

effect that could cause the aberrant transformation of NHL is 

immunosuppression, because smoking reduces the immune response and 

immune surveillance (Sopori and Kozak 1998). Apart from tobacco consumption 

and its carcinogenic effect involving the formation of t(14;18), which is 

characteristic of FL and some DLBCL cases, there is no strong evidence to 

relate other specific in FL development (Morton et al., 2008).  

 

Some factors, such as immunosuppression (caused by AIDS, pre-

transplantation or autoimmune diseases), ultraviolet radiation, pesticides, hair 

dyes and diet have been shown to potentially increase the risk of DLBCL. 

However the etiology, as with most NHL subtypes, remains unknown (Blinder 
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and Fisher 2008). Epstein-Barr virus (EBV) is associated with DLBCL 

lymphomagenesis in some cases; however, the mechanism involving this virus 

is still unknown (Fisher and Fisher 2006). Late birth order and high body mass 

index-BMI (≥35 kg/m2) also raise the risk of DLBCL but not in other NHL 

subtypes (Morton et al., 2008). Conversely, high levels of vitamin B6 

consumption decrease the risk of developing DLBCL (Morton et al., 2008).   

 

II) Genetic risk factors 

Over the years, evidence has indicated that NHL has an important genetic 

component; however, the heritability of NHL has still not been clarified because 

of the high genetic heterogeneity of NHL. Nonetheless, several studies in 

families have concluded that there is a familial aggregation effect of 

haematological malignancies in the risk of NHL. However, the risk values differ 

due to variations in sample size, genetic background and analytical approach 

(Linet and Pottern 1992; Chatterjee et al., 2004; Chang et al., 2005; Negri et al., 

2006; Wang et al., 2007).  

 

Initially, this familial aggregation in NHL risk has been observed in families with 

more than one individual suffering of any hematolymphoproliferative (HLP) 

neoplasm, but the NHL risk increases when the sibling is affected by a HLP 

(Linet and Pottern 1992). Chatterjee et al., (2004), using a registry-based study, 

found a 3-fold risk of developing NHL when a first-degree relative had NHL and 

observed a strong aggregation in siblings, males and in individuals of less than 

50 years of age, with hazard ratios (HR) of 7.6, 6.2 and 3.2, respectively. In 

addition, the NHL risk observed in first-degree relatives of NHL patients was not 

present in relatives with Hodgkin’s lymphoma (HL), leukemia or multiple 

myeloma. According to the NHL subtype, FL was found to confer the highest 

risk to NHL (HR = 4.45), compared to DLBCL (HR = 1.34) and other NHL 

subtypes (HR =3.37), but FL also exhibited a risk to HL (HR = 2.00). However, 

history of other types of cancer and the number of cases per family were shown 

to confer increased NHL risk (Chatterjee et al., 2004).      
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Further studies using large cohorts of European populations -Italian and 

Swedish – confirmed, as previously described, the familial aggregation of 

haematological malignancies in NHL studies (Chang et al., 2005; Negri et al., 

2006). For instance, Negri et al., (2006) identified a high risk in first-degree 

relatives of NHL cases to develop any type of lymphoma or a 

hematolymphoproliferative (HLP) malignancy (HR = 4.5 and 3.4, respectively) 

with a higher risk in females (HR = 8.1) than in males (HR = 2.6), and a higher 

risk of developing any type of lymphoma in parents or children suffering of NHL  

(HR = 9.3) than in siblings (HR = 1.9). However, siblings of NHL cases exhibited 

a 5-fold risk to develop a HLP neoplasm; whereas, the remaining categories 

exhibited a similar trend to the above-mentioned. In regards to the NHL 

subtype, relatives of FL cases had a risk of 8.6 and 2.3 to develop either 

lymphoma or a HLP cancer, respectively; nonetheless, DLBCL cases conferred 

a risk of 4.3 and 5.5, respectively. Additionally, having a first-degree relative 

with cancer in kidney, esophagus and liver conferred a NHL risk of 4.5, 2.6 and 

2.3, respectively.  

 

In a large cohort of Swedish NHL cases, a first-degree family member with any 

haematopoietic cancer exhibited a odds ratio (OR) of 1,8 of developing NHL; 

however, this risk increased up to a OR of 3.2 if the relative was a sibling and 

ORs of 4.4 and 4.5 were observed of developing FL or CLL, respectively 

(Chang et al., 2005). Interestingly, this study found that family history of NHL 

conferred risks of 2.2 (NHL), 1.9 (DLBCL) and 2.0 (FL), and family history of 

leukemia showed risks of 1.9, 3.0 and 2.3 of developing NHL, DLBCL and FL, 

respectively (Chang et al., 2005).          

 

A more recent study, analysing the familial history of haematological 

malignancies in a cohort of 10,211 NHL cases and 11,905 controls from the 

International Lymphoma Epidemiology Consortium (InterLymph), confirmed 

familial aggregation of haematological malignancies in NHL risk (Wang et al., 

2007). This study, using a pooled analysis, found a NHL risk of 1.5 with a family 

history of NHL. A 2-fold risk of developing NHL was observed if the relative was 

a sibling with NHL and the NHL risk increased up to 2.8 if the sibling was male. 
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In addition, if the relative had HL, leukemia, or multiple myeloma, the risk of 

developing NHL was 1.6, 1.4 and 1.2, respectively. Interestingly, first-degree 

relatives with NHL conferred a risk of 1.4 for DLBCL and 1.8 for FL, having a 

male sibling as the highest risk factor in both NHL subtypes; whereas, a familial 

history of HL showed a higher risk of DLBCL than FL (1.7 vs. 1.2, respectively). 

Also, having a sister with leukemia increased the risk of DLBCL but not FL; 

whereas having a male relative with multiple myeloma predisposed to FL (OR = 

3.1) (Wang et al., 2007).  

 

Wang et al., (2007) also found that families with a first-degree relative conferred 

a similar risk to any NHL subtype, but it varied across NHL subtypes when a 

family history with other haematological malignancy was present (i.e. HL, 

leukemia and multiple myeloma). These findings indicated that these NHL 

subtypes may share similar origin, in terms of genetic and environmental risk 

factors. The identification of having a sibling, especially a brother, with NHL as a 

strong genetic risk factor of NHL, has also indicated that environmental risk 

factors could play an important role, together with familial history, in the origin of 

NHL, as siblings may have been exposed to similar environmental factors (Linet 

and Pottern 1992; Chatterjee et al., 2004; Chang et al., 2005; Buske et al., 

2006a). However, a more conclusive approach such as twin studies has not yet 

been undertaken.   

 

These findings also confirm that NHL is a multifactorial neoplasm, in which 

genes and environmental factors interact in order to induce the 

lymphomagenesis of these lymphoid-derived tumours. Thus, from a 

multifactorial perspective, few studies have performed analyses based on the 

combination of familial history of hematolymphoproliferative (HLP) with 

environmental risk factors. However, although these studies have identified 

some factors linked to familial history, the high heterogeneity of NHL and 

representative sample size for each of NHL subtypes limit the identification of 

informative risk factors. In this context, Zhu et al., (2001) found a significantly 

higher risk of homosexual behaviour and illegal use of heroin (risk factors for 

HIV infection) in NHL cases with familial history of HLP than in cases without 
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relatives affected. In addition, liver infections (not including hepatitis and 

cirrhosis), enlarged lymph nodes and exposure to occupational factors, such as 

chlorinated hydrocarbon pesticides and plywood, were associated in cases with 

familial history. Conversely, a study performed in a Swedish population, did not 

find differences between the environmental risk factors in NHL with and without 

family history (Chang et al., 2005). Also, association of alcohol intake with 

family history has also been found in NHL (Chiu et al., 2002).  Based on these 

lines of evidence, further studies are required to clarify and quantify the impact 

of genetic and environmental risk factors in the NHL etiology.  

 

III) Genes associated with NHL susceptibility 

Although the pattern of heritability of NHL and involved genetic risk factors 

require further investigation, an increasing number of genes have been found to 

be associated with NHL, indicating that genetic susceptibility may play an 

important role in NHL. Based on this, several studies have evaluated the 

etiologic role of some polymorphisms, genetic and chromosomal alterations 

(translocations) in NHL. 

 

Because translocations involving the MYC, BCL2, CCDN1 and BCL6 genes 

involved in apoptotic, proliferation or lymphocyte development pathways, are 

frequent but not exclusive to NHL subtypes, it has been speculated that they 

could have an etiologic effect in translocation-positive NHL cases (Dyer 2003; 

Kuppers 2005). However, it is clear that additional oncogenic mechanisms are 

involved in NHL oncogenesis (mutations in BCL6 and MYC) (Pasqualucci et al., 

2001). The importance that normal germinal centres have on B-cell 

development and immune response is widely known. There, two highly 

mutagenic processes, Somatic Hypermutation (SHM) and Class Switch 

Recombiantion (CSR), are normally carried out to increase the production and 

affinity of antibodies, which could give rise to oncogenic mutations 

(translocations and mutations) that could be causative of the malignant 

phenotype in NHL subtypes (Klein and Dalla-Favera 2008).  
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Some polymorphisms have also been associated with NHL. A study found that 

genetic polymorphisms in FCGR2A (rs1801274), RAG1 (rs2227973), and 

XRCC1 (rs1799782) increased risk of NHL (including FL and DLBCL) (Morton 

et al., 2008). Moreover, a TNF (rs1800629) polymorphism conferred higher risk 

for DLBCL, but not FL. It has been hypothesised that this polymorphism could 

participate in DLBCL oncogenesis, altering the immune regulation, since it 

increases the TNF- and later, activation of NFKB pathway, which is highly 

expressed in ABC-DLBCL and PMBL subtypes (Inoue et al., 2007; Morton et 

al., 2008).    

 

NHL lymphomagenesis could possibly originate from alterations in genes that 

play a role in cell cycle, apoptosis and lymphocyte development pathways 

(Morton et al., 2009). In one study tag-SNPs of candidate genes with a possible 

etiologic role in NHL oncogenesis were genotyped in a large case-control cohort 

from three different populations (including an Australian population). As a result 

of this study, polymorphisms in the pro-apoptotic gene BCL2L11 (BIM) were 

found to confer high risk for FL alone and a polymorphism in BCL7A 

(rs1880030) was highly related to DLBCL alone. In DLBCL, other 

polymorphisms in BCL6, CCND1 and LMO2 were significantly associated with 

DLBCL risk (Morton et al., 2009). 

  

In a previous NHL susceptibility study, an analysis of Genome-Wide SNP arrays 

in a small case-control cohort from an Australian population, identified several 

candidate genes. Some of these candidate genes included BCL2, FOXP1, 

SWAP70, cell cycle regulatory genes (CCND1/2, CDK6 and CDK8), genes 

involved in cytokine signalling (IL6, IL12B, CXCR4 and IL10RA), DNA repair 

genes (MGMT, ERCC4, MSH2, RAG2 and XRCC4), genes encoding growth 

factors and receptors (FGF1, FGFR2, VEGFC and PDGFC) and genes involved 

in signal transduction from growth factors and interleukin receptors (GRB2, FYN 

and JAK2) as being potentially involved in NHL susceptibility. The analysis of 

these candidate genes, using cellular pathway enrichment and gene-ontology 

analyses, determined that the above-mentioned candidate genes may play a 

role in three common pathways cytokine signalling, MAPK and JAK-STAT 
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pathways and besides, and that these alterations in these cellular pathways are 

implicated in NHL susceptibility (Green 2009). 

 

Comparisons between the Morton et al., (2009) and Green (2009) studies can 

be undertaken but it is necessary to clarify differences between these two 

studies. In the former study, a hypothesis-based approach, 20 genes with a 

previous association with NHL risk were assessed using tag-SNPs in a 

population of 1946 NHL cases and 1808 controls. In the latter study, a 

hypothesis-generating approach, pooled genomic DNA of 100 NHL cases and 

100 controls were analysed by whole genome association with data enriched by 

cellular pathways and gene-ontology analyses. According to Morton et al., 

(2009) alterations in pathways that regulate cell cycle, apoptosis and 

lymphocyte development are probably implied in NHL lymphomagenesis. This 

finding is similar to the results obtained by Green (2009), whereby alterations in 

cytokine signalling, MAPK and JAKSTAT pathways were identified as conferring 

increased NHL risk. However, of the 20 genes evaluated by Morton et al., 

(2009), only BCL2 and CCDN1 were shared between both studies. In the case 

of the CCDN1 polymorphism, it increased DLBCL risk alone; whereas, BCL2 

did not significantly increase risk. Finally, Green (2009) concluded that the 

etiology of NHL may not rely on a particular gene but probably alterations of 

multiple genes affecting signalling cascades that orchestrate the malignant 

phenotype. 

 

2.2 Clinical aspects of Diffuse Large B-cell Lymphoma (DLBCL) 

 
2.2.1 Definition 

Diffuse Large B-cell Lymphoma (DLBCL) is defined as an aggressive or fast 

growing neoplasm of large B-cells, which have a nuclear size equal to or 

exceeding the macrophage nuclei reference range or twice the size of the 

lymphocyte reference rage, with a diffuse growth pattern (National Health and 

Medical Research Council (NHMRC) 2005; Swerdlow et al., 2008; Gurbuxani et 

al., 2009). In most cases, there is a rapid enlarging of lymph nodes but they can 

be extranodal in less than 40% of cases. Furthermore, there is a bone marrow 
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(BM) involvement in 15% of cases and elevated levels of serum lactate 

dehydrogenase occur in half of DLBCL patients (Hunt and Reichard 2008).  

 

2.2.2 Epidemiology  

Diffuse Large B-cell lymphoma (DLBCL) is the most common form of NHL 

accounting for 30-40% of NHL cases in developed countries, with higher 

DLBCL incidences occurring in developing countries (National Health and 

Medical Research Council (NHMRC) 2005; Hunt and Reichard 2008; Swerdlow 

et al., 2008; Jayasekara et al., 2010). The median age of patients is in their 70s, 

but the range is broad as it can occur in young adults and even children (Hunt 

and Reichard 2008; Gurbuxani et al., 2009).  

 

In the United States, DLBCL had an incidence rate of 6.8 new cases per 

100,000 individuals during 2001-2009 period (Howlader et al., 2012). In 

Australia, the incidence of DLBCL is approximately 1400 cases per year, and 

incidence increases with age (National Health and Medical Research Council 

(NHMRC) 2005). In addition, DLBCL had a incidence rate of 7.2 cases per 

100,000 persons in Victoria (Australia) (Jayasekara et al., 2010). 

 

2.2.3 Clinical diagnosis and staging  

The clinical diagnosis of DLBCL comprises an extensive physical evaluation. 

This includes analysing a patient’s history of possible risk factors (prior 

malignancy, chemotherapy/radiation and/or strong immunosuppression), as well 

as evaluation of lymph nodes via histological assessment  (lymph node biopsy), 

laboratory tests (blood count, lactate dehydrogenase-LDH, HIV and EBV) and 

imaging studies (chest radiography, computed tomography-CT, magnetic 

resonance imaging-MRI and/or positron emission tomography) (Hoffman 2009). 

The information gathered is used to diagnose and also stage the disease 

depending initially on the grade of lymph node involvement in the DLBCL 

patient. The staging of DLBCL cases, as for the rest of NHL and HL cases, is 

generated using the Ann Arbor Staging System (Table 2.1) (Hoffman 2009).  
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The differential diagnosis of DLBCL can include Burkitt lymphoma, mediastinal 

large B-cell lymphoma, plasmablastic lymphoma and plasmablastic myeloma 

(Hunt and Reichard 2008).   

 

Table 2.1. Ann Arbor Staging System for DLBCL* 

Stage Description 

I Involvement of a single lymph node region or lymphoid structure 

II 
Involvement of two or more lymph node regions on the same side of 
the diagram 

III Involvement of lymph node regions on both sides of diaphragm 

IV 
Involvement of one or more extranodal sites in addition to a site for 
which the designation (Extralymphatic) has been used 

* Hoffman (2009).  

 

2.2.4 Clinical classification of DLBCL 

This hematologic malignancy shows a high morphological heterogeneity, as 

80% of DLBCL cases have cells similar to germinal centre centroblasts, 10% of 

cases correspond to immunoblastic type (more than 90% of immunoblasts) and 

the remaining frequency includes other morphological DLBCL variants (T-cell-

Rich/Histiocyte-Rich, plasmablastic and anaplastic DLBCL) (Friedberg and 

Fisher 2008). Moreover, there are some clinical-pathological variants, such as 

primary mediastinal B-cell lymphoma (PMBL), which occurs more often in 

young women with mediastinum (Hoffman 2009).  

 

In addition to high heterogeneity in morphology, chemoresponse, clinic and 

pathology, a genomic approach demonstrated that DLBCL is also molecularly 

heterogeneous. The use of gene expression profiling revealed that DLBCL is 

composed by at least three subtypes (GCB-DLBCL, ABC-DLBCL, and PMBL) 

with different genes involved in aetiology, pathogenesis, origin and survival 

(Alizadeh et al., 2000; Rosenwald et al., 2002; Rosenwald et al., 2003).  

 

Several studies have demonstrated the feasibility of reproducing the DLBCL 

classification based on gene expression profiling using immunohistochemical 

markers (Hans et al., 2004; Muris et al., 2006; Sjo et al., 2007). In these 

immunohistochemical studies, the markers CD10 and BCL6 are distinctive of 
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the GCB subtype and the markers MUM1 and CD138 are correlated with ABC 

subtype. A study evaluating the prognostic value of the algorithms described by 

Hans et al., (2004) and Muris et al., (2006), determined that the former one is 

more useful to predict outcome in GCB and non-GCB subtypes (Sjo et al., 

2007). The limitations that the immunohistochemistry-based classification must 

urgently solve are the high interlaboratory variability and hence low 

reproducibility of results (de Jong et al., 2009).  

 

2.2.5 Treatment 

Despite the fact that DLBCL is a fast-growing aggressive B-cell NHL, there is a 

relative good response of patients to the CHOP (Cyclophosphamide, 

Adriamycin, Oncovin, and Prednisone) regimen and this regimen has been the 

conventional treatment for DLBCL for several years (Bonnet et al., 2007). 

CHOP is a first generation chemotherapeutic regimen, which has been widely 

used for the treatment intermediate-grade and high-grade NHLs that consist in 

the combination of cyclophosphamide, doxorubicin, vincristine, and prednisone 

(Fisher et al., 1993). The overall survival rates for DLBCL patients treated for 5 

years with CHOP are 73%, 51%, 43% and 26% for the low, low intermediate, 

high intermediate and high risk groups, respectively, which are defined as 

International Prognostic Index (IPI) risk groups and are more detailed in Section 

2.2.6 (Table 2.2) (The International Non-Hodgkin's Lymphoma Prognostic 

Factors Project 1993). These outcomes demonstrate the high variability in 

chemoresponse within DLBCL patients.  

 

The addition of Rituximab to CHOP regimen (R-CHOP) has significantly 

increased response and survival rates in DLBCL patients (Table 2.2 and 2.3). 

Hence, it has become the new standard for the treatment of DLBCL (Coiffier et 

al., 2002; Friedberg and Fisher 2008). The use of this regimen (R-CHOP) was 

initially established by GELA (The Groupe dÉtude de Lymphome dÁdultes) 

based on a five year event-free survival (EFS) of 47% versus 29% achieved 

with CHOP alone (Coiffier et al., 2002). Also, R-CHOP produces a 5-year 

overall survival in 58% of patients treated with this regimen, compared against 

only 45% of patients under CHOP (Feugier et al., 2005). Likewise, a follow-up 
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study over 7 years has revealed that R-CHOP significantly induces better 

survival percentages than CHOP alone (DFS: 66% vs. 42%; OS: 53% vs. 36%) 

(Illidge and Tolan 2008). 

 

Nevertheless, despite good response rates achieved by patients within the very 

good R-IPI risk group, it is imperative that new chemotherapeutic approaches 

are employed for patients with a poor prognosis (R-IPI-based) (Friedberg and 

Fisher 2008; Hoffman 2009). An additional chemotherapeutic approach involves 

consolidation with high-dose therapy and autologous bone marrow 

transplantation (ASCT), which has shown to induce better survival rates than 

CHOP regimen. However, this study was performed before R-CHOP era, 

therefore, it requires further revalidation (Milpied et al., 2004).  

 

Additionally, since most molecular markers with prognostic significance in 

CHOP lose their predictive value of outcomes in R-CHOP-treated patients, the 

targeting of these genes has to be revalidated and readjusted for the R-CHOP 

regimen. For example, overexpression of BCL2 and BCL6 were associated with 

poorer and better survival rates respectively, in patients under the CHOP 

regimen (Hermine et al., 1996; Lossos et al., 2001; Hunt and Reichard 2008). 

However, with the addition of Rituximab to CHOP protocol, the prognostic 

potential of these two genes has been significantly reduced because patients 

treated with this immunochemotherapy do not show a significant difference in 

responses compared to patients that express or do not express any of these 

two genes (Winter et al., 2006; Wilson et al., 2007; Hunt and Reichard 2008). 

Conversely, other models argue that although the difference of outcome 

between the presence and absence of these prognostic markers has been 

highly reduced with the addition of Rituximab to CHOP, they still retain their 

predictive role of outcome in DLBCL cases (Malumbres et al., 2008). 

 

Target-specific drugs have also been used in DLBCL models; however, 

although these therapies show promising results, these are in early phases of 

study. For instance, the inhibition of BCL6 has become a feasible target for the 

DLBCL treatment as BCL6 is a transcriptional repressor that plays an important 
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role in the B-cell development in germinal centre (GC) reactions and its 

overexpression has been associated with the pathogenic mechanisms 

underlying the germinal centre B-cell (GCB)-like DLBCL subtype, by 

deregulation of the transcriptional programming of this oncogene in DLBCLs 

(Cerchietti et al., 2009; Ci et al., 2009). A peptomimetic inhibitor of BCL6 (RI-

BPI) has been shown to have, in in vivo and in vitro models, a potent anti-

lymphoma effect against BCL6-upregulating DLBCL cells (Cerchietti et al., 

2009). Additionally, the blocking of BCL6 expression by RI-BPI induces the 

expression of BCL6-target genes, such as BCL2, BCL2A1, MYC, PIM2, BMI-1 

and JUNB (Ci et al., 2009).  

 

Other target-specific therapeutic agents are being currently evaluated as 

promising therapies for patients with intermediate and high risks. Some 

examples of them are Bortezomib, Enzastaurin, Bevacizumab, BCL2 inhibitors, 

inhibitors of SYK and inhibitors of the mTOR pathway. For instance, Bortezomib 

is a proteasome inhibitor and is being tested in NFKB-overexpressing DLBCL 

subtypes (ABC and PMBL subtypes). Enzastaurin is an inhibitor of PKCB, 

which could be useful in the treatment of PKCB-expressing refractory DLBCL 

patients (Robertson et al., 2007; Friedberg and Fisher 2008). 

 

Hence, a comprehensive understanding of genes and signalling pathways that 

play a role in pathogenesis of DLBCL will allow the discovery of novel 

chemotherapeutic targets in order to improve life expectancy of those patients 

with poor prognosis to R-CHOP.  

 

2.2.6 Clinical Prognosis  

The prognosis of DLBCL cases is predicted based on the standardised 

International Prognostic Index (IPI), which assesses the presence or absence of 

five prognostic parameters, and scores them in an IPI value from 0 (absence of 

prognostic indicators) up to 5 (presence of all five). The five prognostic 

indicators of this method are: over 60 years of age, Ann Arbor stage III or IV 

disease, serum LDH above normal range, ECOG performance status ≥2, and 

more than two extranodal sites. In addition to IPI scoring, the patients are 
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stratified, depending on individual IPI scores, in 4 risk groups (low, low 

intermediate, high intermediate, and high), which predict the outcome to CHOP. 

These IPI risk groups show different overall survivals after 5 years and 4 years 

of treatment with CHOP and R-CHOP protocol, respectively (The International 

Non-Hodgkin's Lymphoma Prognostic Factors Project 1993; Sehn et al., 2007) 

(Table 2.2)  

 

Table 2.2. International Prognostic Index for DLBCL* 

Risk group 
IPI 

Score 
5 year Overall 

Survival-CHOP (%) 
4 year Overall Survival           

R-CHOP (%) 

Low 0, 1 73 82 

Low intermediate 2 51 81 

High 
intermediate 

3 43 49 

High 4, 5 26 59 

* The International Non-Hodgkin's Lymphoma Prognostic Factors Project (1993) 
and Sehn et al., (2007) 
 

The IPI prognostic model has been continuously used by haematologists in the 

prediction of DLBCL patients’ outcome to CHOP. Nonetheless, since Rituximab 

(anti-CD20) was introduced to the CHOP regimen to improve the response to 

treatment and therefore survival of patients, a new and revised IPI model (R-IPI) 

was set up to increase the predictive power and clinical utility of IPI model in the 

immunochemotherapy era (Table 2.3) (Sehn et al., 2007). In the R-IPI model, 

three groups of risk (very good, good, and poor) have been rearranged from IPI 

risk groups, achieving overall survival rates of 94%, 79% and 55% respectively, 

after 4 years of R-CHOP treatment (Table 2.3)(Sehn et al., 2007). 

 

Table 2.3. Outcome based on Revised International Prognostic Index (R-IPI) in 
DLBCL patients treated with R-CHOP* 

Risk group IPI Score 
4 year Overall Survival–R-

CHOP (%) 

Very Good 0 94 
Good 1, 2 79 
Poor 3-5 55 

* Sehn et al., (2007). 
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Despite the great advances in gene expression analysis and its potential for 

better identification of more specific and informative prognostic markers, the IPI 

and R-IPI models are the unique prognostic tools currently used in the 

prediction of CHOP and R-CHOP outcomes respectively (Sehn et al., 2007).  

 

2.2.7 Gene expression profiling-based classification and prognosis  

The biological, clinical and therapeutic perspective of clinicians and scientists 

towards the understanding of DLBCL pathogenesis dramatically changed when 

using hierarchical clustering of gene expression data, Alizadeh et al., (2000) 

divided DLBCL into two groups, ABC and GCB subtypes. These subtypes 

showed a high difference between their expression patterns, resembling 

expression profiles of normal stages into B-cell differentiation, normal germinal 

B-cells and activated B-cells respectively. In addition, this study demonstrated 

that morphological, clinical and chemoresponse variability of DLBCL was also 

due to a high heterogeneity in the set of genes expressed by these two 

subtypes. In relation to prognosis, GCB subgroups showed a higher survival 

rate (76%) than ABC subtypes (16%) after 5 years of anthracycline-based 

treatment (Alizadeh et al., 2000). 

 

Subsequently, several studies have confirmed the cell of origin (COO)-based 

classification initially proposed by Alizadeh et al., (2000), and also identified a 

third DLBCL subtype, named as PMBL, which shares some genes expressed 

with Hodgkin’s lymphoma (HL) (Rosenwald et al., 2002; Rosenwald et al., 2003; 

Poulsen et al., 2005). In addition, Rosenwald et al., (2002) determined that 

patients with the GCB subtype had the most favourable prognosis, with a 5-year 

overall survival of 60%, compared with 39% and 35% rates respectively 

equivalent to PMBL and ABC subtypes in an anthracycline-based therapy plus 

CHOP regimen. However, in a subsequent study, PMBL subtype showed a 

better prognosis with a 5-year overall survival of 64%, followed by a 59% and 

30% for GCB and ABC subtypes, respectively, using a PMBL predictor that 

includes 46 genes differentially expressed between PMBL and non-PMBL (GCB 

and ABC subtypes) (Rosenwald et al., 2003). 
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On the other hand, Shipp et al., (2002) using a supervised learning technique to 

analyse gene expression data from oligonucleotide arrays, classified two 

prognostic subgroups depending on chemotherapeutic response of patients 

(cured vs. refractory), and identified common classifier genes between cDNA  

and oligonucleotides arrays, validating initial COO classification but conversely 

having no significant prognostic value for the group of patients included in this 

study (Alizadeh et al., 2000; Shipp et al., 2002). Since the COO classification of 

DLBCL was initially based on cDNA microarrays and then, on oligonucleotide 

arrays, a study validated the COO classification between these two previously 

used platforms –cDNA and oligonucleotide microarrays- in the Affymetrix 

Genechip (HG-U133A) platform. This analysis found 78 common genes, which 

discriminate the COO subtyping, between these two methodologies in order to 

reduce the variability among these genomic approaches, such as: samples, 

analytical approaches, gene expression platforms, genes included in the arrays) 

(Poulsen et al., 2005). 

 

Other authors have also replicated the COO classification and have used 

integrative analysis (gene expression profiling, aCGH and high-density whole 

genome microarrays) to define the COO subtypes. These subtypes present and 

also define different sets of expressed genes and distinct genomic profiles in 

which diverse genomic imbalances are identified for each one of the DLBCL 

subtypes (Tagawa et al., 2005; Lenz et al., 2008b). The high heterogeneity in 

the genome and transcriptome of DLBCL provide strong evidence to 

demonstrate that DLBCL subtypes differ in the pathogenic mechanisms that are 

involved in DLBCL lymphomagenesis (Lenz et al., 2008b). These COO 

subtypes have also been substantiated and further defined using miRNA 

microarray profiling (Malumbres et al., 2009). 

 

In addition to COO classification, additional classification methods have 

emerged based on the clinical and genetic heterogeneity observed within the 

DLBCL subtypes and the lack of distinctive and specific cellular pathways for 

each one of COO subtypes in order to be successfully targeted by therapy. For 

instance, Monti et al., (2005), using gene set enrichment analysis, divided 
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DLBCL into three comprehensive transcriptional signatures, denominated as: 

oxidative phosphorylation, B-cell receptor/proliferation and host response. 

Moreover, this alternative classification method did not show any correlation 

with COO-based methodology, as cases with GCB subtype could exhibit 

different transcriptional signatures (Monti et al., 2005).   

 

In addition to the validation of initial COO methodology and the identification of 

a third DLBCL subtype, distinct to GCB and ABC subtypes (PMBL), Rosenwald 

et al., (2002) identified another predictor method which is more related to 

outcome than the COO method and defined four distinct molecular signatures, 

named as germinal centre B-cell, MHC class II, lymph-node and proliferation, 

and correlated with survival of CHOP-treated patients. In their study, germinal-

centre B-cell, MHC class II and lymph node signatures were associated with 

favourable outcomes, and proliferation signature was correlated with poor 

outcome. Furthermore, these signatures allowed the division of each COO 

subtype into IPI-independent risk groups (Rosenwald et al., 2002).  

 

Based on these findings and the fact that the biology of DLBCL tumour 

(microenvironment and tumour cells) can influence and modulate the response 

to the treatment (CHOP and R-CHOP) and therefore survival, Lenz et al., 

(2008a) modified the signatures previously proposed by Rosenwald et al., 

(2002). In the former study, the signatures for germinal-centre B-cell, stromal 1 

and stromal 2 were detected using a multivariate model, in which stromal-1 and 

-2 signatures represent the microenvironmental portion that can be involved in 

the DLBCL pathogenesis. Moreover, germinal-centre B-cell and stromal 1 

signatures were associated with an increase of survival and stromal 2 was 

correlated with the reduction of survival of patients under CHOP or R-CHOP 

regimens (Lenz et al., 2008a).     
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2.3 Clinical aspects of Follicular lymphoma (FL) 

 
2.3.1 Definition 

FL is a low-grade or indolent NHL subtype that involves lymph nodes, spleen, 

Waldeyer’s ring, bone marrow and blood, but in advanced stages, FL can also 

involve extranodal sites such as gastrointestinal tract, soft tissue and skin. FL is 

often presented as asymptomatic lymphadenopathy and diagnosed usually 

when the disease is advanced (Swerdlow et al., 2008; Hoffman 2009). 

Moreover, FL cases have a variable clinical course with a median survival of 10 

years. FL is derived from germinal centre B-cells and is characterised by the 

presence of the translocation t(14;18)(q32;q21) (Swerdlow et al., 2008). 

 

2.3.2 Epidemiology 

Follicular lymphoma is the second most common NHL subtype, accounting for 

22% of NHL cases in developed countries (National Health and Medical 

Research Council (NHMRC) 2005; Swerdlow et al., 2008). In the United States, 

FL had an incidence rate of 3.7 new cases per 100,000 individuals during 2001-

2009 period (Howlader et al., 2012). In 2009, FL had an incidence rate of 4.3 

cases per 100,000 persons in Victoria (Australia) (Jayasekara et al., 2010). 

 

2.3.3 Clinical diagnosis and staging 

The diagnosis of FL is similar to the procedures previously described for DLBCL 

(Section 1.2.3) and is carried out based on standardised guidelines (National 

Health and Medical Research Council (NHMRC) 2005). This involves a 

comprehensive examination of the history and the clinical characteristics of 

patients, followed by morphological, imaging and biochemical tests such as CT 

scan, blood studies, serum Beta-2-microglobulin, LDH, uric acid and other 

studies. In addition, cytogenetic studies are also carried out in order to detect 

the t(14;18)(q32;q21) (Hoffman 2009).  

 

The staging of FL is also based on the Ann Arbor Staging System (Table 2.1). 

However, as FL is an indolent lymphoma, PET scan is not usually used unless 
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a FL transformation to an aggressive lymphoma (i.e. DLBCL) is suspected 

(Hoffman 2009).  

 

2.3.4 Clinical classification and prognosis 

FL is graded into three clinical categories from 1 to 3 with a subdivision of stage 

3 onto 3A and 3B, according to the number of centroblasts (0-5, 6-15, and >15 

per high power field, respectively). These FL grades are related with clinical 

outcome, being grades 1 and 2 considered as indolent lymphomas and grade 3 

as an aggressive lymphoma (Swerdlow et al., 2008; Hoffman 2009). However, a 

consensus has been made in order to consider grades 1 up to 3A as FL and the 

grade 3B as a DLBCL based on biological and clinical differences between the 

grades 3A and 3B (Campo et al., 2011).  

 

Initially, survival of FL cases was predicted using the standardised International 

Prognostic Index, which is used to predict survival in DLBCL cases (Table 2.2); 

however, a modified version of IPI was created for a better discrimination of 

prognostic categories in FL cases, named as Follicular Lymphoma International 

Prognostic Index (FLIPI) (The International Non-Hodgkin's Lymphoma 

Prognostic Factors Project 1993; Solal-Celigny et al., 2004). The FLIPI 

prognostic model also uses the five prognostic indicators of IPI (age, serum 

LDH level, haemoglobin levels, Ann Arbor stage, number of extranodal sites of 

disease) for the classification into prognostic subgroups, but it regroups cases 

with IPI scores 3, 4 and 5 into one category (High risk) (Figure 2.4) (Solal-

Celigny et al., 2004). In addition, this prognostic method successfully stratified 

FL cases treated with R-CHOP regimen based on their prognosis (Buske et al., 

2006a).  

 

Table 2.4. Follicular Lymphoma International Prognostic Index (FLIPI)* 

* Solal-Celigny et al., (2004) 

Risk group 
IPI 

Score 
5 year Overall 
Survival (%) 

10 year Overall 
Survival (%) 

Low 0, 1 90.6 70.7 
Intermediate 2 77.6 50.9 

High ≥3 52.5 35.5 
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2.3.5 Treatment 

The fact that FL is a slow-growing lymphoma leaves physicians in doubt about 

the best first-line therapy. Therapeutic approaches can vary and depend on the 

doctor’s criteria, as there is no clear guideline for the treatment of this 

lymphadenopathy. Radiation therapy, followed with exhaustive monitoring, is 

considered as one of the options in indolent stages of the disease (1 and 2); 

however, the spectrum of therapies for FL cases in advanced stages of disease 

is limited and considered ineffective (Hoffman 2009). However, allogeneic stem 

cell transplantation (ASCT) is considered the only therapy with curative potential 

in cases with advanced FL, but it is limited by age and high mortality rates 

(Buske et al., 2006b). Moreover, the addition of Rituximab to the CHOP regimen 

has also improved the responses of cases with indolent and advanced FL 

(Buske et al., 2006b; Federico et al., 2013). 

 

2.3.6 Gene expression profiling-based classification and prognosis  

Gene expression profiling has also been used for the classification of FL cases 

into gene-based signatures that provide a better understanding of the pathology 

of FL and also correlate with survival. Dave et al., (2004), using gene 

expression data from 191 FL cases, managed to classify FL cases into two 

prognostic groups (immune-response 1 and immune-response 2), 

independently of IPI scores, and validated using a test and training test model. 

The immune-response 1 signature included known genes of T-cells and the 

immune-response 2 signature had genes expressed in macrophages and 

dendritic cells. FL patients with the immune-response 1 signature exhibited 

favourable survival rates; whereas, cases with the immune-response 2 

signature showed unfavourable prognosis. Recently, using a miRNA expression 

profiling assay, Wang et al., (2012) was able to identify 44 miRNA that are 

distinctive to FL and identified two groups of miRNAs that showed significant 

differential expression between those with complete response (group A) and 

progressive disease (group B).       
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2.4 Cellular and molecular mechanisms involved in normal and malignant 

B-cell development 

 
2.4.1 Normal B-cell differentiation 

B-cell development is a highly regulated and hierarchical differentiation process 

originated from hematopoietic stem cells (HSCs). These HSCs, which are long-

term, highly pluripotent and self-renewing hematopoietic cells, are gradually 

transformed into surface Ig-expressing B lymphocytes. During the 

hematopoietic process, some HSCs differentiate into common myeloid (CMP) 

and common lymphoid (CLP) precursors, that are committed progenitors of 

myeloid and lymphoid lineages, respectively (Blom and Spits 2006) (Figure 2.1). 

Myeloid progenitors (CMP) differentiate into erythroid, megakaryocytic and 

granulocytic/monocytic lineages and lymphoid precursors (CLP) turn into 

natural killers (NK), T and B-cells through a differentiation and specialisation 

process mediated by a repertoire of cytokines and switching of genes that 

commit the cell to a lineage-specific function and gradually limit their self-

renewing, proliferative and differentiation potential, as they are going 

downstream in their route to transform themselves into mature and functional 

hematopoietic cells (erythroid, granulocytic, lymphocytic cells, etc.) (Hoffman 

2009). 

The normal B-cell lymphopoiesis occurs in the specification phase where its 

development is limited, but its multi-lineage potential is still retained and the 

commitment phase in which the cell is lineage-limited. These two processes are 

orchestrated by a series of transcriptional factors, genetic and epigenetic 

changes in B-lineage cells as well as in cells of BM microenvironment (Hoffman 

2009; Schmidlin et al., 2009). The B-cell maturation is carried out in primary 

(BM) and secondary (Spleen, Lymph node and Peyer patches) lymphoid 

organs. In the bone marrow, the less differentiated and committed cell of the B-

lineage, pre-pro-B-cells, progressively mature into B lymphocytes expressing 

surface-cell immunoglobulins (Hoffman 2009). In this compartment, the BCR 

receptor formation in pre-B-cells allows the activation of a cascade of 

intracellular signals that lead to cell proliferation, survival and differentiation 

(NFKB, JUN, ERK) (Hoffman 2009). 
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Figure 2.1. Schematic representation of haematopoiesis and B-cell 
development. The stages of human and murine B-cell differentiation, cell-
surface, cytoplasmatic and nuclear determinants, and the hematopoietic organs 
where this process is performed (Hoffman 2009). 

 

B lymphocytes produced in BM migrate to secondary lymphoid organs (spleen) 

to transform into further B-cell maturation stages (Transitional 1, Transitional 2 

and mature B-cells) (Figure 2.1). The level of BCR signalling is a critical 

selection factor between T1 and follicular B-cell development, where cells with 

high BCR signals survive and localise in primary follicles (Hoffman 2009). In 

these primary follicles, mature or naive B-cells are exposed to antigens and 

some are activated through T- cell dependent antigen presentation. At this 

stage, the B-cells have three options; firstly, they can undergo high proliferation 

rates forming the germinal centre (GC) and differentiating into GC B-cells to 

finally mature in plasma cells (PC) or memory B-cells; secondly, they can suffer 

clonal expansion and differentiation into extra GC B-cells and later in PC. 

Thirdly, they can become become anergy (non-antigen reactive) which can 

transform into mantle zone B-cells (Shaffer et al., 2002b; Hoffman 2009).  
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Two regions in the germinal center structure are identified, the centroblasts or 

dark zone, where cycling GC B-cells, FDC and some T cell are present and the 

centrocytes or light zone which are conformed by non-proliferating GC-B-cells 

that differentiate later into PC or memory B-cells. Besides, a mantle zone 

surrounds the centrocyte zone (Figure 2.2) (Hoffman 2009). 

 

Figure 2.2. B-cell maturation in secondary lymphoid organs. A secondary 
follicle of a tonsil section with dark (centroblast), light (centrocyte) zones of 
germinal centre reaction and a surrounding mantle zone populated by non-
proliferative B-cells (left panel). Squematic representation of a secondary follicle 
with a germinal centre reaction and a mantle zone (right panel) (Hoffman 2009). 

 

Once the activated B-cells mature into GC-B-cells, these cells suffer 

immunoglobulin diversification through somatic hypermutation (SHM) and class 

switch recombination (CSR) processes. Subsequently, a selection process is 

carried out in GC reaction by the follicular dendritic cells (FDC) or follicular 

helper T cells, which expose a unique set of antigens and those GC-B-cells that 

recognise and bind to antigens of these antigen-presenting cells, are positively 

selected, differentiated in PC or memory B-cells and shed from GC 

compartment. This process allows the production of high-affinity 

immunoglobulins as part of the humoral immune response (Figure 2.3) 

(Schmidlin et al., 2009).  

 

Additionally, processes that are carried out in the GC reaction in normal B-cell 

development are highly regulated by a structured and complex network of 



61 

 

transcription factors (BCL6, BLIMP1, PAX5 and others) (Shaffer et al., 2002b; 

Klein and Dalla-Favera 2008; Schmidlin et al., 2009). 

 

 

Figure 2.3. Mechanisms carried out by antigen-activated B-cells in germinal 
centre (GC) reaction to maturate into memory B-cells or plasma cells (PC) or 
induce apoptosis (Reproduced with permission of Klein and Dalla-Favera 
(2008)).    

 

2.4.2 Malignant B-cell differentiation in DLBCL  

Through the B-cell development process, the B-cells are highly exposed to 

functional genomic and genetic alterations to form the BCR receptor through 

V(D)J recombination of immunoglobulin genes and increase the 

immunoglobulin diversification undertaking SHM and CSR (Shaffer et al., 

2002b; Hoffman 2009). These DNA changes normally activate apoptosis in 

somatic cells, but in B-cells, they are highly tolerated by activation of anti-

apoptotic factors (BCL6 in GC reaction) to allow the increase of immunoglobulin 

variants that recognise a greater number of antigens (Schmidlin et al., 2009). 

Furthermore, the naïve and GC B-cells are exposed to antigens, which trigger a 

clonal expansion highly regulated by homeostatic controls. Despite these 

cellular mechanisms are strictly controlled, oncogenic hits can occur and drive 
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the B-cell differentiation towards a malignant lymphoid transformation (B-cell 

lymphomagenesis), through disruption genetically or epigenetically of molecular 

pathways that regulate B-cell differentiation, proliferation and apoptosis (Klein 

and Dalla-Favera 2008; Martin-Subero et al., 2009).  

 

In general, most B-cell lymphomas originate from GC B-cells and harbour 

chromosomal translocations, which cause deregulation of genes with a critical 

role in B-cell development and that mostly involve immunoglobulin locus. These 

oncogenic chromosomal alterations can occur during cellular processes, such 

as: SHM, CSR or V(D)J recombination. Some examples of these are t(14;18) 

and t(8;14), which constantly stimulate the expression of BCL2 and MYC 

oncogenes, in FL and BL lymphomagenesis respectively (Figure 2.4) (Shaffer et 

al., 2002b). DLBCL is hypothesised to have a GC B-cell origin in which BCL6-

related abnormalities (30%), BCL2 translocations (20%) and MYC 

translocations (8-12%) are present (Shaffer et al., 2002b). However, this NHL 

malignancy is a heterogeneous and complex disease as confirmed by 

transcriptional profiling-defined subtypes (GCB-DLBCL, ABC-DLBCL and 

PMBL) with different B-cell of origin and therefore, distinct genetic alterations, 

malignant transformation, survival and chemoresponse rates (Rosenwald et al., 

2002; Rosenwald et al., 2003; Staudt and Dave 2005; Lenz et al., 2008b). 

Specifically, the GCB-DLBCL subtype is a lymphoma of GC B-cell origin, but 

the ABC-DLBCL subtype arises from a subset of GC B-cells or from mutated 

GC B-cells localised outside of GC reaction compartment (Shaffer et al., 

2002b). Some lines of evidence suggest that PMBL is originated from thymic B-

cells, which are post-GC in origin but the role of these cells is to date unknown 

(Staudt and Dave 2005; Lenz et al., 2008b).  

 

This cell of origin classification using gene expression profiling approaches was 

initially proposed by Alizadeh et al., (2000) and its results have been improved 

and have been confirmed by further studies (Rosenwald et al., 2002; 

Rosenwald et al., 2003; Poulsen et al., 2005). These genomic approaches 

together with signalling pathway enrichment analysis have identified genes and 

pathways that are deregulated in DLBCL subtypes, hypotheses about the 
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DLBCL pathogenesis have been generated. In Figure 2.5, a gene expression 

array shows the expression of genes that can distinguish the GCB (GC B-cell) 

and ABC (Activated B-cell) signatures among the normal tissues and distinct B-

cells, and demonstrate that FL, BL and GC B-cell-like subtype have a GC B-cell 

origin and that Activated B-cell-like DLBCL arises from activated B-cells 

(Shaffer et al., 2002b). These findings support the hypothesis that the three 

DLBCL subtypes involve different lymphomagenic mechanisms and can be 

considered as distinct haematological disorders (Lenz et al., 2008b). 

 

 

Figure 2.4. Molecular mechanisms promoting B-cell differentiation in GC-B-
origin NHL subtypes. (Reproduced with permission of Klein and Dalla-Favera 
(2008)). 

 

I) Aberrant B-cell differentiation in Germinal centre B-cell (GCB)-like 

DLBCL Genetic alterations (translocations or mutations) causing BCL6 

overexpression, are highly frequent in GC B-cell-like DLBCL. In normal 

conditions, BCL6 is a transcriptional repressor that is highly expressed in the 

GC reaction, and plays a critical role in the GC phenotype, basically making GC 

B-cells tolerant to the DNA mutation-induction processes (SHM and CSR), 

which these GC B-cells are exposed to in the GC reaction compartments, 
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modulating the GC reaction and activating proliferative signals in those GC B-

cells that are positively selected by the antigen recognition (Klein and Dalla-

Favera 2008). 

 

Figure 2.5. Gene expression profiling demonstrates the cell of origin of some B 
lymphomas through expression levels of GC B-cell or Activated B-cell 
signature-specific genes comparing them with normal B-cells. The 
overexpression (Red) of CD10, JAW1, BCL6 and CD77 synthase genes are 
associated with GC B-cell signature and the upregulation of FOXP1, CD44, 
Cyclin D2 and IRF4 correspond with the signature of Activated B-cells, both in 
normal and malignant B-cell development. The expression levels higher, lower 
and close to median values are represented in this array by red, green and 
black colours (Reproduced with permission of Shaffer et al., (2002b)).  

 

 

In addition, BCL6 modulates the plasma cell (PC) differentiation inhibiting 

BLIMP1 (PRDM1) and STAT3, whereas BLIMP1 downregulates reciprocally 

BCL6, SPIB and PAX5 to initiate the PC differentiation (Shaffer et al., 2002a; 

Shapiro-Shelef and Calame 2005; Ding et al., 2008). Moreover, the expression 

of both BLC6 and BLIMP1 is regulated by cytokine IL21, which controls the GC 

B-cells fate, either remaining at the GC stage (increase of BCL6) or maturating 

to PCs (upregulation of BLIMP1) (Schmidlin et al., 2009). Contrary to the 

demonstrated oncogenic functions of BCL6, this gene is responsible for the 

inhibition of some other oncogenes (BCL2, MYC, BMI, PIM2, JUNB and others), 

and therefore, exhibits TSG properties (Ci et al., 2009). Other BCL6 functions 
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include DNA damage response, cell cycle arrest, cytokine signalling and Toll-

like receptor signalling (Basso et al., 2010). 

 

The transcriptional programming of BCL6 is often deregulated in DLBCL. In a 

ChIP-on-chip study by Ci et al., (2009), BCL6 showed a gain of function in 

DLBCL cell lines, aberrantly repressing genes in DLBCL that are not regulated 

by BCL6 in normal primary B-cells and thus, modulating other cellular pathways 

in lymphoma cells (response to DNA damage, cell cycle and cellular 

respiration). In addition, it is hypothesised that GC B-cells may require two hits 

for DLBCL lymphomagenesis. In the first hit, BCL6 overexpression blocks B-cell 

differentiation and activates continuous cell cycle. As a consequence, a 

prolonged exposure of B-cells to the highly mutagenic processes (SHM and 

CSR) that are normally carried out inside GC reaction can occur and generate 

mutations in oncogenes, as a second oncogenic hit, and therefore, activate 

secondary oncogenic pathways responsible of DLBCL oncogenesis (Shaffer et 

al., 2002b; Klein and Dalla-Favera 2008). However, this hypothesis does not 

explain the lymphomagenesis of GC B-cell-like DLBCLs as BCL6 is not 

upregulated in some GCB-DLBCL patients (Shaffer et al., 2002b). 

 

On the other hand, amplification of the REL gene and t(14;18) involving the 

BCL2 has been associated exclusively with GCB-DLBCL, as they are present in 

45% and 16% of GCB subtype patients, respectively (Rosenwald et al., 2002). 

The REL gene encodes for a NFKB transcription factor subunit that when it is 

amplified, increases anti-apoptotic and pro-proliferative NFKB signals to the 

microenvironment (Rosenwald et al., 2002; Shaffer et al., 2002b; Lenz et al., 

2008b). Apart from BCL2 translocation which is present in the GCB subtype and 

currently has been found in a few patients with PMBL, amplification of BCL2 

oncogene can occur in ABC-like and GCB-like DLBCLs (Staudt and Dave 2005; 

Lenz et al., 2008b). In GCB-DLBCL, the normal inhibitory effect of BCL6 on 

BCL2 expression is lost due to the disruption of BCL6 transcriptional 

programming, and therefore, BCL6 cannot silence BCL2 expression. Also, the 

BCL2 expression that is enhanced by the BCL2 translocation can overcome the 

BCL2-silencing effect of BCL6 (Ci et al., 2009). 
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II) Malignant B-differentiation in Activated B-cell-like DLBCL  

In ABC-like DLBCL subtype, there is a constitutive upregulation of the NFKB 

pathway, which is characteristic of this subtype, since it is absent in the GCB 

subtype and recent studies have also found it in few PMBL cases (Davis et al., 

2001; Lam et al., 2005; Lenz et al., 2008b). NFKB is an anti-apoptotic pathway 

that transcriptionally upregulates the oncogenes BCL2 and BCLX (Pezzella et 

al., 1990; Rosenwald et al., 2002). The NFKB pathway is downregulated in the 

GCB-subtype, probably due to GC B-cells requiring avoidance of apoptosis 

while the affinity maturation process and selection is carried out in the GC 

reaction (Shaffer et al., 2002b). The constant activation of NFKB occurs 

because of NFKBIZ amplification, which codifies an IκB protein that allows the 

nuclear translocation of NFKB to trigger regulation of NFKB target genes (Davis 

et al., 2001; Lenz et al., 2008b).  

 

Apart from NFKB activation, FOXP1 is highly upregulated in most of ABC-

DLBCL cases due to amplification of the gene, but rarely in GCB and PMBL 

subtypes (Shaffer et al., 2002b; Lenz et al., 2008b). In addition, SPIB is 

hypothesised to be a central regulator of ABC-DLBCL transcriptional 

programming (Lenz et al., 2008b). The SPIB gene is also overexpressed in 

ABC subtype due to genetic amplification, chromosomal gain or translocation 

with the Ig heavy-chain locus (Lenz et al., 2008b). This gene is a transcription 

factor that regulates PC differentiation silencing BLIMP1 (Schmidlin et al., 

2009). 

 

III) Aberrant B-development in Primary Mediastinal B-cell lymphoma  

The possible origin of PMBL is still unknown, but it is speculated that this 

DLBCL subtype may have originated from thymic B-cells (post-germinal centre), 

since PMBL share clinical features and gene expression profile with Hodgkin’s 

lymphoma (Rosenwald et al., 2003; Savage et al., 2003). Although upregulation 

of the NFKB pathway, JAK2, PD-L2 and STAT5 are associated with PMBL, the 

genes that play a critical role in PMBL pathogenesis are still not defined 

(Rosenwald et al., 2003; Savage et al., 2003; Lenz et al., 2008b). 

 



67 

 

2.4.3 Malignant B-cell differentiation in FL  

Despite important increases in understanding of the pathogenesis of FL, the 

pathogenic mechanisms underlying the lymphomagenesis remain unclear.  

 

The hallmark of FL is the t(14;18)(q32;q21) translocation, which causes an 

overexpression of BCL2 (Swerdlow et al., 2008). In addition, a small proportion 

of FL cases can also carry the t(3;14)(q27;q32) translocation which is more 

frequent in cases with grade 3B (Bende et al., 2007). The comparison of gene 

expression profiles between FL cases with and without translocation t(14;18) 

concluded that FL cases with this translocation exhibited signatures related to 

germinal centre B-cells, whereas those without the translocation showed gene 

expression patterns similar to activated B-cells, NFKB, bystander and 

proliferation, indicating that FL can arise from distinct molecular mechanisms. 

Interestingly, in this study, FL cases without translocation t(14;18) were more 

frequently detected in lower stage FLs (Leich et al., 2009). 

 

FL cells are characterised by a functional BCR showing that these tumour cells 

depend on BCR signalling (Bende et al., 2007). In addition, gene expression 

profiling of FL has also indicated that the microenvironment of FL cells is 

important for FL lymphomagenesis as two gene-expression-based signatures 

associated with T-cells, dendritic cells and macrophages, were identified in FL 

cases and associated with the course of the disease. This is supported by the 

need of FL cells to proliferate in contact with T-cells, dendritic cells, 

macrophages and follicular dendritic cells (FDCs) (Dave et al., 2004; Bende et 

al., 2007).  

 

Since the t(14;18) translocation is absent between 10% and 22% of FL cases, 

and healthy individuals can carry this translocation without disease 

manifestation, this chromosomal aberration has been considered as the first 

oncogenic hit for disease development with subsequent secondary mutations 

required for the malignant transformation to FL (Vaandrager et al., 2000; Bende 

et al., 2007; Weinberg et al., 2007; Leich et al., 2009). According to Bende et 

al., (2007), secondary alterations such as 6q-, +1q, +der18 and +7 occurring in 
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the germinal centre are required for an early transformation to FL, followed by 

additional aberrations such as 2p-, 10p-, 15-, 17p- and 17q- for a late 

transformation of FL cells. The high frequency of these alterations as part of the 

malignant transformation of FL is caused by abnormal SHM and CSR 

mechanisms, which depend on the expression of AID enzyme (Shikata et al., 

2012).   

 

The transformation of FL to the more aggressive lymphoma, DLBCL, can occur 

in about 20% cases (Montoto et al., 2007; Carlotti et al., 2009; de Jong and de 

Boer 2009). This progression is not a linear process due to high intraclonal 

diversity and the different oncogenic hits that take place (Carlotti et al., 2009; de 

Jong and de Boer 2009). Additionally, it is speculated that the first oncogenic hit 

corresponds to BCL2 overexpression as a consequence of t(14;18) occurrence 

in pre-B-cells (Carlotti et al., 2009; de Jong and de Boer 2009). Positive t(14;18) 

pre B-cells maturate to mutant naïve B-cells, which migrate to secondary 

lymphoid organs to undergo affinity maturation and generate mature B-cells 

(Carlotti et al., 2009). Subsequently, these mutant B-cells are transformed into 

follicular B-cells that suffer an aberrant clonal evolution due to oncogenic 

expression of BCL2, and acquire additional genetic and genomic alterations 

(MYC translocations, mutations in BCL6 and TP53, inactivation of CDKN2A/2B 

and other genomic and genetic alterations), that promote progression to DLBCL 

(Martinez-Climent et al., 2003; Bende et al., 2007; Carlotti et al., 2009).  

 

2.5 Loss of heterozygosity (LOH)  

 
2.5.1 Copy Number Variations (CNVs) 

Over the years, the identification of genes (i.e. oncogenes or TSG) whose 

function has been altered by genetic and genomic abnormalities, and therefore, 

drive the oncogenesis of a specific cancer has been extremely important for the 

understanding of the pathogenic mechanisms underlying cancer. The 

improvement in the sensitivity and specificity of the conventional cytogenetics, a 

“gold standard” in the detection of genomic alterations, such as translocations, 

inversions, deletions, amplifications etc…, has not only been quite useful in the 
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identification and implication of several genes with aberrant function in the 

tumourigenesis and tumour progression, but it has also played an important role 

in the detection of diagnostic and prognostic molecular markers that have 

provided a better diagnosis, classification and prognosis of several types of 

cancer. 

 

In NHL, the use of cytogenetic approaches, starting with conventional 

cytogenetics, and more advanced cytogenetic approaches, including spectral 

karyotyping (SKY) and comparative genomic hybridization (CGH), have 

revealed the high genetic and genomic imbalance and heterogeneity of NHL 

tumours (Mehra et al., 2002). In this study, Mehra et al., (2002), combining 

conventional cytogenetics with molecular cytogenetics (SKY and CGH) 

identified several genomic regions harbouring genes with either oncogenic or 

tumour suppressor roles that are targeted by translocations or copy number 

variations (CNVs) such as amplifications and deletions. 

 

The advent of genomic approaches, such as the microarrays, allowed the 

investigation of several regions with potential copy number variations (gains and 

losses) throughout the genome of hundreds of tumour samples with major 

sensitivity and resolution than previous cytogenetic approaches. Thus, the 

implementation of array-based CGH (aCGH) in the study of NHL has not only 

allowed the identification of recurrent subtype-specific and common alterations 

across NHL subtypes, but it has also permitted the successful identification of 

NHL subtypes based on their CNV-based genomic profiling (Ferreira et al., 

2008; Takeuchi et al., 2009; Chigrinova et al., 2010).  

 

Additionally, Lenz et al., (2008b) integrated Gene expression profiling (GEP) 

data with aCGH and identified 272 recurrent chromosomal aberrations with an 

effect on gene expression across DLBCL cases, and determined that DLBCL 

subtypes arise by the genetic alteration of distinct pathways, for example the 

deletion of INK4a/ARF tumour suppressor locus, amplification of FOXP1 and 

trisomy 3 in the ABC-like DLBCL subtype, and the deletion of the PTEN locus. 

Furthermore, aCGH has also identified the acquisition of CNVs during the 
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transformation of FL to DLBCL, detecting, for instance, the gain of the 

REL/BCL11A gene loci, BCL6 and BCL2, as well as losses of the TP53 locus 

(Martinez-Climent et al., 2003)     

 

 The implementation of state-of-the-art genomic approaches, such as next 

generation sequencing (NGS), has able to identify, apart from oncogenes or 

TSGs located within genomic regions with gains or losses respectively, point 

mutations in encoding regions of genes that can also play a role in the 

lymphomagenesis of NHL tumours (Pasqualucci et al., 2001; Challa-Malladi et 

al., 2011; Morin et al., 2011; Pasqualucci et al., 2011a). Specifically, mutations 

in CREBB and EP300, two acetyltransferases genes, were identified to play an 

important role in the NHL lymphomagenesis (Pasqualucci et al., 2011a).   

 

However, although these conventional or molecular cytogenetic approaches are 

able to identify CNVs (gains or losses) and possibly infer LOH of genes that 

have been affected by copy-loss events during oncogenesis, the detection of 

LOH of TSGs that are affected by copy-neutral events is overlooked by these 

CNV approaches.     

 

2.5.2 Loss of heterozygosity (LOH) in lymphoid neoplasms  

In a normal cell, tumour suppressor genes (TSGs) are responsible for the 

regulation of key survival pathways such as proliferation, differentiation and 

apoptosis. Hence, since the disruption of tumour suppressor genes (TSGs) was 

understood to be one of the underlying mechanisms of oncogenesis, the quest 

for the discovery of novel TSGs associated with cancer and genetic alterations 

that somehow affect their anti-tumour function, has provided important hints for 

the understanding of cancer (Knudson 1971; Knudson 2001). Thus, deletions, 

point mutations, epigenetic silencing of promoters, duplications and 

translocations are the most frequent genetic alterations that target and disable, 

partially or totally, the function of TSGs in oncogenesis (Strachan and Read 

1999).  
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Loss of heterozygosity (LOH) is one of the most useful and powerful strategies 

for the identification of novel TSGs that may be inactivated in a specific type of 

cancer (Tischfield 1997). LOH is inferred by comparison of the genotypes, for 

genetic markers (i.e. microsatellites or SNPs), mapping the candidate region of 

LOH, between tumour DNA and germ-line DNA samples from the same patient 

and by detection of a genotypic change from being heterozygous, in germ-line 

DNA, to a homozygous status in tumour samples (Figure 2.6). Therefore, the 

acquired homozygosity or LOH in tumour samples suggests the presence of a 

possible TSG or a group of TSGs that might be genetically inactivated and thus, 

play a potential role in the oncogenesis and progression of a tumour. 

 

Figure 2.6. General mechanism of loss of heterozygosity (LOH). Loss of 
heterozygosity occurs when an individual carries only one normal allele 
(heterozygous) of a tumour suppressor gene (TSG) (A) and during the 
tumourigenesis; this normal copy is altered by a second oncogenic hit, 
becoming into homozygous (B). Therefore, the TSG is inactivated due to that 
two copies are altered. Red band represents any type of LOH-driving events.  

 

The genetic mechanisms implied in the driving of LOH as well as in the 

inactivation of TSGs are copy-loss (deletions) or copy-neutral (point mutations, 

duplications or epigenetic silencing) events, which are classified based on 

whether these alterations induce or not a change in the number of copies of a 

gene; in case of the copy-neutral events, these are thought to be caused by 

acquired uniparental disomy (UPD) or gene conversion, where a individual 

receives two copies (one dysfunctional allele) of a chromosome or part of a 
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chromosome from one parent and no copies from the other parent (Tischfield 

1997; Strachan and Read 1999; Knudson 2001).   A previous study identified 

that copy-neutral events driving LOH are more frequent than copy-loss hits 

(Calhoun et al., 2006a); therefore, it is important to characterize copy-neutral 

events that drive LOH in order to have a clearer perspective of the TSGs that 

are involved in the pathogenesis of cancer. LOH can also arise from different 

mechanisms, depending on the extension of the region affected by LOH-driving 

events. For instance, multilocus chromosomal events involve deletions, mitotic 

recombination or nondisjuntional chromosome loss with or without reduplication, 

whilst locus-specific events involve gene-conversion, point mutations and 

epigenetic mutations (Tischfield 1997; Strachan and Read 1999). 

 

The interrogation of LOH events in genomic regions harbouring potential TSGs 

has been carried out by the use of polymorphic markers such microsatellites 

and SNPs. From the beginning, highly polymorphic microsatellites have been 

used to determine LOH in tumour samples with high reliability but with low 

coverage (Tischfield 1997; Strachan and Read 1999; Dutt and Beroukhim 

2007). However, based on the high density and frequency of SNPs throughout 

the genome, the implementation of SNP microarrays in the study of cancer has 

allowed the identification of CNVs (Copy Number Variations) and LOH regions 

through comparisons of paired tumour and unaffected samples, in a high-

throughput, high resolution and reliable manner (Lieberfarb et al., 2003; Zhao et 

al., 2004; Dutt and Beroukhim 2007). Since these so-called paired high 

resolution LOH analyses have became available, thousands of genomes from 

several types of cancer have been interrogated and a significant number of 

novel TSGs have been identified and associated with oncogenesis and 

progression of cancer (Lieberfarb et al., 2003; Lin et al., 2004b; Dutt and 

Beroukhim 2007). Moreover, the integration of data from copy number and 

SNP-based analyses has allowed the differentiation of LOH regions caused by 

copy-loss events from those derived by copy neutral events (Zhao et al., 2004).  

 

In general, due to their high reliability and resolution, paired SNP-based LOH 

analyses are ideally the best option for the detection of LOH regions. However, 
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the unavailability of normal DNA samples from the same individual, in most of 

the tissue banks worldwide, is a limitation for the interrogation of LOH in 

hundreds of unpaired tumour samples. As such, several studies have 

implemented different analytical approaches for inferring LOH in unpaired 

tumour cohorts (Goldberg et al., 2000; Beroukhim et al., 2006; Green et al., 

2010). Initially, a study using highly polymorphic microsatellites mapping 

chromosome 11 successfully identified significant LOH regions with copy-loss 

events in a cohort of unmatched melanoma cell lines (Goldberg et al., 2000).  

Beroukhim et al., (2006) implemented a Hidden Markov Model (HMM) algorithm 

to infer LOH regions using high density SNP array data from an unpaired cohort 

of tumours, which identified 80% of LOH regions from a paired LOH analysis. 

The efficacy of this algorithm in detecting LOH regions from unpaired SNP-

based LOH studies was independently validated using SNP array data from 

unpaired pancreatic tumours (Calhoun et al., 2006a; Calhoun et al., 2006b). 

Moreover, the integration of copy number data and the haplotype correction into 

this analysis allowed the detection of copy-neutral events and increased the 

accuracy of this approach (Beroukhim et al., 2006). Another analytic method for 

the interrogation of LOH using cohort heterozygosity comparison in unpaired 

tumour samples was recently described. This analytic method inferred LOH 

regions by comparison of heterozygosity values of SNPs between cases and an 

unmatched cohort of controls, and was able to identify shorter regions of LOH 

than those inferred by the HMM algorithm (Green et al., 2010). In conclusion, 

although paired high resolution LOH approaches are the preferred method for 

the efficient and reliable identification of LOH events and novel TSGs, the use 

of unpaired analytic approaches is still an optimal and reliable method to infer 

LOH when normal DNA samples are not available (Dutt and Beroukhim 2007; 

Heinrichs et al., 2010).  

 

Although conventional and high resolution LOH analyses have been applied 

extensively for the detection of TSGs in haematological malignancies, few 

studies of this nature have been undertaken in lymphomas (Heinrichs et al., 

2010). For instance, a study evaluating homozygosity rates for microsatellites in 

DLBCL of testis and central nervous system (CNS) found LOH-driving 
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hemizygous deletions at the HLA locus (6p21.3) (Jordanova et al., 2002). On 

the other hand, LOH regions mapping at 6q, 9p and 12p were associated with 

FL transformation and relapse using a microsatellite-based LOH approach 

(Takeuchi et al., 2004). Paired low and high resolution LOH studies have also 

identified LOH regions involved in FL progression. For example, LOH regions 

located at chromosome 9p and 17p were significantly more frequent in 

transformed FL cases, by interrogation of paired untransformed and 

transformed FL cases in a low density (10K) SNP array (Fitzgibbon et al., 

2007).  

 

Ross et al., (2007) using a paired low resolution (50K) LOH analysis in FL 

cases identified novel TSGs A20 and PERP as well as other LOH regions (1p, 

6p, 6q13-15 and 6q23-24, 9p, 10q and 16p) in the tumourigenesis of FL. 

Furthermore, the regions 1p36.33, 6p21.3, 12q21.2-q24.33 and 16p13.3 were 

found as the most frequent copy-neutral LOH regions in FL cases, using a 

paired high resolution (500K) LOH approach (Cheung et al., 2010). Finally, 

unpaired CLL, DLBCL and FL tumours were interrogated by the cohort 

heterozygosity comparisons (CHC) method on 250K SNP array data from these 

patients, identifying disease-specific LOH regions (Green et al., 2010).  

 

In summary, based on several lines of evidence, previously described, the 

detection of LOH is a useful and powerful tool to identify TSGs that may be 

inactivated, and thus, implicated in oncogenesis and progression of cancer. 

Therefore, LOH studies focused on the identification in NHL subtypes of novel 

TSGs and the pathways regulated by these is biologically and clinically relevant, 

as they may provide a better understanding of the biology and pathogenesis of 

these B-cell lymphomas.  This research has utilized LOH approaches to 

investigate NHL and to identify novel NHL TSGs. The research has also further 

investigated and characterized some of these novel implicated NHL TSGs.       

 

Inferring of LOH using the Hidden Markov Model (HMM)  

Beroukhim et al., (2006) used a dynamic Bayesian network, called Hidden 

Markov Model, to infer regions with loss of heterozygosity (LOH) from SNPs 
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mapped through the genome of unpaired tumour samples, already interrogated 

by whole genome SNP genotyping arrays. This model is based on the linear 

location of SNPs –chain-like structure- throughout the genome, determining an 

unobserved underlying state (LOH or retention-RET calls) from observed 

genotypes (heterozygous, homozygous or no-call) for every single SNP 

throughout the whole genome from each sample (Figure 2.7). Thus, HMM 

calculates the emission probability, the transition probability, and the initial 

probability for each sample at a specific locus. The emission probability refers to 

the probability of LOH or RET from an observed genotype (heterozygous vs. 

homozygous) for one SNP. The transition probability determines the probability 

of LOH or RET for an adjacent SNP given an inferred LOH or RET status of a 

previous SNP. The initial probability infers the initial unobserved state (LOH or 

RET) at the beginning of each chain (Beroukhim et al., 2006).  

 

 

 

Figure 2.7 Inference of LOH using the Hidden Markov Model. HMM infers the 
unobserved state (LOH or RET) from the observe measurements (genotypes) 
through the emission of probabilities. LOH status is inferred in each SNP based 
on the comparison of the calculated heterozygosity rate with the observed for 
each SNP (Adapted from Beroukhim et al., (2006)). 

 

For the inference of LOH, this model estimates the heterozygosity rate for each 

SNP, which is obtained from normal samples, and compares SNP 

heterozygosity rates in a step-wise manner. Hence, a SNP under RET state 

would have a heterozygosity call with a probability equal to the heterozygosity 

rate, and one SNP with a genotype call (i.e. homozygous) would differ to the 
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heterozygosity rate and therefore, this SNP would be inferred as LOH. SNPs 

without call of genotypes would not be classified between these two categories. 

It is important to highlight that this method incorporates SNP intermarker 

distances correcting linkage disequilibrium (LD) effect, SNP-specific 

heterozygosity and genotyping error rate avoiding false inference (Beroukhim et 

al., 2006).      
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Chapter 3: 

Materials and Methods  
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3.1 Research Ethics and Biosafety Approval 

This study has obtained ethical approval from the Human Research Ethics 

Committees of Griffith University (MED/09/10/HREC), the Gold Coast Hospital 

and the Princess Alexandra Hospital. The Griffith University Institutional 

Biosafety Committee has approved this research project (ED/131/10_Var2; 

NLRD/80/10). Informed consent was approved by each of the ethics 

committees of participating institutions and was obtained from all recruited 

individuals for their participation in the Griffith Lymphoma Project. 
 

3.2 Griffith Lymphoma Project samples  

 
3.2.1 Patient tumour samples  

In this study, tumour samples from fresh-frozen and formalin-fixed-paraffin-

embedded (FFPE) tissue dissections from Caucasian cases were used for 

DNA-based and RNA-based methods. The diagnosis and treatment of the 

patients as well as the extraction of the tumour tissues was carried out 

according to the criteria established by the haematologist and research teams in 

each one of the participating institutions: Australian Leukemia and Lymphoma 

Group (ALLG) Tissue Bank (Princess Alexandra Hospital, Queensland, 

Australia), Gold Coast Hospital (Queensland Health, Australia) and the Clinical 

Immunohaematology Laboratory (Queensland Institute of Medical Research, 

Queensland, Australia).  

 

Fresh-frozen tissue samples  

Forty-three tumour samples from NHL patients with a mean age of 51 years of 

age (range: 18 - 87) were included in the present study. These samples were 

obtained from 20 cases with DLBCL and 23 cases with FL in the diagnostic 

phase. However, clinical data such as IPI or FLIPI scores and survival, and 

laboratory data such as morphology and immunohistochemistry were not 

available. These samples were obtained from the Australian Leukemia and 

Lymphoma Group (ALLG) Tissue Bank, and the Gold Coast Hospital. Cell-of-

Origin (COO) sub-classification of DLBCL samples was inferred from whole 
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gene expression profiling data of 21 DLBCL cases (Green et al., 2011), 

following the criteria established by Shipp et al., (2002). Based on this analysis, 

10 out 21 DLBCL cases were classified as GCB-like subtype and 11 out of 21 

as non-GCB-like subtype.    

  

Formalin-Fixed-Paraffin-Embedded (FFPE) tissue 

Total RNA and DNA samples isolated from FFPE tumour tissue samples of 94 

DLBCL cases were kindly provided by Associate Professor Maher Gandhi 

(Clinical Immunohaematology Laboratory, Queensland Institute of Medical 

Research, Queensland, Australia). These DLBCL cases had a mean age at 

diagnosis of 59 years (range: 25 – 91) and contained clinical data such as 

survival, number of deaths caused by disease and COO-based 

immunoclassification. COO subtyping of these DLBCL samples was performed 

using an immunohistochemical algorithm described by Hans et al., (2004). 

According to this, 24 and 37 DLBCL cases were classified as GCB-like and 

ABC-like DLBCL subtypes, respectively. 

 

3.2.2 Control samples  

Different types of controls were used in this study, depending on the type of 

experiment that was performed, which are further defined in the section 

Materials and Methods of each one of the chapters, but also briefly outlined 

here. For the microsatellite validation of LOH, a total of 115 samples from 

peripheral blood (n=91) and from normal hyperplastic lymphoid tissue (HLT) of 

tonsils (n=24) were used as controls, from Caucasian individuals with a median 

age of 55 years (range: 2 - 105). For sequencing of PTPRJ exons, 44 peripheral 

blood samples were used as controls, which had a median age of 51 years 

(range: 18 - 87). For qPCR-based transcript abundance of TP53BP1, B2M, 

PTPRJ and LMO2, 6 tonsil samples from healthy individuals were used as 

controls in all the expression analyses.  

 

For detection of PTPRJ duplication, 25 peripheral blood samples with a median 

age of 42 years (range: 20 – 67) were used as controls  
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3.2.3 NHL susceptibility analysis    

Peripheral blood samples from 107 Caucasian controls and 201 Caucasian 

NHL cases were included in this study (Table 3.1). In the population, 43% of all 

individuals were males and the remaining 57% were females, with a mean age 

of 62 years in males and 63 years in females. NHL cases were classified 

according to subtype; however, FLs and DLBCLs were analysed separately, 

whereas the rest of the NHL subtypes were categorized and analysed as “other 

B-cell subtype” group. These samples were obtained from the Australian 

Leukemia and Lymphoma Group (ALLG) Tissue Bank, the Gold Coast Hospital, 

Haematology and oncology clinics of Australia (HOCA), and the Genomics 

Research Clinics.  

   

Table 3.1. NHL subtypes and controls used in the NHL susceptibility study  

NHL subtype n Age median Age range 

Total cases 201 63 24 – 99 

FL 80 63 32 – 99 

DLBCL 70 61 24 – 85 

CLL/SLL 10 74 53 – 88 

BL 3 56 38 – 77 

MCL 5 59 57 – 72 

Other B-cell 33 67 35 – 88 

Total controls  107 61 27 – 84 

* CLL/SLL: Chronic Lymphocytic Leukemia/Small Lymphocytic Leukemia. BL: 

Burkitt’s Lymphoma. MCL: Mantle Cell Lymphoma.      

 

3.2.4 Cell culture  

 

NHL cell lines 

The NHL cell lines MINO (Mantle Cell Lymphoma), RAJI (Burkitts’ Lymphoma), 

BJAB, SUDHL4, TOLEDO and PFEIFFER (Germinal center B-cell-like DLBCL) 

were previously acquired from the American Type Culture Collection (ATCC) 

database. The cervical carcinoma cell line HELA and human embryonic kidney 

cells HEK293T were kindly provided by Associate Professor Maher Gandhi. Cell 

lines were maintained in RPMI-1640 (GIBCO, Life Technologies Corporation) 

media supplemented with 10% heat-inactivated fetal bovine serum (FBS; 
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HyClone, Thermo Fisher Scientific Inc.) and 1% Penicillin/Streptomycin 

antibiotic. Cultures were incubated at 37 °C in a humidified 5% CO2 air 

atmosphere. Cell viability was assessed via the Trypan-blue exclusion method 

in a TC10™ automated cell counter (Bio-Rad Laboratories Inc.). Aliquots of cell 

lines are stored in full FBS containing 10% DMSO in liquid nitrogen.      

 

3.3 DNA-based methods  

 
3.3.1 DNA Isolation  

Genomic DNA isolation from peripheral blood samples and cell lines was 

performed using QIAamp DNA Blood Midi Kits (Qiagen), following the 

manufacturer’s instructions. Genomic DNA from fresh-frozen lymph node 

samples of NHL patients and normal HLT samples of healthy individuals were 

extracted using a modified column extraction protocol. In this protocol, briefly, 

10 mg of tissue was homogenized for 1 min in 1 ml of PBS (pH 7.4) using a 

rotor-stator homogenizer and incubated with Proteinase-K at 70 ˚C for 30 min. 

The digestion product was passed through a QIAmp DNA Blood Midi kit system 

(Qiagen) to purify the DNA, following the manufacturer’s guidelines.  

 

For the NHL susceptibility analysis, genomic DNA was isolated from peripheral 

blood samples of controls and NHL cases using a modified salting-out method 

described by Chacon-Cortes et al., (2012), which is detailed in Appendix 1.  

 

The DNA yield and purity was assessed using a Nanodrop ND-1000 

spectrophotometer (Thermo Fisher Scientific Inc.), having an absorbance 

260/280 ratio of 1.8-2.0 as optimal. DNA samples were diluted up to a final 

concentration of 20 ng/µL, in the elution buffer within the kits or in deionised 

water. Suboptimal samples in quality (high salt concentration) were purified 

using either an additional ethanol precipitation or phenol-chloroform-isoamyl 

alcohol purification steps (Appendix 2 and 3), depending on the sample.  
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3.3.2 Conventional PCR  

Conventional PCR reactions were optimized for each set of oligonucleotides 

used, in this study by Tm gradient, in a final volume of 20 µL containing 20 ng of 

genomic DNA, 1X Colourless GoTaq® Flexi Buffer (Promega), 2 mM of MgCl2, 

400 µM of dNTPs, 250 nM of each oligonucleotide and 0.05 units of GoTaqTM 

DNA Polymerase (Promega). Cycling conditions were performed on a Veriti® 

Thermal Cycler (Applied Biosystems, Life Technologies Corporation) consisting 

of an initial denaturation step of 95oC for 3 mins, followed by 40 cycles of 95oC 

for 30 secs, 55-65 oC for 30 secs, and final step of 72oC for 30 secs. 

Amplification products were separated on 1.5% agarose geles with 1X TAE 

buffer, stained with ethidium-bromide and visualized in U.V transilluminator. The 

100 bp DNA Ladder (New England Biolabs) was used as a size reference. 

Sequence of the oligonucleotides are detailed in each of the chapters where 

this approach was used.        

 

3.3.3 NHL susceptibility  

Four TaqMan® SNP genotyping assays (Life Technologies Corporation), listed 

in Table 3.2, were used for the genotyping of the cSNPs rs2270993, rs2270992, 

rs1566734 and rs4752904 in germ-line DNA samples from controls and NHL 

cases. Moreover, these assays were diluted in TE buffer (10 mM Tris-HCl pH 

8.0) up to 20X as final concentration. PCR reactions were performed using the 

allelic discrimination and absolute quantification assays in the ABI 7900HT 

Real-Time PCR system (Applied Biosystems, Foster City, CaliforniaLife 

Technologies Corporation). Results were obtained using the Sequence 

Detection Systems (SDS) software Version 2.4 (Applied Biosystems, Foster 

City, California, US).    

 

Table 3.2. List of TaqMan® SNP genotyping assays  

Id rs no. Polymorphism VIC probe FAM probe 

C_15959196_10 rs2270993 A/G A (rare) G (wt) 
C_15959195_20 rs2270992 C/T C (rare) T (wt) 

C_288149_1 rs1566734 A/C A (wt) C (rare) 
C_25943544_20 rs4752904 C/G C (rare) G (wt) 

wt wild type 
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3.4 RNA-based methods  

 
3.4.1 RNA isolation and cDNA synthesis  

Total RNA was isolated from fresh-frozen tumour and normal tonsil tissue 

samples using a TRIzol®-column based extraction protocol. In this protocol, 10 

mg of tissue was homogenized for 1 min in 1 mL of TRIzol (Invitrogen, Life 

Technologies Corporation) using a rotor-stator homogenizer and incubated for 5 

min at room temperature. 200 µL of chlorophorm were added to the 

homogenized tissue.  Samples were incubated for 3 mins at room temperature 

and vortexed for 15 secs. Phase separation was carried out by centrifugation at 

12,000 x g for 15 min at 4 °C and the upper aqueous phase, containing RNA, 

was carefully removed to avoid gDNA contamination and placed in a new 1.5 

mL tube. RNA was precipitated by adding 500 µL of cold 70% of ethanol to the 

aqueous phase and this solution was processed using a Purelink Micro-to-midi 

RNA purification system according to the manufacturer’s procedures and eluted 

in 30 µL RNase-free and DNase-free deionized water. Total RNA samples were 

stored at -80 °C.  

 

Total RNA from cell lines was extracted using the Direct-zol™ RNA MiniPrep 

(ZYMO Research), a TRIzol®-column extraction protocol, following 

manufacturer’s guidelines. Total RNA from peripheral blood samples of healthy 

individuals was isolated using PAXgene 96 Blood RNA Kit (PreAnalytiX GmbH, 

Qiagen and BD (Becton Dickinson)).            
 

Quality and quantity of total RNA samples were determined using the Eukaryote 

Total RNA nano assay in an Agilent 2100 Bioanalyzer (Agilent Technologies 

Inc.). On average, total RNA samples from fresh-frozen tissue samples and cell 

lines had a RNA integrity number (RIN) of 7.1. Total RNA isolated from FFPE 

tumour tissue samples was kindly provided by Associate Professor Maher 

Gandhi. For these samples, RNA quantity and purity were obtained by using a 

NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc.) and all RNA 

samples showed A260/280 ratios higher than 1.9 (Keane et al., 2011). 

However, RNA quality for these FFPE samples was not assessed due to the 
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small amounts provided. Exclusion of RNA samples was not based on quality or 

quantity parameters but in the amplification of the endogenous control 

employed in all qPCR-based expression analyses.  

 

All total RNA samples were used for further cDNA synthesis procedures. For 

cDNA synthesis, up to 1 µg of total RNA was reverse transcribed to cDNA using 

QuantiTect Reverse Transcription Kit (Qiagen)c, following manufacturer’s 

protocols. cDNA samples were diluted up to a final concentration of 20 ng/µL, 

based on input RNA amount.  

 

 
Figure 3.2. Electropherogram of a total RNA sample (RAJI cell line) with a RIN 
of 9.3 using Agilent Bioanalizer 2100 (Agilent Technologies Inc.), indicating the 
18S and 28S rRNAs with a 28S/18S ratio of 1.7.  

 

3.4.2 Reverse Transcriptase PCR 

RT-PCR reactions were performed for the detection of fusion transcripts derived 

for the PTPRJ duplication. The oligonucleotides used for detection of the 

junctions 10-2 and 10-3 and the sizes of the PCR products are detailed in Table 

3.3; whereas, those for detection of junctions 11-2 and 11-3 are detailed in 

Table 3.4.  
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Table 3.3. Oligonucleotide sequences used for the junctions 10-2 and 10-3 in a 
semi-nested RT-PCR assay. 

* Exon 2 contains 19 bp.  

 

Table 3.4. Oligonucleotide sequences used for the junctions 11-2 and 11-3 in a 
semi-nested RT-PCR assay.  

* Exon 2 contains 19 bp. 
 

3.4.3 Quantitative Real Time PCR (qPCR) 

The oligonucleotides for all qPCR reactions were designed using the Primer-

BLAST tool (NCBI) or Primer Express v. 3.0 (Applied Biosystems, Life 

Technologies Corporation). In this design, the size of the amplified products 

varied between 90 bp and 110 bp, and the primers were preferably designed 

either spanning an exon-exon junction or flanking an exon. In order to certify 

that qPCR reactions only amplified a specific single band, conventional PCR 

reactions were first carried out in a final volume of 20 µL, containing 20 ng of 

cDNA from HEK293T cell line,  200 nM of each oligonucleotide and 1X GoTaq® 

qPCR Master Mix (Promega), which contains a fluorescent double-stranded 

DNA-binding dye. Cycling conditions were performed on a Veriti® Thermal 

Cycler (Applied Biosystems, Life Technologies Corporation) with an initial 

denaturation of 95ºC for 3 min, followed by 40 cycles of 95ºC for 15 secs, and 

60ºC for 1 min and amplification products were separated on 1.0% agarose gels 

in 1X TAE buffer, stained with ethidium-bromide and visualized on a U.V 

transilluminator. PCR efficiency for each qPCR assay was obtained by a 

Exon Name Sequence 5-3 
Size (bp) 

10-2* 10-3 

10 Exon10-F TCACTGGAACCTGGCCGGAAGT 
90 71 

3 Exon3-R ACAGTTGCTACTGAAGGGTCAGGAA 

10 Exon10nested-F’ TGGAACCTGGCCGGAAGTCA 
86 67 

3 Exon3-R ACAGTTGCTACTGAAGGGTCAGGAA 

Exon Name Sequence 5-3 
Size (bp) 

10-2* 10-3 

11 Exon11-F CCCACCCGGAACACCTGCAC 
90 71  

3 Exon3-R ACAGTTGCTACTGAAGGGTCAGGAA 

11 Exon11nested-F’ CCGGAACACCTGCACTACTGGC 
85 66 

3 Exon3-R ACAGTTGCTACTGAAGGGTCAGGAA 
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standard curve of 10-fold serial dilutions of the specific amplified product, under 

the same above-mentioned conditions, but performed on an ABI 7900HT Real-

Time PCR system (Applied Biosystems, Life Technologies Corporation). 

Optimal PCR efficiencies for the target genes and endogenous controls 

(RPL13A) were optimized between 90% and 110%. Expression levels of the 

genes of interest for this study were determined by normalization with RPL13A 

using the relative quantification (∆∆Ct) method. 

 

Additionally, all qPCR reactions were performed in triplicate for each sample 

and each gene. As part of the quality control for each qPCR assay, samples 

whose replicates had a standard deviation (SD) higher than 0.50 were repeated 

until minimal conditions for replicates were met (SD ≤ 0.50). Repetition of these 

amplifications with high variability involved the repetition of the reference gene; 

in case the replicates of RPL13A did not accomplish this quality control, all the 

genes for that run were also repeated. This quality control ensured the 

reduction of pipetting error, increasing the accuracy of the quantification. 

Another quality control in all qPCR reactions included the elimination of samples 

without amplification for the reference gene RPL13A.  

 

Reference gene selection  

As the relative quantification (∆∆Ct) method requires the comparison of the 

expression levels of the gene of interest with the expression levels of the gene 

of reference in a sample, the selection of a reference gene with high stability 

across the samples is extremely crucial for a high reliability of qPCR assays 

(Vandesompele et al., 2002). Thus, the selection of the most stable reference 

gene across the samples included in this study was performed using the 

GeNorm software (Vandesompele et al., 2002). For this, expression levels of  7 

known reference genes, including actin, beta (ACTB), beta-2-microglobulin 

(B2M), glyceraldehyde-3-phosphate dehydrogenase (GADPH), 

hydroxymethylbilane synthase (HMBS), hypoxanthine 

phosphoribosyltransferase 1 (HPRT1), ribosomal protein L13a (RPL13A) and 

succinate dehydrogenase complex, subunit A (SDHA) were analysed in 4 FL, 4 
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DLBCL and 2 CLL cases. The GeNorm analysis yielded RPL13A as the most 

stable reference gene with an M-value of 0.291 (Green 2009).    

 

Control selection 

As previously mentioned, relative quantification, widely known as ∆∆Ct method, 

was used to determine the transcript abundance of the different genes analysed 

(TP53BP1, B2M, PTPRJ and LMO2) across the NHL cohort used in this study. 

For this study, total RNA samples isolated from 6 tonsil samples from healthy 

individuals were used as controls due to that these tissues are lymphoid organs 

and are biologically closer to malignant B-cells from B-cell lymphomas than 

peripheral blood cells.  

 

For the normalization of the expression, the arithmetic mean of the difference of 

Ct (∆Ct) values, between the genes of interest and the reference gene 

(RPL13A), obtained from the 6 normal tonsil samples was used to adjust the 

∆Ct values obtained for each tumour sample (∆∆Ct= ∆Ctsample - ∆Ctcontrols). Fold 

change of expression for each gene in each sample was calculated by the 2-∆∆Ct 

equation.   

 

3.5 Sequencing 

Bidirectional sequencing of amplification products was performed to test the 

specificity of conventional PCRs, RT-PCRs and qPCRs. Firstly, specific PCR 

products were cleaned using Exo-SAP-IT PCR product cleanup (USB, 

Affymetrix), according to the protocol provided by manufacturer. The 

sequencing reaction was performed in a final volume of 20 µL containing 40 ng 

of cleaned PCR product, 1X of BigDye Terminator cycle sequencing kit v3.1 

(Applied Biosystems, Life Technologies Corporation), 0.75 of sequencing buffer, 

0.5 µM of primer (forward/reverse). This mixture was incubated at an initial step 

of 96 ºC for 1 min, followed by 35 cycles of 96ºC for 10 sec, 55ºC for 5 sec and 

60ºC for 4 min and finalized with incubation at 4ºC on a Veriti® Thermal Cycler 

(Applied Biosystems, Life Technologies Corporation). Subsequently, 

sequencing products were ethanol-precipitated following the protocol described 

in Appendix 2, resuspended in 15 µL of deionized water, and loaded in a 
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GeneScan® 3130 (Applied Biosystems, Austin, TX, USA) following 

manufacturer’s guidelines. Sequence analyses were performed using Geneious 

Basic software v. 5.5.6.  

 

3.6 Whole Genome data  

 
3.6.1 SNP array and high resolution LOH analysis  

Genomic DNA from 21 DLBCL and 21 FL cases was analyzed using Affymetrix 

250 K Sty SNP microarrays, as previously described (Table 3.5) (Green et al., 

2011). SNP genotyping and HMM-based LOH analyses were performed using 

GeneChip Genotyping Software (GTYPE; Affymetrix). Unpaired high resolution 

LOH analysis was performed by implementation of Hidden Markov Model on 

SNP array data in order to infer LOH from unpaired tumour samples, following 

methodologies described for this purpose (Beroukhim et al., 2006; Green et al., 

2010). dChipSNP and Integrative Genomics Viewer (IGV  1.5)  programs were 

utilized to visualize the inferred LOH regions and select genes that were 

targeted in LOH regions with a frequency of LOH calls higher than 25% 

(Robinson et al., 2011). False Discovery Rate (FDR) Q-values from Genomic 

Identification of Significant Targets in Cancer (GISTIC) analysis of significant 

DNA copy number alterations were used to determine the probability of copy-

loss (deletions) events in the evaluated regions (Green et al., 2011).  

 

3.6.2 Gene Expression Profiling (GEP)  

Gene expression profiling data was obtained from the repository of the Griffith 

Lymphoma Project and from freely available databases such as Gene 

Expression Omnibus (GEO) and InSillicoDB. MergeColumns and 

CollapseDataset modules of the Genepattern platform (Broad Institute) were 

used to merge and collapse the datasets. The probe sets of the datasets 

GSE16131 and GSE10846 were collapsed by the maximum expression value.   

 

For the selection of gene-specific probes, a comparison of the alignment 

percentage for each probe was initially performed for all probes sets used in the 

present study. However, gene-based datasets were created by collapsing probe 
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sets targeting a specific gene into the mean of these probes. This method was 

preferred over other collapsing methods, such as median and the probe with the 

maximum value, as some probes with sequence identity of 100% did not have 

the highest expression values. Also, gene-based expression datasets were 

used to avoid over-representation of probes for a single gene in Gene Set 

Enrichment Analyses (GSEA).   

 

Table 3.5. List of whole genome SNP and expression arrays used in this study 

Information SNP array GLP-GEP GEP FL GEP DLBCL1 GEP DLBCL2 

GEO no. GSE22082 - GSE16131 - GSE10846 

Reference 
Green et al., 

(2011) 
Green et al., 

(2011) 
Dave et al., 

(2004) 
Monti et al., 

(2005) 
Lenz et al., 

(2008a) 
No. cases 42 42 184 176 420 

FL 21 21 184 - - 
DLBCL 21 21 - 176 420 

GCB-like 10 10 - 74 183 
ABC-like - - - 31 167 
Type 3 - - - 71 - 

Non-GCB-like 11 11 - - - 
Unclassified - - - - 64 
Type tissue Frozen Frozen Frozen Frozen Frozen 

Survival data No No Yes Yes Yes 
Data type Raw Linear Log2 Linear Log2 

Normalization - RMA/ Quantile Global Scaling LPS Global Scaling 
Collapse*  - Mean Maximum - Maximum 

Platform 
Affymetrix 250 

K Sty SNP 
microarray 

Illumina Sentrix 
Human-6 (v2.0) 

Affymetrix  HG-
U133A, U133B 

Affymetrix 
HG-U133A, 

U133B 

Affymetrix U133 
plus 2.0 

GLP, Griffith Lymphoma Project. GEP, Gene Expression Profiling. LPS, Linear Prediction 

Scores. RMA, Robust Multichip Average.  

 

3.7 Western Blot 

3.7.1 Protein isolation 

Cell pellets from HEK293T, HELA, MINO, RAJI, BJAB, PFEIFFER, SUDHL4 

and TOLEDO cell lines were lysed in lysis buffer (50mM Tris-HCl pH 8.0, 

150mM NaCl, 10% Glycerol, 1% NP-40, 2mM Sodium Ortho-vanadate, 5mM 

EDTA, 100 mM NaF and 10mM NaPP) containing a protease inhibitor cocktail, 

cOmplete ULTRA Tablets (Roche), prepared as indicated by manufacturer. 

Approximately, 500 µL of lysis buffer were used per 5 x 106 cells, which were 

incubated on ice for 30 mins. Whole cell lysates were clarified by centrifugation 

at 12,000 x g for 30 mins at 4 ˚C and transferred to a new and cold 1.5 mL tube. 

Protein was quantified through the Pierce® BCA Protein Assay Kit (Thermo 

Fisher Scientific Inc).  
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3.7.2 Protein electrophoresis and electroblotting 

30 µg of total protein were subjected to SDS electrophoresis on discontinuous 

8% and 12% polyacrylamide gels and on MiniProtean® TGX™  4-15% gradient 

pre-cast polyacriylamide gels (Bio-Rad Laboratories Inc) for 2 hours at constant 

120V in a Mini-PROTEAN Tetra unit. PageRuler™ Plus Prestained (Fermentas) 

was used to estimate the weight of bands of interest. Gel Buffer recipes are 

detailed in Appendix 4.            

 

For the electroblotting, separated proteins on SDS gels were transferred to 

PVDF membranes using either a wet system or Trans-Blot® Turbo™ transfer 

system (Bio-Rad Laboratories Inc). In the wet electroblotting system, proteins 

were blotted to Immobilon PVDF membranes (Merck Millipore) at constant 75V 

for 2 hrs in a Mini Trans-Blot eletrophoretic unit (Bio-Rad Laboratories Inc), 

using a standard transfer buffer (25 mM Tris-HCl pH 8.3, 192 mM glycine, 0.1% 

SDS  and 20% methanol) and following the instructions of the manufacturer. In 

the Trans-Blot turbo system, proteins were transferred using the Trans-Blot® 

Turbo™ Mini PVDF transfer packs (Bio-Rad Laboratories Inc) under the 

protocol for high molecular weight proteins (20 mins at 1.3 A).  

 

3.7.3 Immunodetection 

The membranes were blocked with 5% non-fat dry milk in TBST (50 mM Tris, 

pH 7.6, 150 mM NaCl, 0.1% Tween-20) buffer for an hour, and washed 3 times 

with TBST buffer for 5 mins each. Then, membranes were incubated overnight 

in a primary antibody solution containing 5% BSA in TBST buffer (Table 3.6).  

 

Table 3.6. Antibodies and dilutions used in immunoblots   

Antibody Origin Company Cat no. Dilution 

PTPRJ Mouse Santa Cruz sc-21761 1:200 
LMO2 Rabbit  Abcam  ab91652 1:2000 

Phospho-
p44/42 MAPK 

(ERK1/2) 
Rabbit Cell Signalling 4370P 1:2000 

p44/42 MAPK Rabbit  Cell Signalling 4695 1:1000 
B-Actin 

(ERK1/2) 
Rabbit Cell Signalling 5125 1:2000 

GADPH Rabbit Cell Signalling 14C10 1:2000 
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After 3 washes with TBST of 5 minutes each, membranes were incubated for an 

hour in a solution containing secondary antibody at a 1:2000 dilution factor in 

5% of non-fat dry milk in TBST. The secondary antibodies used were anti-rabbit 

IgG and anti-mouse IgG (HRP-conjugated) antibodies (#7074 and #7076, Cell 

Signalling Technology). Once the membrane was washed at least three times 

with TBST and TBS buffers, the bands were revealed by chemiluminescent 

immunodetection using the ECL Western blotting system (Amersham-GE 

Healthcare life sciences). Membranes were stripped maximum twice with a mild 

stripping solution as described in Appendix 4.   

 

Author’s note: The results chapters (Chapter 4 up to 10) of this thesis are 

included primarily as formatted publication chapters, which are either accepted 

or under review, in accordance with Griffith University approved submission 

guidelines. 
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Chapter 4: 

High resolution LOH analysis 

identifies commonly inactivated 

tumour suppressor genes (TSGs) 

across FL and DLBCL cases 

 

This Chapter builds on and extends studies published in: 

Green, M. R., Aya-Bonilla, C., Gandhi, M. K., Lea, R. A., Wellwood, J., Wood, 
P.,  Griffiths, L. R. (2011). Integrative genomic profiling reveals conserved 
genetic mechanisms for tumorigenesis in common entities of Non-Hodgkin's 
lymphoma.. Genes Chromosomes Cancer (2011), 50(5), 313-326.  

 

In addition, some of the results from this chapter have been included in the 

following publications: 

Aya-Bonilla, C., Green, M. R., Camilleri, E., Benton, M., Keane, C., Marlton, P., 
Lea, R. A., Gandhi, M. K., Griffiths, L. R. High-resolution loss of heterozygosity 
screening implicates PTPRJ as a potential tumor suppressor gene that affects 
susceptibility to Non-hodgkin's lymphoma. Genes Chromosomes Cancer 
(2013), 52(5), 467-479.  
 
Aya-Bonilla, C., Camilleri, E., Green, M. R., Lea, R. A., Gandhi, M. K., Griffiths, 
L. R. Implication of common cellular pathways affected by loss of heterozygosity 
(LOH) in the lymphomagenesis of Follicular lymphoma (FL) and Diffuse Large 
B-Cell lymphoma (DLBCL). BMC Bioinformatics (Under review). 
 
 
Statement of contribution: This chapter contains part of the published data from 

a first-authored paper by the candidate, but in addition Dr. Michael Green, as 

part of the Griffith Lymphoma Project, performed the high resolution LOH 

analysis, and selected the five candidate LOH regions to be validated by 

microsatellites and Mr. Miles Benton designed the R script to generate the LOH-

Manhattan plots.   
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Abstract 

The existence of shared genetic alterations between Follicular Lymphoma (FL) 

and Diffuse Large B-Cell Lymphoma (DLBCL) demonstrates that the 

lymphomagenesis of these NHL subtypes is governed, in part, by common 

pathogenic mechanisms. In the present study, the implementation of an 

unpaired loss of heterozygosity (LOH) analysis identified 262 potential TSGs 

within 46 common LOH regions across FLs and DLBCLs, unveiling critical 

cellular networks that may be implicated in the pathogenesis and progression of 

both DLBCL and FL. In order to validate the LOH inferred by this method, a 

microsatellite-based LOH approach was performed on the specific candidate 

TSGs Fas ligand (FASLG), cytokine inducible SH2-containing protein (CISH), 

Membrane Protein, Palmitoylated 5 (MPP5), protein tyrosine phosphatase, 

receptor type, J (PTPRJ), and tumour protein p53 binding protein 1 (TP53BP1). 

Thus, LOH of FASLG, CISH, PTPRJ and TP53BP1 were validated by the 

significant increase of homozygosity rates for microsateIlites targeting these 

TSGs in an extended cohort of NHL cases, indicating that these TSGs may be 

implicated in the lymphomagenesis of FL and DLBCL.  

 

4.1 Introduction 

Diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma (FL) account 

for approximately 60% of Non Hodgkin’s Lymphoma (NHL) cases (Swerdlow et 

al., 2008; Jayasekara et al., 2010; Turner et al., 2010). Despite the high 

heterogeneity in the pathogenic mechanisms that underlie the malignant 

phenotype for each of these two NHL subtypes (Klein and Dalla-Favera 2008; 

Nogai et al., 2011), shared genetic alterations were recently observed across 

FL and DLBCL cases, indicating that the lymphomagenesis of these NHL 

subtypes is orchestrated by common and crucial pathways (Green et al., 2011). 

Hence, the search for common pathways implicated in the lymphomagenesis in 

FLs and DLBCL could provide a better understanding of these diseases and 

unveil new and more efficient chemotherapeutic targets.  

 

Since the introduction of SNP arrays for the study of cancer, a wide number of 

oncogenes or tumour suppressor genes have been discovered and associated 
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with the origin and progression of cancer, following detection of genetic 

alterations that disrupt their function (i.e. point mutations, insertion/deletions, 

loss of heterozygosity (LOH), translocations, duplications etc…) (Lieberfarb et 

al., 2003; Zhao et al., 2004; Dutt and Beroukhim 2007). The search for specific 

regions with LOH in tumours has been a milestone in the discovery of novel 

TSGs that are inactivated by copy-loss (deletions) and copy-neutral (point 

mutations, duplications and epigenetic silencing) events during the oncogenesis 

(Tischfield 1997; Knudson 2001).  

  

Conventionally, the interrogation of regions with loss of heterozygosity has been 

carried out by contrasting the heterozygous status of genetic markers such as 

microsatellites and lately SNPs, between tumour DNA and its normal 

counterpart in benign tissue (Tischfield 1997; Zhao et al., 2004). However, 

despite the high reliability of paired LOH studies, the lack of germ-line DNA from 

the same patient limits the implementation of these studies in the search for 

novel TSGs in neoplasms. In order to overcome this limitation, several studies 

utilizing Hidden Markov Model (HMM) and cohort heterozygosity comparison 

algorithms have successfully inferred LOH regions from unpaired SNP arrays 

with low false positive and false negative rates (Lin et al., 2004b; Beroukhim et 

al., 2006; Calhoun et al., 2006a; Calhoun et al., 2006b; Green et al., 2010). 

 

In particular, previous paired SNP-based and microsatellite-based LOH studies 

have successfully identified LOH regions in FL and in a rare group of DLBCLs 

and have implicated some of them in tumourigenesis for both FL and DLBCL 

(Jordanova et al., 2002; Takeuchi et al., 2004; Ross et al., 2007; Cheung et al., 

2010). Herein, a HMM algorithm was used in order to firstly infer novel and 

common LOH regions from SNP array data of an unpaired cohort of FL and 

DLBCL cases, and finally to identify TSGs that might be commonly inactivated 

and implicated in the lymphomagenesis of these NHL subtypes.     
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4.2 Materials and Methods 

 

4.2.1 Patients and controls 

Fresh-frozen tumour biopsies from 20 Diffuse Large B-cell Lymphoma and 24 

Follicular Lymphoma patients and formalin fixed paraffin embedded tissue 

(FFPE) samples from 48 DLBCL cases were obtained as previously described 

(Green et al., 2011; Keane et al., 2011). This research was approved by the 

Human Research Ethic Committees of each of the participating sites. Peripheral 

blood samples and normal hyperplastic lymphoid tissue (HLT) were obtained 

from Australian Leukemia and Lymphoma Group (ALLG) Tissue Bank (Princess 

Alexandra Hospital, Queensland, Australia), Gold Coast Hospital (Queensland 

Health, Australia) and Genomics Research Centre Clinic (Griffith University, 

Queensland, Australia). Genomic DNA was isolated as previously described 

(see Sections 3.1 and 3.4) (Green et al., 2010; Green et al., 2011; Keane et al., 

2011). 

 

4.2.2 High Resolution LOH analysis  

Genomic DNA from 21 DLBCL and 21 FL cases was analyzed using Affymetrix 

250 K Sty SNP microarrays, as previously described (Green et al., 2011). Raw 

data is publicly available through the gene expression omnibus (GEO), 

accession no. GSE22082. SNP genotyping and HMM-based LOH analysis were 

previously performed using GeneChip Genotyping Software (GTYPE; 

Affymetrix), following methodology previously described for inferring LOH of 

unpaired LOH tumour samples (see Section 3.6) (Beroukhim et al., 2006; Green 

et al., 2010). dChipSNP and Integrative Genomics Viewer (IGV  1.5) programs 

were utilized to visualize the inferred LOH regions and select genes that were 

targeted in LOH regions with a frequency of LOH calls higher than 25% 

(Robinson et al., 2011). False Discovery Rates (FDR) and Q-values from 

Genomic Identification of Significant Targets in Cancer (GISTIC) analysis of 

significant DNA copy number alterations were used to determine the probability 

of copy-loss (deletions) events in the evaluated regions (Green et al., 2011). An 

R script (version 2.4) was used to generate the whole genome and gene-

specific GISTIC-enriched LOH-Manhattan plots (Aya-Bonilla et al., 2013).  
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4.2.3 Microsatellite-based validation approach  

The candidate genes Fas ligand (FASLG), cytokine inducible SH2-containing 

protein (CISH), protein tyrosine phosphatase, receptor type, J (PTPRJ), 

membrane protein, palmitoylated 5 - MAGUK p55 subfamily member 5 (MPP5) 

and tumour protein p53 binding protein 1 (TP53BP1) were selected for the LOH 

validation using microsatellites, based on their significance in lymphocyte 

biology. A pair of microsatellites was chosen per candidate gene, based on their 

proximity to each gene (Figure 4.1). Validation was carried out by fragment 

analysis of microsatellites targeting each candidate gene (Table 4.1). DNA 

samples from 115 controls (24 Normal hyperplastic lymphoid fresh tissues and 

91 peripheral blood samples) and 92 NHL patients (68 DLBCL and 24 FL) were 

evaluated. Oligonucleotides sequences were taken from uniSTS database of 

NCBI. All PCR reactions were optimized in a final volume of 20 µL containing 50 

ng of genomic DNA, 1X Colourless GoTaq® Flexi Buffer (Promega), 2mM of 

MgCl2, 400 µM of dNTPs, 500 nM of each FAM-labeled primer and 0.05 units of 

GoTaqTM DNA Polymerase (Promega). DNA was amplified using temperature 

cycles consisting of an initial denaturation step of 95oC for 3 mins, followed by 

40 cycles of 95oC for 30 secs, 55-62oC for 30 secs, and final step of 72oC for 30 

secs. Amplification products were separated in 1.5% agarose gels (1X TAE 

buffer), previously stained with ethidium bromide and sighted using a U.V 

transilluminator (Figure 4.2).  

 

For the fragment analysis of all microsatellites, the amplification products were 

diluted approximately in a factor of 1/50. 0.5µL of this solution was mixed with 

9.25µL of Hi-DiTM Formamide (Applied Biosystems, Austin, TX, USA) and 

0.25µL of GenescanTM – 250 LizTM Size Standard (Applied Biosystems, Austin, 

TX, USA) in a 96 well plate. The amplification products were separated and 

detected using a 3130 Genetic Analyzer (Applied Biosystems and Hitachi, 

Austin, TX, USA). The predicted base pair size for peaks for each allele as well 

as their height (range 300-7000 units), shape and area were examined using 

the GeneMapper® Software v.4 (Applied Biosystems). The selection of alleles 

for each sample was carried out by this software following manufacturer’s 
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guidelines; however, the final allelic binning analysis for each microsatellite was 

manually performed using Microsoft Excel 2003 (Microsoft). 

 

Hardy-Weinberg Equilibrium (HWE) was confirmed in the control population 

using GenePop software (version 4.0.10). For single tandem repeat (STR) 

microsatellites, a 1-sided Pearson’s Chi-square test with correction for 

continuity was carried out to compare heterozygosity frequencies of 

microsatellites between controls and NHL cases. For the analysis of the single 

nucleotide repeat (SNR) microsatellites, the means of the peak area/height ratio 

between controls and NHL cases were compared by using an independent t-

test (Figure 4.3). The significance level was set at α < 0.05.  

 

4.2.4 LOH Pathway analysis  

The global interactome of the genes affected by LOH in NHLs was identified by 

running all the genes listed in Table 4.2 in the VisANT (v. 4.06) platform. Genes 

without any interaction were eliminated from the study.  

 

In addition, a Gene Set Enrichment Analysis (GSEA) was performed using all 

the genes located within the genomic regions with inferred LOH, which are 

listed in Table 4.2. These candidate LOH genes were investigated and 

overlapped with collections of curated gene sets, such as canonical pathways, 

Biocarta, KEGG, and Reactome, using the molecular signature database 

(MsigDB, v3.1). The significance level for this GSEA analysis was set at α < 

0.05. It is noteworthy to clarify that both analysis were performed based on the 

assumption that all of the genes located within the inferred LOH regions from 

the high resolution LOH approach were being targeted by LOH events in the 

cohort of NHL cases.  
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Figure 4.1. Chromosomal localization of the candidate genes FASL, CISH, PTPRJ, MPP5 and TP53BP1 and the 
microsatellites used to evaluate LOH in these genes. 

Table 4.1. Microsatellites and PCRs used to evaluate LOH in the candidate genes FASL, CISH, PTPRJ, MPP5 and TP53BP1   

 *
 Single Nucleotide Repeat (SNR); 

+
Polymorphic dinucleotide repeat (CA); n.d: Non-defined; the primer sequences were acquired from UniSTS 

database of NCBI and expected amplification products were obtained using electronic PCR tool from the NCBI database. 
γ 

The reverse primers were 
FAM-labeled.    

Candidate 
Gene 

Locus 
Position 

MSAT ID Msat position/locus Forward primer (5’ – 3’) Reverse Primer (5’ – 3’)
γ
 

Expected 
product 

(bp) 

Annealing 
Temp 

FASL 1q23.2 
D1S2450

*
 

D1S2496
*
 

1q23.2/n.d 
1q23.2/ C1orf9 

GGGTAGTGTACTATGGGATGTGG 
AAAGCAGCAACTTAAACAAACAA 

GAACCCTCTGTGGCCTCATA 
GAACATGTTTCTTTTTGAAAGGG 

228-229 
179-180 

60 
62 

CISH 3p21.31 
D3S3060

*
 

D3S3615
+
 

3p21.31/DOCK3 
3p21.31/n.d 

GCCTAAAACAGACAATGTTTTGC 
TGGAAAGGTAAGCACAAGC 

ACTAACAAAGGTGCACTCCCC 
TCCTCCCAGGAAGCAC 

124-125 
139-151 

55 
56 

PTPRJ 11p11.2 
D11S4183

+
 

D11S1350
+
 

11p11.2/n.d 
11p11.2/PTPRJ 

CTATGTAACAAGCCCCAAC 
CATTCTGGGGTCTTTGAT 

TAGCATTCCAAAATCATGTG 
CGTGTGTGTGTATGTGGG 

219-227 
201-219 

55 
58 

MPP5 14q24.1 
D14S883

*
 

D14S1214
*
 

14q24.1/GPHN 
14q24.1/EIF2S1 

TCAAAATGTCACAAATTCTTAAAGG 
GGGAAACAGAGTCCAATTTAAGG 

ATTCAACAATCGCTGAAAAGC 
CAAATCTCGTGAGGCATTGA 

127-128 
328-329 

55 
55 

TP53BP1 15q15.3 
D15S917

*
 

D15S146
+
 

15q15.3/HISPPD2A 
15q15.1/n.d 

CTTGTTGAGCATCTATAAAGTGGA 
GGAAGCCTGACTTTATATCCG 

TGTGTGACTTTGGCTGGGTA 
ATGTCTGTTCAGATCCTTTGC 

115-116 
217-229 

55 
58 
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4.3 Results 

 
4.3.1 High resolution LOH analysis  

The implementation of the HMM algorithm for LOH analysis allowed the 

identification of common LOH regions in both DLBCLs and FLs. Potential 

tumour suppressor genes (TSGs) were identified within these regions that could 

be commonly inactivated by LOH-driven events across these NHL subtypes  

(Aya-Bonilla et al., 2013) (Figure 4.4, Table 4.2). 

 

 
Figure 4.2. Amplification product sizes of each microsatellite used in this study 
to evaluate LOH in candidate genes A. FASL, B. CISH, C. PTPRJ, D. MPP5 
and E. TP53BP1.  
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Figure 4.3. Analysis for the detection of the decrease of heterozygosity of 
single nucleotide repeat (SNR) microsatellites in NHL cases compared to 
controls. This analytic approach is based on the narrowness (low peak-
area/height ratios) exhibited by homozygous calls and the wideness (high peak-
area/height ratios) exhibited by heterozygous calls (left panel). Consequently, 
the peak-area/height ratio values were calculated and the means for controls 
and NHL cases were compared by an independent t-test. A reduction of 
heterozygosity in cases is inferred by a significant reduction of the mean values 
in cases compared to those in controls (right panel). 

 
As an initial step of validation of this HMM-based LOH approach, the detection 

of LOH events targeting the TP53BP1 gene were used as a validation marker, 

because single-copy deletions of TP53BP1 gene are common genetic 

alterations across DLBCLs (Takeyama et al., 2008). Additionally, the beta-2-

Microglobulin (B2M) gene has also previously been identified to be targeted by 

LOH-driving events in cases with DLBCL (Takeyama et al., 2008; Challa-

Malladi et al., 2011; Morin et al., 2011; Pasqualucci et al., 2011b). A more 

detailed discussion about the implication of TP53BP1 and B2M in 

lymphomagenesis of NHL tumours will be provided in Chapter 5. Among the 

candidate genes in this research within the common LOH regions across FL 

and DLBCL cases, it is noteworthy to highlight the detection of LOH of EP300 in 

5% (1/21) of DLBCL cases and 33% (7/21) FL cases. EP300 is a member of the 

KAT3 acetlytransferase family, which has been previously found to be mutated 

in DLBCL and FL cases (Table 4.2) (Morin et al., 2011; Pasqualucci et al., 

2011a). This would indicate that our approach is able to correctly identify LOH 

regions and events, in order to avoid false positive results. 
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In order to select candidate genes for further analysis and to avoid the false 

positive calls intrinsic to this unpaired HMM-based LOH approach (Beroukhim 

et al., 2006; Heinrichs et al., 2010), a microsatellite-based validation of five LOH 

regions containing the potential candidate genes FASLG, CISH, PTPRJ, MPP5 

and TP53BP1 was carried out in an unmatched control-case population. The 

selection of these candidate tumour suppressor genes (TSGs) within common 

LOH regions was based on their potential significance in lymphocyte biology in 

cellular processes such as apoptosis, cytokine and proliferation signalling and 

double strand breaks (DSBs) repair. In addition, a pair of microsatellites was 

chosen per candidate gene, based on their proximity to the candidate gene. As 

a result from this microsatellite validation and the regulatory role of PTPRJ in 

key signalling pathways for the survival of B-cells (i.e. MAPK, PI3K and B-Cell 

receptor) and the known role of TP53BP1 in double strand breaks (DSBs) 

repair, the genes PTPRJ and TP53BP1 were selected for further studies. These 

studies are described in Chapter 5 for TP53BP1 and Chapter 6 and onwards for 

PTPRJ.  
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Figure 4.4. High resolution (HMM) whole genome LOH analysis on Affymetrix 250 K Sty SNP microarray data from unpaired 
42 NHL tumour samples inferred common LOH regions across NHL cases (Upper panel). Loss of heterozygosity of PTPRJ 
and implicated this TSG as common target of lymphomagenic hits in NHL (gray-highlighted region). In the present study, the 
loss of heterozygosity of TP53BP1 gene was used as a sanity-check marker. Copy-loss events in LOH regions were examined 
by plotting GISTIC FDR scores for deletions derived from Green et al., (2011) (Lower panel). Regions with a frequency higher 
than 25% were considered as common LOH regions. Deletions were identified by a GISTIC score higher than 0.05. 
Information about common LOH regions is detailed in Table 4.2  
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Table 4.2. Common LOH regions across NHL subtypes 

Chr Start End Cytoband Genes  DLBCL (%) FL (%) NHL (%) 

chr1 48,691,123 53,453,591 1p33 

AGBL4, ELAVL4, DMRTA2, 38 43
a
 41 

FAF1, CDKN2C 29 14
a
 22 

RNF11, TTC39A, EPS15, 
OSBPL9, RAB3B, ORC1L 

29 19
a
 24 

chr1 170,874,922 171,119,480 1q24.3 C1orf9, FASLG 33 29 31 

chr2 193,698,117 197,541,536 2q32.2 
SLC39A10, DNAH7 62 43

a
 53 

HECW2 38 19
a
 29 

chr2 135,117,254 138,591,531 
2q21.1-
2q22.1 

YSK4, RAB3GAP1, ZRANB3, 
R3HDM1, MIR128-1, UBKN4, 
LCT, MCM6, DARS, CXCR4, 

THSD7B 

24 43 34 

chr2 209,325,174 211,236,026 2q34 MAP2, UNC80, RPE 33 48 41 

chr3 48,222,378 53,355,293 3p15 

GNA12, IFRD2, RASSF1, 
CACNA2D2, C3orf18, CISH, 

DOCK3, MANF 
62 43 53 

VPRBP, RAD54L2, TEX264 43 29 36 

RRP9, ACY1, DUSP7, POC1A, 
ALAS1, WDR82, DNAH1, BAP1, 

TNNC1, STAB1 
52 14 33 

chr4 32,337,149 34,814,591 4p15.1 ₋ 48 38
a
 43 

chr5 128,960,741 132,416,148 5q25 
CHSY3, HINT1, CDC42SE2, 
RAPGEF6, FNIP1, ACSL6 

38 33
a
 36 

chr6 27,755,658 29,375,139 6p22 

HIST1H2BL, HIST1H2AL, 
ZNF165, ZNF192, ZNF187, 
ZNF323, ZSCAN23, GPX6, 

SCAND3 

33 43
a
 38 

chr8 42,132,071 43,629,657 8p11.1 

POTEA 57 52 55 

HGSNAT, HOOK3, THAP1, 
FNTA 

43 38 41 

chr8 47,124,023 49,020,965 8q11.21 

BEYLA 57 38 48 

KIAA0146, CEBPD, PRKDC, 
MCM4 

33 24 29 

chr8 50,618,389 51,916,297 8q11.22 SNTG1 62 33 48 

chr10 73,499,402 75,255,991 10q22.1 
CCDC109A, OIT3, P4HA1, 

NUDT13, FAM149B1, TTC18, 
ANXA7, PP3CB, USP54 

29 48
a
 39 

chr11 47,878,480 49,586,637 11p11.1 PTPRJ, FOLH1 33 43 38 

chr12 32,778,192 34,604,275 12p11.1 SYT10, ALG10 29 38 34 

chr12 109,564,989 112,121,505 12q24.12 

CUX2, FAM109A, ATXN2, 
BRAP, ACAD10, ALDH2, 
MAPKAPK5, TMEM116, 
TRAFD1, RPL6, PTPN11 

76 71
a
 74 

chr12 54,178,646 55,152,656 12q13.13 
ITGA7, SARNP, WIBG, SUOX, 
ERBB3, MYL6, RNF41, PAN2 

33 19
a
 26 

chr13 54,363,953 56,406,529 13q21.1 - 38 29 34 

chr14 59,532,862 60,997,385 14q23.1 
PPM1A, SIX6, SIX1, MNAT1, 

TRMT5 
62 48 55 

chr14 65,537,406 67,148,382 14q23.3 
GPHN, FAM71D, MPP5, 

ATP6V1D, EIF251, PLEK2 
57 43 50 

chr14 67,286,044 67,897,426 14q24.1 ZFYVE26, RAD51L1 43 5 24 

chr15 40,354,248 43,773,486 
15q15.1-
15q21.1 

TTBK2, UBR1, 43 43
a
 43 
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a Copy-neutral LOH regions previously reported by (Cheung et al., 2010).    

 

4.3.2 Microsatellite-based validation analysis 

Validation of the HMM-inferred LOH regions was performed using two of the 

closest microsatellites to the candidate gene. In this case, four dinucleotide 

Table 4.2 Common LOH regions across NHL subtypes (continuation) 

Chr Start End Cytoband Genes DLBCL (%) FL (%) NHL (%) 

chr15 40,354,248 43,773,486 
15q15.1-
15q21.1 

TMEM62, CCNDBP1, EPB42, 
TGM5, TGM7, LCMT2, ADAL, 
ZSCAN29, TP53BP1, MAP1A, 

PPIP5K1, CKMT1B, CATSPER2, 
CKMT1A, FRMD5, CASC4, 

CTDSPL2, 

43 48 46 

chr15 40,354,248 43,773,486 
15q15.1-
15q21.1 

SPG11, PATL2, B2M, TRIM69, 
C15orf43, SORD, DUOX2, 
DUOX1, SLC28A2, GATM 

48 38
a
 43 

chr15 69,869,618 71,618,107 15q23 

NR2E3, MYO9A, SENP8, 
GRAMD2, PKM2, HEXA, AIH1, 

MIR630, ADPGK 
48 52

a
 50 

NEO1, HCN4, C15orf60 33 19
a
 26 

chr15 45,880,351 47,209,201 15q21.1 CTXN2, SLC12A1, DUT, FBN1, 48 43
a
 46 

chr15 49,490,962 50,717,676 15q21.2 
TM0D2, TM0D3, LEO1, MAPK6, 

BCL2L10, GNB5, MY05C, 
MY05A, ARPP19 

43 29
a
 36 

chr16 31,471,115 33,399,220 16p11.2 
ZNF267, HERC2P4, TP53TG3B, 

SLC6A10P 
57 24 41 

chr16 33,836,807 34,946,210 16p11.2 
MIR1826, UBE2MP1, 

LOC283914, LOC146481 
95 76 86 

chr16 44,930,842 47,272,916 16q11.2 

ANKRD26P1, SHCBP1, VPS35, 
MYLK3, C16orf87, GPT2, 

DNAJA2, NET02, ITFG1, PHKB, 
ABCC12, LONP2 

81 67 74 

chr16 64,838,472 67,611,980 16q21 

TK2, CKLF, CMTM4, DYNC1LI2, 
CCDC79, NAE1, CA7, CDH16, 

CES2,  CBFB, LRRC36, TPPP3, 
HSD11B2, AGRP, FAM65A, 
NFATC3, SLC7A6, SMPD3 

67 48 58 

chr17 41,051,704 41,713,226 17q21.31 
CRHR1, NR_024559, MAPT, 

KIAA1267 
33 43 38 

chr17 42,150,483 42,742,062 17q21.32 
WNT3, WNT9B, GOSR2, 

CDC27, MYL4, ITGB3 
38 5 22 

chr18 36,908,276 37,653,897 18q12.3 KC6 67 43 55 

chr18 30,197,680 31,156,337 18q12.1 
DTNA, MAPRE2, ZNF397, 

ZNF271 
24 43 34 

chr20 31,917,925 34,517,726 20q11.22 

MMP24, EIF6, UQCC, GDF5, 
CEP250, FER1L4, CPNE1, 
RBM39, PHF20, SCAND1, 

EPB41L1 

62 43 53 

chr21 28,694,084 29,744,669 21q21.3 
N6AMT1, RNF160, RWDD2B, 

USP16, CCT8, C21orf7 
38 33 36 

chr22 39,370,829 40,630,696 22q13.1 
EP300, TEF, L3MBTL2, 

RANGAP1, ZC3H7B, ACO2, 
NHP2L1, XRCC6, TOB2 

5 33 19 

chr22 29,756,650 30,819,386 22q12.2 
RNF185, LIMK2, PATZ1, DRG1, 

EIF4ENIF1, SFL1, DEPEDC6 
14 38 26 
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STRs and 6 SNRs were used in this approach (Table 4.1). Detailed descriptions 

of the results from the analysis of the allelic and heterozygosity frequencies in 

controls and NHL cases for STRs and SNRs will be provided in further sections. 

The results from this validation for TP53BP1 and PTPRJ will be slightly 

mentioned in this chapter; however, a more detailed discussion will be provided 

in Chapters 5 and 6, respectively. 

 

Analysis of allelic and heterozygosity frequencies of short tandem repeats 

(STRs) markers  

The STRs D3S3615 (CISH), D11S1350 (PTPRJ), D11S4183 (PTPRJ) and 

D15S146 (TP53BP1) were used to investigate the homozygosity levels of the 

genomic regions mapped by these microsatellites and consequently of the 

above mentioned candidate TSGs. The allelic sizes and frequencies for the 

microsatellites D3S3615 (CISH), D11S1350 (PTPRJ), D11S4183 (PTPRJ) and 

D15S146 (TP53BP1) are provided in Table 4.3, 4.4, 4.5 and 4.6, respectively. 

However, comparative analysis of the heterozygosity frequencies for all these 

STRs between controls and NHLs is reported in Table 4.7. 

 

Analysis of allelic and genotypic frequencies of D3S3615 (CISH): The 

binning analysis detected 10 alleles for the microsatellite D3S3615 in the study 

population, within the range of 126bp to 146bp, which differed to that reported in 

the UniSTS database of NCBI (139bp – 151bp). The distribution of the alleles in 

controls and NHL cases is described in Table 4.3. In this cohort, analysis of the 

allelic frequencies between controls and cases showed that allele 4 was 

significantly more frequent in controls than in NHL cases (56,1% vs. 28.8%;χ2= 

30.886, P < 0.0001). Conversely, the allele 5 was more common in NHL cases 

(17% vs. 39.1%; χ2= 25.613, P < 0.0001).  
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Table 4.3. Allelic sizes and frequencies found in controls and cases for the 
microsatellite D3S3615 

Coding Range Size Controls % Cases % 

Allele 1 125.84-126.94 126 6 2.6 6 3.3 
Allele 2 127.06-128.92 128 13 5.7 9 4.9 
Allele 3 129.5-130.84 130 19 8.3 6 3.3 
Allele 4 131.03-132.95 132 129 56.1 53 28.8 
Allele 5 133.00-134.81 134 39 17.0 72 39.1 
Allele 6 135.53-136.01 136 11 4.8 19 10.3 
Allele 7 137.35-138.83 138 7 3.0 7 3.8 
Allele 8 139.84-140.14 140 3 1.3 6 3.3 
Allele 9 141.44-142.78 142 1 0.4 5 2.7 
Allele 10 145.44-146.55 146 2 0.9 1 0.5 

Total   230  184  

 

Despite the significantly different frequencies of some alleles of D3S3615 in 

controls and NHL cases, the heterozygosity levels did not differ between 

controls and cases, controls and FL cases or, controls and DLBCL cases (P = 

0.500, P = 0.349 and P = 0.347, respectively) (Table 4.7). 

 

Analysis of allelic and genotypic frequencies of D11S1350 (PTPRJ): 

Following allelic binning analysis for the marker D11S1350, 15 different alleles 

were identified in cases and controls (Table 4.4), within the range of 199bp to 

227bp, which was different to the expected amplification product sizes for this 

microsatellite reported in the UniSTS database of NCBI (201-219bp). The 

comparison of the allelic frequencies between controls and cases revealed that 

allele 7 was significantly more common in cases than in controls (47.8% vs. 

58.8%; χ2= 4.47, P = 0.034). Conversely, alleles 4 and 8 were more frequent in 

controls than in cases (7.4% vs. 1.6%; χ2= 6.065, P = 0.014) (8.7% vs. 3.3%; 

χ2= 4.138, P = 0.042). 
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Table 4.4. Allelic sizes and frequencies of D11S1350 found in controls and 
cases. 

Coding Range (bp) Size Controls % Cases* % 

Allele 1 198.68-198.69 199 2 0.9 0 0 

Allele 2 200.79-200.81 201 1 0.4 1 0.5 

Allele 3 202.8 203 
 

0.0 1 0.5 

Allele 4 204.75-205.12 205 17 7.4 3 1.6 

Allele 5 206.7-207.06 207 17 7.4 15 8.2 

Allele 6 208.72-209.07 209 9 3.9 13 7.1 

Allele 7 210.67-211.18 211 110 47.8 107 58.8 

Allele 8 212.74-213.14 213 20 8.7 6 3.3 

Allele 9 214.81-215.2 215 13 5.7 9 4.9 

Allele 10 216.86-217.25 217 9 3.9 8 4.4 

Allele 11 218.11-219.26 219 15 6.5 8 4.4 

Allele 12 220.92-221.26 221 9 3.9 3 1.6 

Allele 13 222.92-223.36 223 6 2.6 5 2.7 

Allele 14 225.15 225 0 0.0 3 1.6 

Allele 15 226.95-227.37 227 2 0.9 0 0.0 

Total 
   

230 
 

182 
 

*PCR failed to amplify 1 out of 92 tumour DNA samples for D11S1350.  

 

A significant reduction of heterozygosity was observed in NHL cases, FL cases 

and DLBCL cases compared to controls (P = 0.002; P = 0.002; P = 0.022, 

respectively) (Table 4.7).  

 

Analysis of allelic and genotypic frequencies of D11S4183 (PTPRJ): Five 

alleles for the microsatellite D11S4183 were detected in controls and NHL 

cases, within the range of 213bp to 221bp (Table 4.5). This range was distinct 

from that reported in the UniSTS database of NCBI (219bp - 227bp), but had an 

identical range, indicating a possible difference in instrument size bias. Allelic 

frequencies of D11S4183 did not differ between the observed ones in controls 

and in NHL cases. Likewise, heterozygosity was not significantly different 

between controls and NHL cases, controls and FL cases or controls and DLBCL 

cases (Table 4.7).  
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Table 4.5. Allelic sizes and frequencies found in controls and cases for the 
microsatellite D11S4183 

Coding Range Size Controls % Cases* % 

Allele 1 213.35 213 0 - 3 2.0 

Allele 2 241.22-215.4 215 68 29.6 46 30.3 

Allele 3 217.06-217.34 217 31 13.5 21 13.8 

Allele 4 218.95-219.97 219 125 54.3 76 50.0 

Allele 5 220.89-221.05 221 6 2.6 6 3.9 

Total 
  

230 
 

152 
 

*PCR failed to amplify 16 out of 92 tumour DNA samples for D11S4183.  

 

Analysis of allelic and genotypic frequencies of D15S146 (TP53BP1): The 

allelic binning analysis for the marker D15S146 allowed the identification of 6 

different alleles in cases and controls, within the range of 215bp to 225bp 

(Table 4.6), which was different to the previously reported for this microsatellite 

(217-229bp) in the UniSTS database, though again, with a similar range, 

indicating both instrument bias and the absence of the largest allele. Based on 

the comparison between the allelic frequencies of controls and cases, allele 2 

did not show significant differences (6.5% vs. 8.8%; χ2= 0.419, P = 0.518), while 

allele 5 was significantly more common in NHL cases than in controls (5.7% vs. 

12.1%; χ2= 4.467, P = 0.035) and conversely, allele 6 was more frequent in 

controls than in NHL cases (11.3% vs. 4.9%; χ2= 4.635, P = 0.031). 

 

Table 4.6. Allelic sizes and frequencies found in controls and NHL cases for the 
microsatellite D15S146 

Coding Range Size Controls % Cases* % 

Allele 1 215.53-215.62 215 2 0.9 3 1.6 

Allele 2 217.49-217.69 217 15 6.5 16 8.8 

Allele 3 219.47-219.75 219 71 30.9 53 29.1 

Allele 4 221.56-221.84 221 103 44.8 79 43.4 

Allele 5 223.60-223.85 223 13 5.7 22 12.1 

Allele 6 225.63-225.91 225 26 11.3 9 4.9 

Total 
   

230 
 

182 
 

* PCR failed to amplify 1 out of 92 tumour DNA samples for D15S146.  
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Table 4.7. Frequencies of heterozygous and homozygous samples for the 
STRs D3S3615 (CISH) D11S1350 and D11S4183 (PTPRJ) and D15S146 
(TP53BP1) 

 
Heterozygous (%) Homozygous (%) n χ2 P value 

D3S3615 (CISH) 
     

Controls  64 (56%) 51 (44%) 115 
  

Cases  50 (54%) 42 (46%) 92 0.014 0.500 

FL 15 (63%) 9 (37%) 24 0.38 0.349 

DLBCL 35 (52%) 33 (48%) 68 0.301 0.347 

D11S1350 (PTPRJ) 
     

Controls  85 (74%) 30 (26%) 115 
  

Cases  49 (54%) 42 (46%) 91 8.137 0.002 

FL 10 (42%) 14 (58%) 24 8.111 0.002 

DLBCL 39 (58%) 28 (42%) 67 4.113 0.022 

D11S4183 (PTPRJ) 
     

Controls  66 (57%) 49 (43%) 115 
  

Cases  36 (47%) 41 (53%) 77 1.69 0.097 

FL 11 (46%) 13 (54%) 24 0.657 0.209 

DLBCL 25 (48%) 27 (52%) 52 0.905 0.171 

D15S146 (TP53BP1) 
     

Controls 70 (61%) 45 (39%) 115 
  

Cases  45 (49%) 47 (51%) 92 2.495 0.057 

FL 16 (67%) 8 (33%) 24 0.09 0.382 

DLBCL 28 (42%) 39 (58%) 67 5.457 0.010 

 

A nominal significant reduction of the frequency of heterozygosity was observed 

between controls and DLBCL cases (P = 0.010); however, a non-significant 

difference was observed between controls and NHL cases (P = 0.057) and 

between controls and FL cases (P = 0.382) (Table 4.7).    

 

Analysis of heterozygosity frequencies of single nucleotide repeats 

(SNRs) markers  

In the present study, 6 SNRs D1S2450 (FASLG), D1S2496 (FASLG), D3S3060 

(CISH), D14S833 (MPP5), D14S1214 (MPP5) and D15S917 (TP53BP1) were 

used to investigate the heterozygosity status of the genomic regions mapped by 

these microsatellites in controls and NHL cases. In this approach, reduction of 

heterozygosity in NHL cases was inferred by a significant decrease of the 

means of peak-area/height ratios in NHL cases, in comparison with controls 
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(Figure 4.5). By carrying out this analysis, significant reduction of the mean 

ratios between controls and cases were observed for SNRs D1S2450 (6.79 vs. 

6.33; P = 0.006), D1S2496 (6.89 vs. 5.89; P < 0.001), D3S3060 (7.27 vs. 5.91; 

P < 0.001) and D15S917 (7.03 vs. 6.77; P < 0.001). In contrast, a non 

significant change and a significant increase of heterozygosity in cases were 

observed for D14S833 and D14S1214, respectively (Figure 4.5). 
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Figure 4.5. Distribution of frequencies of peak-area/height ratios for the microsatellites (SNRs) A. D1S2450 (FASLG); B. 
D1S2496 (FASLG); C. D3S3060 (CISH); D. D14S833 (MPP5); E. D14S1214 (MPP5); F. D15S917 (TP53BP1) between 
controls and NHL cases. Homozygous and heterozygous individuals will have low and high peak-area/height ratios, 
respectively. Normal distributions of these ratios are indicated in each one of the histograms (continuous line). Furthermore, 
the means of peak-area/height ratios of controls (dashed line) and NHL cases (semi-continuous line) are indicated. 
Comparison of the means of peak-area/height ratios between controls and NHL cases allowed the identification of a significant 
reduction of heterozygosity in NHL cases indicated by a significant decrease of the means of peak-area/height ratios in NHL 
cases. 
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4.3.3 Loss of Heterozygosity of FASLG (Fas ligand) 

The high resolution LOH analysis we performed inferred loss of heterozygosity 

of the FASLG gene in 31% of NHL cases, 33% of DLBCL cases and in 29% of 

FL cases (Table 4.2; Figure 4.6). This finding was validated by a significant 

reduction of heterozygosity for the microsatellites D1S2450 (6.79 vs. 6.33; P = 

0.006) and D1S2496 (6.89 vs. 5.89; P < 0.001), which surround the gene 

(Figures 4.5 and 4.6). 

 

 

Figure 4.6. High resolution LOH analysis across chromosome 1 inferred LOH 
regions. A) Loss of Heterozygosity of FASLG gene is a common event (upper 
panel) and is not caused by copy-loss events in NHL cases (lower panel). B) 
Chromosomal, genetic and transcript mapping of FASLG gene indicating 
location of microsatellites (D1S2496 and D1S2450) that were used to validate 
LOH in FASLG locus.  

 



113 

 

4.3.4 Loss of Heterozygosity of CISH (cytokine inducible SH2-containing 

protein)  

The CISH gene was identified as a very common target of LOH-driving events 

in 53% of NHL cases, 62% of DLBCL cases and in 43% of FL cases (Table 4.2; 

Figure 4.7). However, the investigation of the microsatellites D3S3615 (STR) 

and D3S3060 (SNR) in the extended cohort of controls and cases exhibited 

conflicting results. For D3S3615, no significant changes were observed 

between the heterozygosity of controls and NHLs, controls and FL cases and, 

controls and DLBCL cases (P = 0.500, P = 0.349 and P = 0.347, respectively) 

(Table 4.7). In contrast, a highly significant reduction of heterozygosity between 

controls and cases were observed for D3S3060 (7.27 vs. 5.91; P < 0.001), 

which validates the SNP-based inferring of LOH in NHL cases (Figure 4.5).  

 

 

Figure 4.7. High resolution LOH analysis across chromosome 3 inferred 
common LOH regions across NHL cases. A) Loss of Heterozygosity of CISH 
gene is a common event (upper panel) and might be caused by copy-loss 
events in NHL cases (lower panel). B) Chromosomal, genetic and transcript 
mapping of CISH indicating location of microsatellites (D3S3615 and D3S3060) 
that were used to validate LOH in the genomic region containing the CISH 
locus.  
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Discordances between these microsatellites are probably due to their 

positioning in relation to the CISH locus and the extent of the genomic region 

affected by LOH. (Figure 4.7). 

 

4.3.5 Loss of Heterozygosity of MPP5 (membrane protein, palmitoylated 5) 

Loss of heterozygosity of MPP5 was identified in 50%, 57% and 43% of NHL, 

DLBCL and FL cases (Table 4.2; Figure 4.8). However, despite the high 

frequency of LOH observed in the high resolution LOH analysis, reduction of 

heterozygosity in the NHL cases was not found using the microsatellite 

D14S833 (5.90 vs. 5.93; P = 0.584). Conversely, a highly significant frequency 

of heterozygosity for D14S1214 was observed in NHL cases (6.89 vs. 5.89; P < 

0.001) (Figure 4.5).  

 

 

Figure 4.8. High resolution LOH analysis across chromosome 14 identified 
common LOH regions across NHL cases. A) Loss of Heterozygosity of MPP5 
gene is a common event in NHL cases (upper panel) and is not caused by 
copy-loss events in NHL cases (lower panel). B) Chromosomal, genetic and 
transcript mapping of MPP5 indicating location of microsatellites (D14S833 and 
D14S1214) that were used to investigate LOH in the genomic region containing 
the MPP5 locus.  
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4.4 Pathway analysis  

 
4.4.1 Global interactome of the LOH candidate genes  

In order to determine whether the candidate genes located within LOH regions 

listed in Table 4.2 interact and participate with common cell networks, a global 

interactome of a total of 260 genes affected by LOH was created using the 

VisANT (v. 4.06) platform (Figure 4.9). This platform identified the METABOLIC 

pathway (KEGG hsa-01100) as the most enriched pathway with the candidate 

LOH genes. Moreover, the genes MAPK6 (mitogen-activated protein kinase 6), 

PTPN11 (protein tyrosine phosphatase, non-receptor type 11) and ANXA7 

(annexin A7) had the highest number of links with other genes (170, 122 and 

106 respectively).  

 

4.4.2 Gene Set Enrichment Analysis (GSEA) 

In addition to the global interactome study, a Gene Set Enrichment Analysis 

was performed to classify the LOH genes into curated gene families and also to 

determine the pathways that are mostly enriched with these LOH genes. LOH 

genes were categorized according to gene families (Table 4.8). FASLG was 

classified into the cytokines and growth factor family and the cell differentiation 

markers family together with PTPRJ. The genes MAPK6, PTPN11 and EP300 

were primarily classified as protein kinases, oncogenes and transcription 

factors, respectively (Table 4.8). 

 

Furthermore, 215 out of 262 genes within LOH regions were identified and 

contrasted with collections from the molecular signature database (MsigDB, 

v3.1). Several cellular pathways were identified to be enriched with genes 

located within LOH regions (Table 4.9). The most enriched pathways for LOH 

genes were the, KEGG_ARGININE_AND_PROLINE METABOLISM, 

REACTOME_DOUBLE STRAND_BREAK_REPAIR and 

MICROTUBULE_ASSOCIATED_COMPLEX GO (gene ontology) gene sets. 

Interestingly, FASLG, TP53BP1, B2M and CISH genes were identified as 

members of the BIOCARTA_FAS_PATHWAY, 
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REACTOME_DOUBLE_STRAND_BREAK_REPAIR, BIOCARTA_CTL 

PATHWAY and PID_IL5_PATHWAY pathways, respectively. 

 

Table 4.8. Classification of LOH genes into curated gene families   

Gene Family # genes Genes 

Cytokines and 
growth factors 

6 AGRP, CKLF, CMTM4, FASLG, GDF5, MANF 

Transcription 
factors 

20 
ADPGK, ATXN2, CEBPD, CUX2, DMRTA2, EP300, MNAT1, 
NFATC3, NR2E3, PATZ1, RNF41, SCAND1, SIX1, SIX6, 
TEF, ZNF165, ZNF187, ZNF192, ZNF267, ZNF271 

Homeodomain 3 CUX2, SIX1, SIX6 
Cell differentiation 
markers 

4 CXCR4, FASLG, ITGB3, PTPRJ 

Protein kinases 8 
ERBB3, LIMK2, MAPK6, MAPKAPK5, MYLK3, PRKDC, 
TTBK2, YSK4 

Translocated 
cancer genes 

7 ACSL6, CBFB, EP300, EPS15, GPHN, HOOK3, PATZ1 

Oncogenes 7 ACSL6, CBFB, EPS15, GPHN, HOOK3, PATZ1, PTPN11 
Tumour 
suppressor genes 

2 CDKN2C, EP300 

 

Furthermore, significant enrichment of LOH genes was also observed in a 

collection of gene sets with chemical and genetic alterations (CGP) (Table 

4.10). In this collection, MARSON_BOUND_BY_FOXP3_STIMULATED, 

DIAZ_CHRONIC MEYLOGENOUS_LEUKEMIA_UP and 

GRAESSMANN_RESPONSE_TO_MC AND _DOXORUBICIN_UP were the 

most significant gene sets. Interestingly, FASLG, CISH and PTPRJ were 

included in the ROYLANCE_BREAST_CANCER_16Q_COPY_NUMBER_DN 

gene set and TP53BP1 is listed in the 

PUJANA_BREAST_CANCER_LIT_INT_NETWORK  gene set, indicating 

function in multiple forms of cancer.  
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Figure 4.9. Global interactome of genes commonly affected by LOH across NHL patients. An initial list containing 262 genes 
was used; however, only those with more than one interaction are shown. A total of 1270 nodes belonging to 68 pathways 
were mapped, which indicates the high level of interaction among the genes targeted by LOH-driving events in NHL tumours. 
The genes with labels correspond to the questioned LOH genes. 
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Table 4.9. List of cellular pathways enriched with genes within LOH regions 

Gene Set Name K Description k k/K* P value 

KEGG_ARGININE_AND_PROLINE_METABOLISM 54 Arginine and proline metabolism 6 0.1111 4.84E-04 

REACTOME_DOUBLE_STRAND_BREAK_REPAIR 24 Genes involved in Double-Strand Break Repair 3 0.125 9.73E-03 

MICROTUBULE_ASSOCIATED_COMPLEX 47 
Genes annotated by the GO term GO:0005875. Any 
multimeric complex connected to a microtubule. 

4 0.0851 1.13E-02 

PID_S1P_S1P3_PATHWAY 29 S1P3 pathway 3 0.1034 1.64E-02 

REACTOME_UNWINDING_OF_DNA 11 Genes involved in Unwinding of DNA 2 0.1818 1.71E-02 

BIOCARTA_FAS_PATHWAY 30 FAS signaling pathway ( CD95 ) 3 0.1 1.80E-02 

REACTOME_DOWNREGULATION_OF_ERBB2_ERBB3_SIGNALING 12 
Genes involved in Downregulation of ERBB2:ERBB3 
signaling 

2 0.1667 2.03E-02 

KEGG_NON_HOMOLOGOUS_END_JOINING 14 Non-homologous end-joining 2 0.1429 2.73E-02 

PID_IL5_PATHWAY 14 IL5-mediated signaling events 2 0.1429 2.73E-02 

PROTEIN_KINASE_BINDING 62 

Genes annotated by the GO term GO:0019901. 
Interacting selectively with a protein kinase, any 
enzyme that catalyzes the transfer of a phosphate 
group, usually from ATP, to a protein substrate. 

4 0.0645 2.84E-02 

BIOCARTA_CTL_PATHWAY 15 CTL mediated immune response against target cells 2 0.1333 3.11E-02 

MIPS_EMERIN_COMPLEX_24 15 Emerin complex 24 2 0.1333 3.11E-02 

CYTOSKELETAL_PART 235 
Genes annotated by the GO term GO:0044430. Any 
constituent part of the cytoskeleton. 

9 0.0383 3.23E-02 

KEGG_CELL_CYCLE 128 Cell cycle 6 0.0469 3.28E-02 

MYOSIN_COMPLEX 16 

Genes annotated by the GO term GO:0016459. A 
protein complex that functions as a molecular motor; 
uses the energy of ATP hydrolysis to move actin 
filaments..  

2 0.125 3.51E-02 

PID_DNAPK_PATHWAY 16 DNA-PK pathway in nonhomologous end joining 2 0.125 3.51E-02 

KINASE_BINDING 70 
Genes annotated by the GO term GO:0019900. 
Interacting selectively with a kinase. 

4 0.0571 4.17E-02 

BIOCARTA_MCM_PATHWAY 18 CDK Regulation of DNA Replication 2 0.1111 4.36E-02 

LIPOPROTEIN_BINDING 18 Genes annotated by the GO term GO:0008034.  2 0.1111 4.36E-02 

* k/K is the ratio between the # of genes in overlap (k) and the # of genes in gene set (K). This table combines the results from the 
collection of gene sets from canonical pathways, BioCarta, KEGG, Reactome, and GO (gene ontology) gene sets.   
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Table 4.10. List of gene sets with chemical and genetic perturbations (CGP) enriched with genes within LOH regions 

Gene Set Name K Description k k/K P value 

NIKOLSKY_BREAST_CANCER_20Q11_AMPLICON 31 
Genes within amplicon 20q11 identified in a copy number 
alterations study of 191 breast tumour samples. 

8 0.2581 8.08E-10 

ROYLANCE_BREAST_CANCER_16Q_COPY_NUMBER_DN 26 
Genes in discrete regions of loss within 16q region detected in 
individual invasive breast cancer tumours. 

6 0.2308 2.36E-07 

MARSON_BOUND_BY_FOXP3_STIMULATED 1022 
Genes with promoters bound by FOXP3 [GeneID=50943] in 
hybridoma cells stimulated by PMA [PubChem=4792] and 
ionomycin [PubChem=3733]. 

28 0.0274 3.14E-06 

DIAZ_CHRONIC_MEYLOGENOUS_LEUKEMIA_UP 1382 
Genes up-regulated in CD34+ [GeneID=947] cells isolated from 
bone marrow of CML (chronic myelogenous leukemia) patients, 
compared to those from normal donors. 

31 0.0224 4.76E-05 

GRAESSMANN_RESPONSE_TO_MC_AND_DOXORUBICIN_UP 612 

Genes up-regulated in ME-A cells (breast cancer, sensitive to 
apoptotic stimuli) exposed to doxorubicin [PubChem=31703] in the 
presence of medium concentrate (MC) from ME-C cells (breast 
cancer, resistant to apoptotic stimuli). 

17 0.0278 2.56E-04 

ZHAN_MULTIPLE_MYELOMA_SUBGROUPS 30 
Top genes up-regulated in MM4 vs MM1 subgroup of multiple 
myeloma samples. 

4 0.1333 2.58E-04 

YOSHIMURA_MAPK8_TARGETS_DN 366 
Genes down-regulated in vascular smooth muscle cells (VSMC) 
by MAPK8 (JNK1) [GeneID=5599]. 

12 0.0328 5.00E-04 

FIRESTEIN_PROLIFERATION 175 
Genes required for proliferation of DLD-1 cell (colon cancer with 
APC [GeneID=324] deletions), based on shRNA screen. 

8 0.0457 5.25E-04 

PUJANA_BREAST_CANCER_LIT_INT_NETWORK 101 
Genes constituting the LIT-Int network of proteins interacting with 
breast cancer reference proteins BRCA1, BRCA2, ATM, and 
CHEK2 [GeneID=672;675;472;11200]. 

6 0.0594 6.78E-04 

ZHENG_RESPONSE_TO_ARSENITE_DN 18 
Down-regulated in HEK293 cells (kidney epithelium) by treatment 
with sodium arsenite [PubChem=26435]. 

3 0.1667 8.20E-04 

SENESE_HDAC2_TARGETS_UP 114 
Genes up-regulated in U2OS cells (osteosarcoma) upon 
knockdown of HDAC2 [GeneID=3066] by RNAi. 

6 0.0526 1.28E-03 

FUJII_YBX1_TARGETS_DN 202 
Genes down-regulated in MCF-7 cells (breast cancer) after 
knockdown of YBX1 [GeneID=4904] by RNAi. 

8 0.0396 1.33E-03 

GAUSSMANN_MLL_AF4_FUSION_TARGETS_E_DN 22 
Down-regulated genes from the set E (Fig. 5a): specific signature 
shared by cells expressing either MLL-AF4 [GeneID=4297;4299] 
or AF4-MLL fusion proteins alone,  

3 0.1364 1.50E-03 

KUNINGER_IGF1_VS_PDGFB_TARGETS_UP 82 
Genes up-regulated in C2AS12 cells (myoblast) by IGF1 
[GeneID=3479] vs PDGFB [GeneID=5155]. 

5 0.061 1.70E-03 

* k/K is the ratio between the # of genes in overlap (k) and the # of genes in gene set (K). 
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4.4 Discussion 

4.4.1 High resolution LOH analysis 

The study of common genetic alterations across FL and DLBCL cases has 

revealed common pathogenic mechanisms that can underlie the malignant 

phenotype of these B-cell lymphomas and may open a new alternative in the 

discovery of more effective chemotherapeutic targets (Green et al., 2011). From 

this perspective, the implementation of HMM-based LOH analysis on high-

density SNP array data from unpaired DLBCL and FL cases has allowed the 

identification of common regions with LOH across these NHL subtypes, 

suggesting that the inactivation of TSGs within these regions might be a 

common molecular mechanism in the lymphomagenesis and aggressiveness of 

DLBCL and FL, as well as in the transformation of FL to DLBCL.  

 

Previous studies have inferred LOH regions in FL cases using paired SNP-

based LOH analyses, which were implicated in lymphomagenesis and 

transformation of FLs. For instance, initial studies using low resolution SNP 

arrays (10K and 50K genechip arrays) identified LOH regions targeting 

chromosomes 1p, 6p, 10p, 10q and 16p (Fitzgibbon et al., 2007; Ross et al., 

2007). Later, Cheung et al., (2010) used a high resolution paired LOH analysis 

from 500K SNP array data of FL cases to identify novel and previously reported 

copy-neutral regions of LOH. In the present study, the interrogation of NHL 

tumours with this unpaired high resolution LOH method identified a total of 46 

shared LOH regions between FL and DLBCL tumours, harbouring 

approximately 262 candidate TSGs. Comparison of these LOH regions with 

previously reported LOH regions showed that 17 out of 46 LOH regions inferred 

by this unpaired LOH were similar to those reported in a paired high resolution 

LOH in FL (Cheung et al., 2010). The similarities between these studies are 

quite remarkable as they provide important validation for this unpaired LOH 

study, regardless of substantial differences between these two studies (in the 

type of cancer studied and purpose of the studies). It is noteworthy to mention 

that some of the LOH regions inferred by the current unpaired study were much 

smaller than those predicted by the paired one (Cheung et al., 2010), 
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suggesting a better specificity for this approach in delimiting LOH regions and 

TSGs within those regions. 

 

Additional studies have employed microsatellites to map specific regions of 

increased homozygosity in DLBCL and FL cases.  One of these LOH regions 

was detected by microsatellites mapping the HLA region, located at 6p21.3, in 

DLBCL of the testis and the central nervous system (Jordanova et al., 2002). It 

is important to mention that this region was not detected by this unpaired high 

resolution LOH study; however, LOH of the beta-2-microglobubin (B2M) gene, 

which was previously reported in DLBCL of testis and CNS (Jordanova et al., 

2003), was commonly detected by this study in both DLBCL and FL cases, 

which will be further discussed in Chapter 5. Other studies, including genome-

wide mapping with microsatellites have identified large chromosomal fragments 

involved in FL progression (Takeuchi et al., 2004). Although the present study 

identified smaller regions of LOH than those formerly implicated in the 

transformation of FL cases, their possible relation with transformation cannot be 

studied as transformation status was unavailable for these FL cases. 

 

One of the validations performed in the present study for unpaired array based 

LOH testing was the utilization of microsatellites targeting the candidate TSGs 

FASLG, CISH, PTPRJ, MPP5 and TP53BP1 to identify significant increases of 

homozygosity rates in NHL cases. Overall, this microsatellite-based analysis 

validated LOH of FASLG, CISH, PTPRJ and TP53BP1. However, there were 

some discrepancies between some of the microsatellites used for this purpose 

and the results obtained from the high resolution LOH approach. These 

discrepancies may be attributed to differences in the position of the markers 

(SNPs vs. microsatellites) in relation to the locus to be investigated and the 

specific alteration of the region targeted by LOH events, which may vary in 

cases. In this context, SNPs are much more frequent than microsatellites 

throughout the genome. Hence, they enable a more precise determination of 

LOH events at a specific location, in comparison to microsatellites, which are 

more polymorphic and informative than SNPs but are limited by their wider 

spacing and thus their coverage. Consequently, a combination of both methods 
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is required for further unpaired LOH studies, in order to avoid false positive 

findings and provide improved precision for true positive results.   

 

On a separate note, discussion about the implication of LOH for the candidate 

genes FASLG, CISH and MPP5 in NHL tumourigenesis will be given below, but 

in Chapters 5 and 6 for the TSGs TP53BP1 and PTPRJ, respectively. 

 

4.4.2 Loss of heterozygosity of FASLG  

FASLG, located in the chromosomal region 1q23, encodes a type II cell surface 

glycoprotein member of the tumour necrosis factor (TNF) protein family, which 

triggers FAS/FASLG-mediated apoptosis, by activation of death-inducing 

caspase cascades. Additionally, FASLG is involved in normal immune 

development, homeostasis, modulation and cell function and its expression was 

found to be restricted to cells with some cytotoxic activity, such as T and NK 

cells (Lowin et al., 1994; Reed 2000).  

 

However, despite the fact that FASLG expression has been reported in non-

hematologic as well as in hematologic types of cancer, including NHL 

lymphomas (FL and DLBCL), these differ in their sensitivity to the FAS-

mediated apoptotic effects (Xerri et al., 1997; Walker et al., 1998). Although a 

previous study did not detect transcript levels of this TSG in normal B-cells or in 

malignant B-cells isolated from BL and CLL patients (Grullich et al., 2003), a 

more recent study, using IHC techniques, identified a significantly higher 

expression of FAS and FASLG in DLBCLs compared to FLs, (Jin et al., 2005). 

In addition, in FAS-resistant NHL cell lines, Rituximab was found to reactivate 

FAS/FASLG-induced apoptosis by inhibition of YY1, a negative regulator of 

FAS, caused by inhibition of the p38 MAPK/NFKB pathways and thus, making 

these cells sensitive to Rituximab effects through this upregulation of FAS 

(Vega et al., 2005).  

 

In the present study, the Fas Ligand (FASLG) gene was identified as a common 

target of LOH-driving events across NHL cases, which was validated by a 

significant increase of homozygosity rates for microsatellites surrounding the 
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FASLG locus in cases with NHL, indicating that the genetic alteration of this 

TSG plays a crucial role in the lymphomagenesis of these B-cell lymphomas, 

likely through inactivation. 

 

Although there is no direct evidence regarding LOH of the FASLG gene or the 

region 1q23 in hematologic malignancies, LOH in the region 1q23 was 

previously found in 45% of patients with esophageal adenocarcinoma and was 

associated with shorter survival rates and resistance to chemotherapy in those 

cancers. Downregulation of the genes located in the region 1q23 were identified 

as indicators of progression from Barrett’s esophagus to esophageal 

adenocarcinoma (Maru et al., 2009). It is thus possible that the FASLG gene or 

other genes within the region can play similar roles in other cancers. 

 

Based on the GISTIC scores for the region targeting FASLG, copy neutral 

events are the drivers of LOH in these cases, but it is unclear what their nature 

is and hence, their specific effect on the function of this TSG. However, despite 

a previous mutational analysis in the coding region of FASLG establishing that 

mutations in this gene seemed to play no role in NHL pathogenesis (Kim et al., 

2003), it is possible that other copy neutral events, such as epigenetic silencing 

or mutations in non-coding regions of this TSG, might affect its TSG function, 

perhaps via altered expression. In fact, lack of functional FASLG was previously 

associated with increase of tumour growth, in a murine Min model (Fingleton et 

al., 2007).  

 

The above mentioned lines of evidence, including the genetic inactivation of 

FASLG induced by LOH-driving events across NHL cases and the significant 

enrichment of the FAS-mediated apoptotic pathway with genes within common 

LOH regions across NHL cases, support the hypothesis that disruption of 

FAS/FASLG-mediated apoptotic pathway can play a crucial role in the 

development of B cell lymphomas and in their response to Rituximab (Xerri et 

al., 1997; Walker et al., 1998; Vega et al., 2005). Further functional studies are 

required to confirm whether genetic inactivation of FASLG has an effect on the 
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function of this TSG in NHL pathogenesis, survival and chemoresponse and 

what form such alterations may take.  

 

4.4.3 Loss of heterozygosity of CISH 

The CISH gene is located at chromosomal region 3p21.3 and is member of the 

cytokine-induced STAT inhibitor (CIS) protein family which contains SH2 and 

CIS homology (CH) domains (Masuhara et al., 1997). Expression of CISH 

partially inhibits IL-3 or erythropoietin-induced proliferation and STAT5 

activation and thus, it acts as a negative feedback regulator of the JAK-STAT5 

pathway (Matsumoto et al., 1999). This pathway is used by cytokine receptors 

in cytokine-mediated signalling, which in most cases inhibits apoptosis and 

promotes cell growth (Ward et al., 2000). Since this pathway plays a crucial role 

in cytokine signalling and cytokines modulate hematopoietic processes, such as 

proliferation of B-cells, CIS-associated negative regulation to this pathway is 

essential for the control of cytokine-mediated anti-apoptotic and pro-proliferative 

signals in B-cell differentiation. Therefore, any disruption in this negative 

mechanism of regulation or activation of the JAK-STAT5 pathway (oncogenes 

or oncogenic virus-mediated) could contribute to malignant phenotype in 

hematologic diseases (Ward et al., 2000; Schmidlin et al., 2009). Constitutive 

expression of STAT3 is associated with ABC-like DLBCL subtype and the 

induction of BCL6 by IL21 in normal GC B-cells is realized through STAT5 

activation, regulating in this way GC B-cell differentiation (Schmidlin et al., 

2009). In breast and colon cancer cells, it has been found that silencing of IL4-

STAT6 pathway activates the constitutive expression of CISH and other 

negative regulators (Zhang et al., 2008; Liu et al., 2009).  

 

In the present study, LOH of CISH was identified as one of the most common 

alterations across NHL cases. This finding was validated by a significantly 

increased rate of homozygosity for a microsatellite proximal to CISH in an 

extended cohort of NHL cases. Despite the lack of studies about LOH of CISH 

in any type of cancer, the region 3p21 has been reported as a common target of 

LOH-driving copy-loss events in several types of cancer, including NHL. This 

region is characterized by a high frequency of candidate TSGs, some of which 
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have been directly implicated in oncogenesis (Mitelman 2000; Imreh et al., 

2003). Otherwise, LOH of the 3p21.3 region has still not been well studied in 

NHLs; however, it was detected in between 31% and 46% of patients with non-

small cell lung, breast, and cervical cancer. Nevertheless, one of the altered loci 

mapped to the chromosomal region 3p21.3 included part of the CISH locus 

(Imreh et al., 2003). LOH in the region 3p21.31 has also been detected in 14% 

of neuroblastoma patients (Lazcoz et al., 2006). In these studies, copy-loss 

events were reported to be a causative factor of LOH in the regions targeting 

the CISH locus. This observation might also be supported by the integration and 

analysis of CNV (GISTIC scores) and LOH data from NHL cases.   

 

Since CISH is involved in the B-cell development regulating JAK-STAT 

pathway, genetic inactivation of this TSG might play an important role in NHL 

lymphomagenesis. Hence, further investigations are required in order to 

determine the factors that induce LOH in NHLs and clarify the role of CISH in 

the pathogenesis of NHL.    

 

4.4.4 Loss of heterozygosity of MPP5 

MPP5 is localized at chromosomal region 14q23.3 and is a member of the p55-

like subfamily of peripheral membrane-associated guanylate kinase (MAGUK) 

family. The MAGUK family is characterized by the presence of three motifs: an 

N-terminal PDZ domain, a central SRC homology 3 region (SH3), and a C-

terminal guanylate kinase-like (GUK) domain. Some members of this family 

have additional PDZ domains (up to 3) or additional N-terminal Ca2+ - 

calmodulin kinase II. The members of this family use these domains to 

articulate the extracellular environment with intracellular signalling pathways 

and cytoskeletal elements (Anderson 1996). As a member of this family, MPP5 

functions as an adapter of CRUMBS and PATJ to localize to tight junctions, 

allowing communication between extracellular and intracellular compartments 

(Roh et al., 2002). There is not a direct relationship between this gene and any 

type of cancer; however, a study found that the transcription factor ZEB 

promotes de-differentiation of tumour cells, downregulating the CRUMBS3, 

HUGL2 and MPP5-associated tight junction complex protein. This finding 
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supports the hypothesis that ZEB could play an important role in epithelial to 

mesenchymal transition, which is involved in the progression of tumours 

towards metastasis (Aigner et al., 2007). 

 

In this study, LOH of MPP5 was inferred in a high frequency of NHL cases by 

the HMM-based LOH approach; however, the microsatellite-based validation 

failed to confirm a significant decrease of heterozygosity in this region. Instead, 

it identified a highly significant increase of heterozygosity in NHL cases. Based 

on the previously discussed limitations and nature (SNPs vs. microsatellites) of 

the approaches used in this study, additional genetic or genomic approaches 

(i.e gene expression, epigenetic and mutational studies) are required to clarify 

the implication of this gene in the lymphomagenesis of NHL and thus, determine 

the type of genetic alterations that are causing the significant increase of 

heterozygosity in NHL cases. 

 

However, despite the lack of clear evidence of LOH of MPP5 in NHL and other 

types of cancer, a few LOH studies have associated genomic regions 

containing the MPP5 locus with oncogenesis.  LOH of chromosome 14q has 

been found to be associated with poor survival in head and neck squamous cell 

carcinoma (Pehlivan et al., 2008). Moreover, copy-neutral LOH in the region 

14q23.3 with a partial uniparental disomy (UPD) has been detected in atypical 

meningiomas, which can play a role in the oncogenesis and progression of this 

type of cancer (Krupp et al., 2008). LOH in this region has also been detected in 

pediatric glioblastomas but not in adult cases (Qu et al., 2010). These few lines 

of evidence might indicate a possible role of this TSG in cancer and in NHL 

lymphomagenesis, but further studies are required to confirm this.   

 

4.4.5 Pathway analyses 

Interestingly, using two different pathway analyses, the KEGG METABOLIC 

pathway (hsa-01100) and the ARGININE AND PROLINE METABOLISM 

pathway (hsa-00330) yielded the highest enriched pathways with candidate 

TSGs located within common LOH regions across NHL cases. In other words, 

the regulation of these pathways could be commonly altered in NHL and thus, 
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play a determinant role in the lymphomagenesis of these B-cell lymphomas. 

These candidate TSGs could encode proteins (i.e. enzymes) that could directly 

or indirectly (i.e transcriptional regulators) disrupt the activity of these pathways 

,either by reduced or null expression of these genes or by the encoding of 

dysfunctional proteins, resulting from the LOH-induced inactivation of these 

TSGs, . 

 

Disruption of metabolic pathways such as energy production or biosynthesis of 

amino acids, nucleosides, etc are one of the hallmarks in cancer, as the 

malignant cells demand a higher activity in energy metabolism and biosynthesis 

in order to sustain their constitutive and accelerated proliferation and their 

malignant performance (Vander Heiden et al., 2009; Hanahan and Weinberg 

2011). The purpose of this metabolic reprogramming of tumour cells is not only 

to increase the energy output in these cells but it is also to maximize the 

biosynthetic pathways of the malignant cells to turn them into more efficient and 

self-sustaining organisms (Vander Heiden et al., 2009; Hanahan and Weinberg 

2011; Phang et al., 2012). For instance, reprogramming of the glutamine-

proline-arginine metabolic circuit has been associated with cancer and found to 

be regulated by TP53 and MYC, in which proline acts as the regulatory axis of 

this circuit (Catchpole et al., 2011; Phang et al., 2012). Therefore, the high 

enrichment of candidate TSGs in the metabolic pathways related to arginine 

and proline metabolism in our samples is clear evidence that this 

reprogramming of energetic and biosynthetic pathways is carried out in NHL 

tumour cells. 

 

In conclusion, the high resolution LOH approach used in this research identified 

and implicated several candidate TSGs within common LOH regions with 

common lymphomagenic mechanisms. Additionally, genetic inactivation by LOH 

of the TSGs FASLG, PTPRJ, TP53BP1 and CISH were validated in additional 

NHL cases versus control data. Finally, important pathways regulated by these 

candidate TSGs were unveiled in NHL tumours, indicating directions for future 

research. 
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Chapter 5: 

TP53BP1 and B2M genes are 

commonly inactivated in Follicular 

(FL) and Diffuse Large B-Cell 

(DLBCL) Lymphomas  

 

 

 

 

This chapter outlines results investigating a specific LOH region and builds on 

the previous chapter implicating this region. The study specifically focuses on 

two implicated NHL tumour suppressor genes, TP53BP1 and B2M. These 

results are also included in the following publication:  

 

Aya-Bonilla, C., Camilleri, E., Benton, M., Green, M. R., Marlton, P., Lea, R. A., 
Gandhi, M. K., Griffiths, L. R. TP53BP1 and B2M genes are commonly 
inactivated in Follicular (FL) and Diffuse Large B-Cell (DLBCL) Lymphomas. 
Leukemia Research (Under Review).  
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Abstract 

The identification of regions with loss of heterozygosity in single nucleotide 

polymorphism (SNP) array data from several types tumours has allowed the 

discovery of novel tumour suppressor genes (TSGs) that can play an important 

role in tumourigenesis and may provide a better understanding behind 

pathogenic mechanisms underlying cancer. In previous studies, we identified a 

common LOH region at 15q15.1- 15q21 and a high frequency of deletions in the 

15q21 region in FL and DLBCL cases. In order to identify novel TSGs within this 

LOH region that may play an important role in the lymphomagenesis of FLs and 

DLBCL, we integrated data from LOH and copy number data. This approach 

found that copy-loss alterations at 15q21 span a genomic region over 9 Mb and 

cover two LOH regions. LOH of region 1, which spans a 3.4 Mb region, was 

validated by a significant decrease of heterozygosity for a microsatellite 

targeting this region. Among the 41 genes located within this region, we 

identified the tumour suppressor genes TP53BP1 (tumour protein p53 binding 

protein 1) and B2M (Beta-2-Microglobulin) as the most likely TSG targets within 

this region. These genes play important roles in mechanisms such as DNA 

double strand breaks (DSBs) repair and immune recognition. Hence, this study 

has implicated the inactivation of the TP53BP1 and B2M genes as a shared 

component in the tumourigenesis of FLs and DLBCLs and in the transformation 

of FL.  

 

5.1 Introduction 

Follicular Lymphoma (FL) and Diffuse Large B-Cell Lymphoma (DLBCL) are 

responsible for over 60% of newly diagnosed cases of Non-Hodgkin’s 

lymphoma (NHL) (Swerdlow et al., 2008; Jayasekara et al., 2010). FL and 

DLBCL, have an indolent and aggressive clinical course respectively, share the 

same origin (Germinal B-cell centre) but exhibit high heterogeneity in their 

morphology, clinical outcome and genetic makeup. Approximately 20% of FL 

cases transform to DLBCL, by acquisition of a wide array of secondary 

alterations, such as structural genomic alterations (i.e. translocations including 

c-MYC, BCL6 genes) and genetic mutations (TP53), following constitutive BCL-

2 overexpression, triggered by t(14;18)(q32;q21) (Lo Coco et al., 1993; 
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Martinez-Climent et al., 2003; Bende et al., 2007; Carlotti et al., 2009). 

Nonetheless, despite differences in genetic aberrations underlying the diversity 

of tumour biology of FL and DLBCL, the presence of common genomic 

aberrations (alterations or deletions) between FL and DLBCL has indicated that 

lymphomagenesis of FL and DLBCL may be caused, by inactivation or 

activation of shared genes and pathways, suggesting that these commonly 

targeted genes and pathways can be crucial for survival and development of 

these B-cell lymphomas (Green et al., 2011).  

 

Identification of novel tumour suppressor genes (TSGs) and their implication in 

oncogenesis is paramount for a better understanding of etiology and 

pathogenesis of cancer. However, as TSGs negatively regulate vital pathways 

for the proliferation and sustenance of the malignant phenotype of cancer cells, 

they are often targeted and inactivated by genomic and genetic alterations, in 

order to trigger the oncogenic process through their disruption. Loss of 

heterozygosity (LOH) analysis is a useful tool for the identification and study of 

inactivated TSGs by copy-loss (hemizygous deletions) or copy-neutral events 

(chromosomal duplications, genomic or epigenetic mutations) in a specific 

tumour (Tischfield 1997; Beroukhim et al., 2006). Moreover, the recent use of 

SNP array data from an unpaired cohort of tumours has allowed inferring loss of 

heterozygosity events in tumour samples without comparison with their normal 

counterparts (Beroukhim et al., 2006; Green et al., 2010; Green et al., 2011) 

 

Recently, using high resolution LOH analysis, we have reported common 

regions with LOH across FLs and DLBCLs and candidate tumour suppressor 

genes (TSGs) within those regions (Aya-Bonilla et al., 2013). A precise 

identification of genes within these commonly affected regions is relevant for a 

better understanding of the common pathogenic mechanisms that may play a 

role in the lymphomagenesis of FL and DLBCL. One of the most common LOH 

regions, in cases with FL and DLBCL, spanned the chromosomal bands 

15q15.1 and 15q21 (Aya-Bonilla et al., 2013). LOH of this genomic region has 

also been described in paediatric glioblastomas (Qu et al., 2010). Several 

alterations within and surrounding this region have also been previously 
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described in B-cell lymphomas. In a previous study, integrating copy number 

and gene expression data analyses, we identified that loss of 15q21 was a 

shared alteration between FLs and DLBCLs (Green et al., 2011). Additionally, 

deletion of both 15q and 8p was correlated with poor prognosis in DLBCL 

cases, and loss of 15q23 has been considered as a secondary hit in the 

transformation of FL to DLBCL (Martinez-Climent et al., 2003; Scandurra et al., 

2010). Furthermore, a previous paired high resolution LOH study identified a 70 

Mb region (15q13.3-15q26.3) as a target of LOH-driving copy-neutral events in 

FL cases (Cheung et al., 2010).  

 

Hence, based on the discovery that the deletion of 15q21 and LOH of the region 

15q15.1-15q21 are common alterations across FLs and DLBCLs (Green et al., 

2011; Aya-Bonilla et al., 2013), we used copy number and LOH data to carry 

out an integrative analysis and fine-mapping of these regions in order to 

determine the overlapping regions affected by LOH and copy-loss events in 

these NHL subtypes and to identify candidate tumour suppressor genes (TSG) 

that could be targeted by these events. By performing this integrative approach, 

we found that the region targeted by copy-loss events spans around 8 Mb and 

contains two LOH regions of 3.4 Mb and 1.3 Mb. In addition, the genes 

TP53BP1 (tumour protein p53 binding protein 1) and B2M (Beta-2-

Microglobulin) were found commonly inactivated in FLs and DLBCLs. 

Interestingly, TP53BP1 and B2M have been implicated previously in the 

lymphomagenesis of DLBCL (Takeyama et al., 2008; Challa-Malladi et al., 

2011; Morin et al., 2011; Pasqualucci et al., 2011b; Lohr et al., 2012). However, 

this is the first study to implicate inactivation of TP53BP1 and B2M in 

lymphomagenesis of both FL and DLBCL.  

 

This integrative analysis allowed us firstly, to determine the region affected by 

both LOH and copy-loss events in FLs and DLBCLs within the genomic region 

15q15.1-15q21.1, and secondly, to pinpoint within this region, the tumour 

suppressor genes (TSGs) that are most frequently affected by LOH-driving 

events implicating these common regions in the lymphomagenesis of FL and 

DLBCL.  
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5.2 Materials and Methods 

 
5.2.1 Patients and controls 

Genomic DNA and total RNA were isolated from fresh-frozen tumour biopsies of 

NHL patients and from normal tissue samples of controls, following previously 

described methodologies (see Sections 3.2 - 3.4) (Green et al., 2010; Green et 

al., 2011; Aya-Bonilla et al., 2013) . This study had the approval of the Human 

Research Ethic Committees of each of the participating sites. Peripheral blood 

samples, normal hyperplastic lymphoid tissue (HLT) and tumour samples were 

obtained from Australian Leukemia and Lymphoma Group (ALLG) Tissue Bank 

(Princess Alexandra Hospital, Queensland, Australia), Gold Coast Hospital 

(Queensland Health, Australia) and Genomics Research Centre Clinic (Griffith 

University, Queensland, Australia). 

 

5.2.2 Fine mapping of the genomic region 15q15.1-15q21.1   

Previously published data from copy number variation and high resolution LOH 

analyses of DLBCL (n=21) and FL (n=21) cases were used to perform a fine 

mapping of the chromosomal region between 15q15.1 and 15q21.1 loci and 

thus, identify genes within this segment that can be targeted by copy-loss 

(deletions) and LOH events across FLs and DLBCLs (Green et al., 2010; Green 

et al., 2011; Aya-Bonilla et al., 2013). This fine mapping involved an integrative 

analysis of these two genomic approaches by enrichment of LOH-Manhattan 

plot over the region comprising the 15q15.1 and 15q21.1 loci with the False 

Discovery Rate (FDR) Q-values from Genomic Identification of Significant 

Targets in Cancer (GISTIC) scores (Green et al., 2011), using an R script 

(version 2.4) and the Integrative Genomics Viewer (IGV, v1.5) program (Aya-

Bonilla et al., 2013). 

 

Gene Set Enrichment Analysis (GSEA) was performed using all genes located 

within the genomic region 15q15.1-15q21.1, which are listed in Table 4.2. 

These LOH genes were investigated and overlapped with collections of curated 

gene sets, such as canonical pathways, Biocarta, KEGG, and Reactome, from 
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the molecular signature database (MsigDB, v3.1). The significance level for this 

GSEA analysis was set at α < 0.05 

 

5.2.3 Microsatellite-based validation analysis  

D15S146 (short tandem repeat - STR) and D15S917 (single nucleotide repeat -

SNR) microsatellites were selected for the validation of HMM-based LOH status 

of the genomic region 15q15.1-15q21.1 in an unmatched cohort of controls and 

NHL cases. Fragment analysis of genomic DNA samples from normal tissue 

samples of 115 controls (24 normal hyperplastic lymphoid tissue and 91 

peripheral blood samples) and tumour samples of 92 NHL patients (68 DLBCL 

and 24 FL) were evaluated following the optimization parameters previously 

mentioned (see Sections 3.2, 3.3.2 and 4.2.3)  

 

Hardy-Weinberg Equilibrium (HWE) was confirmed in the control population 

using GenePop software (version 4.0.10). Comparison of heterozygosity 

frequencies of D15S146 between controls and NHL cases was analyzed using 

a 1-sided Pearson’s Chi-square test with correction for continuity. 

  

For the analysis of D15S917 (SNR), we compared the means of the peak 

area/height ratio between controls and NHL cases by using an independent t-

test (see Section 4.2.3). As homozygous and heterozygous individuals have low 

and high peak-area/height ratios, respectively; a significant decrease of the 

means of peak-area/height ratios in NHL cases indicates a significant reduction 

of heterozygosity in NHL cases compared to controls. The significance level 

was set at α < 0.05.  

 

5.2.4 TP53BP1 and B2M expression analyses  

Normalized TP53BP1 and B2M mean fluorescence intensity values from an 

Illumina Sentrix Human-6 (v2.0) from 14 FLs and 17 DLBCLs with available 

LOH data were analysed as previously described (see Section 3.6.2) (Green et 

al., 2011; Aya-Bonilla et al., 2013). This gene expression profiling data was 

Robust Multi-Array (RMA) normalized using a quantile normalization with a 

median polish (Green et al., 2011). These values were used to investigate the 
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effect LOH on the expression of these two TSGs, by comparing the TP53BP1 or 

B2M expression between cases with LOH calls and retention of heterozygosity 

(RET) calls, performing an independent t-test with an α<0.05. The term RET 

refers to those calls where there is not loss of heterozygosity. Cell of origin 

(COO) subclassification of 21 DLBCL samples was carried out following the 

criteria established by Shipp et al., (2002). Thus, 10 out 21 DLBCL cases were 

classified as GCB-like subtype and 11 out of 21 as non-GCB-like subtype.   

   

Transcript abundance of TP53BP1 and B2M was measured by quantitative 

PCR (qPCR) (see Section 3.4.3). cDNA was reverse transcribed from total RNA 

from tonsils samples of 6 healthy individuals and from 41 fresh-frozen tumour 

tissues with high resolution LOH data, using QuantiTect Reverse Transcription 

Kit (Qiagen) (Green et al., 2011). Expression levels of TP53BP1 and B2M in 

controls and NHL cases were determined by normalization with RPL13A using 

the relative quantification (∆∆Ct) method. Sequences of oligonucleotides for 

these qPCR assays are described in Table 5.1.  

 

Table 5.1. Oligonucleotide sequences used for the transcript abundance assays 
of TP53BP1, B2M and RPL13A (reference gene) and for the sequencing of the 
exons 1 and 2 of B2M. 

Gene Name Sequence (5’ – 3’) Size (bp) 

qPCR assays  

TP53BP1 
TP53BP1-F  TTGCCATGCCAACCAGCTCCAG  

97 
TP53BP1-R TTCACGGGGTTGCCAGTCCAG 

B2M 
B2M-F TGCCTGCCGTGTGAACCATGT 

97 
B2M-R TGCGGCATCTTCAAACCTCCATGA 

RPL13A 
RPL13A-F ATCTTGTGAGTGGGGCATCT 

108 
RPL13A-R CCCTGTGTACAACAGCAAGC 

Sequencing Exons 1 and 2 of B2M 

Exon 1 B2M 
Exon 1-F  GGCGCCGATGTACAGACAGCA  

430 
Exon 1-R GGCGGGCCACCAAGGAGAAC 

Exon 2 B2M 
Exon 2-F GGAGGTGGCTTGTTGGGAAGGT 

569 
exon 2-R AGATGGGATGGGACTCATTCAGGGT 

 

Standard qPCR reactions were carried out in triplicate, in a final volume of 10µL 

containing 1 µL of cDNA, 200 nM of each oligonucleotide and 1X GoTaq® 

qPCR Master Mix (Promega). Cycling conditions and fluorescence detection 
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was performed on a ABI 7900HT Real-Time PCR system (Applied Biosystems, 

Austin, TX, USA) with an initial denaturation of 95ºC for 3 min, followed by 40 

cycles of 95ºC for 15s, and 60 ºC for 1min. Expression levels of TP53BP1 and 

B2M were compared between NHL cases with LOH and RET calls using an 

independent t-test (α < 0.05). 

 

The Kaplan-Meier method using Mantel-Cox log-rank test was used to correlate 

TP53BP1 and B2M expression and survival data extracted from two 

independent gene expression profiling data of 184 FL and 420 DLBCL cases, 

which are freely available in Gene Expression Omnibus (GEO), Accession No. 

GSE16131 and GSE10846 (Dave et al., 2004; Lenz et al., 2008a). Information 

about these datasets is detailed in Section 3.6.2  

 

5.2.5 Sequence analysis  

Exons 1 and 2 of B2M were sequenced in gDNA from fresh-frozen tumour 

samples of 24 FL and 23 DLBCL cases. Sequences of oligonucleotides used for 

sequencing of exons 1 and 2 of B2M are described in Table 5.1. Bidirectional 

direct sequencing of 40 ng of cleaned PCR amplicon was carried out using 

BigDye Terminator cycle sequencing kit v3.1 in a GeneScan® 3130 (Applied 

Biosystems, Austin, TX, USA), following manufacturer’s guidelines. Mutational 

analysis of the B2M sequences was performed using Geneious Basic software 

(version 5.5.6) (see Section 3.5). 

 

5.3 Results 

 
5.3.1 Fine mapping of the genomic region between 15q15.1 and 15q21 loci 

reveals that LOH of TP53BP1 and B2M genes are common alterations in 

DLBCLs and FLs  

Using a high resolution LOH approach on SNP array data from NHL cases, 

LOH of the region comprising the chromosomal bands 15q15.1 and 15q21.1 

were identified to be common across DLBCL and FL cases (see Section 4.3.1, 

Table 4.2) (Figure 5.1A). However, using the False Discovery Rate (FDR) Q-

values from GISTIC scores from an integrative study (Green et al., 2011), we 
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could determine that this LOH region is part of a larger genomic region over 8 

Mb, which is targeted by common copy-loss alterations across these NHL 

subtypes (Figure 5.1B). Thus, integrating LOH and CNV data in an IGV v1.5 

software, we could determine that two LOH regions are located within this 

commonly deleted region (Figure 5.1C), suggesting that LOH events target 

more specific regions than the copy-loss events and that some copy-loss events 

do not drive LOH.  

 

One of the most interesting LOH regions was the LOH region 1, which spans 

approximately 3.4 Mb and comprises over 41 genes. Gene set enrichment 

analysis carried out on these genes determined that inactivation of the genes 

located within this region significantly enriched the pathways 

KEGG_ARGININE_AND_PROLINE_METABOLISM (k/K score = 0.0556; P = 

0.000574), CYTOKINE_AND_CHEMOKINE_MEDIATED_SIGNALING 

PATHWAY (k/K score = 0.087; P = 0.00218), 

RESPONSE_TO_ORGANIC_SUBSTANCE (k/K score = 0.0667; P = 0.0037) 

and the ELECTRON_TRANSPORT_GO_0006118 (k/K score = 0.0392; P = 

0.0104).  

 

Among the genes located within this LOH region 1, the tumour suppressor 

genes TP53BP1 (Tumour Protein p53 Binding Protein 1) and B2M (Beta-2-

Microglobulin) were identified as the most likely target genes of LOH-driving 

events in this region and therefore, we selected them for further analysis (Figure 

5.1; Table 4.2). Loss of heterozygosity of TP53BP1 locus was detected in 45% 

(19/42) of total NHL cases, in 43% (9/21) of DLBCL cases and in 48% (10/21) 

of FL cases (Table 4.2). On the other hand, loss of heterozygosity of the B2M 

locus was detected in 43% (18/42) of total NHL cases, in 48% (10/21) of DLBCL 

cases and in 38% (8/21) of FL cases (Table 4.2). Moreover, 61% (11 out of 18) 

and 65% (11 out of 17) of LOH cases exhibited LOH calls for both TP53BP1 

and B2M respectively (P = 0.024).  
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Figure 5.1. Fine mapping of the chromosomal region 15q15.1-15q21.1 revealed that LOH of this region is a common event in 
FLs and DLBCLs (A). A larger genomic region (approx 8 Mb) was also found to be commonly targeted by copy-loss events 
across NHL cases, using the False Discovery Rate (FDR) Q-values from GISTIC scores previously obtained by Green et al., 
(2011) (B). In addition, it was determined that this commonly deleted region contained 2 LOH regions (C). Interestingly, the 
genes TP53BP1 and B2M were targeted by the LOH region 1. Localization of microsatellites (D15S146 and D15S917) used 
for validation of the LOH within the region 15q15.1-15q21.1 are indicated 
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5.3.2 Unpaired LOH analysis with microsatellites validated the LOH 

observed in the genomic region 15q15.1-15q21.1  

In order to confirm the previously reported LOH of 15q15.1-15q21.1 in FL and 

DLBCL cases, we carried out a microsatellite-based validation of LOH calls for 

this chromosomal region assessing the reduction of heterozygosity of the 

D15S146 (STR) and D15S917 (SNR) microsatellites between an unmatched 

cohort of controls and NHL cases (see Section 4.3.2). As a result of this 

analysis, a nominally significant reduction of heterozygosity for D15S146 was 

only observed between controls and DLBCL cases (Table 5.2). In addition, 

D15S917 was found to have a highly significant reduction in the peak 

area/height ratios of NHL cases (7.03 vs. 6.77; p<0.0001), indicating a 

decrease of heterozygosity in NHL cases (Figure 5.2).  

 

Differences in the results between D15S146 and D15S917, in the total of NHL 

cases and NHL subtypes, are likely due to their position along 15q15.1-15q21.1 

chromosomal region and also to the extension of the LOH-targeted region in 

FLs and DLBCLs (Figure 5.1). Therefore, the proximity of the microsatellite 

D15S917 to this region indicates that D15S917 is a more informative LOH 

marker than D15S146. 

 

Table 5.2. Frequencies of heterozygous and homozygous for the STR 
D15S146 (TP53BP1). 

  Heterozygous (%) Homozygous (%) n* χ2 P value 

D15S146 (TP53BP1) 
     

Controls 70 (61%) 45 (39%) 115 
  

Cases 45 (49%) 47 (51%) 92 2.495 0.057 

FL 16 (67%) 8 (33%) 24 0.09 0.382 

DLBCL 28 (42%) 39 (58%) 67 5.457 0.010 

* PCR failed to amplify 1 out of 92 tumour DNA samples for D15S146.  
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Figure 5.2. Distribution of frequencies of peak-area/height ratios for D15S917 
(SNR) between controls and NHL cases indicates a significant reduction of 
heterozygosity in NHL cases. Furthermore, the mean of peak-area/height ratios 
of controls (dashed line) was significantly higher than the mean of peak-
area/height ratios of NHL cases (semi-continuous line) (7.03 vs. 6.77; 
p<0.0001). Normal distribution of these ratios was observed in controls and 
NHL cases (continuous line). 

 

5.3.3 Effect of LOH on expression of TP53BP1 and B2M 

In order to determine the effect of LOH on TP53BP1 and B2M expression, we 

compared the expression levels of TP53BP1 and B2M between cases with RET 

and cases with LOH calls.  

 

TP53BP1 was significantly upregulated in NHL cases with LOH of 

TP53BP1 

Initially, using available normalized TP53BP1 mean fluorescence intensity 

values, from an Illumina Sentrix Human-6 (v2.0) Expression Beadchip, from 

patients with a known LOH status (31 out of 42 NHL cases) (Green et al., 

2011), we could not observe any significant effect of LOH on the TP53BP1 

expression between cases with RET and LOH calls in NHLs (847 vs. 872; P = 

0.715), FLs (795 vs. 882; P = 0.442) and DLBCL (891 vs. 862; P = 0.718) 

(Figure 5.3). 
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Surprisingly, a significant upregulation of TP53BP1 was observed in NHL cases 

with LOH (1.1 vs. 1.6; P = 0.019) by measuring the transcript abundance of 

TP53BP1 by qPCR in 41 NHL cases with available LOH data. Nonetheless, a 

trend towards upregulation was observed in FLs (1.15 vs. 1.53; P = 0.094) and 

DLBCLs (1.10 vs. 1.71; P = 0.098) with LOH (Figure 5.4). 

 

Figure 5.3. TP53BP1 expression did not significantly differ between cases with 
LOH and RET in A) NHL (n=31), B) FL (n=14) and C) DLBCL (n=17). TP53BP1 
mean fluorescence intensity values were obtained from an Illumina Sentrix 
Human-6 (v2.0) Expression Beadchip (Green et al., 2011) 

 

 

Figure 5.4. Upregulation of TP53BP1 was observed in NHL cases with LOH, 
but not in FLs and DLBCLs; however, a trend was towards upregulation was 
observed in these NHL subtypes with LOH. Transcript abundance of PTPRJ 
was assessed by qPCR in A) NHL (n=41), B) FL (n=20) and C) DLBCL (n=21) 
cases with loss of heterozygosity (LOH) or retention (RET) of TP53BP1.  

 

In addition, transcript abundance of TP53BP1 was also analyzed within the 

COO subgroups of DLBCL. This also found a trend towards upregulation in 
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GCB-like cases (0.82 vs. 1.90; P = 0.157) but not in non-GCB-like cases GCB 

(1.20 vs. 1.0; P = 0.687) (Figure 5.5). 

 

 

Figure 5.5. Transcript abundance of TP53BP1 was assessed by qPCR in A) 
GCB (n=10) and B) Non-GCB (n=11) cases with RET or LOH of TP53BP1. A 
trend towards TP53BP1 up-regulation was observed in GCB-like cases.  

 

Loss of heterozygosity has no significant effect on B2M expression in FLs 

and DLBCLs  

By comparing the previously published normalized B2M mean fluorescence 

intensity values between NHL cases with RET and LOH, no significant 

differences were observed in cases with NHL (17661 vs. 17136; P = 0.688), FL 

(16727 vs. 18142; P = 0.293) or DLBCL (18783 vs. 16532; P = 0.311) (Figure 

5.6). 

 

Additionally, analysis of B2M expression assessed by qPCR did not significantly 

differ between cases with LOH and RET calls in NHLs (1.23 vs. 1.47; P = 

0.398), FLs (1.16 vs. 1.54; P = 0.127) and in DLBCLs (1.33 vs. 1.41; P = 0.870) 

(Figure 5.7).  
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Figure 5.6. B2M expression did not significantly differ between cases with LOH 
and RET in A) NHL (n=31), B) FL (n=14) and C) DLBCL (n=17). B2M mean 
fluorescence intensity values were obtained from an Illumina Sentrix Human-6 
(v2.0) Expression Beadchip (Green et al., 2011) 

 

Likewise, LOH events did not have a significant effect on B2M expression in 

GCB-like DLBCL cases (0.76 vs. 1.50; P = 0.109) and in non-GCB-like DLBCL 

cases (1.71 vs. 1.28; P = 657) (Figure 5.8). 

 

 

Figure 5.7. Evaluation of transcript abundance of B2M by qPCR in NHL cases 
with available LOH status data did not show significant differences between 
cases with RET or LOH in A) NHL (n=41), B) FL (n=20) and C) DLBCL (n=21).  
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Figure 5.8. B2M expression was assessed by qPCR in A) GCB-like (n=10) and 
B) Non-GCB-like (n=11) DLBCL cases with RET or LOH. A trend towards B2M 
up-regulation was observed in GCB-like cases.  

 

5.3.4 Monoallelic microdeletions in B2M were found in two DLBCL cases 

with LOH, which showed low expression of B2M 

To determine whether somatic mutations are the driving cause of LOH of B2M 

in our cohort of cases, we carried out sequence screening in exons 1 and 2 of 

B2M in 47 NHL tumour samples, including 24 FLs and 23 DLBCLs. In this 

cohort, no mutations were found in FLs; however, a novel mutation of a deletion 

∆12bp (77-88bp) with an insertion insT (76-77bp) was identified in a DLBCL 

case (Figure 5.9A). Also, a ∆CT (98-99bp) deletion was identified in another 

DLBCL patient (Figure 5.9B). Both ∆12bp (77-88bp) and ∆CT (98-99bp) frame-

shift mutations, which are located in exon 1, induce premature stop codons that 

produce truncated proteins (51aa and 54aa respectively) with loss of their 

functional MHC class I domain (Figure 5.10). 
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Figure 5.9. Mutational screening of exons 1 and 2 of B2M across 24 FLs and 23 DLBCLs identified A) a novel monoallelic 
∆12bp (77-88bp) with an insT (76-77bp) in a DLBCL patient and B) a ∆CT (98-99bp) in another DLBCL case.  
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Figure 5.10. Monoallelic ∆12bp (77-88bp) and ∆CT (98-99bp) mutations were predicted to introduce frame-shifts in the 
sequence and produce truncated proteins. Stop codons are represented by black boxes. MHC class I domain spans from 
residue 28 up to 83. 
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5.3.5 Expression levels of B2M and TP53BP1 were not correlated with 

survival in FL cases 

In order to determine whether the changes in expression of TP53BP1 and B2M 

had an effect on survival in FL and DLBCL cases, we correlated survival data 

and TP53BP1 and B2M expression levels from two freely available datasets 

(GSE16131; GSE10846) (Dave et al., 2004; Lenz et al., 2008a). This analysis 

could not find significant evidence to support a correlation of survival and 

expression of these two TSGs (Figure 5.11 and 5.12). 

 

Figure 5.11. Kaplan-Meier analyses from publically available survival data of 
184 FL cases revealed A) a highly significant prognostic significance of IPI 
scores; conversely, no significant correlation was found between survival data 
and expression of B) B2M and C) TP53BP1. Blue and purple lines represent the 
lowest and highest expression levels of these genes, respectively. Survival data 
as well as B2M and TP53BP1 intensity values were obtained from GSE no. 
16131 (Dave et al., 2004). 
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Figure 5.12. B2M and TP53BP1 expression did not correlate with survival data from 420 DLBCL cases from a freely available 
dataset (GSE10846). A) Prognostic significance of IPI subgroups in DLBCLs. Expression levels of B2M and TP53BP1 in all 
DLBCLs (B, E). in GCB-like cases (C, F) and in non-GCB-like cases (D, G). Blue and purple lines represent the lowest and 
highest expression levels of these genes, respectively. 
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5.4 Discussion  

The integration of previously published genomic data from copy number and high 

resolution LOH approaches investigated on tumour DNA from FL and DLBCL cases 

(Green et al., 2011; Aya-Bonilla et al., 2013), allowed us to perform fine mapping of 

the region between the chromosomal bands 15q15.1 and 15q21.1. Additionally, we 

were able to determine that the deleted region mapping at 15q21, previously reported 

as a common alteration across FLs and DLBCLs by Green et al., (2011), spans over 

8 Mb and contains two LOH regions. This finding suggests that LOH drivers could be 

more target-specific than copy-loss events (Cheung et al., 2010), possibly because 

they might only aim to inactivate regions harbouring TSGs. Moreover, it also 

suggests that copy-loss events do not exclusively drive LOH, as these two LOH 

regions are separated by a region with the same deletion rate.  

 

One of the most interesting LOH regions, within this deleted region, was the LOH 

region 1, as it spans about 3.4 Mb containing approximately 41 genes. Interestingly, 

a significant enrichment of these genes in the 

KEGG_ARGININE_AND_PROLINE_METABOLISM pathway suggests that this LOH 

region may play an important role in the lymphomagenesis of FL and DLBCL, as 

inactivation of genes within this region can disrupt or reprogram metabolic pathways 

such as the glutamine-proline-arginine circuit, in order to enable the malignant B-cell 

to guarantee highly efficient metabolic activity (Vander Heiden et al., 2009; Catchpole 

et al., 2011; Hanahan and Weinberg 2011; Phang et al., 2012). 

 

Among the genes located within the LOH region 1, we identified the tumour 

suppressor genes TP53BP1 (tumour protein p53 binding protein 1) and B2M (Beta-2-

Microglobulin), located at 15q15.3 and 15q21 respectively. These TSGs have been 

previously implicated in the lymphomagenesis of DLBCL; nevertheless, their 

implication in FL lymphomagenesis as well as the finding of LOH of these TSGs in 

DLBCL and FL have not been reported (Takeyama et al., 2008; Challa-Malladi et al., 

2011; Morin et al., 2011; Pasqualucci et al., 2011b). Furthermore, we observed that 

although TP53BP1 and B2M are located within a common LOH region (LOH region 

1) and their LOH calls are significantly correlated, there is discrepancy in 30% of LOH 
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calls for these two TSGs, which suggests that the driving mechanisms of LOH might 

differ for TP53BP1 and B2M. In fact, the higher frequencies of LOH of TP53BP1 and 

B2M compared to the previously reported frequencies for the deletion of 15q21.1 

locus in FL and DLBCL cases indicate that LOH of these TSGs are not only driven by 

copy-loss events.  

 

Hence, in the light of the evidence previously described in the literature and observed 

in this study, the genetic mechanisms underlying LOH for TP53BP1 and B2M genes 

in FLs and DLBCLs require further investigation. In this context, a previous study 

found a significant downregulation of TP53BP1 in DLBCL patients with hemizygous 

deletions of the region containing this locus (Takeyama et al., 2008). Conversely, we 

found a significant upregulation of this TSG in NHL cases with LOH, which supports 

the hypothesis that LOH of TP53BP1 may not be caused by copy-loss events in FLs 

and in DLBCLs. In general, although downregulation of a TSG is widely accepted as 

a possible effect of copy-loss LOH events and as a marker of inactivation of this 

TSG, the concept of LOH refers mainly to the functional inactivation of a TSG by 

genetic mechanisms (copy-neutral or copy-loss events) in a more cellular perspective 

(Tischfield 1997; Knudson 2001). Thus, the upregulation of TP53BP1 observed in 

cases with LOH may be due to a possible response mechanism of the cell to 

counterattack the LOH-caused inactivation of TP53BP1, or aberrant transcriptional 

mechanisms induced by copy-neutral events (duplication, somatic mutations). 

Otherwise, it is possible that somatic mutations in coding regions are not the driving 

cause of LOH of TP53BP1 in these NHL subtypes as these have not identified by 

whole exome sequencing approaches in DLBCLs and in cases with NHL (Morin et 

al., 2011; Pasqualucci et al., 2011b).  

 

In this study, loss of heterozygosity of TP53BP1 was commonly detected in FL and 

DLBCL cases and inactivation of TP53BP1 may be implicated in lymphomagenesis 

of FL and DLBCL cases. In this perspective, TP53BP1 was previously implicated in 

tumourigenesis of DLBCL (Takeyama et al., 2008). In murine models, 

haploinsufficiency of TP53BP1 has been involved in the induction of genomic 

instability and impaired DNA DSB (double strand break) repair, as well as a high 
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incidence of thymic and B-cell lymphomas, with notorious prevalence of thymus-

origin lymphomas (Ward et al., 2003b; Ward et al., 2005). Failure in the machinery to 

repair DSBs, which are normally produced by class switch recombination (CSR) in 

the  normal T and B-cell development, play an important role in lymphomagenesis of 

FL, DLBCL and other lymphoid malignancies, which is evidenced by the high 

frequency of structural genomic alterations, such as aberrant translocations involving 

immunoglobulin heavy chain locus with oncogenes (bcl-2, bcl-6 and c-myc) 

(Raghavan et al., 2004; Kotani et al., 2007; Lenz et al., 2007; Ci et al., 2009). This 

abnormal CSR can be caused by overexpression of AID in B-lymphomas (Kotani et 

al., 2007; Lenz et al., 2007). However, in normal CSR, it has been reported that 

TP53BP1 together with ATM and H2AX command the rejoining of AID-induced 

DSBs. Therefore, haploinsufficiency of TP53BP1 can play an important role in B-cell 

lymphomagenesis by inducing genomic instability through impairment of CSR 

mechanisms, and also through alteration of V(D)J recombination by failure of non-

homologous end-joining (NHEJ) machinery  (Arakawa et al., 2002; Ward et al., 

2003a; Ward et al., 2003b; Manis et al., 2004; Reina-San-Martin et al., 2004; Ward et 

al., 2004; Ward et al., 2005; Morales et al., 2006; Difilippantonio et al., 2008). 

Interestingly, TP53BP1 and other LOH genes enriched significantly the 

REACTOME_DOUBLE_STRAND_BREAK_REPAIR pathway, suggesting that 

deregulation of this pathway by inactivation of TP53BP1 and other TSGs is key in the 

lymphomagenesis of FL and DLBCLs (see Section 4.4.2, Table 4.10). 

 

In this study, similar frequencies of LOH of TP53BP1 in FL and DLBCL cases 

together with several lines of evidence, suggest the implication of LOH of TP53BP1 

in FL lymphomagenesis, and indicate that LOH of TP53BP1 might play a crucial role 

as a secondary hit in the transformation of FL to DLBCL, driving the acquisition of 

secondary genomic and genetic alterations by disruption of DSB repair mechanisms 

in CSR during B-cell development (Martinez-Climent et al., 2003; Ward et al., 2004; 

Kotani et al., 2007; Carlotti et al., 2009). However, it is likely that LOH of TP53BP1 

might have a synergistic effect with TP53 silencing during FL transformation, 

resulting in the reduced response to DSB of FL cells undergoing malignant 

transformation (Lo Coco et al., 1993; Phan and Dalla-Favera 2004). This is 
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supported by significant increases in tumour development, genomic instability and 

lymphomagenesis observed in mice lacking TP53 expression resulting in null or 

reduced TP53BP1 expression (Ward et al., 2005; Morales et al., 2006). In addition, 

the recent evidence showing that copy-number alterations (CNAs) perturb the TP53 

pathway in DLBCLs (Monti et al., 2012), suggests that LOH of TP53BP1 may also 

play a role in disruption of the TP53 pathway, which could play a role in FL 

transformation as well as in DLBCL pathogenesis. A possible role of TP53BP1 

haploinsufficiency in malignant transformation has also been previously suggested in 

tumours (Gorgoulis et al., 2005). 

 

In DLBCL, aberrant CSR events were significantly more common in ABC-DLBCLs 

than in GCB-DLBCLs, which was positively associated with levels of AID mRNA and 

susceptibility to chromosomal translocations. However, high AID expression was not 

enough to induce Sµ deletions in GCB-DLBCL and PMBL cases, suggesting that 

additional mechanisms to AID expression, such as TP53BP1 inactivation may 

stimulate dysfunctional CSR in these DLBCL subtypes (Lenz et al., 2007). In a 

previous study, BCR-DLBCLs exhibited a higher frequency of TP53BP1 copy-loss 

events; however, presence of translocations did not correlate with either 

downregulation of TP53BP1 or presence of deletions (Takeyama et al., 2008). 

Furthermore, poor response to R-CHOP-21 therapy has been observed in DLBCL 

patients with deletions of 8p, 15q (TP53BP1) and 17p (TP53), implicating the 

inactivation of TP3BP1 in FL transformation and progression and chemoresponse of 

DLBCLs (Scandurra et al., 2010). Nonetheless, in this study, transcript levels of 

TP53BP1 failed to correlate with survival in a larger cohort of FL and DLBCL cases. 

 

Another TSG identified and studied within this LOH region was the beta-2-

microglobulin (B2M) gene. LOH of B2M was commonly detected in FLs and DLBCLs 

and it has been reported in colorectal and bladder carcinomas, as well as in testicular 

and CNS DLBCLs (Jordanova et al., 2003; Maleno et al., 2011). Recent studies have 

reported that B2M is widely targeted and inactivated by somatic mutations and 

deletions in DLBCL cases (Jordanova et al., 2003; Challa-Malladi et al., 2011; 

Maleno et al., 2011; Morin et al., 2011; Pasqualucci et al., 2011b). In the present 
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study, performing a mutational screening of exons 1 and 2 of B2M in FL and DLBCL 

cases, we were able to detect two monoallelic microdeletions in two DLBCL cases 

with LOH, one novel ∆12bp (77-88bp) with an insT (76-77bp) and another previously 

reported  ∆CT (98-99bp). Both deletions are frameshift mutations and were predicted 

to produce two truncated proteins (51aa and 54aa respectively) with loss of MHC 

class I domain in both cases. Therefore, it is likely that these mutations inactivate the 

function of B2M due to the instability of the truncated B2M proteins having a 

dominant negative effect on the assembly of the major histocompatibility complex 

class I (MHCI) (Hill et al., 2003; Challa-Malladi et al., 2011). On the other hand, 

based on the detection of only two mutations in two DLBCL patients with LOH and 

the lower frequency of deletions than LOH calls in our cohort of FLs and DLBCLs, we 

suggest that additional genetic mechanisms could induce LOH and inactivation of 

this TSG. Furthermore, it is likely that the mechanisms of inactivation of B2M could 

differ between FLs and DLBCLs. 

 

The inactivation of B2M, a small protein required for the assembly of the HLA class I 

molecule, has been known as one of the mechanisms to disable the recognition of 

the HLA class I complex by CD8+ cytotoxic T-cell lymphocytes (CTL) and thus, to 

enable the tumour cells to escape immune surveillance and grow without control 

(Jordanova et al., 2002; Hill et al., 2003; Jordanova et al., 2003; Challa-Malladi et al., 

2011; Morin et al., 2011; Pasqualucci et al., 2011b). Although inactivation of B2M has 

only been previously detected in DLBCLs (Jordanova et al., 2003; Challa-Malladi et 

al., 2011; Morin et al., 2011; Pasqualucci et al., 2011b), the detection of LOH of B2M 

as a common event across FL and DLBCLs suggests that the evasion of the CTL-

mediated regulatory mechanism plays a crucial role in the lymphomagenesis of FL 

and DLBCL. This is confirmed by a significant enrichment of the BIOCARTA_CTL 

pathway with genes located within common LOH regions across NHL subtypes, 

suggesting that inactivation of B2M is not the only option that the malignant B-cells 

have to escape this immune surveillance.   

 

In this study, the transcript abundance of B2M did not differ significantly between 

cases with retention and LOH. This pattern was also observed, at mRNA level, 
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between DLBCL cases with and without LOH of B2M; in contrast to a clear 

underexpression of B2M in DLBCLs with mutations, which confirms the no correlation 

between the transcript and protein levels of B2M among these patients. Moreover, 

this also explains the no prognostic significance observed between gene expression 

profiling and survival data from cases with FL and DLBCL, despite this protein levels 

of B2M are a useful prognostic indicators in several types of cancer, including NHL 

subtypes (Anderson et al., 1983; Federico et al., 2007).  

 

In conclusion, based on the above evidence, the inactivation of the TSGs located 

within the genomic region 15q15.1-15q21 is an important target in the 

tumourigenesis of FL and DLBCL as they are involved in key pathways for the 

survival of tumour cells. Likewise, the inactivation of TP53BP1 and B2M, besides 

being a common alteration across these NHL subtypes, plays a relevant role in the 

lymphomagenesis and progression of FL and DLBCL. Nonetheless, further genetic 

and functional studies are required to determine the driving causes of LOH of 

TP53BP1 and B2M.  
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Chapter 6: 

High resolution loss of heterozygosity 

screening implicates PTPRJ as a 

potential tumour suppressor gene that 

affects susceptibility to Non-Hodgkin’s 

lymphoma 

 

 

 

 

This chapter outlines results implicating PTPRJ as a new tumour suppressor gene 

involved in NHL. These results have been published recently as outlined below: 

 

Aya-Bonilla, C., Green, M. R., Camilleri, E., Benton, M., Keane, C., Marlton, P., Lea, 
R. A., Gandhi, M. K., Griffiths, L. R. High-resolution loss of heterozygosity screening 
implicates PTPRJ as a potential tumor suppressor gene that affects susceptibility to 
Non-hodgkin's lymphoma. Genes Chromosomes Cancer (2013), 52(5), 467-479.  
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Abstract 

We employed a Hidden-Markov-Model (HMM) algorithm in Loss of 

Heterozygosity (LOH) analysis of high-density Single Nucleotide Polymorphism 

(SNP) array data from Non-Hodgkin´s lymphoma (NHL) entities, Follicular 

Lymphoma (FL) and Diffuse Large B-cell Lymphoma (DLBCL). This revealed a 

high frequency of LOH over the chromosomal region 11p11.2, containing the 

gene encoding the protein tyrosine phosphatase receptor type J (PTPRJ). 

Although, PTPRJ regulates components of key survival pathways in B-cells (i.e. 

BCR, MAPK and PI3K signalling), its role in B-cell development is poorly 

understood. LOH of PTPRJ has been described in several types of cancer but 

not in any hematological malignancy. Interestingly, FL cases with LOH exhibited 

down-regulation of PTPRJ, in contrast no significant variation of expression was 

shown in DLBCLs. Additionally, sequence screening in exons 5 and 13 of 

PTPRJ identified the G973A (rs2270993), T1054C (rs2270992), A1182C 

(rs1566734) and G2971C (rs4752904) coding SNPs (cSNPs). The A1182 allele 

was significantly more frequent in FLs and in NHLs with LOH. Significant over-

representation of the C1054 (rs2270992) and the C2971 (rs4752904) alleles 

were also observed in LOH cases. A haplotype analysis also revealed a 

significant lower frequency of haplotype GTCG in NHL cases, but it was only 

detected in cases with retention. Conversely, haplotype GCAC was over-

represented in cases with LOH. Altogether, these results indicate that the 

inactivation of PTPRJ may be a common lymphomagenic mechanism in these 

NHL subtypes and that haplotypes in PTPRJ gene may play a role in 

susceptibility to NHL, by affecting activation of PTPRJ in these B-cell 

lymphomas. 

 

6.1 Introduction 

Non-Hodgkin’s Lymphoma represents a heterogeneous group of lymphoid-

derived hematological neoplasms (Swerdlow et al., 2008; Turner et al., 2010). 

Diffuse Large B-Cell Lymphoma (DLBCL) and Follicular Lymphoma (FL), two of 

the most common NHL subtypes, are originated from germinal centre B-cells, 

but differ in morphology, tumour biology and aggressiveness (Klein and Dalla-

Favera 2008) . However, despite their clinical disparities, there are a number of 
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shared molecular pathogenic mechanisms of these diseases, and 

approximately 20% of FLs transform to DLBCL by acquiring a diverse number 

of genomic alterations during malignant B-cell development (Martinez-Climent 

et al., 2003; Green et al., 2011).  Because of the biological and genomic 

complexity observed among NHL subtypes, an understanding of their 

pathogenesis and etiology is still limited. Therefore, a better knowledge of 

common pathogenic mechanisms involved in NHL lymphomagenesis is 

biologically and clinically relevant. 

 

Loss of heterozygosity (LOH) analysis through comparison of the 

heterozygosity of genetic markers, such as microsatellite and single nucleotide 

polymorphism (SNP) markers, in tumour DNA with reference to matched normal 

DNA can be used for the identification of novel tumour suppressor genes 

(TSGs). Genetic inactivation of TSGs is understood to be caused by copy-

neutral (chromosomal duplications, genomic and epigenetic mutations) or copy-

loss (hemizygous deletions) events (Beroukhim et al., 2006). The identification 

of TSGs in tumour tissue in the absence of a normal germ-line counterpart has 

been limited due to the absence of available germ-line DNA or proper statistical 

approaches that allow inference of germ-line heterozygous data. Nonetheless, 

the implementation of Hidden Markov Model (HMM) or cohort heterozygosity 

comparison approaches in the analysis of SNP array data from unpaired tumour 

DNA samples has permitted the detection of LOH regions and possible TSGs 

that might be implicated in the origin and development of cancer (Beroukhim et 

al., 2006; Green et al., 2010). Using this HMM approach, we identified common 

LOH regions across the genome of DLBCL and FL tumours including 11q11.2, 

targeting the PTPRJ gene.  

 

Protein tyrosine phosphatase receptor type J (PTPRJ) is a type III receptor-like 

tyrosine protein phosphatase (RPTP), which contains an extracellular receptor 

composed by 8 fibronectin type III-like domains, a transmembrane region and a 

single phosphatase catalytic domain (Ostman et al., 1994). Several lines of 

evidence have shown that PTPRJ-induced dephosphorylation negatively 

regulates MAPK (ERK1/2), PLCG1, PI3K (p85), FLT3, B-cell receptor (BCR), 
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PDGFRB and VEGFR2 signalling, acting as a tumour suppressor gene by 

controlling signalling pathways of cell growth, proliferation and angiogenesis 

(Kovalenko et al., 2000; Baker et al., 2001; Lampugnani et al., 2003; Tsuboi et 

al., 2008; Zhu et al., 2008; Sacco et al., 2009; Arora et al., 2011) (Figure 6.1). 

Recently, Syndecan-2 (SDC2), a transmembrane heparan sulfate proteoglycan 

that induces cell adhesion, and Thrombospondin-1 (THBS1), a homotrimeric 

glycoprotein that inhibits cell growth and angiogenesis, were revealed as natural 

ligands of PTPRJ (Whiteford et al., 2011; Takahashi et al., 2012). A recent 

study has also found that PTPRJ is negatively regulated by the oncogenic effect 

of microRNA-328 expression in cervix and breast adenocarcinomas cell lines 

(Paduano et al., 2013).  

 

 

Figure 6.1. Schematic representation of the Protein tyrosine phosphatase 
receptor type J (PTPRJ) and its regulatory role of cellular pathways through 
dephosphorylation. Protein tyrosine phosphatase domain (PTP). 

  

Loss of heterozygosity of PTPRJ has been previously reported in breast, lung, 

colorectal, thyroid and meningioma cancers, and implicated in the oncogenesis 

of these tumours (Ruivenkamp et al., 2002; Ruivenkamp et al., 2003; Iuliano et 

al., 2004; Petermann et al., 2011). Genetic inactivation of PTPRJ has not been 

described in any hematological malignancy, but this TSG has been described 

as a susceptibility gene in chronic lymphoid leukemia (CLL) and recently in 
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childhood acute lymphoblastic leukemia (ALL) cases with ETV6-RUNX1 genetic 

rearrangements, indicating an important role of this RPTP in the biology of the 

lymphocyte and its malignant transformation (Sellick et al., 2007; Ellinghaus et 

al., 2012). Other protein tyrosine phosphatases (PTPs), such as PTPRC (CD45) 

and PTPRO, have been implicated in the lymphocyte biology by their crucial 

role in the regulation of key survival B-cell BCR-mediated signals through PTP-

mediated dephosphorylation of SFKs and SYKs (Zhu et al., 2008; Juszczynski 

et al., 2009).  

 

Although, studies on murine models and human cell lines have shown a 

possible regulatory role of PTPRJ throughout lymphocyte maturation and 

immunoresponse, its role in the B-cell development is still unknown (Tangye et 

al., 1998b; Lin et al., 2004a). PTPRJ is moderately expressed in B-cells and 

upregulated once T-cells are activated. In T-cells, PTPRJ inhibits the TCR-

mediated T-cell activation by dephosphorylation of LAT and PLCG1 pathways 

(Tangye et al., 1998b; Baker et al., 2001). A recent study determined that 

PTPRJ is commonly expressed in the T, NKT, NK, B, immature DC, 

macrophage, mast, and neutrophil cells; however, PTPRJ showed a higher 

expression in B-cells than in macrophages (Arimura and Yagi 2010). 

Conversely, in mature B-cell malignancies, a lower expression of PTPRJ has 

been shown in DLBCLs and FLs, in contrast to its higher expression in Mantle-

cell lymphomas (MCLs) (Dong et al., 2002; Miguet et al., 2009).  

 

Coding SNPs (cSNPs) in PTPRJ have been identified in colorectal and thyroid 

tumours as well as preferential allelic loss in patients with LOH (Ruivenkamp et 

al., 2002; Iuliano et al., 2004). Susceptibility studies with PTPRJ-mapping SNPs 

have associated variants with increased cancer-risk in lung squamous cell, 

colorectal and papillary thyroid carcinomas (Iuliano et al., 2010; Mita et al., 

2010). Furthermore, Lesueur et al., (2005) found association between a PTPRJ 

haplotype and cancer-protection in breast cancer but the same haplotype did 

not have any effect in colorectal cancer susceptibility (Lesueur et al., 2005; 

Toland et al., 2008).  
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In the present study, using a high resolution LOH approach we identified that 

loss of heterozygosity of PTPRJ is a common event across NHL cases. 

Moreover, we also detected a lower transcript abundance of PTPRJ in FL cases 

with LOH than those with retention (RET) of PTPRJ. Additionally, the following 

PTPRJ-targeting cSNPs were identified in our population: G973A (rs2270993), 

T1054C (rs2270992), A1182C (rs1566734) and G2971C (rs4752904). 

However, we also observed a higher frequency of the A1182 (Gln276) allele in 

FLs, an over-representation of C1054, A1182 (Gln276) and C2971 (Asp872) 

alleles in NHL cases with LOH, and a high frequency of haplotype GCAC in 

cases with LOH. These results highlight the use of high-resolution LOH 

approaches in the identification of TSGs that may have an impact in normal and 

malignant B-cell development and the study of cSNPs that may modulate the 

anti-tumour functions of PTPRJ in NHL.  

 

6.2 Materials and Methods 

 
6.2.1 Patients and controls 

Fresh-frozen tumour biopsies from 20 Diffuse Large B-cell Lymphoma and 24 

Follicular Lymphoma patients and formalin fixed paraffin embedded tissue 

(FFPE) samples from 48 DLBCL cases were obtained as previously described 

(Green et al., 2011; Keane et al., 2011). This research was approved by the 

human research ethic committees of each of the participating sites. Peripheral 

blood samples and normal hyperplastic lymphoid tissue (HLT) were obtained 

from Australian Leukemia and Lymphoma Group (ALLG) Tissue Bank (Princess 

Alexandra Hospital, Queensland, Australia), Gold Coast Hospital (Queensland 

Health, Australia) and Genomics Research Centre Clinic (Griffith University, 

Queensland, Australia). Genomic DNA and total RNA were isolated as 

previously described (Green et al., 2010; Green et al., 2011; Keane et al., 

2011). 

 

6.2.2 High Resolution LOH analysis  

Genomic DNA from 21 DLBCL and 21 FL cases was analyzed using Affymetrix 

250 K Sty SNP microarrays, as previously described (Green et al., 2011). Raw 
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data is publicly available through the gene expression omnibus (GEO), 

accession no. GSE22082. SNP genotyping and HMM-based LOH analysis were 

performed using GeneChip Genotyping Software (GTYPE; Affymetrix), following 

methodology previously described for inferring LOH of unpaired LOH tumour 

samples (Beroukhim et al., 2006; Green et al., 2010). dChipSNP and Integrative 

Genomics Viewer (IGV  1.5)  programs were utilized to visualize the inferred 

LOH regions and select genes that were targeted in LOH regions with a 

frequency of LOH calls higher than 25% (Robinson et al., 2011). False 

Discovery Rate (FDR) Q-values from Genomic Identification of Significant 

Targets in Cancer (GISTIC) analysis of significant DNA copy number alterations 

were used to determine the probability of copy-loss (deletions) events in the 

evaluated regions (Green et al., 2011).  

 

In order to select candidate genes for further analysis and to avoid the false 

positive calls intrinsic to this unpaired HMM-based LOH approach (Beroukhim 

et al., 2006; Heinrichs et al., 2010), we performed a microsatellite validation of 

five LOH regions (see Section 4.3.2). The selection of candidate genes within 

those regions was based on their significance in lymphocyte biology. A pair of 

microsatellites was chosen per candidate gene, based on their proximity to the 

candidate gene. In this chapter we show the microsatellite-based validation for 

PTPRJ.     

 

6.2.3 Microsatellite-based validation analysis  

Validation of PTPRJ HMM-based LOH results was carried out by fragment 

analysis of microsatellites targeting PTPRJ (D11S1350 and D11S4183). DNA 

samples from 115 controls (24 Normal hyperplastic lymphoid tissue and 91 

peripheral blood samples) and 92 NHL patients (68 DLBCL and 24 FL) were 

evaluated. Oligonucleotides sequences were taken from uniSTS database of 

NCBI (see Section 3.4.3). All PCR reactions were optimized in a final volume of 

20 µL containing 50 ng of genomic DNA, 1X Colourless GoTaq® Flexi Buffer 

(Promega), 2 mM of MgCl2, 400 µM of dNTPs, 500 nM of each FAM-labeled 

primer and 0.05 units of GoTaqTM DNA Polymerase (Promega). DNA was 

amplified using temperature cycles consisting of an initial denaturation step of 
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95oC for 3 mins, followed by 40 cycles of 95oC for 30 secs, 55-62oC for 30 secs, 

and final step of 72oC for 30 secs. Fragment analysis of alleles and genotypes 

for each microsatellite were determined by GeneScan® 3130 (Applied 

Biosystems, Austin, TX, USA), following manufacturer´s guidelines.  

 

Hardy-Weinberg Equilibrium (HWE) was confirmed in the control population 

using GenePop software (version 4.0.10). A 1-sided Pearson’s Chi-square test 

with correction for continuity was carried out to compare heterozygosity 

frequencies of D11S1350 and D11S4183 microsatellites between controls and 

NHL cases. The significance level was set at α < 0.05.  

 

6.2.4 PTPRJ expression analysis  

Previously published normalized mean fluorescence intensity values for PTPRJ, 

from an Illumina Sentrix Human-6 (v2.0) Expression Beadchip, from cases with 

a known LOH status (14 FLs and 17 DLBCLs), were used to determine the 

effect of LOH on PTPRJ expression in our cohort (see Section 3.6.2). 

Normalization of this microarray data was performed as previously described by 

Green et al., (2011). Cell-of-Origin (COO) sub-classification of DLBCL samples 

was inferred from whole gene expression data of 21 DLBCL cases (Green et 

al., 2011), following the criteria established by Shipp et al., (2002). Based on 

this analysis, 10 out 21 DLBCL cases were classified as GCB-like subtype and 

11 out of 21 as non-GCB-like subtype.     

 

Validation of PTPRJ transcript abundance in cases with LOH and RET calls 

was carried out using quantitative PCR (qPCR) (see Section 3.4.3). Total RNA 

from tonsils samples of 6 healthy individuals and from 41 NHL tumour tissues 

(20 FLs and 21 DLBCLs) with HMM-based LOH data, were reverse transcribed 

to cDNA using QuantiTect Reverse Transcription Kit (Qiagen) (Green et al., 

2011)). Transcript abundance of PTPRJ in controls and NHL cases was 

determined by relative quantification (∆∆Ct method) of PTPRJ expression 

normalized to RPL13A (see Section 3.4.3). The set of primers targeting PTPRJ 

specifically amplify the isoform 1 transcript, as only this isoform contains the 
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region encoding the catalytic domain.  Sequences of oligonucleotides are 

detailed in Table 6.1.  

 

Table 6.1 Sequences of oligonucleotides used to quantify the expression levels 
of PTPRJ and RPL13A in controls and NHL cases 

Gene Name Sequence (5’ – 3’) Size (bp) 

PTPRJ 
PTPRJ-F CAGACCCATTCAACGGATGAC 

98 
PTPRJ-R GTGTTCGGTAAAGGTCCTTGTGT 

RPL13A 
RPL13A-F ATCTTGTGAGTGGGGCATCT 

108 
RPL13A-R CCCTGTGTACAACAGCAAGC 

 

Standard qPCR reactions were carried out in triplicate, in a final volume of 10µL 

containing 20 ng of input RNA, 200 nM of each oligonucleotide and 1X GoTaq® 

qPCR Master Mix (Promega). Cycling conditions and fluorescence detection 

was performed on a ABI 7900HT Real-Time PCR system (Applied Biosystems, 

Austin, TX, USA) with an initial denaturation of 95ºC for 3 min, followed by 40 

cycles of 95ºC for 15 secs, and 60ºC for 1 min. Expression levels of PTPRJ, 

from genome-wide profiling and qPCR data, were compared between NHL 

cases with LOH and RET calls using an independent t-test (α < 0.05). 

 

6.2.5 Sequence analysis  

Previous studies have associated cSNPs located in the exons 5, 6, 7 and 13 of 

PTPRJ with colorectal and thyroid carcinomas and some of these 

polymorphisms have been found more frequently in patients with LOH of 

PTPRJ (Ruivenkamp et al., 2002; Iuliano et al., 2004). As part of a pilot study, 

the exons 5, 6, 7 and 13 of PTPRJ were sequenced in 12 cases (8 FL and 4 

DLBCL) (Table 6.2). This pilot study only identified variants for the cSNPs 

located in exons 5 and 13. The minor allelic frequencies (MAF) of cSNPs 

located in exons 5 and 13 are outlined in Table 6.4 and the MAFs of the cSNPs 

located in exons 6 and 7 vary between 0.01 and 0.2172, according to the 

dbSNP database (NCBI). Subsequently, exons 5 and 13 of PTPRJ were 

sequenced in gDNA samples from 44 controls, 24 FL and 23 DLBCL cases. 

Bidirectional direct sequencing of 40 ng of cleaned PCR amplicon was carried 

out using BigDye Terminator cycle sequencing kit v3.1 in a GeneScan® 3130 
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(Applied Biosystems, Austin, TX, USA), following manufacturer’s guidelines 

(see Section 3.5). 

 

Table 6.2. Primers to be used for amplification and sequencing of exons 5, 6, 7 
and 13 of PTPRJ 

Exon Name Sequence 5’- 3’ Size (bp) 

5 
PTPEx5F 

PTPEx5R 

GAAGGTGACTGCATATATCT 

AGAACATTTAGTTACTGAAAG 
376 

6 
PTPEx6F 

PTPEx6R 

GGGGTTGGGGCTCCGAAGGA 

AGGAAACTCTGGCTGCCACCA 
339 

7 
PTPEx7F 

PTPEx7R 

CCTCCCTCTGCCTTGGCCGT 

GCTTGGCGTGTGGTCAGCCA 
432 

13 
PTPEx13F 

PTPEx13R 

CTGCCATCACTTTCTTATGAT 

CCCAAAGAGTAAGAACCAGA 
285 

 
A 2-sided Pearson’s Chi-square test with correction for continuity or a Fisher’s 

exact test (for lower than 5 counts per cell), depending on sample size, was 

used to compare allelic and genotypic frequencies of cSNPs between controls 

and cases, and between cases with LOH and RET (retention) calls. Linkage 

disequilibrium and comparison of haplotypic frequencies were carried out using 

Haploview 4.2 software (Broad Institute, 2010). Prediction of effect of cSNPs on 

protein function was performed using Sorting Intolerant From Tolerant (SIFT 

version 4.0.3) (Kumar et al., 2009) and SNPs3D (Yue et al., 2006) online tools. 

 

6.3 Results 

 
6.3.1 High resolution LOH analysis identifies common LOH regions across 

NHL entities, and implicates LOH of PTPRJ as a common event in DLBCL 

and FL 

The implementation of the HMM algorithm for LOH analysis allowed the 

identification of common LOH regions across DLBCLs and FLs (Figure 6.2, 

Table 4.2). Notably, regions with known single-copy loss and mutations in 

DLBCL, such as TP53BP1 and EP300, respectively (Takeyama et al., 2008; 

Morin et al., 2011; Pasqualucci et al., 2011a), were identified by our LOH 

analysis, thus validating our HMM-based approach (Table 4.2). This high 

resolution approach identified LOH of 11q11.2 as one of the commonly affected 
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regions across all cases Figure 6.2. Within this region, the PTPRJ gene was the 

most attractive candidate tumour suppressor gene, due to is well established 

role in regulating lymphocyte signalling. LOH of PTPRJ was present in 38% 

(16/42) of all cases; 33% (7/21) of DLBCL cases and 43% (9/21) of FL cases 

(Table 4.2;). 

 

6.3.2 Unpaired LOH analysis with microsatellites validates the HMM-based 

LOH findings  

Validation of the high resolution LOH findings for PTPRJ showed a significant 

reduction of heterozygosity for D11S1350 between controls and total NHL 

cases, controls and FLs, and controls and DLBCLs (P = 0.002; P = 0.002; P = 

0.022, respectively) (Table 6.3). Conversely, non-significant differences were 

observed for D11S4183 between heterozygosity of controls and NHL cases. 

Discordances between these microsatellites are probably due to their 

positioning in relation to the PTPRJ locus; D11S1350 is the most informative 

marker as it is located within PTPRJ locus (Figure 6.2). 
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Figure 6.2. High resolution LOH analysis across chromosome 11 inferred LOH regions. A) Loss of Heterozygosity of PTPRJ 
gene is a common event (Upper panel) and is not caused by copy-loss events in NHL cases (lower panel). B) Chromosomal, 
genetic and transcript mapping of PTPRJ gene indicating location of microsatellites (D11S1350 and D11S4183) that were 
used to validate LOH in PTPRJ locus.  
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Table 6.3. Frequency of heterozygosity and homozygosity of microsatellites 
targeting PTPRJ in controls and NHL cases 

 
Heterozygous (%) Homozygous (%) χ

2
 p value 

D11S1350* 
   

Controls 85 (74%) 30 (26%) 
  

Cases 49 (54%) 42 (46%) 8.137 0.002 

FL 10 (42%) 14 (58%) 8.111 0.002 

DLBCL 39 (58%) 28 (42%) 4.113 0.022 

D11S4183* 
   

Controls 66 (57%) 49 (43%) 
  

Cases 36 (47%) 41 (53%) 1.69 0.097 

FL 11 (46%) 13 (54%) 0.657 0.209 

DLBCL 25 (48%) 27 (52%) 0.905 0.171 

* PCR failed to amplify 1 and 16 out of 92 tumour DNA samples for D11S1350 

and D11S4183 respectively  

 

6.3.3 PTPRJ is down-regulated in FL cases with LOH of PTPRJ 

Using available PTPRJ mean fluorescence intensity values, from an Illumina 

Sentrix Human-6 (v2.0) Expression Beadchip, from patients with a known LOH 

status (31 out of 42 NHL cases (Green et al., 2011)), we could not observe any 

significant effect of LOH on the PTPRJ expression between NHL cases with 

RET and LOH calls (67.5 vs. 54; P =  0.145); however a trend towards down-

regulation of PTPRJ was observed in FL cases with LOH (Figure 6.3).  

 

Figure 6.3. Comparison of PTPRJ expression between cases with LOH and RET 

showed a trend towards down-regulation of PTPRJ in A) NHL (n=31), B) FL (n=14) and 
C) DLBCL (n=17) cases with LOH; however, these differences were not significant 
within NHL cases (67.47 vs. 54; P = 0.145), FL cases (71.73 vs. 53.70; P = 0.209) and 
DLBCL cases (64.63 vs. 54.34; P = 0.439). PTPRJ mean fluorescence intensity values 
were obtained from an Illumina Sentrix Human-6 (v2.0) Expression Beadchip and 
previously analyzed by Green et al., (2011).  
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Using qPCR to assess PTPRJ expression, down-regulation was seen in FL 

cases (2.05 vs 1.16; P = 0.034) but not in DLBCL (1.88 vs. 1.84 P = 0.962) or 

NHL (1.96 vs. 1.48; P = 0.278) cases with retention or LOH calls, respectively, 

by assessing PTPRJ expression by qPCR in patients with available HMM-

based LOH data (41 out of 42 NHL cases) (Figure 6.4).  

 

Another expression analysis performed on the DLBCL samples, considering the 

COO subtype, did not reveal significant changes in PTPRJ expression in GCB-

like cases (1.7 vs. 2.4; P =  0.606) and in non-GCB-like cases (2.0 vs. 1.0; P =  

0.369) with retention and LOH. Nonetheless, a trend towards PTPRJ up-

regulation in GCB-like cases and PTPRJ down-regulation in non-GCB-like 

cases can be observed in patients with LOH (Figure 6.5). 

 

 

Figure 6.4. Down-regulation of PTPRJ was observed in FL cases with LOH, 
suggesting that LOH in this NHL subtype is caused by LOH expression-
affecting mechanisms (i.e. epigenetic silencing). Transcript abundance of 
PTPRJ was assessed by qPCR in A) NHL (n=41), B) FL (n=20) and C) DLBCL 
(n=21) cases with loss of heterozygosity (LOH) or retention (RET) of PTPRJ. A 
significant 1-fold decrease of PTPRJ expression was observed in FL cases with 
LOH (2.05 vs 1.16;    P = 0.034). Conversely, no significant differences in 
PTPRJ expression were found within NHL cases (1.96 vs. 1.48; P = 0.278) and 
within DLBCL cases (1.88 vs. 1.84 P = 0.962) with RET and LOH calls.  
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Figure 6.5. Transcript abundance of PTPRJ was assessed by qPCR in A) GCB 
(n=10) and B) Non-GCB (n=11) cases with retention (RET) or loss of 
heterozygosity (LOH) of PTPRJ. A trend towards PTPRJ up-regulation in GCB-
like cases (1.7 vs. 2.4; P =  0.606) and PTPRJ down-regulation in non-GCB-like 
cases (2.0 vs. 1.0; P =  0.369) can be observed in patients with LOH 

 

6.3.4 Allelic frequencies of cSNPs in the exons 5 and 13 of PTPRJ differ 

between NHL cases with loss of heterozygosity (LOH) calls versus those 

with retention (RET) calls 

We performed a pilot study screening exons 5, 6, 7 and 13 of PTPRJ in 12 

cases (8 FL and 4 DLBCL). This identified only the cSNPs G973A (Glu206), 

T1054C (Thr233) and A1182C (Gln276Pro), located in the exon 5, and G2971C 

(Glu872Asp), located in exon 13 of the PTPRJ gene (Table 6.4).  

 

Thereafter, we focused our analyses to exons 5 and 13 in an extended cohort of 

controls (n=44), FL (n=24) and DLBCL (n=23) cases, and compared their 

genotypic and allelic frequencies between these cohorts. However, only the 

A1182 (Gln276) allele showed a nominal significance of a higher frequency of 

this allele in FL cases than in controls (P = 0.045) (Table 6.5 and 6.6). 
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Table 6.4. Description of cSNPs located in 5 and 13 exons of PTPRJ identified 
in NHL cases  

+
 Positions of the polymorphisms are based on reference sequence NM_002843.3 of NCBI database. 

MAF, Minor Allelic Frequency. † Prediction was carried out using SIFT (Sorting Intolerant From Tolerant) 
software. * Scores were predicted using SNPs3D software.

±
 cSNP located at the second nucleotide of 

splice acceptor sequence. S Synonymous; NS Non-synonymous; SVM Support Vector Machine.     

 

Allelic distribution of the 4 cSNPs was investigated in cases with HMM-inferred 

LOH calls, by comparing genotypic and allelic frequencies of G973A 

(rs2270993), T1054C (rs2270992), A1182C (rs1566734) and G2971C 

(rs4752904) in DLBCL and FL cases with LOH or retention (RET) calls (Table 

6.7 and 6.8). Overall, genotypic and allelic frequencies of rs2270992, 

rs1566734 and rs4752904 were highly significant between cases with LOH and 

RET calls. For rs2270992, a significant over-representation of C1054 versus 

T1054 allele was detected in patients with LOH (p<0.0001). The A1182 

(Gln276) allele was always present in patients with LOH and in most of cases 

with retention of heterozygous status (P = 0.033 and 0.023 respectively). 

Moreover, a highly significant over-representation of the C2971 (Asp872) allele 

was observed in the majority of cases with LOH (p<0.0001). A significant 

enrichment of homozygous for the wild type G973, A1182 alleles and for the 

variant C1054 and C2971 alleles was observed in individuals with LOH (Table 

6.8). 

  

Exon
+
 dbSNP ID Nucleotide Aminoacid Type MAF 

SIFT 
prediction 
(score)† 

SVM 
sequence 

profile* 

SVM 
structural 
stability* 

Molecular effect* 

5 

rs2270993 G973A Glu206 S
±
 0.152 - - - - 

rs2270992 T1054C Thr233 S 0.495 - - - - 

rs1566734 A1182C Gln276Pro NS 0.167 Tolerated (0.30) 2.12 - - 

13 rs4752904 G2971C Glu872Asp NS 0.438 Tolerated (0.81) 0.9 -1.8 
Buried charged, 

Overpacking, 
salt bridge lost 
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Table 6.5. Allelic frequencies of 4 cSNPs of PTPRJ in controls and NHL cases 

 
Alleles (%) Χ

2
 p-value 

rs2270993 (G973A; Glu206)
 †
 

 
G A 

  
Controls 78 (89%) 10 (11%) 

  
Cases 83 (88%) 11 (12%) <0.0001 1 

FL 44 (92%) 4 (8%) 0.068 0.770 

DLBCL 39 (85%) 7 (15%) 0.132 0.717 

     
rs2270992  (T1054C; Thr233)

 †
 

 
T C 

  
Controls 36 (41%) 52 (59%) 

  
Cases 32 (34%) 62 (66%) 0.646 0.361 

FL 14 (29%) 34 (71%) 1.372 0.242 

DLBCL 18 (39%) 28 (61%) <0.0001 0.989 

     
rs1566734 (A1182C; Gln276Pro)*

 †
 

 
A C 

  
Controls 71 (81%) 17 (19%) 

  
Cases 85 (90%) 9 (10%) 2.773 0.096 

FL 45 (94%) 3 (6%) 3.251 0.045 

DLBCL 40 (87%) 6 (13%) 0.453 0.471 

     
rs4752904 (G2971C; Glu872Asp)*

+
 

 
G C 

  
Controls 40 (45%) 48 (55%) 

  
Cases 36 (38%) 58 (62%) 0.686 0.408 

FL 18 (37%) 30 (63%) 0.511 0.475 

DLBCL 18 (39%) 28 (61%) 0.268 0.605 

* Non-synonymous cSNPs. † cSNPs located in exon 5 of PTPRJ.  
+ cSNP located in exon 13 of PTPRJ 
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Table 6.6. Genotypic frequencies of 4 cSNPs of PTPRJ in controls and NHL 
cases 

 
Genotypes (%) Χ

2
 p-value 

rs2270993  
    

 
GG GA AA 

  
Controls 34 (77%) 10 (23%) 0 

  
Cases 37 (79%) 9 (19%) 1 (2%) 1.042 0.892 

FL 20 (83%) 4 (17%) 0 0.077 0.755 

DLBCL 17 (74%) 5(22%) 1 (4.3%) 1.942 0.491 

      
rs2270992  

    

 
TT TC CC 

  
Controls 9 (20%) 18 (41%) 17 (39%) 

  
Cases 5 (10%) 22 (47%) 20 (43%) 1.666 0.453 

FL 2 (8%) 10 (42%) 12 (50%) 1.785 0.436 

DLBCL 3 (13%) 12 (52%) 8 (35%) 0.903 0.629 

      
rs1566734 

    

 
AA AC CC 

  
Controls 29 (66%) 13 (30%) 2 (4%) 

  
Cases 38 (81%) 9 (19%) 0 3.450 0.133 

FL 21 (88%) 3 (12%) 0 3.491 0.162 

DLBCL 17 (74%) 6 (26%) 0 0.870 0.710 

      
rs4752904  

    

 
GG GC CC 

  
Controls 11 (25%) 18 (41%) 15 (34%) 

  
Cases 9 (19%) 18 (38%) 20 (43%) 0.839 0.661 

FL 5 (21%) 8 (33%) 11 (46%) 0.908 0.683 

DLBCL 4 (17%) 10 (44%) 9 (39%) 0.531 0.845 

 

6.3.5 Haplotype analysis of cSNPs on exon 5 and 13 of PTPRJ identified 

the presence of a cancer-protective haplotype (GTCG) and loss of 

haplotype GCAC in LOH cases. 

Linkage disequilibrium (LD) between rs1566734 and rs1503185 was previously 

determined in cases with thyroid carcinoma and adenoma (Iuliano et al., 2004). 

To investigate the possible LD among G973A (rs2270993), T1054C 

(rs2270992), A1182C (rs1566734) and G2971C (rs4752904) polymorphisms, 
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we compared the genotypic frequencies of these four cSNPs in controls. High 

LD values were observed among all 4 cSNPs, the lowest D’ value was 

observed between A1182C (rs1566734) and G2971C (rs4752904) 

polymorphism (D’=0.712, P = 0.008). Thus, this analysis provided good 

evidence of a single haplotype block at this locus, which contains n=7 and n=9 

possible haplotypes in controls and cases respectively (Table 6.9).  

 

Table 6.7. Allelic frequencies of 4 cSNPs in NHL cases with loss of 
heteorozygosity (LOH) or retention (RET) 

 

 
Allele 1 Allele 2 Χ2 p-value 

rs2270993  
   

 
G A 

  
RET 43 (83%) 9 (17%) 

  
LOH 30 (94%) 2 (6%) 1.268 0.193 

     
rs2270992  

   

 
T C 

  
RET 27 (52%) 25 (48%) 

  
LOH 4 (12%) 28 (88%) 11.583 <0.0001 

     
rs1566734 

   

 
A C 

  
RET 43 (83%) 9 (17%) 

  
LOH 32 (100%) 0 4.526 0.033 

     
rs4752904  

   

 
G C 

  
RET 29 (56%) 23 (44%) 

  
LOH 5 (16%) 27 (84%) 11.637 <0.0001 

 

Comparison of haplotypic frequencies at this locus between controls and cases 

revealed that haplotype GTCG was significantly less common in cases than in 

controls (17% vs. 6%; OR=0.33, 95% CI:0.09-0.72, P = 0.021). In NHL cases, 

this haplotype was absent in patients with LOH, in comparison to a frequency of 
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11.2% in patients with retention (χ2=3.869, P = 0.0492). Moreover, a highly 

significant frequency of haplotype GCAC was observed in cases with LOH than 

in those with RET calls (84% vs. 36%; χ2=18.662, P = 1.56 x 10-5) (Table 6.9). 

This finding highlighted a significantly low frequency of the protective haplotype 

GTCG in NHL cases and confirms over-representation of haplotype GCAC in 

NHL patients with LOH and a preferential retention of haplotype GTCG in NHL 

cases.    

 

Table 6.8. Correlation of genotypic frequencies of 4 cSNPs with HMM-based 
LOH calls 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
Genotypes (%) Χ2 P-value 

rs2270993  
    

 
GG GA AA 

  
RET 17 (65%) 9 (35%) 0 

  
LOH 15 (94%) 0 1 (6%) 8.658 0.005 

      
rs2270992  

    

 
TT TC CC 

  
RET 3 (11%) 21 (81%) 2 (8%) 

  
LOH 2 (12%) 0 14 (88%) 33.021 <0.0001 

    
rs1566734 

    

 
AA AC CC 

  
RET 17 (65%) 9 (35%) 0 

  
LOH 16 (100%) 0 0 5.143 0.023 

      
rs4752904  

    

 
GG GC CC 

  
RET 7 (27%) 15 (58%) 4 (15%) 

  
LOH 2 (13%) 1 (6%) 13 (81%) 18.563 <0.0001 
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Table 6.9. Frequencies of PTPRJ haplotypes derived from G973A (rs2270993), T1054C (rs2270992), A1182C (rs1566734) 
and G2971C (rs4752904) polymorphisms in controls and NHL cases, as well as in patients with retention and LOH calls  

 
 
 

Haplotypes Controls (%) Cases (%) χ2 P-value RET (%) LOH (%) χ2 P-value 

H1: GCAC 46 (52%) 58 (59%) 0.869 0.351 19 (36%) 27 (84%) 18.662 1.6 x 10
-6

 

H2: GTAG 10 (12%) 11 (11%) 0.004 0.948 8 (15%) 2 (6%) 1.518 0.218 

H3: GTCG 15 (17%) 6 (6%) 5.362 0.021 6 (11%) - 3.869 0.049 

H4: ATAG 10 (11%) 10 (11%) 0.032 0.859 8 (15%) 2 (6%) 1.576 0.209 

H5: GCAG 5 (6%) 8 (8%) 0.4 0.527 6 (12%) 1 (3%) 1.993 0.158 

H6: GTCC 1 (1%) 2 (2%) 0.179 0.673 2 (4%) - 1.358 0.244 

H7: GTAC - 2 (2%) 1.721 0.190 2 (4%) - 1.332 0.249 

H8: GCCC 1 (1%) - 0.544 0.461 - - - - 

H9: ATCG - 1 (1%) 0.473 0.492 1 (2%) - 0.623 0.430 

Total 88 98 
  

52 32 
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6.4 Discussion 

One of the common and most interesting LOH regions in NHL cases was 

mapped to the 11p11.2 locus, with PTPRJ identified as a potential TSG that 

could be inactivated in NHL lymphomagenesis. This is suggested by the 

significant down-regulatory effect of LOH of PTPRJ on its expression of PTPRJ 

in FL cases with LOH. However, it is still unclear whether events driving LOH in 

DLBCL cases may or may not induce an effect on PTPRJ expression in cases 

with GCB-like and non-GCB-like subtypes, due to the high heterogeneity of 

DLBCLs (Rosenwald et al., 2002; Pasqualucci et al., 2011b). LOH of PTPRJ 

has been previously reported in breast, lung, colorectal, thyroid and 

meningioma cancers, but has not been described in any hematological 

malignancy and its effect on expression has not been determined (Ruivenkamp 

et al., 2002; Ruivenkamp et al., 2003; Iuliano et al., 2004; Petermann et al., 

2011). 

 

However, it is important to highlight that two SNP-based predisposition studies 

have previously implicated PTPRJ in susceptibility to CLL and to ALL cases 

with the genetic rearrangement ETV6-RUNX1, resulting from the translocation 

t(12;21)(p13;q22). (Sellick et al., 2007; Ellinghaus et al., 2012). In the present 

study, LOH of PTPRJ was identified in 4 out 10 CLL cases (unpublished data). 

On the other hand, the association of PTPRJ to ETV6-RUNX1 genetic 

rearrangements in ALL cases suggests that correlation analysis of LOH of 

PTPRJ with translocations (i.e t(14;18), t(8;14), t(3;14) and others) occurring in 

FLs and DLBCLs is highly relevant, as these NHL subtypes have a high 

frequency of translocations (Rosenwald et al., 2002; Martinez-Climent et al., 

2003; Morin et al., 2011; Pasqualucci et al., 2011a). However, despite the lack 

of the translocation status in our NHL cohort, these lines of evidence support 

the role of this TSG in the etiology and malignant transformation of lymphoid-

origin neoplasms.  

 

The effect that LOH of PTPRJ may have in B-cell derived neoplasms requires 

further investigation, as the role of PTPRJ in B-cell development has not been 

clearly determined. In normal B-cell development, PTPRJ (CD148) expression 
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has been proposed as an antigen marker to differentiate human memory B-cells 

(PTPRJ+) from naïve B-cells (PTPRJ-) (Tangye et al., 1998a). However, in B-

cell-derived neoplasms, PTPRJ expression was found to be heterogeneous 

across NHL subtypes, failing to classify lymphoid tissue with either memory B-

cell or naïve B-cell origins. Furthermore, DLBCL and FL showed a lower and 

more diverse expression of PTPRJ in comparison with other NHL subtypes 

(MCL, CLL, BL, MALT and plasmacytoma) (Dong et al., 2002). In another study, 

PTPRJ expression has been proposed as a useful diagnostic marker for mantle 

cell lymphomas (MCL), based on its higher expression in MCLs than in CLLs 

and in SLLs (Miguet et al., 2009).  

 

Although functional studies are required to determine whether LOH-driving 

events induce inactivation of PTPRJ in NHL, several lines of evidence support 

the hypothesis that LOH of PTPRJ might act as an oncogenic hit in the 

lymphomagenesis or progression of FLs and DLBCLs. This is based on the fact 

that this receptor-like protein tyrosine phosphatase (RPTP) negatively regulates 

key signalling for the survival and development of B-cells, such as: MAPK 

(ERK1/2) PLCG1, PI3K (p85), and B-cell receptor (BCR) signalling (Baker et al., 

2001; Tsuboi et al., 2008; Zhu et al., 2008; Sacco et al., 2009). Interestingly, the 

MAPK pathway has been recently identified as a common target of genetic 

alterations (amplification and deletions) across NHL entities (DLBCL, FL and 

CLL), suggesting that its deregulation might be critical for the pathogenesis of 

NHL lymphomas (Green et al., 2011). The significant PTPRJ down-regulation 

observed in FL cases with LOH also suggests that inactivation of PTPRJ might 

enhance oncogenic activity of MAPK signalling as PTPRJ mediates the direct 

dephosphorylation and inactivation of pro-proliferation ERK1/2 kinases (Sacco 

et al., 2009). Other lines of evidence show that PTPRJ also regulates the PI3K 

signalling pathway by direct dephosphorylation of p85, which is phosphorylated 

by SCR kinase and is simultaneously activated by PTPRJ to induce 

immunoreceptor signalling in B-cells and transition from pro-B to pre-B-cell 

(Saijo et al., 2003; Tsuboi et al., 2008; Zhu et al., 2008). Furthermore, an 

overlap of the roles of PTPRJ (CD148) and PTPRC (CD45) in B-cells and 

macrophages has been observed in knock-out (KO) experiments. In double KO 
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mice, a severe myeloproliferative disease and a partial block of B-cell 

development with impairment of B-cell receptor and immunoreceptor signalling 

was caused by failure in PTPRJ-mediated and PTPRC-mediated 

dephosphorylation of the inhibitory phophotyrosine residue of SRC kinase (Zhu 

et al., 2008). Hence, it can be hypothesized that the effect of LOH of PTPRJ in 

NHL cases would be less deleterious than in cases with loss of both PTPRJ and 

PTPRC, due to their overlapping function. However, LOH of PTPRC was not 

observed in our cohort of NHL samples (data not shown). This finding instead 

suggests that PTPRJ might act as a low-penetrance gene in DLBCLs and FLs, 

similar to previous findings in thyroid and colorectal cancers (Ruivenkamp et al., 

2002; Iuliano et al., 2004).   

 

The molecular mechanisms that underlie the LOH-induced inactivation of 

PTPRJ in tumours are still unclear and require further investigation. The very 

low frequency of deletions in the PTPRJ locus across NHL cases, inferred from 

the GISRIC scores, and the observed reduction in the expression of PTPRJ in 

FL cases with LOH, suggest that, in our cohort of NHLs, LOH is driven by copy-

neutral events, which might alter transcriptional or translational regulatory 

mechanisms of PTPRJ. One of these mechanisms could be the 

microduplication of the genomic region of PTPRJ containing the exons 1 up to 

11, upstream of the PTPRJ transcriptional start site, as it has been shown to 

induce epigenetic silencing of the normal PTPRJ CpG island in patients with 

early-onset familial colorectal cancer; however, its effect on expression has not 

been studied (Venkatachalam et al., 2010). Moreover, it is has been revealed 

that PTPRJ expression could be also impaired by a translation attenuation 

mechanism, caused by the presence of alternative short upstream open reading 

frames (ORFs), named as uORFs, at the 5´end of PTPRJ (Karagyozov et al., 

2008). It is possible that LOH-driving events use this mechanism to induce 

under-expression of PTPRJ, as low expression of PTPRJ was detected in 

meningioma cases with LOH (Petermann et al., 2011) and in a DLBCL cell line 

with LOH (unpublished data). Although somatic mutations are known as LOH-

driving events, Ruivenkamp et al., (2002) failed to identify mutations after direct 

sequencing of the 25 exons of PTPRJ in NHL cases with and without LOH, 



178 

 

indicating that mutations are not a driving cause of LOH of PTPRJ. This finding 

is supported by the low frequency of mutations observed in other types of 

cancer and the absence of mutations in recent exome sequencing of NHL 

tumours. (Forbes et al., 2011; Morin et al., 2011; Pasqualucci et al., 2011b). 

Nonetheless, mutations might have a dominant negative effect on the anti-

tumour activity of this RPTP, as cell lines with a single copy of a deleterious 

mutation or deletion in the PTPRJ catalytic domain failed to respond to the 

PTPRJ-targeting antibody, Ab1, and were unable to restore the PTPRJ-

associated dephosphorylation of downstream pathways (ERK1/2 and MET 

kinases) (Takahashi et al., 2006). Further mutational screening, epigenetic, and 

functional studies will be required to determine the driving cause of LOH in 

NHLs.  

 

Previous sequence screenings have associated cSNPs located in exons 5, 6, 7 

and 13 of the PTPRJ gene with colorectal and thyroid carcinomas (Ruivenkamp 

et al., 2002; Iuliano et al., 2004). In this study, cSNPs located within exons 5 

and 13 of PTPRJ were identified in NHL cases and the Gln276 allele (A1182) 

was the only allele to be significantly more common in FL cases and controls. 

Nonetheless, a highly significant over-representation of the rare C1054 allele, 

the potentially protective Gln276 allele (A1182), and the potentially cancer-risk 

Asp872 allele (C2971) were observed in cases with LOH. In thyroid carcinomas, 

combination of homozygous for Gln276Pro, Arg326Gln and Glu872Asp 

polymorphisms were significantly more frequent in patients than in healthy 

individuals but not for each polymorphism (Iuliano et al., 2004). Haplotypes from 

a single haplotype block of PTPRJ were also identified by the allelic 

combination of the polymorphisms G973A (rs2270993), T1054C (rs2270992), 

A1182C (rs1566734), and G2971C (rs4752904) in controls. Haplotype GTCG 

was found to confer a protective effect for DLBCL and FL lymphomagenesis as 

it was more frequent in controls than in cases. The fact this haplotype was only 

found in patients with retention calls confirms this effect. In addition, a 

significant over-representation of the haplotype GCAC was observed in cases 

with LOH of PTPRJ, which both validates the analysis performed individually for 

each cSNP and indicates that this haplotype may have a higher effect on the 
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function of PTPRJ than each polymorphism separately. In addition, it is 

important to highlight that LOH events are unlikely to be caused by genotypic 

association as a haplotype was significantly associated with LOH, but not when 

the frequency of this haplotype were compared between controls and cases.  

 

The effect of these cSNPs, individually or in a haplotype block, on the 

oligomerization and function of PTPRJ, and their relationship with LOH status in 

FL and DLBCL lymphomagenesis requires further study. However, it is 

noteworthy to mention that all analyzed cSNPs are located in encoding regions 

of Fibronectin type III domains, which are part of the ectodomain of PTPRJ. 

Particularly, the Gln276Pro (A1182C) polymorphism is a non-conservative 

substitution located in the exon 5, which partially encodes the second 

Fibronectin type III (FNIII) domain of PTPRJ, and which induces a torsional 

stress that potentially could affect the conformation of ectodomain receptor 

(Ruivenkamp et al., 2002). Conversely, the presence of the Gln276Pro 

polymorphism was predicted to have no deleterious effect on PTPRJ function. 

Although available softwares used to predict deleterious SNPs may provide an 

insight of the effect of alleles in the function of a protein, further functional 

studies will determine whether this allele has or nor an impact on the activity of 

PTPRJ. Previous association studies have linked Gln276Pro polymorphism with 

cancer. Although, the Gln276 allele failed to confer protection or susceptibility to 

colorectal cancer, significant association was observed between Gln276Pro 

and/or Arg326Gln alleles with susceptibility to lung squamous cell carcinoma 

and colorectal cancer (Mita et al., 2010). 

 

Interestingly, the A1182 allele (Gln276) was over-represented in FL and DLBCL 

cases with LOH, which was also found in colorectal patients with LOH 

(Ruivenkamp et al., 2002). The retention of the C1182 (Pro276) allele in 

patients without LOH is intriguing as this variant may have an adverse effect on 

oligomerization and activation of PTPRJ, and consequently, may cause a 

constitutive activation of PTPRJ-regulated oncogenic pathways (MAPK, PI3K, 

PLCG1 and B-cell receptor). This hypothesis was also suggested for an in vivo 

study, as the Gln276Pro polymorphism is located in the encoding region of the 
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antibody-targeted epitope. In this study, the antibody-mediated activation of 

PTPRJ inhibited angiogenesis and endothelial cell growth (Takahashi et al., 

2006). The presence of this polymorphism in this epitope suggests that those 

cases with retention of Pro276 allele might have an adverse effect on the 

cellular response to this antibody. Furthermore, the high frequency observed of 

the wild-type Gln276 allele in FLs correlates to its indolent clinical course and 

suggests that the PTPRJ response to either its endogenous ligand or Ab1-like 

antibodies would be more sensitive than in those harbouring the Pro276 allele.  

Another interesting cSNP in this study was the G2971C (Glu872Asp) 

polymorphism. This polymorphism is a conservative substitution located in the 

encoding region of the 8th FNIII domain, which was predicted to cause a 

deleterious effect on the protein structure stability.  Despite allelic and genotypic 

frequencies of G2971C (Glu872Asp) were not significant between controls and 

NHL cases, a highly significant over-representation of C2971 (Asp872) allele 

was observed in cases with LOH. Conversely, significant allelic retention of 

Asp872 allelic was found in thyroid carcinomas (Iuliano et al., 2004). Based on 

this, it may be possible that this cSNP might be associated with 

lymphomagenesis of DLBCL and FL. In another study, the Asp872 allele has 

been found to confer high risk to papillary thyroid carcinoma (Iuliano et al., 

2010). Additionally, allele-specific epigenetic silencing of the potentially 

protective Glu872 allele caused by transcriptional read-through due to a 

microduplication upstream of PTPRJ promoter was observed in a patient with 

early-onset familial colorectal cancer (Venkatachalam et al., 2010). Hence, this 

finding suggests that the Asp872 allele might be preferentially expressed in 

cases with this microduplication and in cases with LOH.    

 

Recent studies have also provided evidence that support the implication of 

PTPRJ in lymphomagenesis. Syndecan-2 (SDC2) and Thrombospondin-1 

(THBS1) have been recently described as PTPRJ ligands, but its role in the 

lymphomagenesis of FL and DLBCL is still unclear (Whiteford et al., 2011; 

Takahashi et al., 2012). Nonetheless, it is noteworthy to mention that NHL 

cases who express THBS1 tend to exhibit shorter survival rates than those who 

do not express it (Paydas et al., 2008; Paydas et al., 2009a). Hence, further 
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studies focused on studying the role of PTPRJ and its ligands (i.e. SDSC2 and 

THBS1) in the development of the lymphocyte as well as in the 

lymphomagenesis of FL and DLBCL will be highly relevant.  

 

Additionally, based on the tumour suppressor activities of PTPRJ in controlling 

pathways responsible for cell proliferation, apoptosis, angiogenesis and cell 

adherence, we conclude that PTPRJ is a promissing target for novel and more 

effective anti-cancer therapies (Takahashi et al., 2006; Paduano et al., 2012). 

Interestingly, PTPRJ regulates the same signalling pathways, that is the PI3K 

and MAPK signalling pathways as anti-CD20 (Rituximab), the standard anti-

NHL treatment, although at different targets (Vega et al., 2004; Suzuki et al., 

2007; Tsuboi et al., 2008; Sacco et al., 2009). Therefore, it is important to study 

the genetic mechanisms that govern the expression or that might disrupt the 

function of PTPRJ in NHL. 

 

In summary, high-resolution LOH approaches have not only successfully 

identified LOH of PTPRJ as a common TSG-inactivating mechanism in NHL but 

have also implicated PTPRJ in the etiology and lymphomagenesis of NHL. This 

finding is confirmed by down-regulation of PTPRJ in FL cases with LOH and 

over-representation of cSNPs and haplotypes in patients with LOH. It is 

hypothesized that retention of these cSNPs could alter the ligand-mediated 

activation of PTPRJ and its subsequent downstream signalling; therefore, this 

could also affect the response of this protein tyrosine receptor to potential 

PTPRJ-specific immunotherapies that target epitopes harbouring cSNPs.  
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Chapter 7: 

In silico determination of cellular 

pathways affected by loss of 

heterozygosity of PTPRJ 

 

 

 

 

This chapter builds on results outlined in the prior chapter implicating PTPRJ as 

a potential TSG and further investigates the role of PTPRJ in NHL. These 

findings are also included in the publication outlined below: 

 

Aya-Bonilla, C., Camilleri, E., Green, M. R., Lea, R. A., Gandhi, M. K., Griffiths, 
L. R. Implication of common cellular pathways affected by loss of heterozygosity 
(LOH) in the lymphomagenesis of Follicular lymphoma (FL) and Diffuse Large 
B-Cell lymphoma (DLBCL). BMC Bioinformatics (Under review). 
 



183 

 

Abstract 

The analysis of cell networks and pathways involved in oncogenesis has 

increased our knowledge about the pathogenic mechanisms that underlie 

tumour biology. Additionally, it has led to new alternatives for the design of more 

potent and specific therapeutic targets. Recently, we implicated a novel tumour 

suppressor gene, protein tyrosine phosphatase receptor type J (PTPRJ), in the 

lymphomagenesis of follicular (FL) and diffuse large B-cell (DLBCL) 

lymphomas. PTPRJ, as a protein tyrosine phosphatase (PTP), 

dephosphorylates key pathways for the survival of B-cells (i.e. BCR, PI3K, and 

MAPK); however, little is known about its role in the lymphomagenesis of these 

B-cell lymphomas. Herein, we performed pathway analytical approaches in 

order to identify genes and pathways that can be altered by the inactivation of 

PTPRJ. These analyses allowed us to identify genes within the interactome of 

PTPRJ (PTPN11 and B2M) that when inactivated in NHLs may play an 

important role in tumourigenesis. We also detected genes that are differentially 

expressed in cases with retention and LOH of PTPRJ (NFATC3: nuclear factor 

of activated T-cells, cytoplasmic, calcineurin-dependent 3). In addition, 

upregulation of the VEGF, MAPK and ERBB signalling pathways was also 

observed in NHL cases with LOH of PTPRJ, indicating that the inactivation of 

PTPRJ, apart from inducing a constitutive activation of these pathways, may 

also induce upregulation of these pathways when inactivated. This finding 

implicates these pathways in the lymphomagenesis and progression of FL and 

DLBCL. In conclusion, the evidence obtained in this research supports the 

crucial role that PTPRJ can play in the pathogenesis of these B-cell tumours 

and suggests that activation of PTPRJ might be an interesting novel 

chemotherapeutic target for the treatment of these B-cell tumours.  

 

7.1 Introduction 

The identification of altered pathways in tumour cells has provided a more 

holistic understanding of the pathogenic mechanisms that underlie the genesis, 

progression and chemoresponse of cancer. As a consequence, malfunction of a 

gene or a group of genes must be analysed as part of a complex network of 

components that are highly related to each other. However, this analysis is 
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limited by factors such as the lack of analytic tools to convert and integrate, in a 

feasible and reliable manner, large amounts of data derived from different high-

throughput genomic approaches into outputs with more biological meaning.    

 

Following this idea, through the integration of copy number and gene 

expression profiling data from three of the most common non Hodgkin’s 

lymphoma (NHL) subtypes (DLBCL, FL and CLL), we were able to identify 

common and disease-specific alterations that target known oncogenic 

pathways, identifying common lymphomagenic mechanisms across these 

subtypes. In a previous study, the mitogen activated protein kinase (MAPK) 

pathway was commonly targeted by genetic alterations in all of these B-cell 

NHLs (Green et al., 2011). Likewise, using high resolution loss of 

heterozygosity data from cases with FL and DLBCL, we identified candidate 

tumour suppressor genes (TSGs) within common LOH regions across these 

NHL subtypes and implicated them in the lymphomagenesis of B-cell 

lymphomas (Aya-Bonilla et al., 2013). In particular, we found that the 

inactivation of PTPRJ (protein tyrosine phosphatase receptor type J) is a 

common event in FL and DLBCL cases and implicated this novel TSG in the 

lymphomagenesis of these B-cell NHL subtypes. Previous studies have found 

that PTPRJ acts as a tumour suppressor gene by negative regulation of 

signalling pathways involved in cell growth, proliferation and angiogenesis such 

as MAPK (ERK1/2), PLCG1, PI3K (p85), FLT3, B-cell receptor (BCR), PDGFRB 

and VEGFR2 signalling, controlling (Kovalenko et al., 2000; Baker et al., 2001; 

Lampugnani et al., 2003; Tsuboi et al., 2008; Zhu et al., 2008; Sacco et al., 

2009; Arora et al., 2011). However, the role of PTPRJ in normal and malignant 

B-cell differentiation is still poorly understood. 

 

Hence, based on the fact that PTPRJ is a transmembrane protein that interacts 

with many upstream effectors of important signalling pathways, we aimed, using 

pathway analyses, to identify cellular pathways that may be altered by the LOH 

of PTPRJ as these may also contribute to the lymphomagenesis of FL and 

DLBCL.  
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7.2 Materials and Methods  

 
7.2.1 Interactome of PTPRJ  

The VisANT v. 4.06 platform (Integrative Visual Analysis Tool for Biological 

Networks and Pathways) was used firstly to determine the genes that interact at 

any level with PTPRJ and secondly, to identify whether other genes with LOH 

from Table 4.2 interact with PTPRJ and play together with PTPRJ a role within 

common cellular networks. In addition, the interactome of PTPRJ was enriched 

with log2-transformed data from an Illumina Sentrix Human-6 (v2.0) Expression 

Beadchip from cases (19 FLs and 20 DLBCLs) with a known LOH status (15 

RET and 14 LOH) (Green et al., 2011; Aya-Bonilla et al., 2013).  

 

7.2.2 Selection of differentially expressed genes 

To determine differentially expressed genes between cases with retention and 

LOH of PTPRJ, we used our previously outlined linear gene expression profiling 

(GEP) data from cases (19 FLs and 20 DLBCLs) with a known LOH status (15 

RET and 14 LOH) (see Section 3.6.2) (Green et al., 2011; Aya-Bonilla et al., 

2013). The ComparativeMarkerSelection module of the Genepattern platform 

(Gould et al., 2006) was employed for this selection and the analysis was 

carried out using the default options (2-sided T-Test and 10000 permutations). 

Results from this analysis were visualized using the 

ComparativeMarkerSelectionViewer module. A total of 400 (200 per extreme) 

differentially expressed genes were selected by the 

ExtractorComparativeMarkerResults module based on their score. Expression 

patterns were visualized in a heatmap.  

 

Additionally, in order to select differentially expressed genes between cases 

with low and high levels of PTPRJ expression, we used freely available GEP 

datasets from 184 FL and 420 DLBCL cases (GSE16131 and GSE10846 

respectively) (see Section 3.6.2) (Dave et al., 2004; Lenz et al., 2008a). The 

cases were classified based on the log-transformed intensity values of PTPRJ 

in each dataset. Those classified in quartile 1 (lowest) and 4 (highest) were 
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extracted from the datasets and analyzed using the 

ComparativeMarkerSelection module, following the same parameters previously 

mentioned. A Venn diagram was used to identify common genes found to be 

differentially expressed from the comparison of cases with RET and LOH of 

PTPRJ and the comparison of cases expressing low and high levels of PTPRJ 

in FL and DLBCL. This contrasting analysis identified the expression of the 

nuclear factor of activated T-cells, cytoplasmic 3 (NFATC3) gene to be 

differentially affected by LOH of PTPRJ. Comparison of the expression levels of 

NFATC3 (nuclear factor of activated T-cells, cytoplasmic 3) between cases with 

retention and LOH of PTPRJ, as mentioned above, was carried out using an 

independent t-test (α < 0.05). 

 

7.2.3 Gene Set Enrichment Analysis (GSEA) 

The identification of gene sets that were upregulated in cases with RET and 

LOH of PTPRJ was carried out running the above mentioned GEP data from 

NHL cases with a known LOH status (15 RET and 14 LOH) for this TSG in the 

GSEA v 2.0 software. The collection of curated pathways from the KEGG 

database and the default settings (without collapsing GEP data) were used for 

this analysis. Significance level was set at an α < 0.05.  

 

7.3 Results  

 
7.3.1 Interactome of PTPRJ  

The analysis of the gene-gene interactions of PTPRJ revealed that none of the 

41 genes, which are known to interact with PTPRJ, were previously identified 

among the genes located within the common LOH regions across FLs and 

DLBCLs (Figure 7.1; Table 4.2) (Aya-Bonilla et al., 2013). However, 22 genes 

that interact indirectly (one level) with PTPRJ were found to be commonly 

inactivated in NHL cases. Among these candidate TSGs, B2M (Beta-

2_microglobulin) was identified to interact indirectly with PTPRJ (see Chapter 

5). In addition, another protein tyrosine phosphatase (PTP), called PTPN11 

(protein tyrosine phosphatase, non-receptor type 11) and located at 12q24, was 

shown to share some interactions with PTPRJ. It is important to mention that 
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LOH of PTPN11 was present in 74% of NHL, 71% of FL and 76% of DLBCL 

cases (see Table 4.2). 

The genes that interact with both PTPRJ and PTPN11 are: MAPK3 (mitogen-

activated protein kinase 3), GRB2 (growth factor receptor-bound protein 2), 

ERBB2 (v-erb-b2 erythroblastic leukemia viral oncogene homolog 2), MET (met 

proto-oncogene (hepatocyte growth factor receptor), PDGFRB (platelet-derived 

growth factor receptor, beta polypeptide), CTNNB1 (catenin (cadherin-

associated protein), beta 1, 88kDa), PLCG1 (phospholipase C, gamma 1), CBL 

(Cas-Br-M (murine) ecotropic retroviral transforming sequence), KIT (v-kit 

Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog), NTRK1 

(neurotrophic tyrosine kinase, receptor, type 1), KDR (kinase insert domain 

receptor (a type III receptor tyrosine kinase)), PXN (paxillin), GAB1 (GRB2-

associated binding protein 1), LEPR (leptin receptor), EPOR (erythropoietin 

receptor), GHR (growth hormone receptor), CXCR4 (chemokine (C-X-C motif) 

receptor 4), CSK (c-src tyrosine kinase), INSR (insulin receptor), JAK2 (Janus 

kinase 2), LCK (lymphocyte-specific protein tyrosine kinase), GRIN2B 

(glutamate receptor, ionotropic, N-methyl D-aspartate 2B), TEK (TEK tyrosine 

kinase, endothelial), TIE1 (tyrosine kinase with immunoglobulin-like and EGF-

like domains 1). These 25 genes play important roles in pathways described in 

Table 7.1.  

 

7.3.2 Gene Set Enrichment Analysis (GSEA) identifies pathways that are 

significantly upregulated in cases with retention or LOH of PTPRJ 

Initially, using GEP data from NHL patients with known LOH status for PTPRJ, 

we identified differentially expressed genes between cases with and without 

LOH of PTPRJ. This result indicates that LOH of PTPRJ does have an effect on 

the expression pattern of some genes and that some pathways can be 

differentially enriched between the two categories (Figure 7.2A). In order to 

prove this hypothesis, a Gene Set Enrichment Analysis (GSEA) was carried out, 

and after the analysis some pathways were found to be significantly 

upregulated in cases with retention and some others, in cases with LOH (Figure 

7.2B and 7.2C). The genes that were upregulated in the most significant gene 

sets are described in Table 7.2. The lists of the gene sets enriched in each 
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category are detailed in Appendix 5 and 6. However, it is important to highlight 

that despite all enrichment analyses exhibiting FDR values equal to 1, the 

results from these gene-set enrichments, described in Figure 7.2 and Table 7.2, 

were analysed based on the nominal significance (P value lower than 0.05) 

instead of the FDR values, due to the low population size, which could be 

driving the high FDR scores, and the high biological relevance of the gene-sets 

that were significantly upregulated in cases with LOH of PTPRJ.   

 

Table 7.1. List of gene sets commonly regulated by PTPRJ and PTPN11 based 
on gene expression  

Gene Set Name K k k/K* P value 

KEGG_PATHWAYS_IN_CANCER 328 10 0.0305 6.86E-07 

KEGG_FOCAL_ADHESION 201 8 0.0398 1.70E-06 

KEGG_ERBB_SIGNALING_PATHWAY 87 6 0.069 1.81E-06 

KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION 267 8 0.03 1.42E-05 

KEGG_NEUROTROPHIN_SIGNALING_PATHWAY 126 6 0.0476 1.57E-05 

KEGG_ADHERENS_JUNCTION 75 5 0.0667 1.76E-05 

KEGG_PROSTATE_CANCER 89 5 0.0562 4.06E-05 

KEGG_JAK_STAT_SIGNALING_PATHWAY 155 6 0.0387 5.11E-05 

KEGG_ENDOMETRIAL_CANCER 52 4 0.0769 7.76E-05 

KEGG_NON_SMALL_CELL_LUNG_CANCER 54 4 0.0741 9.01E-05 

KEGG_T_CELL_RECEPTOR_SIGNALING_PATHWAY 108 5 0.0463 1.03E-04 

KEGG_ENDOCYTOSIS 183 6 0.0328 1.29E-04 

KEGG_CHEMOKINE_SIGNALING_PATHWAY 190 6 0.0316 1.59E-04 

KEGG_GLIOMA 65 4 0.0615 1.87E-04 

KEGG_RENAL_CELL_CARCINOMA 70 4 0.0571 2.49E-04 

KEGG_THYROID_CANCER 29 3 0.1034 2.81E-04 

KEGG_VEGF_SIGNALING_PATHWAY 76 4 0.0526 3.42E-04 

KEGG_LEUKOCYTE_TRANSENDOTHELIAL_MIGRATION 118 4 0.0339 1.80E-03 

KEGG_ACUTE_MYELOID_LEUKEMIA 60 3 0.05 2.40E-03 

* k/K is the ratio between the # of genes in overlap (k) and the # of genes in gene set 

(K). 
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Figure 7.1. Interactome of PTPRJ indicates that the inactivation of PTPRJ may affect cellular networks and that these 
networks are not only altered by inactivation of PTPRJ. PTPRJ gene network showing A) only those genes that were also 
found to be inactivated in NHL cases and B) all the known genes that interact with PTPRJ. Two levels of interaction were used 
to filter the interactions. Interestingly, we found that the gene PTPN11, which was also found inactivated in NHL cases, shares 
some target genes with PTPRJ; moreover, B2M has an indirect interaction with PTPRJ (red arrows).     
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Figure 7.2. Genes and pathways affected by LOH of PTPRJ. A) Heatmap of genes differentially expressed between cases 
with retention (RET) and LOH calls. The most significant gene sets enriched in B) cases with retention and in C) cases with 
LOH. Despite an FDR (false discovery rate) of 1 for all the enrichments, the results from this gene-set enrichment analysis 
were analysed based on the P values instead of the FDR scores. The high FDR values obtained in this analysis may be due to 
the low population size. The lists of all gene sets from this analysis are provided in Appendix 5 and 6. 
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Table 7.2. List of genes enriched within the gene sets differentially expressed 
between cases with retention and LOH of PTPRJ  

Gene sets Genes 

Upregulated in RET cases  

HSA03030_DNA_POLYMERAS
E 

POLQ,PRIM1,POLD3,POLE3,POLK,POLE2,POLE4,POLS,REV1,
POLA2,RFC5,POLD1,POLB,POLI,POLE 

HSA04115_P53_SIGNALING_ 
PATHWAY 

CDC2,PTEN,TNFRSF10B,CHEK1,PMAIP1,CDK4,CDK2,SFN,PE
RP,P53AIP1,FAS,CCNB1,SERPINB5,CASP8,CCNB2,EI24,CCND
2,TP53I3,CCNE2,RFWD2,CCNB3,MDM2 

HSA03050_PROTEASOME 
PSMB4,PSMA3,PSMA4,PSMA1,PSMB7,PSMD11,PSMD13,PSM
D1,PSMC3,PSMA2,PSMA5,PSMD2,PSMA7,PSMA6 

  

Upregulated in LOH cases  

HSA04370_VEGF_SIGNALING_
PATHWAY 

MAPKAPK2,PLA2G10,PXN,PLA2G6,PLA2G2F,MAP2K1,MAP2K2
,RAF1,PRKCG,PIK3R1,PLA2G1B,MAPK3,MAPK12,SPHK2,AKT3,
PLA2G2A,BAD,RAC1,PLA2G5,PIK3CD,NFATC3,PRKCA,PIK3CG 

HSA05218_MELANOMA 
FGF9,CCND1,MET,FGF17,FGF22,MAP2K1,MAP2K2,IGF1,RAF1,
PIK3R1,MAPK3,CDK6,AKT3,FGF8,BAD,FGF23,ARAF,FGF12,FG
FR1,PIK3CD,PDGFRA,PDGFD,FGF7,PIK3CG 

HSA04012_ERBB_SIGNALING_
PATHWAY 

CAMK2G,SHC4,MAP2K1,MAP2K2,RAF1,STAT5B,PRKCG,PAK2,
NRG3,RPS6KB2,CAMK2B,PIK3R1,PAK4,NRG1,MAPK3,ERBB2,
AKT3,TGFA,BAD,ARAF,CBL,ERBB3,PIK3CD,PRKCA,PIK3CG, 
PAK3 

HSA04020_CALCIUM_ 
SIGNALING_PATHWAY 

GNA11,HTR4,CCKBR,CHP,ADRA1D,ITPR1,RYR2,SLC25A5,PHK
A1,NOS1,PHKA2,SLC8A2,CACNA1C,ATP2B1,MYLK,AGTR1,CA
MK2G,CHRNA7,CAMK4,MYLK2,PRKCG,CAMK2B,GRM5,BDKRB
1,ADCY8,RYR1,ERBB2,SPHK2,TRHR,CALM3,PRKACG,ADORA
2A,PLN,GNA14,TBXA2R,PTAFR,ERBB3,ADCY9,P2RXL1,TACR2
,CACNA1D,PDGFRA,HRH1,NTSR1,PLCB4,HTR2B,PRKCA, 
CACNA1I,SLC25A6,PTGER3,ITPKB 

HSA04664_FC_EPSILON_RI_ 
SIGNALING_PATHWAY 

PLA2G2F,VAV3,MAP2K1,MAP2K2,RAF1,PIK3R1,PLA2G1B,MAP
K3,MAPK12,AKT3,PLA2G2A,RAC1,IL4,PLA2G5,PIK3CD,IL5, 
PDK1,PRKCA,PIK3CG 

HSA04010_MAPK_SIGNALING
_PATHWAY 

DUSP8,MAP2K7,FGF21,CACNA2D3,MEF2C,FGF5,RPS6KA3,CA
CNA2D1,TGFBR2,TAOK2,CACNA2D2,RAC3,NFKB2,CHP,FLNA,
SRF,FGF9,DAXX,RPS6KA6,RRAS,MAPKAPK2,PLA2G10,NTRK1
,CACNA1C,PLA2G6,FGF17,FGF22,RAP1A,FLNC,MAP3K14,PLA
2G2F,CACNB4,MAP2K1,GADD45A,RPS6KA1,NF1,MAP2K2,RPS
6KA5,RAF1,PRKCG,PAK2,TAOK3,MOS,MAPK8IP3,PLA2G1B, 
MAPK3,MAPK12,RRAS2,PRKACG,GADD45G,AKT3,NTF5,FGF8, 
PLA2G2A,FLNB,RAC1,FGF23,FGF12,RASGRF2,FGFR1,PLA2G5
,MAP3K8NLK PTPN5 CACNA1D IL1R1 PDGFRA ARRB2 
MAP3K10 RPS6KA4 PPP5C FGF7 GNA12 CACNG5 MAP3K13 
DUSP7 PRKCA MAP2K5 CACNA1I MAPK8IP2 

HSA04150_MTOR_SIGNALING
_PATHWAY 

VEGFB,RICTOR,PGF,AKT1,PRKAA1,RPS6KA3,RPS6KA6,RPS6
KA1,IGF1,RPS6KB2,PIK3R1,EIF4B,MAPK3,VEGFC,AKT3,FIGF, 
PIK3CD,PIK3CG 

HSA05221_ACUTE_MYELOID_ 
LEUKEMIA 

PIM2,NFKB2,STAT3,CCND1,FLT3,MAP2K1,CEBPA,MAP2K2,RA
F1,RPS6KB2,JUP,MAPK3,TCF7,AKT3,BAD,ARAF,PIK3CD, 
PIK3CG,KIT 
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7.3.3 NFATC3 is a commonly inactivated TSG in NHL cases and is 

significantly upregulated in cases with LOH of PTPRJ  

In order to identify genes, previously found to be inactivated in our high 

resolution LOH study, that are differentially expressed in the context of LOH of 

PTPRJ, we compared 262 genes located within LOH regions (see Table 4.2) 

against the 400 genes with differential expression between cases with retention 

and LOH of PTPRJ. This approach identified only one gene NFATC3 (nuclear 

factor of activated T-cells, cytoplasmic, calcineurin-dependent 3), located at 

16q22, to be commonly inactivated and differentially expressed in NHL cases 

with LOH of PTPRJ (Figure 7.3). Comparison of the mean fluorescence 

intensity values for NFATC3 between NHL cases with retention and LOH of 

PTPRJ revealed that NFATC3 is significantly upregulated in cases with LOH of 

PTPRJ (325 vs. 375; P = 0.042). It is important to mention that LOH of NFATC3 

was found in 58% of NHL, 48% of FL and 67% of DLBCL cases (see Table 4.2). 

 

Figure 7.3. Comparison of the differentially expressed genes between NHL 
cases with retention and LOH of PTPRJ (red circle) and genes located within 
the common LOH regions in NHL cases (blue circle) discovered that NFATC3 
gene in addition to being inactivated in NHL subtypes, is upregulated in cases 
with LOH of PTPRJ (right panel). NFATC3 mean fluorescence intensity values 
were obtained from an Illumina Sentrix Human-6 (v2.0) Expression Beadchip 
(Green et al., 2011). 

 

The comparison of differentially expressed genes between the FL and DLBCL 

cases expressing low and high levels of PTPRJ and between cases with 

retention and LOH of PTPRJ failed to identify common genes across the three 

datasets (Figure 7.4). Nonetheless, the expression levels of CDH22 (cadherin 
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22, type 2), and ACTR6 (ARP6 actin-related protein 6 homolog) was 

significantly affected by the expression levels of PTPRJ in DLBCL cases and 

the LOH status of PTPRJ in NHL cases. In addition, GRIN2B (glutamate 

receptor, ionotropic, N-methyl D-aspartate 2B) and SLC4A4 (solute carrier 

family 4, sodium bicarbonate cotransporter, member 4) were differentially 

expressed in FL cases expressing low and high levels as well as in NHL cases 

with retention and LOH of PTPRJ. Moreover, 10 genes (NTRK3, DCT, SH3GL3, 

PTPRJ, ZNF184, SCYL2, ACRV1, VPS35, WNT6, CCDC9) were shared 

between FL and DLBCL cases expressing low and high levels of expression of 

PTPRJ.   

 

Figure 7.4. Genes that were differentially expressed between NHL cases 
without and with LOH did not show differential patterns of expression between 
FLs and DLBCLs expressing low and high levels of PTPRJ. This might indicate 
that LOH of PTPRJ and the expression levels of PTPRJ might differently affect 
the expression of genes.  

 

7.4 Discussion 

Using an annotated network database enriched with protein-protein interactions 

and associations, we were able to visualize the interactome of PTPRJ and 

enrich it with the candidate TSGs located within LOH regions. This analysis 

determined that PTPRJ does not interact directly with any other possible LOH 

genes; however, this TSG indirectly interacts with 22 possible inactivated TSGs 

by LOH in NHL cases. This finding suggests that the malignant phenotype of 
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tumour cells is orchestrated by an uncontrolled activation of oncogenic 

signalling pathways, which may be caused by the inactivation of the 

dephosphorylation activity of PTPRJ as well as the inactivation of other TSGs 

that might regulate direct targets of PTPRJ within these pathways. For instance, 

PTPRJ interacts directly with GRB2, a pivotal protein in signal transduction that 

activates the RAS-MAPK pathway, which is inactivated by the 

dephosphorylation activity of PTPRJ. GRB2 was also found to interact directly 

with B2M in an unclear manner (Wang et al., 2008). Interestingly, B2M was 

found to be inactivated in NHLs and its inactivation has been associated as a 

mechanism to evade the immune surveillance in DLBCL and other types of 

cancer (Hill et al., 2003; Challa-Malladi et al., 2011). In addition, this finding also 

indicates that lymphomagenesis could be orchestrated by a network of TSGs 

that are inactivated in malignant B-cells to block tumour suppressor signalling 

and constitutively maintain pathogenic signals. 

 

PTPN11, highly inactivated by LOH events in NHL, was also identified in the 

PTPRJ interactome. PTPN11 encodes a protein tyrosine phosphatase (PTP) 

with two SH2 domains which acts as an intracellular signalling transducer of 

growth factors and cytokines receptors by regulation of the MAPK pathway 

(Cunnick et al., 2002). Furthermore, it has been demonstrated that this PTP 

plays a crucial role in hematopoiesis and that mutations in PTPN11 block the T-

cell and B-cell development (Qu et al., 2001). Mutations in the PTPN11 gene 

have been detected in low frequencies in leukemia cases; however, alterations 

in this gene predispose patients with Noolan syndrome to several types of 

leukemia (mainly juvenile myelomonocytic leukemia JMML) and other types of 

cancer. (Tartaglia et al., 2004; Hugues et al., 2005; Jongmans et al., 2011). 

Interestingly, PTPN11 and PTPRJ share around 25 gene interactions, which 

enriched important pathways in cancer such as ERBB signalling pathway, 

cytokine-cytokine interactions pathway, JAK/STAT signalling pathway and 

others. Thus, this evidence indicates that the inactivation of these PTPs could 

be a key factor in the malignant B-cell development of these NHL subtypes. 
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Additionally, the gene NFATC3 was identified as being commonly inactivated in 

NHL cases and significantly upregulated in NHL cases with LOH. NFATC3 is a 

Ca++ -dependent protein that regulates T-cell activation and migration, 

proliferation and angiogenesis by regulation of VEGF (Urso et al., 2011). 

Moreover, the abrogation of NFATC3 expression in a murine model suggested 

the implication of this TSG in T-cell lymphomagenesis; whereas, its implication 

in B-cell lymphomas has not been studied (Glud et al., 2005). However, 

NFATC3 was hypothesized as being part of a mechanism whereby 

intratumoural CD4+CD25+ T-cells (Treg cells) interact with activated CD4+ T-cells 

to suppress the anti-tumour activity of infiltrated CD4+ T-cells in B-cell NHL 

tumours and thus, induce immune tolerance to these tumours (Yang et al., 

2006a). Interestingly, these Treg cells also suppress the cytotoxic activity of 

CD8+ T-cells (Yang et al., 2006b), which suggests that B-cell tumours may 

escape the immune surveillance through inactivation of B2M and the malignant 

B-cell-mediated recruitment of Treg cells and regulation of infiltrating CD4+ 

(NFATC3) and CD8+ T-cells. Further studies are required to determine the role 

of NFATC3 and its inactivation in B-cell lymphomagenesis and its relation with 

the inactivation of PTPRJ, which inhibits the TCR-mediated T-cell activation by 

dephosphorylation of LAT and PLCG1 pathways (Tangye et al., 1998b; Baker et 

al., 2001).  

 

Although gene expression data was used to infer pathways of a protein tyrosine 

phosphatase, we were able to identify genes with different patterns of 

expression between cases with retention and LOH of PTPRJ, which suggests 

that the inactivation of PTPRJ might affect pathways whose ultimate goals are 

to switch on/off transcription factors and as a result of this, to induce an 

aberrant expression of these genes. PTPRJ was significantly upregulated in 

FLs with LOH and a trend towards downregulation was found in DLBCLs with 

LOH (Aya-Bonilla et al., 2013), but despite this, there was a lack of correlation 

between the patterns of expression obtained from cases with retention and LOH 

of PTPRJ and from cases expressing low and high levels of PTPRJ. This 

suggests that the mechanisms driving LOH and the expression of PTPRJ might 

have a different effect on PTPRJ expression in NHL tumours. Additionally, it is 
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possible that differences (i.e. type of NHL subtypes, platforms, normalization 

methods) among the GEP studies explain the lack of correlation. On the other 

hand, a comparison between genes with differential expression depending on 

the LOH status (LOH vs. RET) and the expression levels (high vs. low) of 

PTPRJ in the context of NHL subtype would have been a more appropriate 

analytical approach. However, the low population size of the GEP data of 

DLBCL and FL cases with known LOH status of PTPRJ impeded to perform this 

analysis. Thus, additional functional studies comparing the gene expression 

profiling data from cell lines with and without LOH of PTPRJ as well as in siRNA 

silencing of PTPRJ expression will clarify this effect.    

 

In addition, using a Gene Set Enrichment Analysis (GSEA) of the differentially 

expressed genes between cases with LOH and retention; several pathways 

related to cancer and lymphocyte function were identified to be significantly 

upregulated in cases with LOH. This upregulation may be due to an indirect 

effect of the inactivation of PTPRJ, which may cause a constitutive activation of 

pathways and may result in an abnormal expression of genes downstream of 

these pathways. Nonetheless, further functional studies (i.e. immunoblot) are 

required to validate these results and confirm the effect of LOH of PTPRJ in the 

expression of these oncogenic pathways.     

 

For instance, the VEGF signalling pathway was found as the most significant 

upregulated pathway in cases with LOH of PTPRJ. This finding was expected 

as PTPRJ dephosphorylates VEGFR-2 and inhibits the VEGF-mediated cell 

proliferation, migration, angiogenesis and anti-apoptosis signalling (Lampugnani 

et al., 2003). Malignant activation of the VEGF signalling pathway has been 

widely implicated in the tumour growth and lymphangiogenesis of NHLs and the 

expression of VEGF has been considered as a poor prognostic factor in these 

hematological malignancies and has been implicated in transformation of FL to 

DLBCL (Shipp et al., 2002; Paydas et al., 2009b; Ruan et al., 2009). 

Furthermore, the ERBB and MAPK signalling pathway were also found to be 

upregulated in cases with LOH. These oncogenic pathways have been 

previously described to be dephosphorylated by PTPRJ (Takahashi et al., 2006; 
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Sacco et al., 2009; Tarcic et al., 2009). Likewise, as PTPRJ also affects 

changes in Ca++ concentration (de la Fuente-Garcia et al., 1998; Zhu et al., 

2008), it was expected that inactivation of PTPRJ upregulates Ca++ signalling 

pathways. Unexpectedly, signalling mediated by the Fc epsilon receptor I was 

found to be also upregulated in LOH cases; however, despite that this receptor 

for IgE is expressed in early stages of B-cells (Toba et al., 2003), its relation 

with PTPRJ is unclear.  

 

On the other hand, the most enriched pathways in cases with retention of 

PTPRJ were DNA polymerase, TP53 signalling and proteasome pathways. It is 

likely that the upregulation of these pathways in cells with functional PTPRJ are 

the consequence of the activation of tumour suppressor activities, such as 

controlling cell proliferation and proapoptotic signalling through 

dephosphorylation of VEGFR, MAPK and PI3K pathways (Lampugnani et al., 

2003; Tsuboi et al., 2008; Sacco et al., 2009). The upregulation of proteasome 

pathway in cases with retention of PTPRJ correlates with a previous study, 

which found that a rat homolog of PTPRJ controlled the proteasome-mediated 

degradation rate of its regulator (p27Ki) by activation of MAPK pathway 

(Trapasso et al., 2000)    

 

In conclusion, the use of pathway analytical approaches allowed us to discover 

genes and pathways that might be affected by the inactivation of PTPRJ. 

Furthermore, these findings suggest that PTPRJ plays a crucial role in the 

lymphomagenesis of FL and DLBCL as this TSG was found to induce aberrant 

expression of genes as well as PTPRJ-regulated pathways in NHL cases with 

LOH  
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Chapter 8: 

PTPRJ can be regulated by LMO2 

and its expression is correlated with 

survival in DLBCL 

 

 

 

 

 

This chapter outlines further work investigating the role of PTPRJ in NHL 

development and progression. These findings are included in the publication 

outlined below:  

 
Aya-Bonilla, C., Camilleri, E., Green, M. R., Nourse, J., Haupt, L., Marlton, P., 
Lea, R. A., Gandhi, M. K., Griffiths, L. R. LMO2 downregulates PTPRJ 
expression: A missing link in B-cell differentiation. Molecular Biology Reports (In 
preparation).   
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Abstract 

The recent implication of the protein tyrosine phosphatase receptor type J 

(PTPRJ) as a TSG involved in the lymphomagenesis of NHL subtypes and a 

lack of knowledge about the role of PTPRJ in B-cell development, have 

increased interest in determining its role in normal and malignant B-cell 

differentiation. Using analytic tools for the prediction of transcription factor (TF) 

binding sites in the promoter of PTPRJ, in combination with transcript and 

protein expression analyses, we provide evidence that PTPRJ expression may 

be repressed by LMO2, a master regulator of hematopoiesis, which is highly 

expressed in germinal center B cells (GCB) and in GCB-derived NHL 

lymphomas. In addition, expression levels of PTPRJ were found to correlate 

with survival in DLBCLs but not in FLs. Together, these findings suggest PTPRJ 

as part of the LMO2 transcriptome and therefore, indicate a crucial role of 

PTPRJ in the tumourigenesis of B-cell lymphomas, with the pathogenic 

mechanisms regulated by LMO2 and PTPRJ yet to be fully elucidated. 

 

8.1 Introduction 

Non-Hodgkin lymphomas (NHLs) are a heterogeneous group of lymphomas 

that arise from different stages of B-cell differentiation, which despite having the 

same cellular origin, can be triggered by different pathogenic mechanisms and 

induced by the abnormal function of genes and pathways involved in B-cell 

development.  

 

Recently, we implicated loss of heterozygosity (LOH) of the protein tyrosine 

phosphatase receptor type J (PTPRJ) in the lymphomagenesis of FLs and 

DLBCLs. PTPRJ acts as a regulator of signalling pathways involved in cell 

growth, proliferation and angiogenesis through dephosphorylation of MAPK 

(ERK1/2), PLCG1, PI3K (p85), FLT3, B-cell receptor (BCR), PDGFRB and 

VEGFR2 signalling (Kovalenko et al., 2000; Baker et al., 2001; Lampugnani et 

al., 2003; Tsuboi et al., 2008; Zhu et al., 2008; Sacco et al., 2009; Arora et al., 

2011). The regulation of key pathways for B-cell survival including B-cell 

receptor (BCR), MAPK and PI3K indicate that PTPRJ could play an important 

role in normal and malignant B-cell development. Although previous knockout 
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experiments have demonstrated abrogation of PTPRJ and PTPRC 

dephosphorylation, induces a partial block of B-cell development with 

impairment of BCR B-cell receptor and immunoreceptor signalling (Zhu et al., 

2008), the essential role that PTPRJ plays in normal B-cell differentiation 

remains unclear.  

 

In this study, combining in silico and experimental data, we suggest that PTPRJ 

expression is repressed by LIM domain only-2 (LMO2). LMO2 is characterized 

by two LIM domains containing 2 zinc finger motifs and is widely recognized as 

a transcriptional regulator of hematopoiesis and the maintenance of 

hematopoietic stem cells (Yamada et al., 2000; Wilson et al., 2010; El Omari et 

al., 2011). This transcriptional regulation is mediated by interaction of LMO2 

with LDB1 and with DNA-binding transcriptional factors such as SCL1, E2A, 

HEB, ETO2, SP1 and GATA 1/2 (Wilson et al., 2010; El Omari et al., 2011). 

Aberrant expression of LMO2 has previously been implicated in the 

leukemogenesis of T-cell acute lymphoid leukemia (T-ALL) (Boehm et al., 

1991). Additionally, LMO2, which is expressed in germinal center B-cells and in 

GCB-derived NHLs (FL and GCB-like DLBCL), is used as a prognostic indicator 

in DLBCLs (Lossos et al., 2004; Natkunam et al., 2007; Natkunam et al., 2008). 

Recently, analysis of transcriptional programming of LMO2 in DLBCLs has 

revealed that LMO2 does not interact with TAL1 and GATA, suggesting that 

LMO2 expression may be involved in pathogenic mechanisms underlying 

DLBCL lymphomagenesis, possibly through deregulation of transcriptional 

targets in DLBCL (Cubedo et al., 2012).  

 

The transcriptional regulation of PTPRJ by the LMO2 transcriptome may be 

important in defining the molecular mechanisms of PTPRJ involvement in the 

tumourigenesis of NHLs subtypes.   
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8.2 Materials and Methods  

 
8.2.1 Gene Set Enrichment Analysis (GSEA) 

Genes located within the common LOH regions, which are listed in Table 4.2, 

were overlapped with collections of curated gene sets (C3) with information 

about cis-regulatory motifs from the molecular signature database (MsigDB, 

v3.1). The overlapping with these cis-regulatory motifs allows the identification 

of known or potential regulatory elements in promoters and 3’-UTR regions as 

they are highly conserve across human, mouse, rat and dog genomes. The 

significance level was set at α < 0.05.  

 

8.2.2 PTPRJ and LMO2 expression  

Normalized fluorescence intensity values for PTPRJ and LMO2 were extracted 

from publicly available gene expression profiling (GEP) data of 184 FL cases, 

with Gene Expression Omnibus (GEO) Accession No. GSE16131, and 176 

DLBCL cases (see Section 3.6.2) (Monti et al., 2005; Lenz et al., 2008a).  

 

Transcript abundance of PTPRJ and LMO2 were measured by qPCR, from total 

RNA isolated from tonsil samples of 6 healthy individuals and 41 NHL fresh 

frozen tumour tissues (20 FLs and 21 DLBCLs), as described in Section 3.4.3. 

Additionally, transcript levels of PTPRJ and LMO2 were also measured in 6 

NHL cell lines (MINO, RAJI, BJAB, SUDHL4, TOLEDO and PFEIFFER), the 

cervical carcinoma cell line HELA and human embryonic kidney cells HEK293T. 

Expression levels of PTPRJ and LMO2 in controls, NHL cases and in cell lines 

were normalized to RPL13A expression and determined by relative 

quantification (∆∆Ct method).  Sequences of oligonucleotides used are detailed 

in Table 8.1. 
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Table 8.1 Sequences of oligonucleotides used to quantify the expression levels 
of PTPRJ, LMO2 and RPL13A 

Gene Name Sequence (5’ – 3’) Size (bp) 

PTPRJ 
PTPRJ-F CAGACCCATTCAACGGATGAC 

98 
PTPRJ-R GTGTTCGGTAAAGGTCCTTGTGT 

LMO2 LMO2-F AGCCTGGACCCTTCAGAGGAACC 
95 

LMO2-R CGGTCCCCAATGTTCTGCTGGC 

RPL13A 
RPL13A-F ATCTTGTGAGTGGGGCATCT 

108 
RPL13A-R CCCTGTGTACAACAGCAAGC 

 

Standard qPCR reactions were carried out in triplicate, in a final volume of 10µL 

containing 20 ng of cDNA, 200 nM of each oligonucleotide and 1X GoTaq® 

qPCR Master Mix (Promega). Cycling conditions and fluorescence detection 

was performed on a ABI 7900HT PCR system (Applied Biosystems, Austin, TX, 

USA) with an initial denaturation of 95ºC for 3 min, followed by 40 cycles of 

95ºC for 15 secs, and 60ºC for 1 min.  

 

Correlation of the expression levels of PTPRJ and LMO2, from GEP data and 

qPCR data, was performed using a 2-tailed Pearson’s correlation. Comparison 

of the transcript abundance of PTPRJ and LMO2 between NHL subtypes (FL 

vs. DLBCL) and cell-of-origin (GCB-like vs. Non-GCB-like) DLBCL subtypes 

was performed using an independent t-test. Both tests had an α < 0.05. 

 

8.2.3 Prediction of binding sites for LMO2 in the PTPRJ promoter 

To identify LMO2 binding sites in the promoter of PTPRJ, we used the 

sequence of the promoter region of PTPRJ with GenBank accession no. 

EF219146. Two DNA sequences from positions -323bp and -569bp , in relation 

to the transcription start site of the PTPRJ mRNA (NM_002843.2), up to the 

translation initiation site (+356). These were selected based on the location of 

the core promoter of PTPRJ (300bp upstream of the transcription start), 

previously described by Karagyozov et al., (2008). The prediction of 

transcription factor (TF) binding sites was performed by MatInspector v. 8.0 

(Cartharius et al., 2005) and TFSEARCH v. 1.3 prediction tools, using the 

default options and the database TRANSFAC v.3.3 (Heinemeyer et al., 1998). 

Alignment of the promoter sequences to the putative binding site of LMO2 
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(CNNCAGGTGBNN) in the V$LMO2COM_01 gene set, was performed using 

Geneious Basic software v.5.5.6.  

 

8.2.4 Immunoblot analysis of PTPRJ and LMO2  

Cell pellets from a human embryonic kidney cell line (HEK293T), a cervical 

carcinoma cell line (HELA), and 6 NHL-derived cell lines (MINO, RAJI, BJAB, 

PFEIFFER, SUDHL4 and TOLEDO) were lysed in lysis buffer (50mM Tris-HCl 

pH 8.0, 150mM NaCl, 10% Glycerol, 1% NP-40, 2mM Sodium Ortho-vanadate, 

5mM EDTA, 100 mM NaF and 10mM NaPP), as previously described in Section 

3.7.1. Briefly 30 µg total protein was separated by SDS electrophoresis on 

discontinuous 8% and 10% polyacrylamide gels and transferred to PVDF 

membranes. Membranes were immunoblotted with the mouse monoclonal 

antibody against human PTPRJ (143-41) (sc-21761, Santa Cruz 

Biotechnologies), the rabbit anti-LMO2 antibody (ab91652, Abcam) and the 

rabbit monoclonal (HRP conjugate) anti-B-Actin (#5125, Cell Signalling 

Technology). The secondary antibodies used were anti-rabbit IgG and anti-

mouse IgG (HRP-conjugated) sect antibodies (#7074 and #7076, Cell Signalling 

Technology). Chemiluminescent immunodetection was performed using the 

ECL Western blotting system (Amersham-GE Healthcare Life Sciences)may. 

Conditions for immunoblot and immunodetection are described in Section 3.7 

and Appendix 4.  

 

8.2.5 Prognostic significance of PTPRJ expression in FL and DLBCL 

PTPRJ mean fluorescent values from two independent GEP data of 184 FL and 

420 DLBCL cases were compared with survival data using a Kaplan-Meier plot 

(Mantel-Cox log-rank test), α < 0.05. Expression of PTPRJ was classified into 

four categories: low, low-intermediate, high-intermediate and high. These two 

datasets are freely available from GEO accession no. GSE16131 and 

GSE10846 (Dave et al., 2004; Lenz et al., 2008a). Information about these 

datasets is detailed in Section 3.6.2.  
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8.3 Results  

 
8.3.1 LMO2, a possible transcriptional regulator of PTPRJ  

In silico analysis determined that PTPRJ may be regulated by LMO2: 

As part of the Gene Set Enrichment Analysis (GSEA) outlined in Section 4.2.4, 

we performed an analysis overlapping LOH genes with a curated collection (C3) 

of cis-regulatory motifs (i.e. microRNA and transcription factors targets). From 

this, we identified a binding site for LMO2 in the promoter of PTPRJ (Table 8.2).  

 

Table 8.2. GSEA analysis of LOH genes identifies PTPRJ as a target of LMO2 

Gene Set Name Description Target Genes P value 

V$LMO2COM_01 

Genes with promoter regions         

[-2kb,2kb] around transcription 

start site motif CNNCAGGTGBNN 

which matches LMO2: LIM 

domain only 2  

CPNE1,CA7,ITGA7, 

ERBB3,MAPT,L3MBTL2, 

TMEM11, PTPRJ, 

PPM1A, SMPD3 

7.42E-03 

 

In order to gather evidence to test whether LMO2 could potentially regulate 

PTPRJ expression, we used available gene expression profiling data (GEP) 

from 184 FL cases and 176 DLBCL cases (Monti et al., 2005; Lenz et al., 

2008a). This analysis determined that the mean fluorescence intensity values 

for PTPRJ were negatively correlated with the expression levels of LMO2 

(Table 8.3). Additionally, a highly significant expression of PTPRJ and LMO2 

was observed in cases with non-GCB-like and GCB-like subtypes, respectively 

(Figure 8.1). 

 

8.3.2 qPCR-based measuring of PTPRJ and LMO2 expression in our 

cohort 

When we examined our cohort for gene expression, no significant correlation 

was observed between expression levels of PTPRJ and LMO2 (r = -123; P = 

0.442). Likewise, transcript abundance of PTPRJ did not significantly differ 

between FL and DLBCL cases (1.70 vs. 1.86; P = 0.696) and between GCB-like 

and non-GCB-like cases (2.00 vs. 1.73; P = 0.715). Similarly, LMO2 expression 

did not differ between FL and DLBCL cases (1.67 vs. 1.31; P = 0.569) and 
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between GCB-like and non-GCB-like cases (1.96 vs. 0.71; P = 0.224) (Figure 

8.2).  

 

Table 8.3. LMO2 expression negatively correlates with PTPRJ expression in FL 
and DLBCL  

Subtype Gene Statistics  Mean PTPRJ 

FL LMO2 

R -.356** 

Sig. (2-tailed) 7.02E-07 

N 184 

DLBCL LMO2 

R -.288** 

Sig. (2-tailed) 1.05E-04 

N 176 

The mean PTPRJ values correspond to the average of the probes 210173_at, 214137_at and 
227396_at. LMO2 expression values are represented by the probe 204249_s_at. LMO2 and 
PTPRJ fluorescence intensity values were extracted from 184 FL cases (GSE16131) and 176 
DLBCL cases (Monti et al., 2005) 

 

 
Figure 8.1. Expression levels of PTPRJ and LMO2 were inversely correlated in 
the cell-of-origin (COO) DLBCL subtypes. A) Heatmap showing the inverse 
correlation of PTPRJ and LMO2 expression. B) PTPRJ was significantly more 
expressed in the non-GCB-like subtype (43.9 vs. 56.9; P = 0.0002), whereas C) 
LMO2 was more expressed in the GCB-like subtype (740.5 vs. 317.7; P < 
0.0001). 
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Figure 8.2. Transcript abundance of PTPRJ and LMO2, assesed by qPCR, in 
NHL subtyptes (A, C) and in COO DLBCL subtypes (B, D). No significant 
changes in expression were observed for PTPRJ and LMO2 in our cohort of 
cases (FL=20, DLBCL=21; GCB-like=10, Non-GCB-like=11).   

  

8.3.3 Analysis of PTPRJ promoter found possible binding sites of LMO2 

transcriptional partners 

To determine whether there were binding sites of LMO2 in the core region of 

the PTPRJ promoter, we searched for transcription factor (TF) binding sites in 

two promoter-containing sequences (p -323 and – p -569) using two TF binding 

site prediction tools, MatInspector and TFSEARCH.  
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Figure 8.3. Prediction of transcription factors (TFs) binding sites using A) 
MatInspector and B) TFSEARCH failed to identify a binding site for LMO2 in two 
sequences of PTPRJ promoter (p -323 and p -569). However, A) the most likely 
binding sites of known members of the transcriptional DNA-binding complex 
that interacts with LMO2 (i.e. E-box, LYL1, TAL1 and SP1). B) Likewise, binding 
sites of E-box and GC-box transcription factors were also detected as well as 
the transcription factors GATA1/2 and SP1. Nonetheless, C) alignment of the 
sequences identified a possible binding site of LMO2 (CNNCAGGTGBNN) with 
one mismatch in both sequences. This possible LMO2 binding site was located 
downstream of the transcription start site.  

 

These analytical approaches did not identify binding sites for the gene set 

V$LMO2COM_01 in both promoter sequences examined. Instead, known 

transcription factors (GATA1/2, TAL1, LYL1 and SP1) that form DNA-binding 

transcriptional complexes with LMO2 were identified in both promoter 

sequences. GC-box and E-box factor binding sites were also observed in these 

promoters (Figure 8.3). However, despite no binding sites for LMO2 were 

detected in the promoter of PTPRJ, using TF-binding-sites predicting tools, an 

alignment of the DNA-binding motif of LMO2 (CNNCAGGTGBNN) (Table 8.2), 

was found in a region close to the translation start of PTPRJ (Figure 8.3C). The 

transcription factors detected in both promoter sequences are described in 

Appendix 7, 8 and 9. 
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8.3.4 Protein and mRNA levels of PTPRJ and LMO2 in NHL cell lines 

suggests that PTPRJ expression may be regulated by LMO2 

Based on the highly significant negative correlation observed between the GEP-

based PTPRJ and LMO2 transcript levels in FLs and DLBCLs, we investigated 

the mRNA and protein levels of PTPRJ and LMO2 in 6 NHL cell lines (MINO, 

RAJI, BJAB, SUDHL4, TOLEDO and PFEIFFER), the cervical carcinoma cell 

line HELA and human embryonic kidney cells HEK293T. In general, transcript 

levels of PTPRJ and LMO2 did not correlate with protein expression of these 

genes across the evaluated cell lines. However, the mRNA and protein levels of 

PTPRJ and LMO2 clearly showed an inverse correlation in most of the cell lines 

examined (Figure 8.4). This finding might suggest a role for LMO2 in the 

transcriptional regulation of PTPRJ.  

 

Interestingly, PTPRJ showed reduced protein expression in most of the cell 

lines derived from aggressive B-cell lymphomas (RAJI, BJAB, SUDHL4 and 

TOLEDO) except in the cell line PFEIFFER, which showed high levels of this 

TSG. High levels of PTPRJ were also observed in the cell line MINO, which is 

derived from mantle cell lymphoma (MCL). In contrast, an opposite expression 

pattern of PTPRJ was detected in the NHL cell lines with loss of heterozygosity 

of PTPRJ (TOLEDO and PFEIFFER).  
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Figure 8.4. Evaluation of mRNA and protein levels in NHL cell lines shows 
inverse correlation between PTPRJ and LMO2, and suggests that LMO2 could 
regulate PTPRJ expression. A) Transcript abundance of PTPRJ and LMO2 was 
assessed in MINO (MCL), RAJI (BL), BJAB, SUDHL4, TOLEDO and PFEIFFER 
(GCB-like DLBCLs), HELA and HEK293T cell lines. Fold change (2-∆∆Ct) values 
were obtained by comparison of expression values of tonsil samples from 6 
healthy individuals and were log2-transformed for better discrimination of 
changes in expression. B) Inmunoblot analysis of PTPRJ and LMO2 expression 
in protein extracts from 6 NHL cell lines, HELA and 293T. B-actin was used as 
endogenous control in protein analysis. To highlight, LOH of PTPRJ was 
inferred in DLBCL cell lines PFEIFEER and TOLEDO.     

 

8.3.5 PTPRJ expression showed prognostic significance in DLBCL but not 

in FL cases 

In FL cases, comparison of the expression levels of PTPRJ with survival data 

from 184 cases did not yield significant results. However, cases expressing low 

levels of PTPRJ showed a non-significant trend towards better prognosis than 

those with high levels of PTPRJ (P = 0.076) (Figure 8.5).  
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Interestingly, PTPRJ expression levels were shown to have highly significant 

prognostic value in 420 DLBCL cases. DLBCL cases expressing low levels of 

PTPRJ exhibited significantly better survival rates in cases within the high-

intermediate IPI subgroups (P = 0.004), in non-GCB-like cases (P = 0.039) and 

in cases under CHOP regimen (P = 0.008) (Figure 8.6).  
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Figure 8.5. Cumulative survival curves of PTPRJ expression from 184 FL cases. A) Correlation of IPI scores with survival 
data. Comparison of the PTPRJ expression with survival data in B) all FL cases, in cases with C) low and D) intermediate IPI 
scores and in cases E) below and F) above of stage 2. Normalized mean fluorescence intensity values for PTPRJ, clinical and 
survival data from these FL cases were extracted from GSE16131 (Dave et al., 2004). Blue and purple lines represent the 
lowest and highest expression levels of these genes, respectively. 
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Figure 8.6. Cumulative survival by PTPRJ expression from 420 DLBCL 
patients. A) Correlation of IPI subgroups with survival data, B) comparison of 
the PTPRJ expression with survival data supports PTPRJ as an independent 
prognostic factor in DLBCL. Correlation of PTPRJ expression with survival data 
in C) low, D) low-intermediate, E) high-intermediate and F) high IPI subgroups. 
Comparison of expression levels of PTPRJ with survival data in G) GCB-like, H) 
Non-GCB-like COO subgroups and I) in DLBCL cases treated with CHOP. 
Normalized mean fluorescence intensity values of PTPRJ, clinical and survival 
data from these DLBCL cases were extracted from GSE10846 (Lenz et al., 
2008a). Blue and purple lines represent the lowest and highest expression 
levels of these genes, respectively.    
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8.4 Discussion 

A combination of in silico and experimental approaches provided some 

evidence to suggest that LMO2 might act as a possible transcriptional regulator 

of PTPRJ. However, this clarify this new regulatory role of LMO2, further 

functional studies, such as immunoprecipitation and luciferase assays, are 

urgently needed to provide a better understanding of the role of PTPRJ in B-cell 

differentiation. Nonetheles, although the role of LMO2 and PTPRJ in B-cell 

development and lymphomagenesis remains unclear, this finding is quite 

interesting. LMO2 plays a critical role in hematopoiesis, is expressed in normal 

GC B-cells and in NHL lymphomas with GCB origin, and is a strong prognostic 

marker in DLBCLs (Boehm et al., 1991; Lossos et al., 2004; Natkunam et al., 

2007; Natkunam et al., 2008; Wilson et al., 2010). 

 

A recent study demonstrated regulation of LMO2 by PRDM1 (PR domain zinc 

finger protein 1, also called BLIMP1), a tumour suppressor gene and master 

regulator of terminal B-cell differentiation into plasma cells (Shapiro-Shelef et 

al., 2003; Cubedo et al., 2012). Hence, the potential regulation of PTPRJ by 

LMO2 would appear to depend on the levels of PRDM1 during normal B-cell 

differentiation. PRDM1 is inhibited by BCL6 in germinal centre B-cells and 

upregulated by NF-KB during B-cell maturation into plasma cells (Schmidlin et 

al., 2009; Lenz and Staudt 2010) (Figure 8.7).  

 

Consequently, the observed significant higher expression of PTPRJ in the non-

GCB-like (ABC-like subtype and unclassified DLBCL) DLBCL subtype along 

with the significant high transcript levels of LMO2 in the GCB-like subtype 

observed in this study may be due to the constitutive activation of NFKB 

signalling in the ABC-like subtype and its low activity in the GCB-like subtype. 

This is supported by data demonstrating upregulation of PRDM1 expression by 

NFKB through IRF4 (Davis et al., 2001; Klein et al., 2006; Lenz and Staudt 

2010). Interestingly, PRDM1 is inactivated in ABC-like cases and PTPRJ was 

recently found to be inactivated in FL and DLBCL cases (Pasqualucci et al., 

2006; Mandelbaum et al., 2010; Aya-Bonilla et al., 2013). Moreover, inactivation 

of these two genes could play an important role in lymphomagenesis as 
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PRDM1-knockout models have been shown to block plasma cell differentiation 

and a double knockout of PTPRJ and PTPRC induced a partial block of B-cell 

development with impairment of the B-cell receptor (BCR) and immunoreceptor 

signalling in murine models (Shapiro-Shelef et al., 2003; Savitsky and Calame 

2006; Zhu et al., 2008). 

 

 

Figure 8.7. Hypothetical model of regulation of PTPRJ by LMO2 in normal B-
cell differentiation.  

 

LMO2 protein has been shown to be present in approximately 50% GCB-

derived NHLs and absent in NHL subtypes with non-GCB origin (MCL) 

(Natkunam et al., 2007). This was also observed in our Western analyses, as 

high levels of LMO2 were detected in most of the GCB-derived cell lines (1 BL 

(RAJI) and 4 GCB-like DLBCL (BJAB, PFEIFFER, SUDHL4 and TOLEDO) but 

low levels were expressed in the MCL cell line (MINO), a non-GCB-derived 

lymphoma. However, SUDHL4, a GCB-like DLBCL, exhibited low levels of 

LMO2 and PTPRJ indicating that additional mechanisms of transcriptional and 

post-transcriptional regulation may be responsible of the low level of expression 

in this cell line. Most of the GCB-derived lymphomas examined exhibited low 

protein levels of PTPRJ, which contrasted with the expression of LMO2 

observed in these lymphomas. Conversely, PTPRJ was highly expressed in an 

MCL cell line (MINO) and in a GCB-derived DLBCL (PFEIFFER) cells. High 

expression of PTPRJ has been observed in MCLs and has been suggested as 
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a diagnostic marker in MCLs (Miguet et al., 2009). In addition, the low levels of 

LMO2 in MCL cells, observed in this study, support previous work, in which very 

low levels of LMO2 were detected in MCL cases, suggesting a possible 

regulatory function of LMO2 in PTPRJ expression (Natkunam et al., 2007). The 

high levels of PTPRJ observed in the PFEIFFER cell line are intriguing as LOH 

of PTPRJ was detected in this cell line, which contrasts with the low levels of 

PTPRJ observed in TOLEDO cells, another cell line with LOH. These 

observations are consistent with the different patterns of protein expression 

observed in meningioma cases with LOH of PTPRJ (Petermann et al., 2011). It 

is possible that differences in the mechanisms driving LOH in these cells, along 

with their genetic heterogeneity or the presence of upstream ORFs may affect 

translation, resulting in the differential expression of PTPRJ observed in cases 

with LOH (Karagyozov et al., 2008; Aya-Bonilla et al., 2013).  

 

In the present study, our in silico data suggests that LMO2 may act as a 

transcriptional repressor of PTPRJ. However, although LMO2 has DNA-binding 

domains (Zinc fingers), apart from the LMO2 binding site mentioned in the 

V$LMO2COM_01 gene set, there is no still experimental evidence showing that 

LMO2 regulates expression of its target genes through direct binding to their 

promoter regions. Instead, it is widely known that LMO2 interacts with a DNA-

binding complex (i.e. LDB1, TAL1, GATA1/2, E2A) to regulate the transcript 

production of its target genes (El Omari et al., 2011). Hence, whether LMO2 

regulates or not the expression of its target genes requires to be investigated. 

Thus,  based on the absence of clear experimental evidence about the direct 

transcriptional regulation of LMO2, the potential regulation of LMO2 of PTPRJ 

observed in this study must be analysed in relation to the transcriptional 

partners of LMO2 in normal and malignant B cells. Indeed, it was recently 

observed that LMO2 can interact with different transcriptional partners in 

DLBCL when compared with normal cells, potentially regulating the abnormal 

expression of a new set of target genes that may play a role in the 

lymphomagenesis of lymphomas with high levels of LMO2 (El Omari et al., 

2011; Cubedo et al., 2012). Also in DLBCLs, LMO2 was found to regulate 

expression by interaction with LDB1 and the transcription factors SP1 (GC box 
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factor) and the E box factors LYL1, HEB and E2A (Cubedo et al., 2012). In this 

study, the detection of binding sites for LYL1 and SP1 as well as for E-box and 

GC-box factors in the promoter suggests that PTPRJ can be deregulated by 

LMO2, playing an important role in the pathogenesis of DLBCL.  

 

In this study, we also found expression levels of PTPRJ to be an independent 

marker of prognosis in DLBCL but not in FL cases. This result was unexpected 

as PTPRJ acts a tumour suppressor gene. This may be due to differential 

PTPRJ deregulation in FLs and DLBCLs, induced by altered LMO2 gene 

expression, LOH-related or LOH-independent mechanisms in NHL subtypes. 

Furthermore, based on the significantly higher expression of PTPRJ observed 

in the non-GCB subtype, it is possible that the high levels of PTPRJ might be 

induced by BCR-mediated constitutive activation of NFKB signalling through 

regulation of the regulatory circuit PRDM1-LMO2 in the ABC-like subtype.  

 

In conclusion, the potential regulation of PTPRJ expression by LMO2 adds 

further evidence supporting the crucial role of PTPRJ and LMO2 in B-cell 

development and lymphomagenesis of GCB-derived and non-GCB-derived 

NHLs. However, a more comprehensive understanding of the roles of LMO2, 

PRDM1 and PTPRJ in B-cell development as well as in the pathogenesis of 

NHLs is urgently required.    
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Chapter 9: 

Detection of fusion transcripts 

derived from microduplication in the 

5’-end of PTPRJ 

 

 

 

 

This chapter again focuses on PTPRJ and its role in NHL. In this chapter, 

PTPRJ transcripts have been investigated in NHL subtypes. The results from 

this chapter have been included in the publication outlined below: 

 

Aya-Bonilla, C., Camilleri, E., Green, M. R., Nourse, J., Sutherland, H., Haupt, 
L., Keane, C., Marlton, P., Lea, R. A., Gandhi, M. K., Griffiths, L. R. Detection 
of fusion transcripts derived from microduplication in the 5’-end of PTPRJ in 
healthy individuals and in patients with Follicular lymphoma (FL) and Diffuse 
Large B-Cell lymphoma (DLBCL). Molecular Genetics and Genomics (Under 
Review). 
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Abstract 

Recent findings have implicated the inactivation of the protein tyrosine 

phosphatase receptor type J (PTPRJ) in the tumourigenesis of follicular (FL) 

and diffuse large B-cell (DLBCL) lymphomas. However, the driving causes of 

this inactivation as well as the function of PTPRJ in normal and malignant B-cell 

differentiation remain unknown. Based on previous identification of fusion 

transcripts from a partial microduplication of PTPRJ, we investigated novel and 

aberrant PTPRJ fusion transcripts in NHL subtypes using a sensitive semi-

nested RT-PCR assay. These fusion transcripts were identified more 

significantly in DLBCL compared to controls and FL cases and the expression 

of these fusion mRNAs was shown to confer susceptibility to DLBCL; however, 

their expression was not correlated with loss of heterozygosity (LOH) of PTPRJ. 

Furthermore, downregulation of PTPRJ was observed in NHL, FL and DLBCL 

cases with duplication, indicating that haploinsufficiency of PTPRJ could affect 

its dephosphorylation activity and induce a constitutive activation of the 

oncogenic MAPK signalling pathway in these lymphomas. Hence, this study 

provides additional evidence to support the crucial role of PTPRJ in 

tumourigenesis of these NHL lymphomas, although further studies are required 

to further define this role.       

 

9.1 Introduction 

Protein tyrosine phosphatase receptor type J (PTPRJ) is a type III receptor-like 

tyrosine protein phosphatase (RPTP), which contains an extracellular receptor 

composed by 8 fibronectin type III-like domains, a transmembrane region and a 

single phosphatase catalytic domain (Ostman et al., 1994). Moreover, PTPRJ 

gene is transcribed into two isoforms, which differ in the presence of the 

encoding region for the catalytic domain.  Previous studies have shown that this 

transmembrane PTP regulates MAPK (ERK1/2), PLCG1, PI3K (p85), FLT3, B-

cell receptor (BCR), PDGFRB and VEGFR2 signalling pathways by 

dephosphorylation and inactivation of important substrates within these 

pathways (Kovalenko et al., 2000; Baker et al., 2001; Lampugnani et al., 2003; 

Tsuboi et al., 2008; Zhu et al., 2008; Sacco et al., 2009; Arora et al., 2011). 
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The negative PTPRJ-mediated regulation of signalling pathways involved in cell 

growth, proliferation and angiogenesis has indicated that PTPRJ acts as a 

tumour suppressor gene, which is supported by loss of heterozygosity (LOH) of 

PTPRJ in several types of cancer including breast, lung, colorectal, thyroid and 

meningioma cancers (Ruivenkamp et al., 2002; Ruivenkamp et al., 2003; 

Iuliano et al., 2004; Petermann et al., 2011). Recently, we identified LOH of 

PTPRJ as a common event in FL and DLBCL cases and implicated the 

inactivation of PTPRJ in the tumourigenesis of these B-cell NHL lymphomas. 

However, the function of PTPRJ in the normal and malignant B-cell 

development as well as the driving cause of LOH of PTPRJ remains unclear.  

 

Previously, Venkatachalam et al., (2010) identified a microduplication of the 

genomic region comprising exon 1 up to 11 of PTPRJ located upstream of the 

5’-end of the PTPRJ promoter in both normal and tumour tissue samples from 

two related individuals (unaffected father and son with colorectal cancer). As a 

result from a transcriptional read-through mechanism caused by this 

microduplication, a fusion transcript involving the junction of the exons 11 and 2, 

was the only fusion transcript identified in this study (Figure 9.1A). Based on 

this finding, we designed a sensitive molecular approach for the detection of 

fusion transcripts derived from the microduplication, in order to investigate this 

microduplication in cases with FL and DLBCL and determine whether 

microduplication was the driving cause of LOH of PTPRJ in FL and DLBCL 

cases. The identification of diverse types of fusion transcripts and their effect on 

PTPRJ expression has provided additional evidence to support a crucial role for 

PTPRJ in the lymphomagenesis of FL and DLBCL. 

 

9.2 Materials and Methods 

 
9.2.1 Detection of fusion transcripts in controls and NHL cases 

For the detection of the fusion transcripts, we used synthesized cDNA from total 

RNA isolated from peripheral blood samples of 25 healthy individuals, from 

fresh-frozen tumour samples of 47 NHL cases (23 FLs and 24 DLBCLs) and 

from FFPE (formalin-fixed paraffin-embedded) tumour samples of 94 DLBCL 
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cases. RNA isolation and cDNA synthesis methodologies are described in 

Section 3.4.1. 

 

Two semi-nested RT-PCR assays were designed for the detection of junctions 

involving either exon 10 or 11 (see Section 3.4.2). Oligonucleotide sequences 

used for the detection of fusion transcripts involving exon 10 are described in 

Table 9.1, and those used for fusion transcripts involving exon 11 are detailed in 

Table 9.2. 

 

Table 9.1 Oligonucleotide sequences used for the junctions 10-2 and 10-3 in a 
semi-nested RT-PCR assay. 

* Exon 2 contains 19 bp.  

 

Table 9.2 Oligonucleotide sequences used for the junctions 11-2 and 11-3 in a 
semi-nested RT-PCR assay.  

* Exon 2 contains 19 bp. 
 

All PCR reactions were optimized in a final volume of 20 µL containing cDNA 

synthesized from 20ng of input RNA, 1X Colourless GoTaq® Flexi Buffer 

(Promega), 2 mM of MgCl2, 200 µM of dNTPs, 250 nM of each FAM-labeled 

primer and 0.05 units of GoTaqTM Hot-Start DNA Polymerase (Promega). 

Amplification for all PCR reactions was carried out using temperature cycles 

consisting of an initial denaturation step of 95oC for 3 mins, followed by 40 

cycles of 95oC for 30 secs, 62oC and 65oC (first and second round, respectively) 

Exon Name Sequence 5-3 
Size (bp) 

10-2* 10-3 

10 Exon10-F TCACTGGAACCTGGCCGGAAGT 
90 71 

3 Exon3-R ACAGTTGCTACTGAAGGGTCAGGAA 

10 Exon10nested-F’ TGGAACCTGGCCGGAAGTCA 
86 67 

3 Exon3-R ACAGTTGCTACTGAAGGGTCAGGAA 

Exon Name Sequence 5-3 
Size (bp) 

10-2* 10-3 

11 Exon11-F CCCACCCGGAACACCTGCAC 
90 71  

3 Exon3-R ACAGTTGCTACTGAAGGGTCAGGAA 

11 Exon11nested-F’ CCGGAACACCTGCACTACTGGC 
85 66 

3 Exon3-R ACAGTTGCTACTGAAGGGTCAGGAA 
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for 30 secs, and final step of 72oC for 30 secs on a Veriti® Thermal Cycler 

(Applied Biosystems, Life Technologies Corporation). Amplification products 

were separated on 12% polyacrylamide gels in 1X TBE buffer at 80 V for 2 

hours, stained with ethidium-bromide and visualized in an U.V transilluminator. 

The O'RangeRuler 10 bp DNA Ladder (Fermentas) was used as a size 

reference. The sizes of the PCR product for each assay are described in 

Section 3.4.2. 

 

In order to confirm the presence of fusion transcripts in our cohort, we 

performed nested PCR and sequencing in fresh-frozen-isolated samples that 

were positive for fusion transcripts or exhibited unexpected larger amplification 

products. For this validation, we used the following oligonucleotides: Fusion-

test-F (5’-TCACTGGAACCTGGCCGGAAGT-3’) and Fusion-test-R (5’-

TCGTTGGCTCCAGAGCTTTCACC-3’) for the first PCR round, and Fusion-

nested-F’ (5’- TCGACTGCGAAGTGGTCCCCA-3’) and Fusion-nested-R (5’-

TATGCCATTTTCCCCTGTGGCAACA-3’) for the second PCR round. PCR 

conditions were the same as above mentioned.  

 

Sequencing was carried out using the oligonucleotides Fusion-nested-F’ and 

Fusion-nested-R. Bidirectional direct sequencing of 40 ng of cleaned PCR 

amplicon was carried out using BigDye Terminator cycle sequencing kit v3.1 in 

a GeneScan® 3130 (Applied Biosystems, Austin, TX, USA), following 

manufacturer’s guidelines (see Section 3.4). The analysis of the sequences was 

performed using Geneious Basic software v.5.5.6.  

 

A 2-sided Pearson’s Chi-square test with correction for continuity was used to 

compare the duplication frequencies between controls and NHL cases.  

Additionally, a 2-sided Pearson’s correlation was performed to compare the 

calls of LOH of PTPRJ and the presence of duplication. The significance level 

was set at α < 0.05. Comparison of the presence of duplication with available 

survival data from 76 out of the 94 FFPE DLBCL cases was performed using a 

Kaplan-Meier plot (Mantel-Cox log-rank test; α < 0.05). 

 



222 

 

9.2.2 Transcript abundance of PTPRJ isoforms 1 and 2 in NHL cases 

Transcript abundance of PTPRJ isoforms was carried out using two qPCR 

assays, one measuring of expression levels of the isoform 1 (RefSeq no. 

NM_002843.3) and the other measuring the expression of mRNA isoform 1 and 

2 (RefSeq no. NM_001098503.1). Total RNA from tonsil samples of 6 healthy 

individuals, 47 NHL fresh-frozen tumour tissues (23 FLs and 24 DLBCLs) and 8 

human-derived cell lines - 6 NHL cell lines (MINO, RAJI, BJAB, SUDHL4, 

TOLEDO and PFEIFFER), a cervical carcinoma cell line HELA and ahuman 

embryonic kidney cells HEK293T- was synthesized to cDNA following 

methodologies described in Section 3.4. It is noteworthy to mention that due to 

that 1 out of 6 tonsil samples was positive for microduplication, this sample was 

excluded from the panel of controls for both PTPRJ qPCR assays.  Expression 

levels of PTPRJ isoforms were normalized to RPL13A expression using a 

relative quantification (∆∆Ct) method (see Section 3.4.3). Sequences of 

oligonucleotides used in these assays are described in Table 9.3. 

 

Table 9.3 Sequences of oligonucleotides used in the qPCR assays for detection 
of PTPRJ isoform 1 only and both isoforms 1 and 2. 

Gene Name Sequence (5’ – 3’) Size (bp) 

Isoform 1 
PTPRJ 

PTPRJ1-F CAGACCCATTCAACGGATGAC 
98 

PTPRJ1-R GTGTTCGGTAAAGGTCCTTGTGT 
Both 

isoforms 
PTPRJboth-F GTGTGTCCTGTCCTAGGTGACATC 

93 
PTPRJboth-R CACTGTCACTCGGAAGTCAGAAA 

RPL13A 
RPL13A-F ATCTTGTGAGTGGGGCATCT 

108 
RPL13A-R CCCTGTGTACAACAGCAAGC 

 

For the qPCR assay detecting only the expression levels of the isoform 1, the 

oligonucleotides PTPRJ1-F and PTPRJ1-R were used. Likewise, the 

PTPRJboth-F and PTPRJboth-R oligonucleotides were used in the qPCR assay 

for the amplification of both isoforms of PTPRJ. It is important to highlight that 

oligonucleotides used for isoform 1 target the junction between exons 20 and 21 

and the oligonucleotides used for quantification of both isoforms target the 

junction of the exons 7 and 8. As duplication comprises the exons 1 up to 11 

(Venkatachalam et al., 2010), the qPCR assay for both isoforms also amplifies 

the fusion transcripts derived from this duplication; whereas, the molecular 

http://www.ncbi.nlm.nih.gov/nuccore/NM_002843.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_001098503.1
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assay detecting the isoform 1 is specific for this isoform. Standard qPCR 

reactions were carried out in triplicate for each assay, in a final volume of 10µL 

containing 20 ng of input RNA, 200 nM of each oligonucleotide and 1X GoTaq® 

qPCR Master Mix (Promega). Cycling conditions and fluorescence detection 

was performed on a ABI 7900HT Real-Time PCR system (Applied Biosystems, 

Austin, TX, USA) with an initial denaturation of 95ºC for 3 min, followed by 40 

cycles of 95ºC for 15 secs, and 60ºC for 1 min. Expression levels of PTPRJ 

isoforms were compared between NHL cases with and without duplication using 

an independent t-test (α < 0.05). 

 

9.2.3 Inmunoblot analysis of PTPRJ, phosphorylated-ERK1/2 and ERK1/2 

Cell pellets from 293T, HELA, MINO, RAJI, BJAB, PFEIFFER, SUDHL4 and 

TOLEDO cell lines were lysed in lysis buffer (50mM Tris-HCl pH 8.0, 150mM 

NaCl, 10% Glycerol, 1% NP-40, 2mM Sodium Ortho-vanadate, 5mM EDTA, 

100 mM NaF and 10mM NaPP), as previously described. 30 µg of total protein 

was separated by SDS electrophoresis on MiniProtean® TGX™ pre-cast 

polyacrylamide gels (Bio-Rad Laboratories Inc) with a 4-15% gradient and 

transferred to PVDF membranes using the protocol for high molecular weight 

proteins (20 mins at 1.3 A) in the Trans-Blo® Turbo™ transfer system (Bio-Rad 

Laboratories Inc). Membranes were immunoblotted with the mouse monoclonal 

antibody against human PTPRJ (143-41) (sc-21761, Santa Cruz 

Biotechnologies), the rabbit anti-Phospho-p44/42 MAPK (p-ERK1/2) antibody 

(#4370, Cell Signalling Technology), the rabbit anti-p44/42 MAPK (ERK1/2) 

antibody (#4695, Cell Signalling Technology) and the rabbit anti-GADPH 

(14C10) antibody , following manufacturers’ recommendations. The secondary 

antibodies used were anti-rabbit IgG and anti-mouse IgG (HRP-conjugated) 

antibodies (#7074 and #7076, Cell Signalling Technology). Chemiluminescent 

immunodetection was performed using the ECL western blotting system 

(Amersham-GE Healthcare life sciences). GADPH protein levels were used as 

an endogenous control. Conditions for immunoblot are described in Section 3.7 

and Appendix 4.  

 



224 

 

9.3 Results  

 
9.3.1 Fusion transcripts of PTPRJ in controls and NHL cases 

Venkatachalam et al., (2010) identified a fusion transcript with the junction of 

exons 11 and 2 (named 11-2) derived from a germ line microduplication of the 

genomic portion between exon 1 and 11, located 12 kb upstream of the 

transcriptional start of PTPRJ (Figure 9.1A, B). Based on this finding, two semi-

nested RT-PCR assays were designed and used to identify fusion transcripts, 

involving either exon 10 or 11, in our cohort of healthy individuals and NHL 

cases. These assays not only detected the fusion transcript 11-2 but it also 

detected several fusion transcripts combining exons 10 and 11 with exons 2 

and 3 in controls and NHL cases, which indicates alternative splicing of the 

exons nearby the microduplication joint (Table 9.4; Figure 9.1 C, D).  

 

Moreover, in combination with sequencing analysis, we also identified aberrant 

fusion transcripts in NHL cases such as transcripts containing a junction of exon 

10 with a deleted (Δ66bp) version of exon 3 (10-pExon3), exon 10 with a partial 

insertion (57bp) of intron 10 (10pInt10-3 (2)) or exon 10 with a portion (insertion 

27bp) of exon 11 (10pExon11-2(3)), suggesting abnormal function of the 

splicing machinery in NHL cases (Table 9.4; Figure 9.2).  

 
The expression of the junctions 11-2 (27%), 10-2 (18%) and the co-expression 

of 10-2 and 11-2 (18%) were the most detected fusion transcripts in controls 

with duplication; whereas, the co-expression of the fusion transcripts 10-3 and 

10-2 (19%), the co-expression of 11-2 and 11-3 (11%), and the expression of 

10-3 (12%) were most frequently detected in the NHL cases with duplication 

(Table 9.4).   
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Figure 9.1. Schematic representation of microduplication of the genomic portion between exons 1 and 11 located upstream of 5’ 
end of PTPRJ. Semi-nested primers used for the specific amplification of 10-3(2) and 11-3(2) junctions are indicated. B) Location of 
the microduplication junction based on published information (Venkatachalam et al., 2010). The breakpoint of the upstream region is 
located at -12356 bp (position Chr11: 47989757bp) from the transcription start site and the published sequence differs in two 
nucleotides (red arrows) from the Hg19 assembly. C) Fusion transcripts joining exons 10 and 11 with exons 2 and 3 were detected 
in NHL cases and in healthy individuals as a result of a transcriptional read-through mechanism. D) Sequence analysis of normal 
fusion transcripts showing the junction 11-3 and the co-expression of the junctions11-3 and 11-2. To highlight, the microduplication 
covers entirely the encoding region of the isoform 2 but only the exons 1 up to 11 of the isoform 1.   
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Table 9.4. Frequency of fusion transcripts of PTPRJ in controls and NHL cases.  

 
Controls Cases 

 
n % n % 

Duplication 11 44 95 67 

10-2 2 18 4 4 

10-3 1 9 11 12 

10-2(3)a 1 9 18 19 

11-2 3 27 8 8 

11-3 
 

0 9 9 

11-2(3)b 
 

0 10 11 

10-2(3)a + 11-2(3)b 1 9 4 4 

10-2(3)a + 11-2 
 

0 7 7 

10-2(3)a + 11-3 
 

0 9 9 

10-2 + 11-2(3)b 1 9 3 3 

10-3 + 11-2(3)b 
 

0 4 4 

10-2 + 11-3 
 

0 1 1 

10-3 + 11-2 
 

0 3 3 

10-2 + 11-2 2 18 
 

0 

10-pExon3c 
 

0 1 1 

10-3(2)a + 10pInt10-3 (2)d 
 

0 2 2 

10pExon11-2(3)e 
 

0 1 1 
a Co-expression of junctions 10-2 and 10-3. b Co-expression of junctions 11-2 and 11-3. 
c 10-pExon3 denotes a joint of exon 10 with a portion (Δ65bp) of exon 3. d 10pInt10-3 
(2) refers to fusion transcripts of the exon 10 containing a portion (Ins57 bp) of intron 
10 in junction with alternative splicing of exons 2 and 3. e 10pExon11-2(3) denotes a 
fusion transcript containing a junction of exon 10 with an insertion of 27bp from exon 11 
with alternative splicing of exons 2 and 3. 

 

Comparison of the frequencies of duplication between controls and NHL cases 

revealed that duplication events were significantly more common in NHL cases 

than in controls (44% vs. 67%; χ2 = 4.066, P = 0.044). Likewise, duplication was 

also more frequent in DLBCL cases versus controls (44% vs. 71%;   χ2 = 5.673, 

P = 0.017) as well as in the GCB-like (44% vs. 72%; χ2 = 3.813, P = 0.051) and 

non-GCB-like (44% vs. 72%; χ2 = 3.235, P = 0.072) DLBCL subtypes than in 

controls. Therefore, the frequencies of duplication were similar in controls and in 

FLs. Furthermore, the expression of duplication may confer susceptibility to 

NHL and DLBCL but not to FL (Table 9.5). 
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Figure 9.2. Aberrant in-frame fusion transcripts were detected in NHL cases but 
not in healthy individuals. A) Fusion transcript with junction of exon 10 and exon 
3 with a deletion of 65bp, in the 5’-end of the exon, was detected in a case with 
FL. B) Transcript containing an insertion of 27 bp of the 5’-end of exon 11 in a 
junction 10-3 was identified in a FL case without LOH of PTPRJ. Moreover, 
three substitutions were observed in the last three nucleotides of the genic 
portion of exon 11. C) Retention of 57 bp from intron 10 was also detected in a 
transcript with junction 10-3 in two DLBCL cases without LOH of PTPRJ. 

 

Table 9.5. Frequency of duplication in controls and NHL cases 

 
No duplication Duplication χ2 P-value OR (95% CI) 

Controls 14 (56%) 11 (44%) 
 

 
 

Cases 46 (33%) 95 (67%) 4.066 0.044 2.63 (1.11 – 6.24) 

FL 12 (52%) 11 (48%) 0.00 1.00 1.17 (0.37 – 3.64) 

DLBCL 34 (29%) 84 (71%) 5.673 0.017 3.14 (1.30 – 7.61) 

GCB 10 (28%) 26 (72%) 3.813 0.051 3.31 (1.13 – 9.70) 

Non-GCB 15 (31%) 33 (69%) 3.235 0.072 2.8 (1.03 – 7.6) 

 

In addition, no correlation was observed between duplication and LOH of 

PTPRJ (r = -0.79; P = 0.589), which demonstrates that duplication is not the 

driver of LOH in our cohort of cases. 

 

9.3.2 PTPRJ is downregulated in cases with duplication  

In order to determine the effect of the presence of duplication on expression of 

the PTPRJ isoforms, we carried out a qPCR assay specific to isoform 1 (with 

catalytic domain) (Figure 9.3A, B, C) and another qPCR assay to measure the 

expression of isoform 1 plus isoform 2 (without catalytic domain) in our cohort of 
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NHLs, FLs and DLBCLs (Figure 9.3D, E,F). For the molecular assay detecting 

only the PTPRJ isoform 1, trends towards downregulation of this isoform were 

observed in NHL (4.12 vs. 1.3; P = 0.068), FL (3.90 vs. 1.1; P = 0.233) and 

DLBCL cases (4.55 vs. 1.44; P = 0.161) with duplication (Figure 9.3 A, B, C, 

respectively). Likewise, this trend towards downregulation was also observed 

measuring the transcript abundance of both isoforms in NHLs (3.74 vs. 1.49; P 

= 0.076), FLs (2.12 vs. 1.14; P = 0.049), and DLBCLs (6.74 vs 1.69; P = 0.221) 

with duplication (Figure 9.3 D, E, F). 

 

Figure 9.3. Transcript abundance of PTPRJ isoforms in NHL cases without and 
with fusion transcripts using two qPCR assays. qPCR assay detecting 
exclusively the isoform 1 (with catalytic domain) of PTPRJ in A) NHL (n=47), B) 
FL (n=23) and C) DLBCL (n=24) cases. qPCR assay amplifying both isoform 1 
and isoform 2 (without catalytic domain) in D) NHL, E) FL and F) DLBCL cases. 
A visible trend towards downregulation in cases with duplication was observed 
in NHL cases (A, D), FL (B, E) and DLBCL (C, F) cases. 

 

In regards to the cell-of-origin (COO) of the DLBCL subtypes, a significant 

downregulation of the PTPRJ isoform 1 was observed in cases with GCB-like 

subtype (8.18 vs. 1.52; P = 0.017) but not in non-GCB-like cases (1.82 vs. 1.48; 

P = 0.705), compared to controls (Figure 9.4 A, B). Using the molecular assay 

to assess the expression of both PTPRJ isoforms, a trend towards 

downregulation of both PTPRJ isoforms was observed in GCB-like cases with 
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duplication (12.77 vs. 1.71; P = 0.288) but no differences were observed in non-

GCB-like cases with duplication (2.22 vs. 1.81; P = 0.717) (Figure 9.4C, D).  

 

 

Figure 9.4. Expression levels of the PTPRJ isoforms were evaluated in GCB-
like (n=12) and non-GCB-like (n=11) cases. Downregulation of PTPRJ isoform 
1 was observed in A) GCB-like DLBCL cases with duplication but not in B) non-
GCB-like cases. A trend towards downregulation of both isoforms of PTPRJ 
was observed in C) GCB-like but not in D) non-GCB-like cases with duplication.  

 

Additionally, transcript abundance of the PTPRJ isoforms in HEK293T, HELA 

and the 6 NHL cell lines revealed that the isoform 1, which has the most 

biological significance as it contains the catalytic domain, is more highly 

expressed than the isoform 2, which lacks of the region encoding the catalytic 

domain of PTPRJ (Figure 9.5). This finding shows that the functional isoform 1 

is preferentially transcribed across the cells lines. As the duplication comprises 

the genomic region encoding entirely the isoform 2 and partially the isoform 1, it 

is likely that the expression of the fusion transcripts is represented by the delta 

of the expression between the two assays (Isoform 2= Both isoforms assay – 

Isoform 1 assay); however, no significant changes in this difference were 

observed in the cell lines with (HEK293T, HELA, RAJI, MINO, PFEIFFER and 

SUDHL4) and without duplication (BJAB). 
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Figure 9.5. Transcript abundance of PTPRJ isoforms assessed by qPCR in 
HEK293T, HELA and the NHL cell lines MINO (MCL), RAJI (BL), BJAB, 
PFEIFFER, SUDHL4, TOLEDO (GCB-like DLBCLs). Fold change (2-∆∆Ct) values 
were log2-transformed for better discrimination of changes in expression. 
Results from LOH and duplication analyses are shown for each one of the cell 
lines. The LOH analysis only included the DLBCL cell lines PFEIFFER and 
SUDHL4. 

 

9.3.3 Duplication did not correlate with survival data in DLBCL  

There was no correlation between the presence of duplication and survival data 

from DLBCL cases (Figure 9.6). Nonetheless, DLBCL cases expressing fusion 

transcripts with the IPI scores 2 and 4 and GCB-like cases exhibited poorer 

survival rates (Figure 9.6 C, D, E). 
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Figure 9.6. Comparison of duplication with available survival data from 76 DLBCL cases. A) The presence of fusion transcripts 
is not a prognostic marker in DLBCL cases. B) No prognostic significance was also observed in cases expressing fusion 
transcripts with either exon 10 or 11 and in cases expressing both exons. C) Survival analysis in DLBCL cases with IPI score 2 
and D) with IPI score 4. Likewise, no significant correlation with survival was observed in cases with the E) GCB-like and F) 
ABC-like subtypes.  
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9.3.4 Basal protein levels of PTPRJ, phospho-ERK1/2 and ERK1/2 in 

eukaryotic cell lines  

In order to determine the basal activity of the MAPK signalling pathway in 

relation to the basal protein levels of PTPRJ, we performed an immunoblot 

analysis of the proteins PTPRJ, phospho-ERK1/2 and ERK1/2 in the cervical 

carcinoma cell line HELA, human embryonic kidney cells HEK293T and in 6 

NHL cell lines (MINO, RAJI, BJAB, PFEIFFER, SUDHL4 and TOLEDO). This 

determined that ERK1/2 was not phosphorylated in HEK293T cells, the only cell 

line derived from normal cells, indicating a low activity of MAPK signalling 

pathway (Figure 9.7).  

 

Figure 9.7. Immunoblot analysis of PTPRJ, phospho-ERK 1/2 (phospho-
p42/44), ERK 1/2 (p42/44) and GADPH expression in protein extracts from 
HEK293T and HELA cell lines and the 6 NHL cell lines MINO (MCL), RAJI (BL), 
BJAB, PFEIFFER, SUDHL4 and TOLEDO (GCB-like DLBCLs). GADPH was 
used as the endogenous control in protein analysis. It is important to highlight 
that all cell lines tested, except BJAB, were positive for the microduplication.  

 

For the rest of tumour-origin cell lines, an opposite correlation was observed 

between the expression of PTPRJ and phosphorylated ERK1/2. The cell line 

TOLEDO exhibited the highest level of phospho-ERK1/2 in absence of PTPRJ 

expression. Interestingly, the BJAB cell line, which was the only cell line  

negative for duplication, exhibited low levels of both PTPRJ and phospho-
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ERK1/2. In regards to the LOH and duplication status, there was not a 

distinguishable pattern of expression. PFEIFFER and TOLEDO which have 

LOH of PTPRJ exhibited inverse patterns of PTPRJ and phospho-ERK1/2 

expression. Moreover, cell lines with the duplication showed a variable 

expression pattern of PTPRJ and the phosphorylation status of ERK1/2 across 

the cell lines analysed in this study.         

 

9.4 Discussion  

The implementation of a sensitive semi-nested RT-PCR allowed us to detect 

fusion transcripts with joints of either exons 10 or 11 with exons 2 and 3 in a 

cohort of healthy individuals and NHL cases, which are derived from a partial 

microduplication upstream of the PTPRJ promoter. The fusion transcript with 

the junction 11-2 was previously identified in both normal and tumour tissue of 

an individual with colorectal cancer and in normal tissue of his unaffected father, 

using conventional RT-PCR (Venkatachalam et al., 2010). The detection of a 

variety of fusion transcripts (i.e. 10-2, 10-3, 11-2 and 11-3) and their co-

expression in controls and cases indicates that in addition to the transcriptional 

read-through mechanism, an alternative splicing process takes place in normal 

and tumour cells. In addition, we detected aberrant in-frame fusion transcripts in 

NHL cases which can be caused by failure of the transcriptional machinery in 

tumour cells by mutations in coding or intronic regions of PTPRJ, as observed 

in a FL case with partial retention of exon 11 and with substitution of three 

consecutive nucleotides. 

 

Different fusion transcripts might also be caused by the presence of different 

breakpoints within introns 10 or 11 of PTPRJ and at different locations of the 5’ 

end region located upstream of PTPRJ. Therefore, fusion transcripts can be 

derived from microduplication with distinct integration sites. This is supported by 

the detection of an extra integration site for the partial duplication of PTPRJ in a 

large cohort of colorectal cancer patients with microsatellite stability 

(Venkatachalam et al., 2010). Analysis of the sequence of these regions 

revealed that this duplication is possibly caused by the high frequency of Alu 

repeats observed in intron 11 and in the region located upstream of the PTPRJ 
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promoter, as the published acceptor sequence of the integration has a high 

identity with members of the Alu J subfamily. Apart from shaping the genome, 

Alu repeats are one of the known drivers of chromosomal abnormalities, 

including duplications, by alteration of recombination (Batzer and Deininger 

2002; Kolomietz et al., 2002).  

 

In this study, fusion transcripts were significantly more frequent in NHL and in 

DLBCL cases than in controls; moreover, the presence of duplication was found 

to confer susceptibility to DLBCL but not to FL. The detection of fusion 

transcripts derived from duplication in controls is quite intriguing as it might 

indicate that this duplication is a polymorphism which might play a role in the 

pathogenesis of DLBCL. Moreover, this duplication is absent in the public 

Database of Genomic Variants (http://projects.tcag.ca/variation/) and 

duplication was not identified in a large cohort of individuals using a DNA-based 

method (Venkatachalam et al., 2010).Therefore, it is likely that our success in 

finding this duplication is due to the detection of these fusion transcripts.  

 

On the other hand, the similar frequency of fusion transcripts between FL cases 

and controls indicates that factors affecting expression of this duplication should 

be considered, as we inferred duplication based on the detection of fusion 

transcripts and not genomic portion of the duplication at the DNA level. Firstly, 

taking this into consideration, it is likely that the frequencies of the fusion 

transcripts represent the rates of duplication, at the DNA level, in the evaluated 

individuals. In this perspective, the significantly higher frequency of duplication 

in DLBCL may be caused by dysfunction of the mechanisms of recombination 

involved in DNA repair during the pathogenesis and progression of DLBCL (i.e. 

inactivation of TP53BP1; see Chapter 5) (Takeyama et al., 2008). Secondly, 

another explanation is that the rates of duplication might be similar in healthy 

individuals and in patients with these B-cell lymphomas, but a differential 

epigenetic regulation might occur in the CpG island of the duplication in controls 

and FLs in comparison to DLBCLs (Figure 9.1). Thus, a progressive 

hypomethylation of this CpG island might induce upregulation of these fusion 

transcripts during the transformation of FL to DLBCL. This may be supported by 
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the observed poor survival rates of DLBCL cases with high IPI scores 

harbouring duplication. Nevertheless, further epigenetic studies are required to 

determine the epigenetic mechanisms of regulation of the duplication in 

controls, FLs and DLBCLs. 

 

Interestingly, we observed a trend towards downregulation of PTPRJ isoforms 

in NHL, FL and DLBCL cases with duplication, with a significant downregulation 

in cases with the GCB-like subtype. Downregulation of PTPRJ was previously 

detected in a case with duplication suffering from colorectal cancer and was 

found to be caused by hypermethylation of the wild-type CpG island 

(Venkatachalam et al., 2010). Based on this finding, it is possible that the 

downregulation observed in our NHL cases is due to hypermethylation of the 

wild-type CpG island as a consequence of the transcriptional read-through 

mechanism. However, this epigenetic silencing is partial as we detected PTPRJ 

isoforms 1 and 2 in cases with and without duplication. Therefore, based on this 

evidence, haploinsufficiency of PTPRJ may play a crucial role in the 

tumourigenesis of FL and DLBCL, which confirms a previous report implicating 

the inactivation of PTPRJ in the lymphomagenesis of these B-cell lymphomas 

(Aya-Bonilla et al., 2013).  

 

In this study, although we only assessed the basal protein levels of PTPRJ 

across 6 NHL cells lines, an inverse correlation was observed between the 

expression levels of PTPRJ and the phosphorylation of ERK1/2. This is due to 

the fact that PTPRJ negatively regulates the MAPK signalling pathway by direct 

dephosphorylation of ERK1/2 (Sacco et al., 2009). In addition, it also suggests 

that haploinsufficiency or inactivation of PTPRJ could induce a constitutive 

activation of the MAPK signalling pathway as cell lines with low and 

undetectable levels of PTPRJ exhibited high activity of this oncogenic pathway. 

In regards to the microduplication status across the 8 cell lines tested, a 

variable transcript and protein expression of PTPRJ was observed in NHL cell 

lines with microduplication, suggesting a heterogeneous genetic and pathogenic  

background of these cell lines.    
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Based on the findings provided by this study, additional genetic and functional 

approaches will increase the knowledge about the effect of this duplication and 

the transcription as well as the translation of fusion transcripts on the activity of 

PTPRJ in normal and malignant B-cells. Thus, additional genetic investigations 

such as MLPA (Multiplex ligation-dependent probe amplification) assays across 

all samples analysed in this study will provide the duplication status at the 

genomic level and its correlation with the presence of fusion transcripts at of the 

detection.  

 

In conclusion, the expression of fusion transcripts derived from a partial 

microduplication of PTPRJ and the haploinsufficiency induced by this 

duplication may play a crucial role in the tumourigenesis of FL and DLBCL and 

in the FL transformation to DLBCL.   
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Chapter 10: 

Susceptibility analysis of coding 

SNPs located in exons 5 and 13 of 

PTPRJ in B-cell NHL  

 

 

 

 

This chapter builds on results from a prior chapter and publication and focuses 

on the role of PTPRJ in NHL susceptibility. In this chapter, coding SNPs were 

investigated in germ-line DNA from a large cohort of NHL subtypes. The results 

from this chapter have been included in the publication outlined below: 

 

Aya-Bonilla, C., Camilleri, E., Green, M. R., Marlton, P., Lea, R. A., Gandhi, M. 
K., Griffiths, L. R. Susceptibility analysis of coding SNPs located in exons 5 and 
13 of PTPRJ in B-cell Non-Hodgkin’s lymphomas (NHL). Cancer Genetics 
(Under Review). 
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Abstract 

The recent implication of the Protein tyrosine phosphatase receptor type J 

(PTPRJ) in tumourigenesis of Non-Hodgkin’s Lymphoma (NHL) and the high 

frequency of the A1182 allele (A1182C, rs1566734) in FL cases and the 

haplotype GTCG in controls, prompted us to investigate the effect of the coding 

SNPs G973A (rs2270993), T1054C (rs2270992), A1182C (rs1566734) and 

G2971C (rs4752904) in NHL susceptibility. This study undertook comparison of 

the allelic and genotypic frequencies of these cSNPs in germ-line DNA samples 

from a large cohort of controls and NHL cases. The significantly higher 

frequencies of the A1182 allele in DLBCL cases, the GTCG haplotype in 

controls and the GTCC haplotype in FL cases, suggested a possible role of 

PTPRJ in predisposition to NHL.        

 

10.1 Introduction 

Non-Hodgkin’s Lymphoma (NHL) comprises over 30 different subtypes with a 

high variability in morphology, aggressiveness and clinical outcome that arise 

from different stages at the B-cell development, specifically the processes 

involved in pre, during and post germinal B-cell centre (Klein and Dalla-Favera 

2008; Swerdlow et al., 2008; Lenz and Staudt 2010; Turner et al., 2010; Nogai 

et al., 2011). However, Diffuse Large B-Cell Lymphoma (DLBCL) and Follicular 

Lymphoma (FL) account for around 60% of NHL cases (Swerdlow et al., 2008; 

Jayasekara et al., 2010; Turner et al., 2010). Despite an increasing interest in 

the study of NHL subtypes, little is known about the environmental and genetic 

factors involved in the etiology of NHL. Nevertheless, previous studies have 

identified alterations in pathways that regulate cell cycle, apoptosis and 

lymphocyte development, such as cytokine signalling, MAPK and JAK-STAT 

pathways,  and that may confer risk to NHL (Green 2009; Morton et al., 2009). 

 

Previous studies have implicated protein tyrosine phosphatase receptor type J 

(PTPRJ) with cancer susceptibility, as polymorphisms mapping PTPRJ were 

associated with cancer-risk in lung squamous cell, colorectal and papillary 

thyroid carcinomas (Iuliano et al., 2010; Mita et al., 2010) and a PTPRJ 
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haplotype was shown to confer cancer-protection effect in breast cancer 

(Lesueur et al., 2005).  

 

Recently, we performed a sequence analysis of the single nucleotide 

polymorphisms (SNPs) G973A (rs2270993), T1054C (rs2270992), A1182C 

(rs1566734) and G2971C (rs4752904), located in coding regions of the protein 

tyrosine phosphatase receptor type J (PTPRJ), in healthy individuals and 

tumour samples from NHL patients (Aya-Bonilla et al., 2013). In this study, we 

identified a higher frequency of the A1182 allele in FL cases and the haplotype 

GTCG in controls, suggesting a cancer-risk and protective effect, respectively. 

In addition, we also found over-representation of the alleles C1054, A1182C, 

C2971 and the haplotype GCAC in cases with loss of heterozygosity (LOH) of 

PTPRJ compared to cases with retention (Aya-Bonilla et al., 2013). Therefore, 

based on these results we aimed to investigate the allelic, genotypic and 

haplotipic frequencies of these four coding SNPs and haplotypes in a larger 

cohort of germ-line DNA samples from NHL cases and controls, in order to 

determine the role of these cSNPs in the predisposition to NHL .  

 

10.2 Materials and Methods 

 
10.2.1 Patients and controls  

Genomic DNA samples were isolated from peripheral blood samples of 107 

healthy individuals and 201 cases with NHL following the methodology 

described by Chacon-Cortes et al., (2012) with an additional phenol-chloroform-

isoamyl alcohol purification step for samples with low DNA quality (see Section 

3.3 and Appendix 1, 2 and 3). Based on diagnosis, NHL cases were classified 

into FL (n=80), DLBCL (n=70) and other B-cell (n=51) The NHL subtypes 

chronic lymphocytic leukemia (CLL), small lymphocytic lymphoma (SLL) and 

mantle cell lymphoma (MCL) were the most common in the other B-cell NHL 

subgroup (see Section 3.3.3).  

 

This research was approved by the human research ethic committees of each 

of the participating sites (see Chapter 3). Peripheral blood samples were 
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obtained from Australian Leukemia and Lymphoma Group (ALLG) Tissue Bank 

(Princess Alexandra Hospital, Queensland, Australia), Gold Coast Hospital 

(Queensland Health, Australia), Haematology and Oncology Clinics of Australia 

(HOCA, Gold Coast, Australia) and Genomics Research Centre Clinic (Griffith 

University, Queensland, Australia). 

 

10.2.2 Genotyping of the coding SNPs G973A (rs2270993), T1054C 

(rs2270992), A1182C (rs1566734) and G2971C (rs4752904) in controls and 

NHL cases 

For the genotyping of all four cSNPs in our cohort of controls and cases, we 

used the following TaqMan® SNP genotyping assays (Life Technologies 

Corporation): C_15959196_10 (G973A, rs2270993), C_15959195_20 (T1054C, 

rs2270992), C_288149_1 (A1182C, rs1566734) and C_25943544_20 (G2971C, 

rs4752904) (see Section 3.3.3). PCR reactions were carried out in a final 

volume of 5µL containing 20 ng of DNA, 1X TaqMan® genotyping assay mix 

and 1X TaqMan® Genotyping Master Mix following manufacturer’s guidelines. 

Cycling conditions and fluorescence detection was performed on an ABI 

7900HT Real-Time PCR system (Applied Biosystems, Austin, TX, USA) with an 

initial denaturation at 95ºC for 10 min, followed by 45 cycles of 95ºC for 15 

secs, and 60ºC for 1 min. Amplification and allelic discrimination analyses were 

carried out using the software SDS v.2.4 (Applied Biosystems, Foster City, 

California, USA), according to the recommendations provided by manufacturer. 

Positive controls for each genotype were obtained from previously sequenced 

controls (see Section 6.2.5).  

 

Hardy-Weinberg Equilibrium (HWE) was confirmed in the control population 

using GenePop software v. 4.0.10. A 2-sided Pearson’s Chi-square test with 

correction for continuity or a Fisher’s exact test was used to compare allelic and 

genotypic frequencies of cSNPs between controls and NHL cases. Linkage 

disequilibrium and comparison of haplotypic frequencies between controls and 

cases were carried out using Haploview v.4.2 software (Broad Institute, 2010). 

A 2-sided Pearson’s correlation was performed to compare the genotypic 
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frequencies among the 4 SNPs in controls. For all analyses the significance 

level was set at α < 0.05.  

 

10.2.3 Prediction of the protein secondary structure of PTPRJ  

For the prediction of the secondary structure of PTPRJ, we manually introduced 

the substitutions A1182C and G2971C to the wild-type sequence of the PTPRJ 

transcript (RefSeq no. NM_002843.3) and translated in silico the open-reading-

frames (ORFs) containing these substitutions. The secondary structure of these 

sequences was predicted by Geneious Basic software v.5.5.6 (Biomatters Ltd) 

using the original Garnier Osguthorpe Robson algorithm (GOR I) provided by 

the EMBOSS suite (Rice et al., 2000). Alignment of the protein sequences was 

performed using the matrix Blosum62 of the Geneious Basic software v.5.5.6 

(Biomatters Ltd).  
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10.3 Results 

 
10.3.1 Allelic and genotypic frequencies of the coding SNPs G973A, 

T1054C, A1182C and G2971C in controls and NHL cases 

Recently, comparing allelic frequencies of the cSNPs G973A (rs2270993), 

T1054C (rs2270992), A1182C (rs1566734) and G2971C (rs4752904) between 

normal tissue samples of healthy individuals and tumour samples of NHL cases, 

we found a significant increase of the A1182 (Gln276) allele in FL tumours 

(Aya-Bonilla et al., 2013) (see Chapter 6). Herein, we investigated these four 

cSNPs in germ-line samples from a larger cohort of controls (n=107) and NHL 

cases (n=201) in order to investigate potential association of the alleles and 

genotypes of these polymorphisms with predisposition to NHL or NHL subtypes 

(FL, DLBCL or other B-cell NHLs) (Table 10.1 and 10.2). This approach found a 

nominally significant increase of the A1182 (Gln276) allele in DLBCL cases 

(79% vs. 88%; OR= 1.95, 95%CI: 1.07-3.6, P = 0.032). Regarding the genotypic 

frequencies, homozygotes for the A1182 (Gln276) allele were more frequent in 

DLBCL cases than in controls with nominal significance (61% vs. 79%; OR= 

2.3, 95%CI: 1.16-4.6, P = 0.039) (Table 10.2). None of the other tested markers 

showed significant association with NHL cases versus controls, nor NHL 

subtypes versus controls. However, an increase (although not significant) of the 

C1054 allele was observed in DLBCL cases (56% vs. 66%; OR= 1.50, 95%CI: 

0.97-2.3, P = 0.089) (Table 10.1). 

 

10.3.2 Haplotype analysis of cSNPs on exon 5 and 13 of PTPRJ  

The haplotype GTCG has been recently identified as a NHL-protective 

haplotype (Aya-Bonilla et al., 2013) (see Chapter 6). Based on this study, a 

linkage disequilibrium (LD) analysis was performed using the genotypic 

frequencies of the G973A (rs2270993), T1054C (rs2270992), A1182C 

(rs1566734) and G2971C (rs4752904) polymorphisms in controls. This revealed 

high D’ values among all the combinations of the 4 cSNPs which confirms the 

presence of a single haplotype block at this locus with 6 haplotypes identified in 

controls and in cases (Figure 10.1).  
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Table 10.1. Allelic frequencies of 4 cSNPs of PTPRJ in controls and NHL cases 

 
Alleles (%) n χ2 P-value 

rs2270993 (G973A; Glu206) a 
   

 
G A 

   
Controls 178 (88%) 24 (12%) 202 

  
Cases 354 (88%) 48 (12%) 402 0.000 1.000 

FL 142 (89%) 18 (11%) 160 0.000 0.983 

DLBCL 125 (89%) 15 (11%) 140 0.026 0.872 

Other B-cell 87 (85%) 15 (15%) 102 0.264 0.607 

      
rs2270992  (T1054C; Thr233) a 

 
T C 

   
Controls 94 (44%) 120 (56%) 214 

  
Cases 161 (40%) 241 (60%) 402 0.712 0.399 

FL 70 (44%) 90 (56%) 160 0.000 1.000 

DLBCL 48 (34%) 92 (66%) 140 2.885 0.089 

Other B-cell 43 (42%) 59 (58%) 102 0.031 0.861 

      
rs1566734 (A1182C; Gln276Pro) a,b 

 
A C 

   
Controls 167 (79%) 45 (21%) 212 

  
Cases 332 (83%) 70 (17%) 402 1.087 0.297 

FL 128 (80%) 32 (20%) 160 0.026 0.873 

DLBCL 123 (88%) 17 (12%) 140 4.189 0.032 

Other B-cell 81 (79%) 21 (21%) 102 0.000 1.000 

      
rs4752904 (G2971C; Glu872Asp) b,c 

 
G C 

   
Controls 93 (44%) 117 (56%) 210 

  
Cases 170 (42%) 232 (58%) 402 0.150 0.698 

FL 69 (43%) 91 (57%) 160 0.014 0.907 

DLBCL 55 (39%) 85 (61%) 140 0.668 0.414 

Other B-cell 46 (45%) 56 (55%) 102 0.000 0.989 
a cSNPs located in exon 5 of PTPRJ.  
b Non-synonymous cSNPs.  
c cSNP located in exon 13 of PTPRJ 

 

Comparison of the haplotypic frequencies between controls and cases 

confirmed the protective effect of the haplotype GTCG in NHL (20% vs. 13%; 

OR= 0.65, 95%CI: 0.40-1.04, P = 0.0208) and more specifically to the DLBCL 

subtype (20% vs. 10%%; OR= 0.48, 95%CI: 0.24-0.95, P = 0.0142). However, a 
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non-significant decrease of this haplotype was observed in FL cases (20% vs. 

13%%; OR= 0.69, 95%CI: 0.37-1.30, P = 0.0924) (Table 10.3).  

 

Table 10.2. Genotypic frequencies of 4 cSNPs of PTPRJ in controls and NHL 
cases 

 
Genotypes (%) n χ2 P-value 

rs2270993 
      

 
GG GA AA 

   
Controls 78 (77%) 22 (22%) 1 (1%) 101 

  
Cases 156 (78%) 42 (21%) 3 (1%) 201 0.186 0.953 

FL 63 (79%) 16 (20%) 1 (1%) 80 0.368 0.928 

DLBCL 57 (81%) 11 (16%) 2 (3%) 70 1.755 0.469 

Other B-cell 36 (71%) 15 (29%) 0 51 1.531 0.551 

       
rs2270992 

 

 
TT TC CC 

   
Controls 23 (21%) 48 (45%) 36 (34%) 107 

  
Cases 34 (17%) 93 (46%) 74 (37%) 201 1.040 0.594 

FL 15 (19%) 40 (50%) 25 (31%) 80 0.510 0.777 

DLBCL 10 (14%) 28 (40%) 32 (46%) 70 2.953 0.215 

Other B-cell 9 (18%) 25 (49%) 17 (33%) 51 0.372 0.836 

       
rs1566734 

 

 
AA AC CC 

   
Controls 65 (61%) 37 (35%) 4 (4%) 106 

  
Cases 140 (70%) 52 (26%) 9 (4%) 201 2.738 0.245 

FL 51 (64%) 26 (32%) 3 (4%) 80 0.197 0.926 

DLBCL 55 (79%) 13 (18%) 2 (3%) 70 5.960 0.039 

Other B-cell 34 (67%) 13 (25%) 4 (8%) 51 2.305 0.323 

       
rs4752904 

 

 
GG GC CC 

   
Controls 23 (22%) 47 (45%) 35 (33%) 105 

  
Cases 35 (17%) 100 (50%) 66 (33%) 201 1.131 0.574 

FL 16 (20%) 37 (46%) 27 (34%) 80 0.119 0.962 

DLBCL 9 (13%) 37 (53%) 24 (34%) 70 2.439 0.295 

Other B-cell 10 (20%) 26 (51%) 15 (29%) 51 0.522 0.775 

 

Moreover, the haplotype GTCC was associated with FL-risk due to its high 

frequency in FL cases (1% vs. 4%; OR= 4.4, 95%CI: 0.83-23.5, P = 0.0416). No 
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significance was observed for the haplotype GCAG in DLBCL cases (2% vs. 

6%; OR= 2.7, 95%CI: 0.74-9.6, P = 0.0562) (Table 10.3). 

 

 

Figure 10.1. Linkage disequilibrium (LD) analysis of the cSNPs rs2270993, 
rs2270992, rs1566734 and rs4752904 in controls. Haplotype block was 
identified among cSNPs located in exons 5 and 13 of PTPRJ (upper panel). 
Results from the LD analysis and the comparison among genotypic frequencies 
of these four cSNPs (lower panel) were observed in controls.  

 

10.3.3 Prediction of the cSNPs rs1566734 (A1182C; Gln276Pro) and 

rs4752904 (G2971C; Glu872Asp) 

The cSNPs A1182C (Gln276Pro), located in exon 5, and G2971C (Glu872Asp), 

located in exon 13, have been identified as two non-synonymous substitutions 

that may induce non-conservative and conservative changes in the protein, 

respectively (Ruivenkamp et al., 2002). However, in a previous study, the 

polymorphism A1182C was predicted to be tolerated whereas the cSNP 

G2971C was predicted to have a deleterious effect on the stability of the protein 

structure (Aya-Bonilla et al., 2013). In the present study, in order to determine 

the effect of these cSNPs on the secondary structure of PTPRJ, we performed 

SNP 1 SNP2 D' r2 r P-value 

rs2270993 rs2270992 1 0.178 -0.4407 <0.0001 

rs2270993 rs1566734 1 0.036 -0.2802 0.005 

rs2270993 rs4752904 1 0.174 -0.4869 <0.0001 

rs2270992 rs1566734 0.947 0.315 -0.4801 <0.0001 

rs2270992 rs4752904 0.959 0.868 0.9381 <0.0001 

rs1566734 rs4752904 0.885 0.261 -0.4135 <0.0001 
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a simple qualitative predictive approach of the secondary structure of PTPRJ 

ORF sequences containing the polymorphisms Gln276Pro and Glu872Asp 

through the identification of annotated regions for alpha-helixes, beta-strands, 

coils and turns in these proteins (Figure 10.2).   

 

Table 10.3. Frequencies of PTPRJ haplotypes derived from G973A 
(rs2270993), T1054C (rs2270992), A1182C (rs1566734) and G2971C 
(rs4752904) polymorphisms in controls and NHL cases 

 

Haplotypes 

 
H1: GCAC H2: GTCG H3: GTAG H4: ATAG H5: GCAG H6: GTCC 

Controls 109 (54%) 39 (20%) 22 (11%) 24 (12%) 4 (2%) 2 (1%) 

Cases  216 (54%) 50 (13%) 51 (13%) 47 (12%) 16 (4%) 11 (3%) 

χ
2
 0.002 5.345 0.536 0.018 1.802 1.86 

P-value 0.9659 0.0208 0.4639 0.8939 0.1795 0.1726 

       
Controls 109 (54%) 39 (20%) 22 (11%) 24 (12%) 4 (2%) 2 (1%) 

FL 81 (51%) 21 (13%) 24 (15%) 17 (11%) 5 (3%) 7 (4%) 

χ
2
 0.465 2.832 1.544 0.194 0.549 4.153 

P-value 0.4955 0.0924 0.2141 0.6593 0.4587 0.0416 

       
Controls 109 (54%) 40 (20%) 21 (11%) 24 (12%) 4 (2%) 2 (1%) 

DLBCL 83 (59%) 14 (10%) 17 (12%) 15 (11%) 8 (6%) 2 (2%) 

χ
2
 0.881 6.009 0.201 0.145 3.646 0.126 

P-value 0.348 0.0142 0.6543 0.7034 0.0562 0.7223 

       
Controls 109 (54%) 40 (20%) 21 (11%) 24 (12%) 4 (2%) 2 (1%) 

Other B-cell 54 (53%) 16 (16%) 10 (10%) 14 (14%) 3 (3%) 2 (2%) 

χ
2
 0.046 0.764 0.038 0.161 0.334 0.491 

P-value 0.8307 0.382 0.8454 0.6885 0.5633 0.4833 

Number of individuals per haplotype were estimated from the haplotype frequencies 
calculated by Haploview v. 4.2   

 

This approach revealed that the substitution of a Glutamine (Gln or Q), a polar 

amino acid, by a Proline (Pro or P), a hydrophobic amino acid, at position 272, 

was not predicted to affect the beta-strand structure but it did alter the 

recognition of the antigenic region spanning this position. Moreover, the high 

hydrophobicity resulting from the presence of the proline residue at position 272 

may have an impact on the spatial conformation of the tertiary structure of 

PTPRJ.  
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Additionally, a shortening of the alpha-helix structure at the position 872 was 

predicted to be caused by the conservative substitution of the residue glutamate 

(Glu or E) by aspartate (Asp or D) at this position, indicating that this 

polymorphism might also have an effect on the tertiary structure of PTPRJ. 
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Figure 10.2. Predicted secondary structure of PTPRJ proteins containing the cSNPs rs1566734 (A1182C; Gln276Pro) and 
rs4752904 (G2971C; Glu872Asp) in comparison to the wild-type PTPRJ sequence. The amino acid changes resulting from 
these substitutions in the coding regions of PTPRJ (exons 5 and 13, respectively) are indicated (red arrows). Hydrophobicity is 
represented by bars below each residue. Yellow arrows, pink cylinders, blue arrows and grey lines correspond to the beta-
strand, alpha-helix, turn and coil structures, respectively. Regions of possible antigenic activity (epitopes) are symbolized by 
red arrows.          
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10.4 Discussion 

Genotypes of PTPRJ have been previously associated with cancer risk in lung 

squamous cell, colorectal and papillary thyroid carcinomas, implicating this TSG 

in the predisposition to these types of cancer (Iuliano et al., 2010; Mita et al., 

2010). The evidence gathered in this study indicates that PTPRJ plays a role in 

the etiology of NHL. The identification of the allele A1182 (Gln276) as a cancer-

risk allele in DLBCL, the protective effect of the haplotype GTCG in all cases 

with NHL and DLBCL and the association of the haplotype GTCC with FL 

support this role. These findings differ slightly from those obtained in our 

previous study investigating tumour DNA from NHL cases, where we found 

association of the A1182 (Gln276) allele with FL and a significant increase of 

the haplotype GTCG in controls (Aya-Bonilla et al., 2013). These contrasting 

results between these two studies, especially for the A1182 allele, could be 

mainly caused by differences in hypotheses, population size and the tissue 

samples (tumour DNA vs. germ-line DNA) used in these studies. In the former, 

the allele A1182 was significantly associated with FL, indicating a possible role 

in FL pathogenesis, and in the latter, this allele was significantly associated with 

DLBCL etiology. This discrepancy indicates the differential role of this allele in 

the NHL pathology and predisposition of NHL; therefore, further studies, 

including a genotyping approach in a larger cohort are required to clarify this 

role.      

 

Interestingly, the lack of association of the cSNPs G973A, T1054C, and 

G2971C with cancer observed in both studies, the highly significant over-

representation of the alleles C1054, A1182 (Gln276) and C2971 (Asp872) 

alleles in NHL cases with LOH of PTPRJ and the high over-representation of 

the haplotype GCAC in cases with LOH suggest that although LOH of PTPRJ 

plays a role in NHL susceptibility, its effect might be increased by other genetic 

variations driving LOH, which may also alter the allelic frequencies of cSNPs 

and therefore, these findings required to be discussed in the context of LOH. 

This observation has also been found in thyroid and colorectal carcinomas, 

wherein the allele A1182 (Gln276) and the heterozygous genotypes of A1182C 

(Gln276Pro) and Arg326Gln were more frequent in cases with LOH 
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(Ruivenkamp et al., 2002; Iuliano et al., 2004). Thus, these findings indicate that 

the presence of LOH of PTPRJ affects the allelic distribution of these 

polymorphisms; therefore, further investigation is required to determine whether 

LOH events alter the allelic frequencies of these cSNPs or cSNPs have a 

causative effect on LOH. However as previously discussed in Chapter 6, the 

mechanisms driving LOH of PTPRJ in our cohort are still unclear. Nonetheless, 

it is possible that disruption of transcriptional (epigenetic mutations) and 

translational (alternative upstream ORFs) regulatory mechanisms might be 

responsible for the inactivation of this TSG (Karagyozov et al., 2008; 

Venkatachalam et al., 2010).  

 

On the other hand, it is also likely that the effect of PTPRJ genotypes in NHL 

susceptibility might be linked to other alterations (i.e. translocations and 

duplications) that potentially do not drive LOH. In this respect, the positive 

association of PTPRJ with childhood acute lymphoblastic leukemia (cALL) 

harbouring ETV6-RUNX1 genic rearrangements (Ellinghaus et al., 2012) 

suggests that given the high frequency of translocations (i.e t(14;18), t(8;14), 

t(3;14) and others) in FLs and DLBCLs (Rosenwald et al., 2002; Martinez-

Climent et al., 2003; Morin et al., 2011; Pasqualucci et al., 2011a), it is possible 

that PTPRJ might have a higher impact in NHL susceptibility in relation to these 

genetic abnormalities. However, the lack of information about the presence of 

these translocations limits this study. In addition, the microduplication of PTPRJ 

upstream of its promoter might also have an impact in NHL susceptibility as it 

could also affect the allelic and genotypic frequencies of these cSNPs, as this 

duplication was found to cause allele-specific epigenetic silencing of the allele 

G2971 (Glu872) in a case with colorectal cancer (Venkatachalam et al., 2010). 

 

In this study, the allele A1182 (Gln276) was significantly more common in 

DLBCL and in a previous study, it was more frequent in FL tumours (Aya-

Bonilla et al., 2013). Moreover, the wild-type allele A1182, and not the variant 

C1182 (Pro276), has been more commonly found in cancer cases than in 

controls in thyroid carcinomas, and was also found to be over-represented in 

colorectal cancer patients and in NHL cases with LOH of PTPRJ (Ruivenkamp 
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et al., 2002; Iuliano et al., 2004; Aya-Bonilla et al., 2013). It is important to clarify 

that the allele A1182 is not driving a significant result as haplotypes containing 

this allele were not significant when germ-line DNA was used.  

 

 Although, the polymorphism A1182C (Gln276Pro) is a non-conservative 

substitution that occurs in the encoding region of the second Fibronectin type III 

(FNIII) domain of PTPRJ, little is known about the effect of this polymorphism 

on the function of PTPRJ. In this study, using secondary structure prediction 

tools, the allele Pro276 was predicted to affect the recognition of the antigenic 

region spanning this variant, possibly due to conformational changes induced 

by an increase of hydrophobicity at this residue that may alter the binding of 

antibodies to this epitope, affecting the antibody-induced activation of this 

protein tyrosine phosphatase (PTP) such as Ab1, a monoclonal anti-PTPRJ 

antibody that targets this epitope and was found to inhibit endothelial cell-

growth and angiogenesis through Ab1-mediated activation of PTPRJ 

(Takahashi et al., 2006). Furthermore, a recent study found that the alleles 

Pro276 and Gln326 play a protective role in the heparin-induced 

thrombocytopenia (HIT) as cases with HIT showed lower frequencies of these 

polymorphisms and cells expressing these alleles exhibited a significant 

reduction in the platelet activation and showed hypersensitivity to Dasatinib, an 

inhibitor of SRC kinases. This reduction might be due to a partial failure in the 

PTPRJ-mediated activation of SFKs, caused by a decrease in the 

dephosphorylation activity of the inhibitory tyrosine residue of SRC kinases in 

carriers of these polymorphisms (Rollin et al., 2012). Thus, this study is the first 

one to demonstrate the effect of cSNPs of PTPRJ in any pathology, which 

suggests that the expression of these polymorphisms may not only play a 

crucial role in the tumourigenesis but may also be implicated in responsiveness 

to inhibitors of SRC kinases. Further investigation about the effect of these 

cSNPs in PTPRJ’s function is required.       

 

Also, based on the linkage of the alleles Pro276 and Gln326 and their increased 

effect on platelet activation (Rollin et al., 2012), it is possible that the 

combination of alleles as a haplotype might have an additive effect on the 
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function of PTPRJ, inducing either higher or lower dephosphorylation rates than 

individual alleles, whereby these haplotypes might play a role in susceptibility 

and pathogenesis of NHL. Hence, further studies are required to determine the 

effect of the cancer-protective haplotype GTCG and the cancer-risk haplotype 

GTCC in the functioning of PTPRJ in NHL susceptibility.  
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Chapter 11: 

General Discussion 
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11.1 LOH analysis identifies novel NHL tumour suppressor genes 

The use of a Hidden Markov Model (HMM) algorithm for inferring loss of 

heterozygosity (LOH) in unpaired single nucleotide polymorphism (SNP) array 

data, from cases with follicular lymphoma (FL) and diffuse large B-cell 

lymphoma (DLBCL), allowed the identification, for the first time, of common 

LOH regions across these NHL subtypes, unveiled novel tumour suppressor 

genes (TSGs) within those LOH regions that could possibly be inactivated in 

these B-cell lymphomas, and discovered common pathways that can be 

commonly targeted by inactivation of these TSGs and orchestrate the 

tumourigenesis of FL and DLBCL. These findings support previous evidence 

indicating commonalities between the pathogenic mechanisms underlying the 

lymphomagenesis of FL and DLBCL, despite their morphologic, biological and 

clinical differences, and open new alternatives in the discovery of more effective 

chemotherapeutic targets (Green et al., 2011). For instance, one of these 

pathogenic mechanisms was the proline and arginine metabolic pathway, which 

was identified as the most affected pathway, by the possible inactivation of 

candidate genes located within these LOH regions across FL and DLBCL. This 

finding is quite interesting as it indicates that the disruption and reprogramming 

of metabolic pathways such as arginine and proline metabolism, is a crucial part 

in the lymphomagenesis of these B-cell lymphomas, in order to ensure a more 

efficient energy production and maximise the biosynthetic pathways of 

malignant B-cells (Vander Heiden et al., 2009; Hanahan and Weinberg 2011; 

Phang et al., 2012).  

 

Importantly, this unpaired high resolution LOH analysis was validated by the 

identification of more gene-specific LOH regions to those previously implicated 

in FL tumourigenesis, using a paired LOH approach; suggesting that these LOH 

regions can be involved in the transformation of FL to DLBCL (Cheung et al., 

2010). Moreover, this LOH approach also identified TSGs that had been 

previously implicated in the pathogenesis of DLBCL such as EP300, TPB53BP1 

and B2M (Jordanova et al., 2003; Challa-Malladi et al., 2011; Morin et al., 2011; 

Pasqualucci et al., 2011a; Pasqualucci et al., 2011b). As an additional validation 

step, an assay using microsatellites targeting TSGs within the identified LOH 
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regions confirmed LOH of FASLG, CISH, TP53BP1/B2M and PTPRJ. A 

significant increase of homozygosity in genomic regions mapping to these 

TSGs, implicated the possible inactivation of these TSGs as common events in 

the lymphomagenesis of FL and DLBCL. In this respect, the identification of 

LOH of FASLG as novel alteration in these B-cell lymphomas is quite 

interesting, because this matches previous findings suggesting that the 

disruption of FAS/FASLG-mediated apoptotic pathway may play a crucial role in 

the development of B-cell lymphomas (Xerri et al., 1997; Walker et al., 1998). 

Likewise, LOH of CISH, which was detected as one of the most common LOH 

regions, could play an important role in the tumourigenesis of these NHL 

subtypes as CISH is a negative regulator of the JAK-STAT pathway, which is 

involved in the normal and malignant B-cell differentiation process (Ward et al., 

2000; Schmidlin et al., 2009).    

 

11.2 Investigation of the chromosome 15 LOH region 

In this study, the region between the chromosomal bands 15q15.1 and 15q21 

was identified as one of the most common and largest LOH regions in FLs and 

DLBCLs. This partially correlated with previous findings, identifying a deleted 

region mapping at 15q21 in cases with FL, and DLBCL using a copy number 

variation (CNV) analysis (Green et al., 2011). Through the integration of CNV 

and LOH data from these NHL cases, fine mapping of this region was able to 

identify that the deleted region spans a region over 8 Mb and comprises two 

shared LOH regions (LOH 1 and 2) between FL and DLBCL. This indicates 

firstly that LOH events can be more target-specific than deletions, as the former 

target TSGs and the latter target a broader type of genes, and secondly that 

although LOH is driven by copy-loss events, deletions do not always drive LOH 

(Cheung et al., 2010). The identification of TP53BP1 and B2M in the same 

region (LOH 1) was particularly important as both TSGs have been found to be 

deleted in DLBCL and implicated in DLBCL pathogenesis, although not in FL 

tumourigenesis (Takeyama et al., 2008; Challa-Malladi et al., 2011; Morin et al., 

2011; Pasqualucci et al., 2011b). LOH in this region 1 was also confirmed by a 

significant increase of homozygosity rate for a microsatellite mapping to this 

region, validating the LOH of this region and indicating that inactivation of 
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TP53BP1 and B2M may be common events in the lymphomagenesis of FL and 

DLBCL, and not a DLBCL-specific alteration as previously reported in the 

literature.  

 

11.2.1 TP53BP1 

The implication of LOH of TP53BP1 in the tumourigenesis of FL and DLBCL is 

quite interesting, as TP53BP1 is involved in AID-dependant and independent 

double-strand breaks (DSBs) repair machinery, which plays a crucial role in the 

biology of B-cells, as DSBs are naturally produced by class switch 

recombination (CSR) during the normal maturation of B-cells. The 

haploinsufficiency or inactivation of TP53BP1 has been demonstrated to cause 

genomic instability through impairment of CSR (Arakawa et al., 2002; Ward et 

al., 2003a; Ward et al., 2003b; Manis et al., 2004; Reina-San-Martin et al., 

2004; Ward et al., 2004; Ward et al., 2005; Morales et al., 2006; Difilippantonio 

et al., 2008). Furthermore, based on this, the inactivation of TP53BP1 by LOH-

driving events in FL and DLBCL might be secondary hit in the transformation of 

FL to DLBCL, as during this process FL cells acquire genomic and genetic 

alterations, which can be caused partially by impairment of CSR mechanisms, 

which can be triggered by malfunction or insufficient levels of TP53BP1, upon 

silencing of TP53 (Martinez-Climent et al., 2003; Ward et al., 2005; Morales et 

al., 2006; Kotani et al., 2007; Carlotti et al., 2009).  

 

11.2.2 B2M 

The other interesting TSG located within the LOH region 1 is B2M, which has 

been previously reported in colorectal and bladder carcinomas, as well as in 

testicular and CNS DLBCLs (Jordanova et al., 2003; Maleno et al., 2011). 

Recently, B2M has also been identified as a target of deleterious mutations and 

deletions that induce inactivation and cause a dominant negative effect on the 

assembly of the HLA class I complex (Hill et al., 2003; Jordanova et al., 2003; 

Challa-Malladi et al., 2011; Maleno et al., 2011; Morin et al., 2011; Pasqualucci 

et al., 2011b). The inactivation of B2M has been demonstrated as playing a key 

role in several types of tumour cells to evade the immune surveillance through 

impairment of the HLA class I complex. (Jordanova et al., 2002; Hill et al., 2003; 
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Jordanova et al., 2003; Challa-Malladi et al., 2011; Morin et al., 2011; 

Pasqualucci et al., 2011b). In this study, direct sequencing of B2M coding 

regions in FLs and in DLBCLs identified two monoallelic microdeletions in two 

DLBCL cases with LOH, one novel ∆12bp (77-88bp), with an insT (76-77bp), 

and another previously reported ∆CT (98-99bp), indicating that deletions or 

mutations are not a common driving cause of LOH in FL as well as in DLBCL. 

However, the detection of LOH of B2M as a common event across FL and 

DLBCLs suggests that the evasion of the CTL-mediated regulatory mechanism 

also takes place in the FL tumourigenesis, as it does in DLBCL.  

 

11.3 Investigation of PTPRJ as a novel NHL TSG 

In this study, LOH of PTPRJ was also identified as a common alteration in 

cases with FL and DLBCL, which was confirmed by a significant increase of 

homozygosity rates for a microsatellite located within the PTPRJ locus. This is 

the first report of LOH of PTPRJ in any hematological malignancy; however, it 

has been previously reported in breast, lung, colorectal, thyroid and 

meningioma cancers and consequently, its inactivation involved in the 

tumourigenesis of these neoplasms (Ruivenkamp et al., 2002; Ruivenkamp et 

al., 2003; Iuliano et al., 2004; Petermann et al., 2011). As a result of this, 

PTPRJ was implicated as a novel TSG in the tumourigenesis of these B-cell 

lymphomas. Although the role of this TSG in normal and malignant B-cell 

differentiation remains unclear, evidence provided by this study, including the 

downregulation of PTPRJ observed in NHL cases with LOH and in NHL cases 

expressing fusion transcripts, as well as the low protein levels of PTPRJ in 

contrast to the high MAPK activity in NHL cell lines, strongly indicates that 

inactivation or haploinsufficiency of PTPRJ may play a crucial role in the 

malignant B-cell development of these lymphomas.  

 

PTPRJ regulates signalling pathways of cell growth, proliferation and 

angiogenesis through dephosphorylation of downstream kinases in MAPK 

(ERK1/2), PLCG1, PI3K (p85), FLT3, B-cell receptor (BCR), PDGFRB and 

VEGFR2 signalling pathways (Kovalenko et al., 2000; Baker et al., 2001; 

Lampugnani et al., 2003; Tsuboi et al., 2008; Zhu et al., 2008; Sacco et al., 
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2009; Arora et al., 2011). Hence, inactivation of PTPRJ could be an important 

lymphomagenic hit in order to induce deregulated activation of key pathways 

involved in survival of B-cells (i.e. BCR, MAPK and PI3K). This is evidenced by 

the finding of a partial block of B-cell development, through impairment of BCR 

signalling observed in mice with double-knockout of PTPRJ and PTPRC 

expression in mice, suggesting that PTPRJ acts as a positive regulator of BCR 

signalling, through PTPRJ-mediated activation of SFKs (Saijo et al., 2003; Zhu 

et al., 2008). Interestingly, PTPRJ was found to be highly expressed in ABC-like 

DLBCLs, a DLBCL subtype characterised by a chronically active BCR 

signalling, suggesting a link between the BCR signalling and PTPRJ expression 

in the pathogenesis of this DLBCL subtype (Davis et al., 2010; Lenz and Staudt 

2010).  

 

11.3.1 Role of LMO2 in relation to PTPRJ TSG activity 

Preliminary evidence suggesting that LMO2 might be a transcriptional repressor 

of PTPRJ includes this TSG in the spectrum of BCR signalling, as LMO2 is a 

master regulator of hematopoiesis that can be indirectly modulated by BCR 

signalling in B-cell development (Schmidlin et al., 2009; Lenz and Staudt 2010; 

Cubedo et al., 2011; Cubedo et al., 2012). LMO2, a strong prognostic marker in 

DLBCLs, is highly expressed in normal GC B-cells and in NHL lymphomas with 

GCB origin (FL and GCB-like DLBCL); in contrast to PTPRJ, which was found 

highly expressed in ABC-like DLBCL (a non-GCB NHL subtype) (Boehm et al., 

1991; Lossos et al., 2004; Natkunam et al., 2007; Natkunam et al., 2008; Wilson 

et al., 2010; Cubedo et al., 2012). LMO2 is also tightly regulated by a 

transcriptional circuit that mediates the transition from GC B-cell to plasmablast, 

and is orchestrated by PRDM1, a master regulator of terminal B-cell 

differentiation into plasma cells, which is regulated towards the GC B-cell 

compartment by BCL6 expression, and towards the plasma cell compartment 

by NFKB signalling as a result of the activation of BCR signalling (Shapiro-

Shelef et al., 2003; Schmidlin et al., 2009; Lenz and Staudt 2010; Cubedo et al., 

2011). Hence, the constitutive activation of BCR and NFKB signalling in ABC-

like DLBCLs might explain the increased levels of PTPRJ in the ABC-like 

subtype, as PTPRJ expression levels might increase upon PRDM1 expression 
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(Davis et al., 2001; Davis et al., 2010). Consequently, the inactivation of 

PRDM1, observed in cases with the ABC-like subtype, and the inactivation of 

PTPRJ, in FLs and DLBCLs, could play a crucial role in lymphomagenesis as 

the knockout of PRDM1 was found to block plasma cell differentiation, and 

double knockout of PTPRJ and PTPRC induced a partial block of B-cell 

development with impairment of the B-cell receptor (BCR) and immunoreceptor 

signalling in murine models (Shapiro-Shelef et al., 2003; Pasqualucci et al., 

2006; Savitsky and Calame 2006; Zhu et al., 2008; Mandelbaum et al., 2010; 

Aya-Bonilla et al., 2013). Based on the above-mentioned findings, it is highly 

relevant to confirm the repressor role of LMO2 in PTPRJ expression, and 

identify transcription factors that regulate the expression of this TSG in the 

context of B-cell differentiation.  

 

11.3.2 PTPRJ effect on cellular pathways 

The role of PTPRJ as negative regulator of the MAPK pathway by 

dephosphorylation of ERK1/2 kinases, provides additional evidence which 

supports the importance of the inactivation of PTPRJ in the tumourigenesis of 

these B-cell lymphomas (Sacco et al., 2009). MAPK pathway was found 

commonly targeted by genetic alterations (amplification and deletions) across 

NHL entities (DLBCL, FL and CLL), indicating that its deregulation plays a 

critical role in the lymphomagenesis of NHL lymphomas (Green et al., 2011). 

The regulator role of PTPRJ in MAPK activity and the importance of MAPK 

pathway in these NHL subtypes were validated by the high activity of this 

pathway observed across NHL cell lines expressing low levels of PTPRJ and 

the low activity of MAPK pathway observed in two NHL cell lines expressing 

high levels of PTPRJ. Thus, this finding confirms that either the inactivation or 

haploinsufficiency of PTPRJ can be involved in the lymphomagenesis of these 

B-cell lymphomas.  

 

11.3.3 Effect of PTPRJ LOH on gene expression  

Another important finding from this study was the identification of genes and 

pathways that exhibited a differential pattern of expression, depending on the 

LOH status of PTPRJ, indicating that LOH of PTPRJ induces transcriptional 
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reprogramming of tumour B-cells. Interestingly, VEGF, ERBB, MAPK and Ca++ 

signalling pathways, which are directly or indirectly regulated by PTPRJ, were 

also identified to be upregulated in NHL cases with LOH (de la Fuente-Garcia et 

al., 1998; Lampugnani et al., 2003; Takahashi et al., 2006; Zhu et al., 2008; 

Sacco et al., 2009; Tarcic et al., 2009). This result shows that LOH of PTPRJ 

could induce both upregulation and constitutive activation of these pathways, 

suggesting these pathways could be also involved in the malignant phenotype 

of FL and DLBCL, and confirming the significant role of LOH of PTPRJ in the 

tumourigenesis of these NHL subtypes. Among the genes that were 

differentially expressed depending on the LOH status of PTPRJ, NFATC3 was 

the only gene to be commonly inactivated by LOH events in FLs and DLBCLs 

that was upregulated in cases with LOH of PTPRJ. NFATC3 is a Ca++-

dependent transcription factor that regulates T-cell activation and migration, 

proliferation and angiogenesis upon activation of VEGF signalling, which has 

been previously implicated in T-cell lymphomagenesis by abrogation of its 

expression in a murine model (Glud et al., 2005; Urso et al., 2011). Therefore, 

the implication of NFATC3 as a possible novel TSG in B-cell lymphomagenesis 

and its relation with PTPRJ is quite exciting due to that PTPRJ and NFATC3 are 

known to regulate the T-cell activation and inactivation of PTPRJ causes 

upregulation and activation of the VEGF signalling pathway (Tangye et al., 

1998a; Baker et al., 2001; Urso et al., 2011). In addition to this, NFATC3 was 

hypothesised as one of the mechanisms whereby intra-tumoural CD4+CD25+ T-

cells (Treg cells) suppress the anti-tumour activity of infiltrated CD4+ T-cells in B-

cell NHL tumours, and thus, induce immune tolerance to these tumours (Yang 

et al., 2006a). 

 

11.3.4 PTPRJ interactome analysis 

An additional in silico analysis of the PTPRJ interactome revealed that PTPN11, 

an intracellular signalling transducer of growth factors, and cytokines receptors 

by regulation of the MAPK (Cunnick et al., 2002), is commonly inactivated by 

LOH events in FL and DLBCL. Also, this analysis identified that PTPN11 shares 

some target genes with PTPRJ, which were found to enrich important pathways 

in cancer such as ERBB signalling pathway, cytokine-cytokine interactions 
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pathway, JAK/STAT signalling pathway and others. This finding indicates a 

possible overlapping of PTPRJ and PTPN11 functions, in regulating these 

pathways and suggests that the inactivation of these TSGs by LOH-driving 

events is a master plan to induce constitutive activation of pathways naturally 

regulated by these TSGs during the lymphomagenesis of FLs and DLBCLs. 

Importantly, it has demonstrated that PTPN11 plays a crucial role in 

hematopoiesis and that mutations in this TSG induces blockage of the T-cell 

and B-cell development (Qu et al., 2001) 

 

11.3.5 PTPRJ fusion transcript analysis 

In addition to the findings obtained in this study, novel fusion transcripts derived 

from a previously reported duplication of a genomic portion of PTPRJ, located 

upstream of PTPRJ promoter, were detected in controls and in NHL cases 

(Venkatachalam et al., 2010). Interestingly, the expression of these fusion 

transcripts was found to play a role in the lymphomagenesis of DLBCL, and 

possibly in FL transformation, as their expression was significantly more 

frequent in DLBCL cases than in controls, which exhibited similar frequencies to 

FL cases. NHL cases expressing these transcripts exhibited downregulation of 

PTPRJ and aberrant transcript forms were detected in NHL cases. Thus, these 

findings indicate that the expression of this duplication can also induce 

haploinsufficiency of PTPRJ independently of the LOH status, and that this 

haploinsufficiency is the mechanism whereby PTPRJ is involved in the 

tumourigenesis of FL and DLBCL. Nonetheless, further studies are required to 

clarify the transcriptional and translation mechanisms that regulate the 

expression of these fusion transcripts and their role in the normal and malignant 

B-cell differentiation.  

 

11.3.6 PTPRJ sequencing and genotyping analyses 

Screening of cSNPs located in exons 5 and 13 of PTPRJ in germ-line DNA, as 

well as in tumour DNA associated PTPRJ with NHL susceptibility. In germ-line 

DNA, this is supported by the detection of the allele A1182 (Gln276) as a 

cancer-risk allele in DLBCL, the protective effect of the haplotype GTCG in all 

cases with NHL and DLBCL, and the association of the haplotype GTCC with 
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FL. In tumour DNA, the allele A1182 (Gln276) was significantly more common 

in FL cases than in controls, and the haplotype GTCG was more common in 

controls than in NHL cases. In addition, the haplotype GCAC was over-

represented in cases with LOH. The association of these cSNPs of PTPRJ with 

NHL is quite interesting, as a study has recently demonstrated that the alleles 

C1182 (Pro276) and Gln326 might affect the PTPRJ-mediated SRC activation 

caused by a decrease in the dephosphorylation activity of PTPRJ, indicating 

that these cSNPs could also be involved in the tumourigenesis of FL and 

DLBCL, in addition to the haploinsufficiency of PTPRJ induced by LOH events 

and duplication (Rollin et al., 2012). Additionally, cSNPs in PTPRJ, especially 

the C1182 (Pro276) allele, could also alter the response of PTPRJ to antibodies 

targeting the ectodomain of PTPRJ (i.e. Ab1) by changing the spatial 

conformation of PTPRJ (Takahashi et al., 2006). Therefore, functional studies 

are needed to investigate the role of these cSNPs and haplotypes in the 

function of PTPRJ and their effect in B-cell development.    

 

11.4 Conclusions 

In conclusion, the use of unpaired high resolution LOH analysis in this study has 

successfully identified novel candidate TSG genes within common LOH regions 

across FL and DLBCL, as well as pathways that may be implicated in the 

tumourigenesis of these NHL subtypes. More specifically, TP53BP1 and B2M 

were implicated in the lymphomagenesis of FL and DLBCL. Moreover, this 

study has also provided strong evidence to support the role of PTPRJ as a 

novel and crucial TSG in the lymphomagenesis of NHL and has provided a 

better understanding of factors (LOH, duplications and cSNPs), which can alter 

the role of this gene in normal and malignant B-cell development. Finally, the 

findings obtained in this study are relevant to our understanding of the 

pathogenesis and etiology of NHL, providing new grounds for future 

investigations.  
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Appendix 1. Preparation of DNA from blood GLP-modified salting out 
method 

This protocol slightly differs to the previously published by Chacon-Cortes et al., 

(2012) 

 

1. Thaw blood by placing in 4°C fridge for a few hours or quick-thawing at room 

temperature (RT) on bench.  

2. Transfer contents of blood vial by pipetting blood carefully into a 15 mL falcon 

tube.  

3. Add 8 mL of lysis buffer (0.3 M sucrose, 0.01 M TrisHCl, pH 7.5, 5 mM 

MgCl2, 1% Triton X100) to each sample and mix by inversion. 

4. Centrifuge the tubes at 2500 rfc for 30 mins at 4°C. Prepare a beaker with 

diluted (5-10%) Decon90® for blood waste disposal. Remove supernatant by 

using a transfer pipette, without disturbing pellet.  

5. Add 300 µL of 10mM TrisHCl, pH 8.0 to the falcon tube and break up the 

pellet using a transfer pipette. Ensure pellet is completely broken-

up/resuspended.  

6. Transfer to fresh microcentrifuge tubes and resuspend by vortexing 

vigorously.  

7. Centrifuge at 2500 rfc for 20 mins at 4°C temperature.  

8. Discard supernatant, and add 330 µL of 10mM TrisHCl, pH 8.0; 330 µL of 

laundry powder (30mg/ml) and a glass bead. Vortex the samples for 1 min and 

add 250 µL of 6 M NaCl and vortex again for 20 seconds. 

9. Transfer sample to 1 fresh 2 mL microcentrifuge tubes and centrifuge tube at 

15000 rfc for 10 min.  

10. Transfer supernatant to fresh microfuge tubes (about 900 µL) and 

precipitate by addition of 900 µL of chilled 100% ethanol. Gently swirl and 

observe the DNA strands precipitate. If DNA is dirty please using an inoculating 

loop, transfer the DNA into one labelled 2 mL tube containing 500 µL 70% 

Ethanol.  

11. Transfer the DNA to a new labelled tube with 500 µL 1X TE. 

12. Parafilm the 2 mL tube and allow the DNA to dissolve by incubating at 70°C 

for 5 min in the water bath. 
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13. Incubate the tubes at 37°C overnight. 

14. Discard the blood waste into the beaker containing Decon90®, cover with 

aluminium foil and let sit overnight. It can be poured down the sink with copious 

amounts of water the next day. 

15. Vortex and quantitate using the Nanodrop or other methods (picogreen, 

fluorometer) and keep a record of Nanodrop concentrations. Store DNA tubes in 

appropriate boxes in -20°C freezer.  

 

In case DNA is not sighted in the tube (step 11), use this protocol 

 

1. Centrifuge it at 15000 rfc x 10 min at 4 °C. 

2. Remove supernatant and wash the pellet by adding 500 µL of 70% ethanol, 

mix it and centrifuge the pellet at 15000 rfc x 5 min at 4 °C. 

3. Dry out the pellet carefully in the vacuum centrifuge until is dried. PLEASE 

DO NOT OVER DRY THE PELLET.   

4. Resuspend the pellet in 500 µL of 1X TE.  

5. Discard the blood waste into the beaker containing Decon90®, cover with 

aluminium foil and let sit overnight. It can be poured down the sink with copious 

amounts of water the next day. 

6. Vortex and quantitate using the Nanodrop or other methods (picogreen, 

fluorometer) and keep a record of Nanodrop concentrations. Store DNA tubes in 

appropriate boxes in -20°C freezer.  
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Appendix 2. Ethanol precipitation 

 

1. Label 1.5 mL microcentrifuge tubes with the correct sample name. 

2. Add 2 µL of sodium acetate and 2 µLof 125 mM EDTA into each 

microcentrifuge tube. 

3. Add sequencing reaction contents (from step 2) into the microcentrifuge 

tubes. 

4. Vortex for around 15 seconds. 

5. Add 50 µL of 100% Ethanol into each tube. 

6. Vortex for around 15 seconds and spin. 

7. Incubate at room temperature for 15 minutes. 

8. Centrifuge at 10,000 rpm for 20 min (use 4°C centrifuge). 

9. Remove supernatant and leave pellet in tube. 

10. Rinse pellet by adding 70 µL of 70% Ethanol. 

11. Vortex for around 15 seconds. 

12. Spin for 5 minutes at 10,000 rpm (use 4°C centrifuge). 

13. Remove supernatant out carefully. 

14. Dry pellets completely by using the vacuum centrifuge. 

15. Add 15 µL of distilled water into each tube, then vortex and spin each tube. 
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Appendix 3. Phenol-Chloroform-Isoamylic alcohol DNA cleanup protocol 

 

Phenol steps 

1. Put 1 volume of DNA into a 1.7 mL microcentrifuge tube A. 

2. IN FUME HOOD: Add  equal volume purchased phenol-chloroform-

isoamylalcohol (23:24:1) 

3. IN FUME HOOD: Vortex 10 seconds and centrifuge 2 mins at 10,000 rpm. 

4. IN FUME HOOD: Let sit in centrifuge 5 mins for aerosols to settle. Remove 

from centrifuge and leave in rack in FUME HOOD for layers to settle (any amt of 

time, even 2+ hours). 

 

Removal of aqueous layer 

1. IN FUME HOOD: Remove aqueous (top) layer containing DNA (and AS 

MUCH white precipitate at interphase as possible without getting phenol) into 

new pre-labelled 1.7ml microcentrifuge tube B. 

2. IN FUME HOOD: Close lid of tube A containing phenol waste and discard 

whole tube into glass phenol waste bottle in fume hood.  

 

Ethanol precipitation aqueous layer pt 1 

1. Bring all tubes to same volume by adding dH20 (i.e. aqueous layer may be 

different volumes for different samples, for centrifugation purposes make 

volumes approximately equal). 

2. Add 1/10th volume 3 M sodium acetate. 

3. Add 2-3 volumes 100% etanol. 

4. Invert to mix ethanol and sample and put into -20°C freezer 2-12hrs.  

 

Ethanol precipitation pt 2 

1. Centrifuge tube B (containing aqueous layer) at 10,000rpm at 4°C pre-cooled 

for 30 minutes. 

2. Remove the supernatant (discard). 

3. Perform an ethanol wash by adding 1 mL 70% freshly-made ethanol and 

vortexing 1 min to wash pellet. 
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4. Centrifuge tubes B at 10,000rpm at 4oC pre-cooled for 30 minutes, then put 

on ice and remove supernatant.  

5. Place tubes lid-open in drying centrifuge (medium) 10 - 30 min or until pellet 

is dry. 

6. Add final desired volume of dH20 or buffer and vortex briefly to dislodge 

pellet.  

7. Parafilm tube and incubate at 37°C (air incubator / oven) until pellet dissolves 

completely. 
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Appendix 4. SDS-PAGE electrophoresis 

Reagents 

 

- 10% (w/v) SDS 

10 g  SDS  

make up to 100ml deionised H2O 

 

- 1.5 M Tris-HCl, pH8.8 

27.23 g Tris base 

80 mL   dH2O 

Adjust pH to 8.8 with 6 N HCl 

Bring total volume to 150 mL dH2O store at 4°C 

 

- 0.5 M Tris-HCl pH6.8 

6 g   Tris base 

60 mL  dH2O 

Adjust pH to 6.8 with 6 N HCl 

Bring total volume to 100 mL with dH2O store at 4°C 

 

- Sample Buffer (SDS Reducing buffer) 

3.55 mL dH2O 

1.25 mL 0.5 M Tris-HCl pH 6.8 

2.5 mL  glycerol 

2.0 mL 10% (w/v) SDS 

0.2 mL  0.5% (w/v) bromophenol blue 

9.5 mlL Total volume 

Store at room temperature 

* USAGE: Add 50µl β-Mercaptoethanol to 950 µL sample buffer prior to use. 

* dilute at least 1:2 with sample buffer and heat at 95°C for 4 min. 
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- 10x Electrode (Running) Buffer, pH 8.3 (makes 1L) 

30.3 g  Tris base 

144.0 g Glycine 

10.0 g  SDS 

Dissolve and bring volume up to 1L with dH2O 

Don’t adjust pH. 

Store at 4°C 

NB: If precipitation occurs, bring to room temperature before use 

 

- 10% APS 

100 mg     Ammonium persulfate 

Dissolve in 1mL dH2O 

 

- 37.5:1 Laemmli separating gel 

 Stack  Resolving gel 

 4% 7.5% 10% X% 

40% acrylamide 0.972mL 1.82mL 2.43mL [2.43(X%)]/10=A*ml 

2% bis-acrylamide 0.536mL 1mL 1.34mL [1.34(X%)]/10=B*ml 

0.5M Tris HCl pH6.8 2.5mL - - - 

1.5M Tris HCl pH8.8 - 2.5mL 2.5mL 2.5mL 

10% SDS 50µL 0.1mL 0.1mL 0.1mL 

ddH2O 5.832mL 4.525mL 3.575mL 7.345mL-(A+B) 

TEMED 10µL 5µL 5µL 5µL 

10% APS 100µL 50µL 50µL 50µL 

Total Volume 10mL 10mL 10mL 10mL 

 

Protocol for mild stripping of membrane 

- Buffer, 1 L 

15 g Glycine 

1 g SDS 

10 mL Tween 20 

Adjust pH to 2.2 

Bring volume up to 1 L with ultrapure water. 
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- Membrane incubation 

1. Use a volume of stripping buffer that will cover the membrane.  Incubate at 

room temperature for 5-10 minutes. 

2. Discard buffer. 

3. 5-10 minutes fresh stripping buffer. 

4. Discard buffer. 

5. 10 minutes PBS. 

6. 10 minutes PBS. 

7. 5 minutes TBST. 

8. 5 minutes TBST. 

9. Ready for blocking stage.  
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Appendix 5. Gene sets upregulated in cases with retention (RET) of PTPRJ 

NAME SIZE ES NES NOM p-val FDR q-val FWER p-val 

HSA03030_DNA_POLYMERASE 23 0.58100396 1.579797 0.04590818 1 0.634 

HSA04115_P53_SIGNALING_PATHWAY 67 0.39780596 1.427746 0.08007449 1 0.886 

HSA03050_PROTEASOME 22 0.5875306 1.42035 0.15830116 1 0.894 

HSA00970_AMINOACYL_TRNA_BIOSYNTHESIS 36 0.51731735 1.392424 0.17382812 1 0.923 

HSA04110_CELL_CYCLE 113 0.41090462 1.387758 0.17692308 1 0.926 

HSA00271_METHIONINE_METABOLISM 17 0.52018476 1.325884 0.19702603 1 0.968 

HSA00670_ONE_CARBON_POOL_BY_FOLATE 16 0.52224094 1.287694 0.21062993 1 0.985 

HSA00790_FOLATE_BIOSYNTHESIS 42 0.370707 1.265893 0.21641791 1 0.991 

HSA00010_GLYCOLYSIS_AND_GLUCONEOGENESIS 63 0.3417722 1.259978 0.15425532 1 0.991 

HSA00052_GALACTOSE_METABOLISM 32 0.3959104 1.206927 0.26119402 1 0.997 

HSA00620_PYRUVATE_METABOLISM 42 0.35203496 1.182028 0.24907748 1 0.999 

HSA00310_LYSINE_DEGRADATION 47 0.34018207 1.17216 0.23920864 1 0.999 

HSA00230_PURINE_METABOLISM 142 0.28853348 1.157259 0.27436823 1 0.999 

HSA00500_STARCH_AND_SUCROSE_METABOLISM 84 0.29027018 1.156868 0.2437276 1 0.999 

HSA00770_PANTOTHENATE_AND_COA_BIOSYNTHESIS 16 0.40341887 1.14969 0.30570903 1 0.999 

HSA00860_PORPHYRIN_AND_CHLOROPHYLL_METABOLISM 41 0.35514876 1.146116 0.27592593 1 0.999 

HSA00530_AMINOSUGARS_METABOLISM 29 0.3831149 1.139467 0.3251418 1 0.999 

HSA00240_PYRIMIDINE_METABOLISM 85 0.34292036 1.138806 0.34545454 1 0.999 

HSA00440_AMINOPHOSPHONATE_METABOLISM 16 0.39853242 1.133307 0.30812854 1 0.999 

HSA01510_NEURODEGENERATIVE_DISEASES 38 0.3058341 1.084853 0.33592233 1 1 

HSA00640_PROPANOATE_METABOLISM 34 0.34461343 1.080232 0.35809523 1 1 

HSA05010_ALZHEIMERS_DISEASE 28 0.34414318 1.064971 0.37205082 1 1 

HSA00564_GLYCEROPHOSPHOLIPID_METABOLISM 68 0.26599726 1.059467 0.36476868 1 1 

HSA00280_VALINE_LEUCINE_AND_ISOLEUCINE_DEGRADATION 43 0.33501312 1.05633 0.40118578 1 1 

HSA00360_PHENYLALANINE_METABOLISM 30 0.3354395 1.044786 0.38817006 1 1 

HSA04530_TIGHT_JUNCTION 135 0.23285607 1.041278 0.39716312 1 1 
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NAME SIZE ES NES NOM p-val FDR q-val FWER p-val 

HSA05050_DENTATORUBROPALLIDOLUYSIAN_ATROPHY 15 0.34242612 1.040001 0.4016227 0.979713 1 

HSA02010_ABC_TRANSPORTERS_GENERAL 44 0.2883836 1.035598 0.39855072 0.95849 1 

HSA01430_CELL_COMMUNICATION 135 0.3243238 1.029354 0.4117647 0.943631 1 

HSA05130_PATHOGENIC_ESCHERICHIA_COLI_INFECTION 51 0.26257157 1.023512 0.42039356 0.929616 1 

HSA05131_PATHOGENIC_ESCHERICHIA_COLI_INFECTION 51 0.26257157 1.023512 0.42039356 0.899628 1 

HSA00330_ARGININE_AND_PROLINE_METABOLISM 35 0.31291652 0.98827 0.47985348 0.973659 1 

HSA00960_ALKALOID_BIOSYNTHESIS_II 21 0.32548502 0.985987 0.48758864 0.951106 1 

HSA04140_REGULATION_OF_AUTOPHAGY 30 0.283958 0.974448 0.48785424 0.952882 1 

HSA04620_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY 102 0.23564987 0.954974 0.48983365 0.982048 1 

HSA00020_CITRATE_CYCLE 29 0.34181237 0.939585 0.5536398 0.999129 1 

HSA00361_GAMMA_HEXACHLOROCYCLOHEXANE_DEG 23 0.2984337 0.936171 0.5344203 0.981778 1 

HSA05030_AMYOTROPHIC_LATERAL_SCLEROSIS 19 0.2856566 0.926231 0.5557554 0.984205 1 

HSA04610_COMPLEMENT_AND_COAGULATION_CASC 68 0.32377377 0.915163 0.54414415 0.988828 1 

HSA00272_CYSTEINE_METABOLISM 17 0.3153253 0.908121 0.58003765 0.981281 1 

HSA04540_GAP_JUNCTION 96 0.20414397 0.903936 0.6461825 0.968226 1 

HSA04920_ADIPOCYTOKINE_SIGNALING_PATHWAY 72 0.21892917 0.884911 0.653913 0.992456 1 

HSA00591_LINOLEIC_ACID_METABOLISM 31 0.26455265 0.843921 0.7082601 1 1 

HSA00340_HISTIDINE_METABOLISM 41 0.22879817 0.835604 0.7447183 1 1 

HSA00710_CARBON_FIXATION 23 0.3110164 0.829621 0.6332737 1 1 

HSA04330_NOTCH_SIGNALING_PATHWAY 46 0.21157098 0.818458 0.7479839 1 1 

HSA00642_ETHYLBENZENE_DEGRADATION 15 0.28682613 0.811495 0.72168905 1 1 

HSA04614_RENIN_ANGIOTENSIN_SYSTEM 17 0.2772285 0.798317 0.72477067 1 1 

HSA00252_ALANINE_AND_ASPARTATE_METABOLISM 33 0.2575419 0.795869 0.69758815 1 1 

HSA05020_PARKINSONS_DISEASE 15 0.26881465 0.781973 0.7581574 1 1 

HSA00251_GLUTAMATE_METABOLISM 30 0.25869694 0.781758 0.76079136 1 1 

HSA00410_BETA_ALANINE_METABOLISM 25 0.24075949 0.758147 0.7798507 1 1 

HSA00450_SELENOAMINO_ACID_METABOLISM 27 0.26416045 0.752652 0.74248123 1 1 
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NAME SIZE ES NES NOM p-val FDR q-val FWER p-val 

HSA00930_CAPROLACTAM_DEGRADATION 15 0.25271437 0.739833 0.8123791 1 1 

HSA00260_GLYCINE_SERINE_AND_THREONINE_MET 45 0.20200641 0.709588 0.90053284 1 1 

HSA00910_NITROGEN_METABOLISM 24 0.2336117 0.701911 0.8378378 1 1 

HSA03022_BASAL_TRANSCRIPTION_FACTORS 32 0.24514848 0.69576 0.791423 1 1 

HSA03320_PPAR_SIGNALING_PATHWAY 68 0.20135547 0.682591 0.8447972 1 1 

HSA05216_THYROID_CANCER 29 0.20026973 0.669731 0.8833333 1 1 

HSA00040_PENTOSE_AND_GLUCURONATE_INTERCONV 25 0.2361259 0.668206 0.8925926 1 1 

HSA00903_LIMONENE_AND_PINENE_DEGRADATION 29 0.20306139 0.663278 0.91566265 1 1 

HSA00632_BENZOATE_DEGRADATION_VIA_COA_LIG 27 0.19994035 0.657941 0.92263055 1 1 

HSA00534_HEPARAN_SULFATE_BIOSYNTHESIS 19 0.22396442 0.652286 0.8994614 1 1 

HSA00071_FATTY_ACID_METABOLISM 45 0.18553552 0.628304 0.9383698 1 1 

HSA00563_GLYCOSYLPHOSPHATIDYLINOSITOL_ANCHOR 23 0.18857758 0.559729 0.94538605 1 1 

HSA00511_N_GLYCAN_DEGRADATION 16 0.18425316 0.492864 0.9723757 1 1 

HSA00510_N_GLYCAN_BIOSYNTHESIS 41 0.16054136 0.474464 0.97333336 1 1 

HSA01032_GLYCAN_STRUCTURES_DEGRADATION 30 0.16692609 0.464651 0.9706458 1 1 

HSA00190_OXIDATIVE_PHOSPHORYLATION 113 0.1303609 0.423496 0.99811673 1 1 

HSA03010_RIBOSOME 80 0.13241345 0.415878 0.96511626 0.997159 1 
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Appendix 6. Gene sets upregulated in cases with LOH of PTPRJ 

NAME SIZE ES NES NOM p-val FDR q-val FWER p-val 

HSA04370_VEGF_SIGNALING_PATHWAY 70 -0.362535 -1.5681 0.002109705 1 0.613 

HSA05218_MELANOMA 71 -0.364067 -1.5187 0.02586207 1 0.72 

HSA04012_ERBB_SIGNALING_PATHWAY 87 -0.334774 -1.4485 0.033264033 1 0.82 

HSA05223_NON_SMALL_CELL_LUNG_CANCER 54 -0.37297 -1.4431 0.069327734 1 0.823 

HSA04020_CALCIUM_SIGNALING_PATHWAY 172 -0.315852 -1.419 0.020361992 1 0.851 

HSA04930_TYPE_II_DIABETES_MELLITUS 44 -0.361928 -1.3991 0.060737528 1 0.872 

HSA05214_GLIOMA 64 -0.356184 -1.3773 0.10559006 1 0.886 

HSA04664_FC_EPSILON_RI_SIGNALING_PATHWAY 75 -0.311534 -1.3198 0.086283185 1 0.934 

HSA05211_RENAL_CELL_CARCINOMA 69 -0.324027 -1.3117 0.11764706 1 0.939 

HSA04010_MAPK_SIGNALING_PATHWAY 254 -0.267518 -1.3065 0.06575964 1 0.944 

HSA04150_MTOR_SIGNALING_PATHWAY 48 -0.325553 -1.2993 0.12371134 1 0.947 

HSA05221_ACUTE_MYELOID_LEUKEMIA 53 -0.339594 -1.2899 0.14699793 0.9654402 0.951 

HSA05212_PANCREATIC_CANCER 73 -0.309422 -1.2849 0.11011236 0.91078556 0.952 

HSA00604_GLYCOSPHINGOLIPID_BIOSYNTHESIS 16 -0.44628 -1.2534 0.20762712 0.97297513 0.969 

HSA00592_ALPHA_LINOLENIC_ACID_MET 15 -0.427229 -1.2494 0.16783217 0.9236814 0.971 

HSA00760_NICOTINATE_AND_NICOTINAMIDE_MET 23 -0.357448 -1.2291 0.19406393 0.9452058 0.976 

HSA05213_ENDOMETRIAL_CANCER 52 -0.315122 -1.2237 0.17959183 0.91067487 0.977 

HSA04910_INSULIN_SIGNALING_PATHWAY 135 -0.2575 -1.2019 0.14220184 0.94357795 0.982 

HSA04640_HEMATOPOIETIC_CELL_LINEAGE 86 -0.318547 -1.2003 0.22717622 0.9015147 0.984 

HSA04730_LONG_TERM_DEPRESSION 75 -0.285942 -1.1902 0.2 0.8910197 0.985 

HSA04070_PHOSPHATIDYLINOSITOL_SIGNALING 74 -0.297112 -1.189 0.19628099 0.8521317 0.985 

HSA05110_CHOLERA_INFECTION 41 -0.309836 -1.1866 0.23092784 0.82107395 0.985 

HSA04310_WNT_SIGNALING_PATHWAY 147 -0.260268 -1.182 0.18722467 0.8006458 0.986 

HSA04810_REGULATION_OF_ACTIN_CYTO 203 -0.256639 -1.1819 0.20169851 0.76748985 0.986 

HSA04940_TYPE_I_DIABETES_MELLITUS 44 -0.368443 -1.1795 0.25056434 0.7431212 0.987 

HSA04916_MELANOGENESIS 101 -0.271574 -1.1631 0.20495495 0.76371986 0.991 

HSA04720_LONG_TERM_POTENTIATION 68 -0.285554 -1.1568 0.25604838 0.7519065 0.991 
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NAME SIZE ES NES NOM p-val FDR q-val FWER p-val 

HSA04660_T_CELL_RECEPTOR_SIGNALING 93 -0.313458 -1.1565 0.29813665 0.7260075 0.991 

HSA05210_COLORECTAL_CANCER 84 -0.276968 -1.1433 0.27672955 0.7364345 0.992 

HSA04950_MATURITY_ONSET_DIABETES_OF 24 -0.358109 -1.1403 0.29166666 0.7195197 0.992 

HSA00562_INOSITOL_PHOSPHATE_MET 47 -0.305614 -1.1279 0.27122152 0.72960216 0.992 

HSA00561_GLYCEROLIPID_MET 57 -0.288871 -1.1187 0.3026316 0.731614 0.993 

HSA05219_BLADDER_CANCER 42 -0.301318 -1.1149 0.31681034 0.7189331 0.995 

HSA04080_NEUROACTIVE_LIGAND_RECEPTOR_ 249 -0.243692 -1.1071 0.26303318 0.7183839 0.995 

HSA04670_LEUKOCYTE_TRANSENDOTHELIAL_MIG 113 -0.273311 -1.105 0.3125 0.70326686 0.995 

HSA04360_AXON_GUIDANCE 127 -0.271317 -1.0972 0.30607966 0.70304585 0.996 

HSA05215_PROSTATE_CANCER 87 -0.252414 -1.0803 0.34429824 0.72807914 0.998 

HSA04612_ANTIGEN_PROCESSING_AND_PTION 80 -0.279133 -1.0616 0.38510638 0.7579056 0.999 

HSA04320_DORSO_VENTRAL_AXIS_FORMATION 28 -0.306807 -1.0441 0.37044534 0.7829937 0.999 

HSA00512_O_GLYCAN_BIOSYNTHESIS 31 -0.277969 -1.0044 0.4517647 0.87102646 1 

HSA04210_APOPTOSIS 83 -0.234212 -0.9957 0.44871795 0.87402195 1 

HSA00740_RIBOFLAVIN_METABOLISM 16 -0.326997 -0.9949 0.4635193 0.8552567 1 

HSA04510_FOCAL_ADHESION 196 -0.253932 -0.9732 0.47095436 0.8963124 1 

HSA00624_1_AND_2_METHYLNAPHTHALENE_DTION 24 -0.289336 -0.9711 0.4989429 0.88221586 1 

HSA04912_GNRH_SIGNALING_PATHWAY 97 -0.223682 -0.9661 0.47629312 0.8756162 1 

HSA04630_JAK_STAT_SIGNALING_PATHWAY 153 -0.213605 -0.9555 0.5086207 0.88395405 1 

HSA05217_BASAL_CELL_CARCINOMA 55 -0.251226 -0.9527 0.48723406 0.87292904 1 

HSA04514_CELL_ADHESION_MOLECULES 133 -0.256364 -0.9439 0.5210643 0.8780113 1 

HSA00533_KERATAN_SULFATE_BIOSYNTHESIS 16 -0.352289 -0.9433 0.53814435 0.8620834 1 

HSA01031_GLYCAN_STRUCTURES_ 62 -0.240792 -0.9383 0.5237069 0.8571206 1 

HSA04740_OLFACTORY_TRANSDUCTION 31 -0.252296 -0.9358 0.5538462 0.84683186 1 

HSA04662_B_CELL_RECEPTOR_SIGNALING_P 64 -0.230369 -0.9305 0.5678497 0.8429339 1 

HSA05120_EPITHELIAL_CELL_SIGNALING_IN_HPYLORI 68 -0.238449 -0.9177 0.59598213 0.85807157 1 

HSA00650_BUTANOATE_METABOLISM 45 -0.266899 -0.9084 0.58849555 0.8653054 1 

HSA00532_CHONDROITIN_SULFATE_B 18 -0.345568 -0.9007 0.5483871 0.8683317 1 

HSA05220_CHRONIC_MYELOID_LEUKEMIA 76 -0.211822 -0.8953 0.6241901 0.8647152 1 
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NAME SIZE ES NES NOM p-val FDR q-val FWER p-val 

HSA04340_HEDGEHOG_SIGNALING_P 57 -0.222651 -0.8821 0.6530612 0.88130635 1 

HSA00480_GLUTATHIONE_METABOLISM 38 -0.258786 -0.8736 0.59170306 0.8853026 1 

HSA00051_FRUCTOSE_AND_MANNOSE_MET 42 -0.253186 -0.8663 0.63398695 0.8866721 1 

HSA04520_ADHERENS_JUNCTION 75 -0.223851 -0.8567 0.673774 0.89302593 1 

HSA00120_BILE_ACID_BIOSYNTHESIS 36 -0.250504 -0.8509 0.68329716 0.89173996 1 

HSA00980_METABOLISM_OF_XENOBIOTICS_BYP450 69 -0.23871 -0.8393 0.6797235 0.90153986 1 

HSA00590_ARACHIDONIC_ACID_METABOLISM 53 -0.235275 -0.8357 0.68201756 0.89493257 1 

HSA04650_NATURAL_KILLER_CELL_MEDIATED_CYTO 130 -0.203928 -0.8224 0.6828753 0.9095021 1 

HSA00350_TYROSINE_METABOLISM 58 -0.208074 -0.8181 0.7731481 0.90457976 1 

HSA00626_NAPHTHALENE_AND_ANTHRACENE_DTION 18 -0.278639 -0.7982 0.70434785 0.9311763 1 

HSA00220_UREA_CYCLE_AND_METABOLISM_OF AA 29 -0.245712 -0.7849 0.75974023 0.94380075 1 

HSA04060_CYTOKINE_CYTOKINE_RECEPTOR_ 254 -0.184782 -0.7693 0.78118163 0.9597743 1 

HSA01030_GLYCAN_STRUCTURES_BIOSYNTHESIS_1 111 -0.193098 -0.7667 0.81737196 0.95049465 1 

HSA05040_HUNTINGTONS_DISEASE 30 -0.206027 -0.7616 0.83864117 0.9465974 1 

HSA03020_RNA_POLYMERASE 23 -0.290767 -0.7573 0.69684213 0.9404806 1 

HSA00565_ETHER_LIPID_METABOLISM 31 -0.225711 -0.755 0.8081264 0.9316458 1 

HSA00030_PENTOSE_PHOSPHATE_PATHWAY 26 -0.255523 -0.7249 0.7724289 0.9663192 1 

HSA04742_TASTE_TRANSDUCTION 52 -0.186682 -0.7211 0.93028843 0.9587595 1 

HSA00150_ANDROGEN_AND_ESTROGEN_MET 54 -0.189029 -0.6913 0.9092827 0.9856895 1 

HSA05222_SMALL_CELL_LUNG_CANCER 87 -0.162787 -0.6839 0.9267734 0.9823458 1 

HSA04350_TGF_BETA_SIGNALING_PATHWAY 88 -0.167574 -0.6719 0.9562363 0.9830015 1 

HSA00600_SPHINGOLIPID_METABOLISM 38 -0.184052 -0.6642 0.96511626 0.9787783 1 

HSA04120_UBIQUITIN_MEDIATED_PROTEOLYSIS 38 -0.186817 -0.6486 0.90224034 0.9807961 1 

HSA00380_TRYPTOPHAN_METABOLISM 59 -0.158953 -0.6274 0.97727275 0.9872338 1 

HSA00531_GLYCOSAMINOGLYCAN_DTION 17 -0.207126 -0.5403 0.9419087 1 1 

HSA04130_SNARE_INTERACTIONS_IN_VES_TRANS 34 -0.130301 -0.4987 1 1 1 

HSA00602_GLYCOSPHINGOLIPID_BIOSYNTHESIS 21 -0.147137 -0.4662 0.99571735 1 1 

HSA04512_ECM_RECEPTOR_INTERACTION 85 -0.15249 -0.4477 0.95913976 1 1 

HSA00100_BIOSYNTHESIS_OF_STEROIDS 24 -0.145305 -0.4032 0.9914347 0.99796456 1 
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Appendix 7. TFs binding sites (SP1, IRF8 and E-box factors) detected in the promoter of PTPRJ 

Seq. name Family Matrix threshold Start pos. End pos. Strand Matrix sim. Core sim. Sequence 

Promoter -
569 

V$EBOX V$MYCMAX.03 0.91 632 644 + 0.941 1 tagccgCGCGctg 

V$EBOX V$ATF6.01 0.93 727 739 - 0.962 1 cggCCACacgccg 

V$EBOX V$MYCMAX.03 0.91 914 926 - 0.919 1 atgcccCGCGcgc 

V$IRFF V$IRF4.02 0.69 193 213 - 0.71 0.75 tactGAGAgcgcagccaagcc 

V$IRFF V$IRF6.01 0.89 211 231 - 0.896 0.81 gaggttgaccGAGAcccctac 

V$IRFF V$IRF4.02 0.69 237 257 + 0.695 0.75 acccGAACccggcgccgtgga 

V$SP1F V$SP1.03 0.91 70 86 + 0.914 1 ctcggGGGCtgggggac 

V$SP1F V$TIEG.01 0.83 124 140 - 0.879 1 cttgGGGGtgcgtgaac 

V$SP1F V$SP1.02 0.85 356 372 + 0.92 1 gggctGGGCggaggggc 

V$SP1F V$SP1.01 0.88 364 380 + 0.966 1 cggagGGGCgggcgagg 

V$SP1F V$SP1.01 0.88 426 442 + 0.997 1 ggaggGGGCgggggcag 

V$SP1F V$SP1.03 0.91 442 458 + 0.923 1 gcggcGGGCggcggcga 

V$SP1F V$SP1.01 0.88 489 505 + 0.973 1 ggccgGGGCgggaggaa 

V$SP1F V$SP1.01 0.88 519 535 + 0.911 0.807 agaggGGGAggggaagg 

V$SP1F V$SP1.02 0.85 658 674 - 0.96 1 tcgcgGGGCggagcgag 

V$SP1F V$SP1.01 0.88 774 790 + 0.977 1 gcccgGGGCgggcggag 

V$SP1F V$SP1.03 0.91 778 794 + 0.931 1 ggggcGGGCggagcggg 

Promoter-
323 

V$EBOX V$MYCMAX.03 0.91 386 398 + 0.941 1 tagccgCGCGctg 

V$EBOX V$ATF6.01 0.93 481 493 - 0.962 1 cggCCACacgccg 

V$EBOX V$MYCMAX.03 0.91 668 680 - 0.919 1 atgcccCGCGcgc 

V$SP1F V$SP1.02 0.85 110 126 + 0.92 1 gggctGGGCggaggggc 

V$SP1F V$SP1.01 0.88 118 134 + 0.966 1 cggagGGGCgggcgagg 

V$SP1F V$SP1.01 0.88 180 196 + 0.997 1 ggaggGGGCgggggcag 

V$SP1F V$SP1.03 0.91 196 212 + 0.923 1 gcggcGGGCggcggcga 

V$SP1F V$SP1.01 0.88 243 259 + 0.973 1 ggccgGGGCgggaggaa 

V$SP1F V$SP1.01 0.88 273 289 + 0.911 0.807 agaggGGGAggggaagg 
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Seq. name Family Matrix threshold Start pos. End pos. Strand Matrix sim. Core sim. Sequence 

V$SP1F V$SP1.02 0.85 412 428 - 0.96 1 tcgcgGGGCggagcgag 

V$SP1F V$SP1.01 0.88 528 544 + 0.977 1 gcccgGGGCgggcggag 

V$SP1F V$SP1.03 0.91 532 548 + 0.931 1 ggggcGGGCggagcggg 
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Appendix 8. Transcription factors (TF) binding sites predicted in the 
promoter region located 323bp upstream of the transcription start site of 

PTPRJ using the TFSEARCH v. 1.3 tool 

 

** TFSEARCH  ver.1.3 **   (c)1995 Yutaka Akiyama (Kyoto Univ.) 

 This simple routine searches highly correlated sequence fragments 

 versus TFMATRIX transcription factor binding site profile database 

 by E.Wingender, R.Knueppel, P.Dietze, H.Karas (GBF-Braunschweig). 

 

  <Warning> Scoring scheme is so straightforward in this version. 

            score = 100.0 * ('weighted sum' - min) / (max - min) 

            The score does not properly reflect statistical significance! 

 Database:  TRANSFAC MATRIX TABLE, Rel.3.3 06-01-1998 

 Query:     Promoter -323 (681 bases) 

 Taxonomy:  Vertebrate 

 Threshold: 85.0 point 

 

 TFMATRIX entries with High-scoring: 

   1 GGCGCCGTGG ACCTGGTGTG AGGCTGGGGA GCCCGTCCTG AGGGGTGCCG entry        score 

                             ------->                       M00083 MZF1   90.4 

  51 GCTCGAGGCG CTAGAGCCAC GGAGCCTGGT CCCGGGCTCC AAGTCCCAGG entry        score 

           <-------------                                   M00085 ZID    88.5 

 101 AATGTGGGAG GGCTGGGCGG AGGGGCGGGC GAGGCGGGAG CGCTTCCTCT entry        score 

       --------->                                           M00141 Lyf-1  89.6 

 151 GCCCGCGGGA GGGGATCCGC GGCCGGCTCG GAGGGGGCGG GGGCAGCGGC entry        score 

            -------->                                       M00083 MZF1   93.0 

                                         ---------->        M00008 Sp1    91.8 

                --------->                                  M00051 NF-kap 87.0 

                <---------                                  M00051 NF-kap 87.0 

                <---------                                  M00076 GATA-2 85.4 

 201 GGGCGGCGGC GAGGGGCTGC GGAGCTCCGC AGCCGCCGGG CCGGCCGGGG entry        score 

 251 CGGGAGGAAG CGATGAATAT TCAGAGGGGG AGGGGAAGGG AGGGGGCCGA entry        score 

                                   -------->                M00083 MZF1   93.0 

              <----------------                             M00136 Oct-1  92.8 

                  --------------->                          M00136 Oct-1  92.8 

                   ---------->                              M00147 HSF2   89.7 

                   <----------                              M00147 HSF2   89.7 

                                ------------->              M00084 MZF1   88.7 

                              -------->                     M00083 MZF1   88.7 

 301 GCGCTCGCCG CGGCTCCCTG CAGCAGCCCC AGCCGCATGA CGCGCGGAGG entry        score 

 351 AGGCAGCGGG AGCAGCCGCG GGAGCCGGGA CCGGGTAGCC GCGCGCTGGG entry        score 

 401 GGTGGGCGCC GCTCGCTCCG CCCCGCGAAG CCCCTGCGCG CTCAGGGACG entry        score 

 451 CGGCCCCCCC GCGGCAGCCG CGCTAGGCTC CGGCGTGTGG CCGCGGCCGC entry        score 

 501 CGCCGCCGCT GCCATGTCTC CGGGGAAGCC CGGGGCGGGC GGAGCGGGGA entry        score 

                                                   -------> M00083 MZF1   94.8 

                            ---------->                     M00051 NF-kap 85.2 

 

http://www.cbrc.jp/htbin/bget_tfmatrix?M00083
http://www.cbrc.jp/htbin/bget_tfmatrix?M00085
http://www.cbrc.jp/htbin/bget_tfmatrix?M00141
http://www.cbrc.jp/htbin/bget_tfmatrix?M00083
http://www.cbrc.jp/htbin/bget_tfmatrix?M00008
http://www.cbrc.jp/htbin/bget_tfmatrix?M00051
http://www.cbrc.jp/htbin/bget_tfmatrix?M00051
http://www.cbrc.jp/htbin/bget_tfmatrix?M00076
http://www.cbrc.jp/htbin/bget_tfmatrix?M00083
http://www.cbrc.jp/htbin/bget_tfmatrix?M00136
http://www.cbrc.jp/htbin/bget_tfmatrix?M00136
http://www.cbrc.jp/htbin/bget_tfmatrix?M00147
http://www.cbrc.jp/htbin/bget_tfmatrix?M00147
http://www.cbrc.jp/htbin/bget_tfmatrix?M00084
http://www.cbrc.jp/htbin/bget_tfmatrix?M00083
http://www.cbrc.jp/htbin/bget_tfmatrix?M00083
http://www.cbrc.jp/htbin/bget_tfmatrix?M00051
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 551 CGAGGCGGAC CGGCTGGCGG AGGAGGAGGC GAAGGAGACG GCAGGAGGCG entry        score 

 601 GCGACGACGG TGCCCGGGCT CGGGCGCACG GCGGGGCCCG ATTCGCGCGT entry        score 

                                            ---------->     M00075 GATA-1 87.8 

                                                      <---- M00032 c-Ets- 86.3 

                                                 ------->   M00050 E2F    86.2 

 651 CCGGGGCACG TTCCAGGGCG CGCGGGGCAT G                     entry        score 

     -----                                                  M00032 c-Ets- 86.3 

  

http://www.cbrc.jp/htbin/bget_tfmatrix?M00075
http://www.cbrc.jp/htbin/bget_tfmatrix?M00032
http://www.cbrc.jp/htbin/bget_tfmatrix?M00050
http://www.cbrc.jp/htbin/bget_tfmatrix?M00032
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Appendix 9. Transcription factors (TF) binding sites predicted in the 
promoter region located 569bp upstream of the transcription start site of 

PTPRJ using the TFSEARCH v. 1.3 tool 

 

** TFSEARCH  ver.1.3 **   (c)1995 Yutaka Akiyama (Kyoto Univ.) 

 This simple routine searches highly correlated sequence fragments 

 versus TFMATRIX transcription factor binding site profile database 

 by E.Wingender, R.Knueppel, P.Dietze, H.Karas (GBF-Braunschweig). 

 

  <Warning> Scoring scheme is so straightforward in this version. 

            score = 100.0 * ('weighted sum' - min) / (max - min) 

            The score does not properly reflect statistical significance! 

 

 Database:  TRANSFAC MATRIX TABLE, Rel.3.3 06-01-1998 

 Query:     Promoter -569 (927 bases) 

 Taxonomy:  Vertebrate 

 Threshold: 85.0 point 

 

 TFMATRIX entries with High-scoring: 

 

   1 CATATGCCAC AGCTGGGGTT CTAATCCCTG GACTGGCTTG TACTGGGCTC entry        score 

                   ----->                                   M00271 AML-1a 87.4 

  51 TCTGCCTCCC TGGCCGGCGC TCGGGGGCTG GGGGACAGAA CACAATGTAC entry        score 

                                           <--------------- M00205 GR     92.3 

                                          <---------------- M00192 GR     89.0 

                              ---------->                   M00008 Sp1    86.3 

                                  -------->                 M00083 MZF1   85.2 

 101 AGCGTGCCTT CTACAATTTC GGGGTTCACG CACCCCCAAG CCCACCCAGG entry        score 

     -                                                      M00205 GR     92.3 

     ---                                                    M00192 GR     89.0 

                              <----------------             M00235 AhR/Ar 88.9 

                                         -------------->    M00257 RREB-1 86.8 

 151 GCCAGGTCAA ACGCGCCTTC GCCGGGTTGC TGTCTACAAT CAGGCTTGGC entry        score 

                                          <----------       M00075 GATA-1 89.4 

 201 TGCGCTCTCA GTAGGGGTCT CGGTCAACCT CTGCCCACCC GAACCCGGCG entry        score 

 251 CCGTGGACCT GGTGTGAGGC TGGGGAGCCC GTCCTGAGGG GTGCCGGCTC entry        score 

                        -------->                           M00083 MZF1   90.4 

 301 GAGGCGCTAG AGCCACGGAG CCTGGTCCCG GGCTCCAAGT CCCAGGAATG entry        score 

                                                         -- M00141 Lyf-1  89.6 

       <-------------                                       M00085 ZID    88.5 

 351 TGGGAGGGCT GGGCGGAGGG GCGGGCGAGG CGGGAGCGCT TCCTCTGCCC entry        score 

     ------>                                                M00141 Lyf-1  89.6 

 401 GCGGGAGGGG ATCCGCGGCC GGCTCGGAGG GGGCGGGGGC AGCGGCGGGC entry        score 

        -------->                                           M00083 MZF1   93.0 

                                    ---------->             M00008 Sp1    91.8 

           ---------->                                      M00051 NF-kap 87.0 

           <----------                                      M00051 NF-kap 87.0 

           <----------                                      M00076 GATA-2 85.4 

http://www.cbrc.jp/htbin/bget_tfmatrix?M00271
http://www.cbrc.jp/htbin/bget_tfmatrix?M00205
http://www.cbrc.jp/htbin/bget_tfmatrix?M00192
http://www.cbrc.jp/htbin/bget_tfmatrix?M00008
http://www.cbrc.jp/htbin/bget_tfmatrix?M00083
http://www.cbrc.jp/htbin/bget_tfmatrix?M00205
http://www.cbrc.jp/htbin/bget_tfmatrix?M00192
http://www.cbrc.jp/htbin/bget_tfmatrix?M00235
http://www.cbrc.jp/htbin/bget_tfmatrix?M00257
http://www.cbrc.jp/htbin/bget_tfmatrix?M00075
http://www.cbrc.jp/htbin/bget_tfmatrix?M00083
http://www.cbrc.jp/htbin/bget_tfmatrix?M00141
http://www.cbrc.jp/htbin/bget_tfmatrix?M00085
http://www.cbrc.jp/htbin/bget_tfmatrix?M00141
http://www.cbrc.jp/htbin/bget_tfmatrix?M00083
http://www.cbrc.jp/htbin/bget_tfmatrix?M00008
http://www.cbrc.jp/htbin/bget_tfmatrix?M00051
http://www.cbrc.jp/htbin/bget_tfmatrix?M00051
http://www.cbrc.jp/htbin/bget_tfmatrix?M00076
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 451 GGCGGCGAGG GGCTGCGGAG CTCCGCAGCC GCCGGGCCGG CCGGGGCGGG entry        score 

 501 AGGAAGCGAT GAATATTCAG AGGGGGAGGG GAAGGGAGGG GGCCGAGCGC entry        score 

                               -------->                    M00083 MZF1   93.0 

          <---------------                                  M00136 Oct-1  92.8 

             ---------------->                              M00136 Oct-1  92.8 

              ---------->                                   M00147 HSF2   89.7 

              <----------                                   M00147 HSF2   89.7 

                            ------------->                  M00084 MZF1   88.7 

                         -------->                          M00083 MZF1   88.7 

 551 TCGCCGCGGC TCCCTGCAGC AGCCCCAGCC GCATGACGCG CGGAGGAGGC entry        score 

 601 AGCGGGAGCA GCCGCGGGAG CCGGGACCGG GTAGCCGCGC GCTGGGGGTG entry        score 

 651 GGCGCCGCTC GCTCCGCCCC GCGAAGCCCC TGCGCGCTCA GGGACGCGGC entry        score 

 701 CCCCCCGCGG CAGCCGCGCT AGGCTCCGGC GTGTGGCCGC GGCCGCCGCC entry        score 

 751 GCCGCTGCCA TGTCTCCGGG GAAGCCCGGG GCGGGCGGAG CGGGGACGAG entry        score 

                                              -------->     M00083 MZF1   94.8 

                       ---------->                          M00051 NF-kap 85.2 

 801 GCGGACCGGC TGGCGGAGGA GGAGGCGAAG GAGACGGCAG GAGGCGGCGA entry        score 

 851 CGACGGTGCC CGGGCTCGGG CGCACGGCGG GGCCCGATTC GCGCGTCCGG entry        score 

                                        ---------->         M00075 GATA-1 87.8 

                                                  <-------- M00032 c-Ets- 86.3 

                                            -------->       M00050 E2F    86.2 

 901 GGCACGTTCC AGGGCGCGCG GGGCATG                          entry        score 

     -                                                      M00032 c-Ets- 86.3 

 

 

 

http://www.cbrc.jp/htbin/bget_tfmatrix?M00083
http://www.cbrc.jp/htbin/bget_tfmatrix?M00136
http://www.cbrc.jp/htbin/bget_tfmatrix?M00136
http://www.cbrc.jp/htbin/bget_tfmatrix?M00147
http://www.cbrc.jp/htbin/bget_tfmatrix?M00147
http://www.cbrc.jp/htbin/bget_tfmatrix?M00084
http://www.cbrc.jp/htbin/bget_tfmatrix?M00083
http://www.cbrc.jp/htbin/bget_tfmatrix?M00083
http://www.cbrc.jp/htbin/bget_tfmatrix?M00051
http://www.cbrc.jp/htbin/bget_tfmatrix?M00075
http://www.cbrc.jp/htbin/bget_tfmatrix?M00032
http://www.cbrc.jp/htbin/bget_tfmatrix?M00050
http://www.cbrc.jp/htbin/bget_tfmatrix?M00032

