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INTRODUCTION 

B-cell Lymphomas and Leukemias 
Approximately 20 new cases of lymphoma are diagnosed per 100,000 indi-
viduals in the Western countries every year1. According to the Swedish Can-
cer Registry, more than 2000 new lymphoma and leukemia cases are diag-
nosed annually in Sweden2. The incidence rate of lymphoma has increased 
with about 4% every year up until the last decade3, whereafter the rate has 
subsided in the Nordic countries4.  

Development of lymphoma is initiated by a genetic alteration in a cell that 
predisposes it to undergo further genetic alterations. The additional acquired 
abnormalities later promote the development of a clone with growth or sur-
vival advantage over other cells. This will eventually develop into a clinical 
lymphoma. However, what triggers these genetic alterations is largely un-
known. Although several aspects of the multistep processes leading to lym-
phomagenesis have been discovered, most contributing mechanisms under-
lying transformation are still unknown. Nevertheless, as research accelerates, 
several risk factors for lymphoma have been established. A history of hema-
topoietic malignancy in first-degree relatives has been correlated to an in-
creased risk of B-cell lymphomas, with stronger aggregation for siblings5,6. 
Moreover, evidence suggests that viral infections, such as Epstein-Barr virus 
(EBV) and hepatitis C virus, as well as bacterial infections, such as Chlamy-
dophila psittaci and Borrelia burgdorferi can contribute to lymphomagene-
sis7,8. The risks of developing lymphomas also increases in patients with 
compromised immune system due to HIV infection, autoimmune disease or 
treatment with immunosuppressive drugs following an organ transplant9. In 
addition, exposure to certain chemicals such as benzene, herbicides and pes-
ticides, and radiations has been linked to risks of developing lymphoma10. 

Lymphomas are very heterogeneous, both from biological and clinical per-
spectives. The World Health Organization (WHO) has thus classified lym-
phomas based on a combination of morphology, immunophenotype, genetic 
and clinical features. In general, lymphomas are divided into mature B-cell 
lymphomas, T- and NK-cell lymphomas, and Hodgkin lymphomas11. About 
85% of all lymphomas are B-cell lymphomas, which include diffuse large B-
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cell lymphoma (DLBCL), follicular lymphoma (FL), chronic lymphocytic 
leukemia (CLL), extranodal marginal zone B-cell lymphoma of mucosa-
associated lymphoid tissue (MALT), mantle cell lymphoma (MCL) and 
Burkitt’s lymphoma. However, this thesis will be focusing on DLBCL and 
CLL.  

DLBCL is an aggressive but potentially curable disease, with 70% to 80% of 
complete remissions achieved after chemotherapy or radiotherapy. On the 
other hand, CLL is generally considered an indolent disease where many 
patients are asymptomatic at diagnosis. CLL patients may survive for many 
years without treatment, but because of the low proliferative disease, the 
majority of patients who respond to current treatment will eventually relapse. 
However, a significant proportion of CLL patients will also follow an ag-
gressive course of disease, despite initiation of treatment.    

Normal B-cell Development and IG Gene 
Rearrangements 
B-cell lymphomas arise from normal lymphocytes at distinct differentiation 
steps of B-cell development. The first stage of B-cell development is anti-
gen-independent and takes place in the bone marrow, where random recom-
bination of variable (V), diversity (D) and joining (J) gene segments at the 
immunoglobulin heavy (IGH) and light chain locus occurs12. Once the B-cell 
carries functional heavy and light chain rearrangements, it expresses a com-
plete Ig molecule, along with accessory molecules on its surface13. This 
structure is known as the B-cell receptor (BCR). Immature B-cells that ex-
press a functional BCR then leave the bone marrow and migrate to the pe-
ripheral blood, where they become transitional B-cells and complete their 
maturation into naïve B-cells14. Naïve B-cells are capable of interacting with 
antigens, which are required for the cells to become activated15. With the 
help of T-cells, antigen-activated B-cells migrate into primary B-cell 
follicles in the lymphoid organs and undergo clonal expansion in structures 
called germinal centers (GCs) (Figure 1). The next stage of B-cell 
maturation process takes place in the GC, where the IG genes are modified 
by somatic hypermutation (SHM) and class-switch recombination16. SHM 
takes place in the dark zone of the GC, where mutation of the IG V regions 
occurs17. Most mutations are disadvantageous for the cell, such as those that 
lead to reduced affinity of the BCR for antigen. These cells will eventually 
die by apoptosis. Others will acquire mutations in the BCR which will 
improve the affinity for antigen, and these cells will be selected for further 
differentiation. This selection process takes place mainly in the light zone, 
where the B-cells are in close contact with CD4+ T-cells and follicular 
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dendritic cells. A proportion of the selected B-cells then undergo class-
switch recombination, which changes their isotypes, thus allowing the 
production of antibodies with distinct effector functions18. Finally, the GC B 
cells differentiate into long-lived memory B-cells or plasma cells which 
secrete Ig, and leave the GC microenvironment19. 

 
 

 

 
 
 
 
 
 
 
 
 
 

 

Figure 1. The GC reaction. Modified from Kuppers20. 

Cellular Origin of B-cell Lymphomas 
According to the current model of lymphomagenesis, most of the recognized 
entities of B-cell lymphomas/leukemias can be traced to particular stage(s) 
of B-cell differentiation, although the extent to which these malignancies 
maintain the molecular and physiological properties of certain normal B-cell 
subsets is not fully elucidated. B-cells that have undergone VDJ recombina-
tion carry specific heavy and light chain IG gene rearrangement with or 
without presence of SHM. Whenever a B-cell undergoes malignant trans-
formation and clonal proliferation, each daughter cell will carry identical IG 
gene rearrangements. Thus, IG gene rearrangements provide useful informa-
tion on the origin and clonal history of the B-cell tumors20,21. Moreover, the 
presence of somatic mutations in the V region of the IG genes will indicate 
whether the cell of origin has undergone SHM and affinity maturation under 
the influence of antigen (Figure 1).  
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DLBCL are examples of GC or post-GC derived B cell malignancies which 
contain somatically hypermutated IG genes22. The presence of distinct 
DLBCL subtypes with different gene expression patterns was initially shown 
by gene expression profiling (GEP) analysis23,24 (described in other section 
of this thesis). The GC DLBCL subtype expresses genes that are characteris-
tic of normal GC B-cells, suggesting its GC origin23,24. On the other hand, 
activated B-cell like (ABC) tumors express genes characteristic of in vitro 
activated peripheral blood B-cells, as well as genes which are normally ex-
pressed by plasma cell, suggesting its post-GC origin23,24. The presence of 
ongoing SHMs occurs primarily in the GC DLBCL subtype22, further sup-
porting its GC origin, whereas ongoing SHM cannot be found in the non-GC 
subtype22.  

The cellular origin of CLL is still obscure, and different candidates have 
been suggested over the years. Currently, there is no normal B-cell popula-
tion that shares the unique immunophenotype of CLL cells. Thus, a direct 
assignment of a normal B-cell population as a normal counterpart for CLL is 
difficult. CLL was originally thought to arise from pre-GC B cells, possibly 
arising in the follicular mantle zone, with no evidence of mutations within 
the IG genes25. The expression of the CD5 antigen suggested that CLL origi-
nates from resting CD5+ B-cells26, which are usually characterized by unmu-
tated IGHV genes27,28. However, studies have shown that 50–70% of CLL 
undergone SHM29-31. This finding has led to the hypothesis that there may be 
two separate entities of CLL; one with unmutated IGHV genes, originating 
from pre-GC B-cells, and one with mutated IGHV, which originates from 
post-GC B-cells32,33. GEP has later shown that both IGHV mutated and un-
mutated CLL have a homogenous expression profile similar to memory 
cells34,35. Moreover, immunophenotyping indicated that all CLL cases, in-
cluding those with unmutated IGHV gene, resemble antigen-experienced B-
cells, and that the CLL cells exhibit an activated state36. Recently, it has also 
been proposed that the unmutated and mutated CLL cells might actually 
arise from the marginal zone B-cells that are triggered independent of T-
cells37.  

Transforming Events in B-cell Lymphoma Pathogenesis 
The transforming events in the pathogenesis of B-cell lymphomas mainly 
occur at two stages: during the random recombination of VDJ gene segments 
in the bone marrow, and during the transit of B-cells through the GC. During 
these stages, reciprocal translocations involving one of the IG loci and a 
proto-oncogene can occur38,39. As a result of the translocation, the oncogene 
is brought under control of active IG transcriptional elements, causing a 
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constitutive expression of the oncogene. These illegitimate recombinations 
follow double-strand DNA breaks, which are generated during VDJ recom-
bination, SHM and class switch recombination. For example, translocations 
of BCL2, BCL6 and MYC oncogene to the IGH locus lead to the up-
regulation of these oncogenes40-42 (see below). Chromosomal translocations 
can involve not only IG gene loci, but also non-IG chromosomal loci as a 
partner43-45. However, it should be noted that the sole presence of these 
translocations is not sufficient to induce lymphomagenesis, and additional 
genetic hits, or “secondary genetic events”, are necessary for lymphoma 
development and progression39. Other transforming events implicated in the 
pathogenesis of B-cell lymphomas include, for instance, mutations of the 
TP53 gene and aberrations of the p53 pathway46,47, inactivation of the ataxia 
telangiectasia mutated (ATM) gene by deletions and mutations48,49, 
inactivation of the p16INK4a gene by deletion and hypermethylation50,51, and 
genomic amplifications of REL, C-MYC and BCL252.  

Recently, a study by Martin-Subero et al.53 has provided a new theory on the 
development of mature aggressive B-cell lymphoma, including DLBCL. In 
contrast to the commonly-accepted genetic model of lymphomagenesis, they 
have suggested three different alternative pathways that might initiate 
lymphomagenesis: 1) Aberrant DNA methylation of polycomb group (PcG) 
target genes in stem or progenitor cells. PcG proteins are transcription 
regulatory proteins that are thought to repress gene transcription. 2) 
Chromosomal aberrations in stem or precursor cells. The stem cell carrying a 
chromosomal translocation would then acquire aberrant DNA methylation of 
PcG target genes. 3) Chromosomal aberrations in a differentiating cell. Due 
to deregulation of genes caused by translocations, this differentiating cell 
would then acquire stem-cell like features, and subsequently acquire aberrant 
DNA methylation of PcG target genes. Finally, additional genetic and 
epigenetic hits would result in the development of a mature, aggressive B-
cell lymphoma. 

Diffuse Large B-cell Lymphoma 
Epidemiology and Etiology 
DLBCL constitutes the largest category of aggressive lymphomas, 
accounting for 30% to 40% of all new cases of B-cell lymphomas in the 
Western countries each year54. The median age at diagnosis is 65 years, 
although this lymphoma can occur in children and young adults. Men are 
slightly more commonly affected than women. 
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DLBCL is a clinically and biologically heterogeneous disease, where the 
etiology remains largely unknown. It usually arises de novo (primary), which 
is without a previous history of an indolent lymphoma, or as transformed 
(secondary) DLBCL originating from a less aggressive lymphoma, for ex-
ample FL, CLL, or marginal zone lymphoma (MZL). A significant risk fac-
tor in DLBCL is immunodeficiency, which is commonly associated with 
EBV infection7, and autoimmune disease55. 

Tumor Pathology 
Morphology 
In DLBCL, the term diffuse refers to the fact that the tumor cells are spread 
around in one particular part of the node or in clusters within a part of the 
node. Histologically, the lymph nodes are usually entirely effaced, and the 
perinodal tissue is frequently infiltrated. Morphologically, this entity is char-
acterized by a diffuse proliferation of large lymphoid cells, with vesicular 
nuclei and prominent nucleoli, which include centroblasts, immunoblasts 
and anaplastic large B-cells11. The centroblastic variant is the most common 
morphologic variant of DLBCL. Centroblasts are medium to large lymphoid 
cells with oval to round vesicular nuclei containing fine chromatin. The cy-
toplasm is usually scanty, and many mitotic and apoptotic cells are usually 
present (Figure 2). 

 
Figure 2 The centroblastic variant of DLBCL.  

Immunophenotype  
The tumor cells express CD19, CD20, CD22 and CD79a, which are the typi-
cal B-cell markers, and surface and/or cytoplasmic Ig (IgM>IgG>IgA) is 
present in 50% to 75% of cases11. The incidence of CD10, Bcl-6 and 
MUM1/IRF4 expression in DLBCL varies in different studies (described in 
other section of this thesis). The proliferation fraction, measured as Ki67 
expression, is usually high in this disease and an index of 80% or greater has 
been shown to correlate with poor outcome11.  
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Sites of Involvement  
Nodal and extranodal presentation is common in DLBCL patients, with al-
most one-third of these patients have disease confined to extranodal sites at 
the time of diagnosis56. The most common extranodal presentation is in the 
gastrointestinal tract, but involvement of other sites including bone, spleen, 
salivary glands and liver has been reported11.  

Classification and Prognostic Factors 
The International Prognostic Index 
DLBCL patients may have markedly divergent clinical courses and treat-
ment response. Attempts to identify subgroups of DLBCL based on mor-
phology have largely failed due to diagnostic discrepancies of inter- and 
intra-observer reproducibility57,58. Since its publication in 1993, the clinical 
prognostic factors described in the International Prognostic Index (IPI) have 
been used in risk stratification for patients with DLBCL59. This classification 
is based on five factors; age, serum lactate dehydrogenase level, perform-
ance status, clinical stage and number of extranodal sites. According to this 
system, DLBCL patients could be categorized into low risk, intermediate 
low risk, intermediate high risk and high risk groups, all of which have dif-
ferent rates of complete response, relapse-free survival and overall survival. 
The subsequent age-adjusted (aa)-IPI, which is based on gender and stage of 
disease, has also been applied extensively. Although it could be used to 
prognostically identify young patients at risk (<60 years of age) treated with 
CHOP (see below), the aa-IPI no longer remains prognostic in patients 
treated with R-CHOP (see below)60. The relevance of IPI in R-CHOP treated 
patients was later tested, which led to the redistribution of the four IPI risk 
factors into three risk groups based on outcome. This revised (R)-IPI catego-
rized the patients into “very good”, “good” and “poor” risk groups61. R-IPI 
has proved valuable for stratification of patients in clinical trials. However, 
neither the IPI nor R-IPI is predictive in patients with less than 50% chance 
of survival.  

Though well-established, it is obvious that IPI, aa-IPI and R-IPI fail to pre-
dict patients’ outcome in a proportion of cases. The emergence of GEP has 
significantly altered the approach to classify and predict prognosis in 
DLBCL, as it unravelled distinct subgroups of DLBCL independent from the 
IPI classification. The application of GEP for categorizing DLBCL is further 
described in the next section. 

Distinct DLBCL subtypes  
GEP has successfully been applied to categorize many lymphoma entities, 
and has revealed the molecular heterogeneity that exists within diagnostic 



 18 

categories. Indeed, using GEP, DLBCL could be distinguished into two ma-
jor molecular subtypes according to profiles resembling normal B-cells; the 
GC and ABC DLBCLs23,24. Alizadeh et al.23 have shown that GC DLBCL 
patients had significantly better overall survival than patients with ABC 
DLBCL. These findings were confirmed by Rosenwald et al24, who have 
also identified type 3 DLBCL, a heterogeneous subtype that does not express 
high levels of either the GC or ABC set of genes. Since patients with type 3 
DLBCL showed similar clinical outcome as patients with the ABC subtype, 
Hans et al.62 grouped both subtypes as non-GC DLBCL. Moreover, Hans et 
al.62 and Haarer et al.63 have shown that it is possible to use 
immunohistochemical staining to subdivide DLBCL into GC and non-GC 
subtypes. Based on the cellular origin of B-cells and expression of CD10, 
Bcl-6 and MUM1/IRF4 proteins62,63, they have demonstrated that 
immunohistologic model is able to subclassify DLBCL and predict patient 
survival similar to those predicted by GEP. The findings by Hans et al.62 
were later confirmed in an independent DLBCL material by Berglund et 
al.64. Nevertheless, the value of the immunohistochemical model has been 
questioned since it does not seem to work on patients treated with rituximab 
containing chemotherapy (see below) 65, whereas the GEP model still gives 
prognostic information in that group24. Recently, Choi et al.66 have 
demonstrated a new immunohistochemistry algorithm based on GCET1, 
CD10, Bcl-6, MUM1 and FOXP1 protein expression, which had a 93% 
concordance with the GEP classification of DLBCL. This new algorithm has 
shown to be more accurate in classifying patients’ prognosis compared to the 
algorithm proposed by Hans et al.62. 

Another important but uncommon subtype of DLBCL has been identified by 
Rosenwald et al.67 and Savage et al.68: the primary mediastinal B-cell 
lymphoma (PMBL). PMBL patients are younger, and show better overall 
survival than ABC DLBCL patients, but only slightly better than patients 
with the GC subtype67. Choi et al.66 have analyzed seven PMBL cases in 
their study, and reclassified PMBL as “GC” according to their new algo-
rithm, which differs from the classification by Hans et al.62 (two “GC” and 
five “non-GC”). The reclassification of PMBL cases as “GC” is an im-
provement over the algorithm by Hans et al.62, and is considered acceptable 
for prognostication as both PMBL and GC DLBCL patients showed good 
prognosis67.  

Despite the classification of the major DLBCL subtypes by GEP and the 
application of the immunohistologic model, this disease still remained 
heterogeneous regarding treatment response and survival. Given that the 
biologic processes in lymphoma development involve multiple genes, signal-
ing pathways and regulatory mechanisms, it is not surprising that no single 
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marker is sufficient to accurately confine the heterogeneity of DLBCL. Rec-
ognizing this, other predictive markers in DLBCL have been identified: the 
gene expression signatures including the proliferation, lymph node, and 
MHC class I and II signatures24, the BCR/proliferation, host response, and 
oxidative phosphorylation signatures69, and the stromal I and II signatures70. 

Genomic aberrations 
Genomic alterations in the form of translocations or point mutations have 
been implicated as prognostic factors in DLBCL. The t(14;18) translocation, 
involving the BCL2-IGH genes, is detected in 12% to 30% of DLBCL41,71,72. 
Increased expression of Bcl2, which is caused by BCL2 translocation, has 
been associated with an adverse prognosis in DLBCL41,73. BCL6-IGH trans-
locations were observed in up to 41% of all DLBCL cases41,74. BCL6 trans-
locations can also involve non-IG chromosomal loci as partners, which occur 
at an equal frequency as the BCL6-IGH translocation75. To date, approxi-
mately 20 non-IG partner genes have been identified43. No consensus on the 
effect of BCL6-IGH translocations have been associated with prognosis of 
DLBCL, with studies showing either favorable41 or unfavorable outcome76 
or no effect77. On the other hand, BCL6-non-IG translocation has been sug-
gested as indicator of poor prognosis in DLBCL43. Translocation of C-MYC 
and IG genes is observed in up to 15% of DLBCL40,78 and is often associated 
with an unfavorable prognosis41,79. 

BCL2 translocation was frequently found in the GC type73, although no asso-
ciation of the translocation with prognosis has been demonstrated80. A single 
study has shown that BCL6 translocations occur at a higher frequency in the 
non-GC subtype (24%) compared to the GC subtype (10%)75. Despite this, 
high Bcl6 mRNA and protein expression is frequently detected in the GC 
subtype, which correlates with favorable outcome. C-MYC translocations 
have been shown in a single study to occur more frequently in GC DLBCL 
and predicts for poor outcome in this subtype81. Amplification of the REL 
locus on chromosome 2p have been associated, although not exclusively, 
with the GC subtype82. Gains of 12q12 were also frequently observed in GC 
DLBCL83. 

One of the most important features of the ABC subtype is the constitutive 
activation of nuclear factor kappa B (NF-�B). High expression of NF-�B 
target genes, including those that encode BCL2, IRF4 and cyclin D2 is fre-
quently observed in ABC DLBCL. Inhibition of NF-�B has been shown to 
induce apoptosis and cell cycle arrest in ABC DLBCL cell lines84. Recently, 
the product of the PRDM1 gene, or BLIMP-1, was proposed as a further 
important ABC marker, where it was reported to be frequently inactivated in 
ABC DLBCL85. Trisomy 3, 3q27 and 18q21-22 gains and 6q21-22 loss were 
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also commonly observed in this subtype83. t(14;18) is rarely detected in the 
ABC DLBCL86; however, frequent gain and amplification of BCL2 and Bcl2 
overexpression has been associated with unfavorable outcome in this sub-
type87. 

Mutations of the TP53 tumor suppressor gene and hypermethylation-
associated inactivation of p16INK4a have been demonstrated as adverse factors 
affecting survival in DLBCL. The significance of TP53 mutation and aberra-
tion involving the genes in the p53 pathway, as well as the involvement of 
p16INK4a in DLBCL pathogenesis, will be further discussed in other sections 
of this thesis.  

Therapy and Outcome 
At present, DLBCL treatments are based on chemotherapy and 
immunochemotherapy. The most widely used chemotherapy is the cyclo-
phosphamide, doxorubicin, vincristine, and prednisone (CHOP) regimen. 
With the CHOP-like chemotherapy, the survival rate of GC DLBCL patients 
was significantly higher than the survival rate of ABC DLBCL pa-
tients23,24,88. In recent years, rituximab (R), a chimeric anti-CD20 monoclonal 
antibody, has been incorporated into the treatment of DLBCL patients. The 
addition of rituximab to CHOP (R-CHOP) has significantly improved the 
survival of these patients compared to CHOP alone, particularly for those 
with poor prognostic factors such as non-GC cell origin62, low Bcl-689, or 
high Bcl-2 expression90. Importantly, rituximab has been shown to improve 
complete response and overall survival rates in both the GC and non-GC 
subgroups65,70,91,92. The effectiveness of rituximab in the treatment of patients 
with the ABC (or non-GC) subgroup is probably by inhibiting the constitu-
tive NF-�B signaling pathway93. Moreover, prolonged event-free and overall 
survival rates have been observed in elderly DLBCL patients treated with R-
CHOP94. In contrast, those with advanced aa-IPI61, TP53 mutations95, or lack 
of LMO296 still responded poorly to R-CHOP.  

Chronic Lymphocytic Leukemia 
Epidemiology and Etiology 
CLL accounts for approximately 30% to 40% of all leukemias and is the 
most frequent type of leukemia among adults in Western countries97. Ap-
proximately 14,000 individuals were estimated to have prevalent CLL within 
the European Union member states in 200698. In Sweden, 500 new cases are 
diagnosed each year2. Median age at diagnosis is 65 to 70 years, and its inci-
dence in men is twice than reported for women.  
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The occurrence of CLL is not due to any known environmental factors, such 
as ionizing radiations or chemical compounds, and it is not frequently de-
tected in patients with immunodeficiencies99. In contrast, a genetic and fa-
milial predisposition appears to be more relevant in the pathogenesis of 
CLL100,101. 

Tumor Pathology 
Morphology  
CLL is a leukemic, lymphocytic B-cell lymphoma which is distinguished 
from small lymphocytic lymphoma (SLL) by its leukemic appearance102. 
CLL results from an accumulation of mature-looking immunoincompetent 
lymphocytes in the blood, bone marrow, lymph nodes and spleen, where 
more than 99% of circulating CLL lymphocytes is in the G0/early G1 phase 
of the cell cycle103. CLL lymphocytes are generally smaller than normal and 
appear to be more fragile, resulting in the characteristic “smudge” cells (Fig-
ure 3). 

 
Figure 3 Bone marrow smears showing CLL cells.  

Immunophenotype 
CLL cells have a unique immunophenotype which are not found in any nor-
mal B-cell population. These cells co-express high levels of CD5 together 
with the B-cell surface antigens CD19, CD20 and CD23104. Moreover, the 
levels of surface IgM/IgD, CD20 and CD79b are characteristically low com-
pared to those found in normal mature B cells104. CLL cells are also typically 
negative for the expression of FMC7, which in contrast is commonly ex-
pressed on prolymphocytic leukemia cells105.  
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Classification and Prognostic Factors 
Clinical staging systems 
CLL is a disease with a highly variable course, mainly divided into two sub-
classes. The first consists of patients in whom the disease has an indolent 
course with no need for therapy, whereas the second class consists of pa-
tients suffering from a more aggressive disease, with a rapid need for treat-
ment103,106. Recognizing this heterogeneity, Rai et al.107 and Binet et al.108 
developed staging systems for assessment of the extent of disease in an indi-
vidual patient. According the Binet and modified Rai109 staging systems, the 
patient population falls into three prognostic subgroups, which is based on 
factors reflecting the overall tumor burden. In general, both clinical staging 
systems correlate well with prognosis. Rai staging has been applied mostly 
in North America, whereas Binet staging has been a preferred choice for 
clinicians in Europe110. In 1981, the International Working Group on CLL 
(IWCLL) has proposed the integration of both staging systems. However, 
the recommendation has not received widespread usage, and clinicians con-
tinue to use either system in both patient management and clinical trials111.  

Due to their simplicity and reproducibility, these systems have been widely 
applied, and their prognostic value has been validated in many studies. 
However, the staging systems do not accurately predict clinical outcome of 
CLL patients in the low risk subgroups who are likely to progress or not 
responding to therapy. Due to these reasons, several biological variables 
have been identified to refine prognosis and response to therapy in CLL 
patients.  

Mutation Status of IGHV genes 
In 1999, two independent groups reported that CLL consisted of two subsets; 
the mutated and unmutated groups, which differ in prognosis and clinical 
course32,33. Importantly, CLL patients with mutated IGHV genes were shown 
to have good prognosis and lower chance of developing progressive disease, 
whereas those with unmutated IGHV genes have a shorter survival and a 
higher risk to succumb to progressive disease32,33. In one of the initial stud-
ies, the median survival of patients with mutated IGHV genes, defined as 
having less than 98% identity to germline sequences, was around 25 years, 
whereas the median survival of patients with unmutated IGHV gene was 
only 8 years33. The prognostic significance of IGHV mutation status has 
since been confirmed in several other independent cohorts112-115, and is now 
considered to be one of the strongest prognostic markers in CLL. 
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Genomic Aberrations 
Although there is no common genetic aberration that is characteristic and 
diagnostic of all CLL patients, certain recurrent cytogenetic abnormalities do 
exist. Most of these aberrations can appear during the course of the disease, 
whereas none can be considered an early transforming event of CLL. Using 
fluorescence in situ hybridization (FISH) analysis, more than 80% of CLL 
patients with one or more cytogenetic aberrations were successfully 
identified. The common recurrent chromosomal abnormalities include 
del(13)(q14), trisomy 12, del(11)(q23) and del(17)(p13), with varied 
frequency among different studies based on large patient cohorts112,116,117.  

The most common chromosomal abnormality, occurring in 40% to 60% of 
CLL cases, is del(13)(q14)112. CLL patients with del(13)(q14) as a sole 
genetic abnormality show a favorable prognosis121. Recently, it was shown 
that patients bearing homozygous del(13q), who mostly carried mutated 
IGHV genes, showed a tendency to better survival compared to patients with 
heterozygous del(13q)118. The exact target gene in the 13q-deleted region has 
remained unknown, but it was recently observed that both microRNA genes 
miR-15a and miR-16-1, which are located in the 13q14 region, are deleted or 
down-regulated in up to 70% of CLL cases119,120. Moreover, miR-15a and 
miR-16-1 expression has been shown to inversely correlate to Bcl2 expres-
sion in CLL121. 

Trisomy 12 is the next most common abnormality, occurring in 15–20% of 
cases. It is associated with atypical morphology and an intermediate progno-
sis122-124. The 12q22 segment contains CLLU1, which is the first gene that 
was considered specific for CLL cells. High CLLU1 mRNA expression has 
been associated with poor clinical outcome in young CLL patients125. How-
ever, no difference in CLLU1 expression in patients with or without trisomy 
12 has been reported126.  

del(11)(q23) occurs in 15% to 20% of CLL cases, and is associated with 
poor prognosis. Patients with 11q-deletion are generally younger and have 
more advanced Rai stages112, and are more common among cases with 
unmutated IGHV genes, and ZAP-70 or CD38 positivity123,127. The region 
11q22–23 contains the ATM gene128. This gene codes for a protein that acts 
upstream of p53 in the DNA damage response pathway. ATM gene 
mutations have been identified in CLL patients with 11q-deletion and are 
associated with an adverse outcome in CLL129,130. ATM mutations can be 
present in the germline of patients, suggesting that ATM heterozygotes may 
be predisposed to CLL131.  
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del(17)(p13) occurs in about 5% to 7% of untreated cases, and it confers the 
worst prognosis among all the genetic abnormalities112. More than 70% of 
CLL patients with 17p-deletion harbor TP53 mutation on the remaining 
allele114,132 (described in other section). Other mechanism that deregulates 
p53 function, including those involving the ATM and murine double minute 
2 (MDM2) genes, has also been observed in CLL131,133.  

Therapy and Outcome 
Therapy is not recommended for asymptomatic CLL patients with early 
disease (“watch and wait” approach), regardless of prognostic markers, as 
most of them will follow an indolent disease course. However, if the disease 
appears to progress, fludarabine in combination with cyclophosphamide will 
be the first treatment of choice. Chlorambucil is priorly given to the elderly 
or patients who cannot tolerate such treatment, with the aim to keep 
toxicities at minimum as well as keeping the patients symptom free134. 
Rituximab has been incorporated with fludarabine, and has shown better 
progression-free survival (PFS) and overall survival in previously untreated 
CLL patients135. Moreover, recent studies have demonstrated the 
effectiveness with therapy combining rituximab, fludarabine and 
cyclophosphamide, which has significantly improved the response rates136-138 
and PFS of CLL patients136,139. Alemtuzumab, an anti-CD52 monoclonal 
antibody has demonstrated efficacy in patients no longer responded to fluda-
rabine, including 17p-deleted patients, and has shown impressive response 
when used as first line therapy140. Combination of rituximab and 
alemtuzumab has also been shown to improve the response rate of CLL 
patients with relapsed or refractory CLL141.  

The p53 Pathway  
The p53 pathway is composed of approximately 50 different enzymes 
regulating the p53 protein, and a network of genes and their products which 
respond to a different kinds of intrinsic and extrinsic stress signals142. Most 
of the positive and negative auto-regulatory feedback loops in the p53 
pathway act through the Mdm2 protein143. Loss or mutation of the TP53 
gene is strongly associated with susceptibility to cancer, and most functions 
of this gene stem from its role as a tumor suppressor. Given the importance 
of p53 in responding to various cellular insults, p53 has been an almost 
universal target of somatic mutation in human tumors, including B-cell 
lymphomas. Apart from mutations, polymorphisms affecting the TP53 locus 
and genes in the p53 pathway have also been reported.  
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Structure and Function of p53 
The p53 protein was identified in 1979144,145 and its gene, which is called 
TP53, was cloned in 1983146. TP53 is located on chromosome 17p13.1146. Its 
393-residue protein can be divided structurally and functionally into five 
regions (Figure 4). The N-terminal region contains the transactivation do-
mains (residues 1–42), followed by a proline-rich regions (residues 63–97). 
The transactivation domain interacts with several regulatory proteins, includ-
ing the negative regulator Mdm2, which regulates cellular levels of p53 (de-
scribed in the next subsection). The large core conserved region of p53 (resi-
dues 102–292) binds DNA with sequence specificity, often in the promoter 
area of target genes. p53 binds to its response elements with varying affini-
ties depending on the sequence. Generally, p53 binds with high affinity to 
the recognition elements of genes involved in cell cycle arrest, whereas it 
binds with much lower affinity to genes involved in apoptosis147. The C-
terminal region includes the tetramerization domain (residues 324–356), 
which regulates the oligomerization state of p53, as well as the negative 
auto-regulatory domain at the extreme C-terminus (residues 363–393), 
which contains acetylation sites and binds DNA without obvious specific-
ity148. Three nuclear localization signals (NLS) that tag and target the p53 
protein to the nucleus are also located in this area149.  

 
 
 
 
 
 
 
 

 

 

Figure 4 Basic structure and function of the p53 protein. 

p53 functions as a transcription factor that both positively and negatively 
regulates the expression of a large and distinct group of responsive genes150. 
Transactivation of target genes under the influence of p53 is an important 
feature of each stress response pathway; however, some effects of p53 may 
be independent of transcription151. The transcriptional activity of p53, in 
response to DNA damage and other cellular stresses, can lead to cell cycle 
arrest, apoptosis, and cellular senescence152. However, it is now evident that 
the ability of p53 to influence gene expression has reached broader effects, 
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including the regulation of glycolysis153, autophagy154, and the repair of 
genotoxic damage155. 

The importance of p53 function for tumor suppression is demonstrated by 
the high incidence and early onset of cancer with a genetic deletion or germ 
line mutation of TP53156, in particular the mutation detected in patients with 
Li-Fraumeni syndrome (see below). TP53 inactivation, which is often 
achieved through mutations affecting the TP53 locus directly157, occurs in 
over 50% of solid tumors158,159. Indirect inactivation through excessive activ-
ity of its major negative regulator, the Mdm2 protein has also been impli-
cated in tumorigenesis160. Moreover, several single nucleotide polymor-
phisms (SNPs) have been identified within the TP53 gene, including those 
affecting codons 72 (described in another section), 217161 and 360161, as well 
as in genes in the p53 pathway, which include the MDM2 (described in an-
other section), ATM162 and p21163 genes. Significantly, SNPs in these impor-
tant genes of the p53 pathway have been demonstrated to modify function 
and/or may influence individual’s susceptibility to cancer and progression of 
their disease.  

Mdm2: The Core Control of p53 
The significance of Mdm2 as the main control of p53 is highlighted by the 
fact that amplifications of MDM2 occur in about 5% to 10% of cancers, rep-
resenting an alternative mechanism to inactivate p53 in the absence of muta-
tion164. A polymorphism in the MDM2 promoter (SNP309) leads to in-
creased Mdm2 expression and accelerates tumorigenesis in individuals with 
germline TP53 mutations as well as in some sporadic cancer cases165 (see 
section below). Moreover, genetic inactivation of MDM2 in mice is embry-
onically lethal but is rescued by inactivation of TP53166.  

The cellular levels of p53 is mainly achieved through an auto-regulatory 
negative feedback loop with Mdm2167. The MDM2 gene has two promoter-
enhancer regions that regulate the levels of MDM2 mRNA. The first pro-
moter is located 5’ to the first exon and functions in regulation of the basal 
level of Mdm2 in an unstressed cell. The second promoter region is in the 
first intron and this region is responsible for the increased expression of 
Mdm2 after a p53 response168.  

In normal, unstressed cells, Mdm2 is an unstable RING domain that confers 
E3 ubiquitin ligase activity towards lysines in the C-terminus of p53169, and 
induces proteosome-mediated degradation of p53. Mdm2 also exports p53 
out of the nucleus, promoting its degradation and making it inaccessible to 
the target genes170. Most p53 are targeted for proteolysis; however, some 
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escapes the Mdm-mediated degradation to keep the feedback loop active. 
The p53 that escapes binds to a response element in MDM2 intron 2 and 
transactivates MDM2, generating a feedback loop by which p53 controls its 
own degradation and return to basal levels after stress response171. Akt 
kinase has also been implicated in regulating Mdm2-mediated degradation of 
p53. Entry of Mdm2 into the nucleus is dependent on its phosphorylation by 
the phosphatidylinositol 3-kinase (PI3K)/Akt kinases, and activation of Akt 
by growth factors is sufficient to promote nuclear entry of Mdm2172. Upon 
phosphorylation, Mdm2 translocates from the cytoplasm to the nucleus 
where it ubiquitinates p53 and mediates its degradation.  

Upon DNA damage (or ionizing radiation), Mdm2 binding to p53 is im-
paired, which leads to rapid stabilization of p53 through a block of its degra-
dation173,174 (Figure 5). The MDM2 gene product is also transcriptionally 
incompetent due to various post-translational modifications (such as phos-
phorylation) of p53, Mdm2 or both proteins152,175. Phosphorylation of p53 by 
ATM makes p53 more resistant to inhibition by Mdm2 and increases its 
transcriptional activity176, whereas phosphorylation of Mdm2 by ATM 
mainly impairs the ability of Mdm2 to promote p53 degradation177. On the 
other hand, activated oncogenes induce the ARF protein, which is a direct 
inhibitor of the E3 activity of Mdm2178. The ARF protein binds Mdm2 and 
inhibits the nuclear export of Mdm2 by sequestering it into the nucleolus179. 
The inhibition of p53 degradation will lead to activation of the protein. Con-
sequently, the p53-dependent genes required for cell cycle arrest (e.g. p21) 
will be up-regulated and/or apoptosis will be induced180. After DNA is re-
paired, p53 and Mdm2 will receive a signal which results in modification of 
the proteins that allow them to form a complex. Once the complex is formed, 
p53 levels will be reduced, and this will stop the transactivation of p53-
responsive genes. The cells will then resume progression through the cell 
cycle.   
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Figure 5 The complex regulation of p53, in which Mdm2 appears to be the most 
important regulator of this protein. p53 and Mdm2 regulate each other through an 
auto-regulatory feedback loop. p53 transcribes the MDM2 gene, and the Mdm2 
protein, in turn, inhibits p53 transcriptional activity. Mdm2 promotes proteosome-
mediated degradation of p53 through ubiquitination (or ubiquitylation), which can 
occur either by transporting it out from the nucleus, or in the nucleus itself. Mdm2 
entry into the nucleus also depends on Akt activation. Upon DNA damage, ATM 
and ATR will send signals to CHK2 to phosphorylate p53, which results in impaired 
p53-Mdm2 binding and activation of p53. Phosphorylation of Mdm2 by ATM will 
disrupt its ability to promote p53 degradation, thus stabilizing p53. On the other 
hand, Mdm2 function can be inhibited by ARF. ARF, which is activated by onco-
genes, binds to Mdm2 and sequesters it into the nucleolus, disabling Mdm2 to pro-
mote p53 degradation. Modified from Moll and Petrenko181. 

Significance of the p53 Pathway in DLBCL and CLL 
Mutations of the TP53 Gene 
TP53 mutation was first described in a group of Li-Fraumeni familial cancer 
syndrome patients182. The significance of TP53 mutation has since been rec-
ognized in other cancers and lymphoid malignancies, including B-cell lym-
phomas. Most of these TP53 mutations occur in exons 5 to 8, the coding 
region for the DNA-binding domain of the protein159. More than 80% of all 
mutations in TP53 are single base substitutions in the DNA-binding do-
main158, where changes in the amino acid encoded interrupt the interaction of 



 29

p53 with their target DNA sequences. The most frequent types of TP53 mu-
tations in lymphomas are missense mutations, followed by deletions and 
insertions, nonsense, silent and splicing mutations183. TP53 missense muta-
tions, particularly in the DNA-binding domain, lead to the formation of a 
stable mutant p53 protein. This mutant protein has lost its tumor suppressor 
property, and is incapable of binding to p53 target DNA in a sequence-
specific manner184. However, some mutant p53 proteins are still capable of 
inactivating their target genes184. Among the frequently mutated residues, six 
hotspot codons were identified; codons 175, 245, 248, 249, 273 and 282185. 
TP53 intronic mutations, which are usually detected within splice sites, 
could interrupt the normal splicing of introns186. 

As p53 is a coordinator of the cellular response to stress, its inactivation 
leads to development of more aggressive tumors. Patients with TP53-
mutated aggressive tumors are associated to worse prognosis, increase rate 
of relapse and shorter survival187-189. TP53 missense mutations often lead to 
nuclear accumulation of mutant p53 proteins, which might have unfavorable 
consequences due to the fact that some p53 mutant proteins exert the gain-
of-function activity190. This acquired function is achieved through activation 
of a particular transcription program, or through dominant negative interac-
tion with wild-type p53 on the remaining allele190, or other proteins184,191. 
This confers tumorigenic potential by enhancing tumor cell growth or resis-
tance to drug-induced apoptosis, thereby decreasing patient survival192,193.  

TP53 mutations are detected at variable frequencies in hematologic malig-
nancies, depending on the cell of origin and tumor type194. Mutations are 
found in 10% to 20% of B-cell lymphomas and have generally been associ-
ated with unfavorable outcome194,195. In DLBCL, mutations and deletions of 
TP53 were detected in 10% to 23% of patients, where poor overall survival 
of these TP53-mutated DLBCL patients was indicated46,187-189,196-198. 
However, the impact of TP53 mutation on patients outcome has not been 
consistently observed199,200. Recently, the negative prognostic impact of 
TP53 mutation was reinforced in DLBCL patients201,202. Young et al.202 re-
ported that 24 of 113 (21%) de novo DLBCL cases displayed TP53 point 
mutations (as well as a deletion and an insertion) in exons 5 to 8, where the 
presence of these mutations correlated with clinical parameters. The study 
was further conducted to analyze the relationship between structural profiles 
of TP53 mutations and survival in DLBCL, and their relationship to gene 
expression profiles of different subtypes of DLBCL201. Importantly, a major-
ity of TP53 mutations were found in codons involved in DNA binding mo-
tifs of the central core domain of TP53, which was significantly associated 
with worse overall survival, compared to mutations occurring outside of this 
region202. It should be noted, however, that the correlation between p53 ex-
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pression and TP53 mutation in DLBCL has generally been less consistent 
than that of low grade lymphomas203,204. 

In CLL, genomic aberrations that modify the p53 expression, either by dele-
tion or mutation, are often associated with aggressive disease and are inde-
pendent poor prognostic factors205. Patients with 17p-deletions display poor 
survival, with short time to first treatment and high risk of chemorefractori-
ness to alkylating agents and purine analogs112,114,124,132. As mentioned, the 
recurrent 17p-deletion is detected in 5% to 7% of CLL patients in early stage 
disease, and is more common among patients carrying other poor prognostic 
factors112,123,127. Apart from 17p-deletion, TP53 is also a target of somatic 
mutation in CLL. A majority (�70%) of CLL patients harboring 17p-
deletions also has TP53 mutations206-209, where 3% to 5% of CLL patients 
carry TP53 mutations without 17p-deletion, and an even higher incidence 
(up to 18%) is observed in patients with fludarabine-refractory disease206. 
The negative prognostic impact of TP53 mutation in the absence of 17p-
deletion was initially documented by Zenz et al.209. The presence of TP53 
mutation was also demonstrated as an independent predictor of poor sur-
vival208,209 and rapid disease progression206. Moreover, the survival and 
treatment response for patients with both 17p-deletion and TP53 mutation, 
TP53 mutation only, and 17p-deletion only were found to be equally infe-
rior208,209. That notwithstanding, a subset of cases with 17p-deletion pursues 
a benign clinical course. This was documented by Best et al.210, who showed 
that a subset of Binet stage A patients with 17p-deletion and mutated IGHV 
genes have a stable disease for several years without requiring therapy.  

TP53 Codon 72 Polymorphism and MDM2 SNP309 
The study of TP53 polymorphisms has increasingly attracted attention with 
the introduction of high-throughput genomic technologies using large co-
horts. Over 3.1 million sequence variations have been mapped, which repre-
sents 25% to 35% of the total estimated SNPs211. Numerous SNPs and other 
sequence variations have also been identified at the TP53 locus212. However, 
most are predicted to have no biological effects. It will be a challenge in the 
future to elucidate the potential cancer risk association for particular SNPs, 
as the effects of a polymorphism can be understated and can vary according 
to genetic background.  

The first TP53 exonic SNP discovered was codon 72 polymorphism 
(rs1042522) which involves a G�C substitution at nucleotide 466 of exon 4, 
resulting in either an arginine (CGC) or a proline (CCC) residue213. It is a 
non-synonymous SNP, and this polymorphism creates a p53 protein with 
reduced potential to induce apoptosis or suppress cell transformation214. The 
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polymorphic variants of codon 72 have been shown to have some differences 
in biochemical properties, with the arginine (Arg) allele exhibiting higher 
apoptosis-inducing activity, whereas the proline (Pro) allele appears to in-
duce higher levels of the G1 cell cycle arrest215,216. Moreover, the Pro/Pro 
phenotype demonstrates enhanced growth arrest and is a stronger inducer of 
transcription214-216. The TP53 codon 72 polymorphism has been associated 
with poor prognosis and increased cancer risk in solid tumors such as ovar-
ian and peritoneal carcinomas, breast cancers, and lung cancers217-219. How-
ever, its impact on hematologic malignancies needs to be further explored. 
So far, there has been no association of this polymorphism with patients’ 
outcome in DLBCL220 or CLL221-223. 

Many cellular proteins interact with or are under the control of p53. Poly-
morphisms in any of these proteins might influence cancer risk or synergize 
with TP53 polymorphism and/or mutation to modify the risk. Several genes 
in the p53 pathway contain polymorphisms which might be potentially of 
interest in the clinical settings. One of these genes is the most well-
characterized MDM2, bearing the polymorphism MDM2 SNP309, as dis-
cussed below. 

MDM2 SNP309 (rs2279744) characterizes a T�G substitution at nucleotide 
309 of intron 1 of chromosome 12160. This polymorphism localizes near the 
p53 response element and creates a higher-affinity DNA binding site for the 
transcription factor Sp1, resulting in increment in MDM2 mRNA and protein 
in cells160. Cell lines homozygous for the G allele express high levels of 
Mdm2 and were shown to have an impaired p53 response after DNA dam-
age, with poorly-induced p53 transcriptional activity and decreased p53-
induced apoptosis160. The estrogen receptor also binds the MDM2 promoter 
in the region of SNP309. In estrogen-responsive cells, estrogen preferentially 
induced the transcription of Mdm2 from the SNP309 promoter and the levels 
of Mdm2 in cells with homozygous G alleles were higher than cells with 
heterozygous T/G alleles or homozygous T alleles224. As a result, individuals 
carrying the homozygous G alleles might have higher levels of Mdm2 than 
individuals carrying the homozygous T alleles when estrogen levels are 
higher. The increased level of Mdm2 would lead to suppression of p53 func-
tion and might lead to a higher risk of hormone-related cancers. In DLBCL, 
a study by Bond et al.225 have shown that homozygosity for the G allele was 
correlated with earlier onset of de novo DLBCL in women. Another study 
performed in a German DLBCL cohort has investigated the impact of 
SNP309 on age of DLBCL onset at diagnosis, as well as its impact on out-
come220. However, no significant correlation with either disease onset or 
survival was observed. In CLL, the effect of MDM2 SNP309 in prognosis of 
remains arguable due to conflicting results. This polymorphism has been 
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suggested as independent predictor of inferior outcome in CLL patients, with 
significant negative correlation found between the SNP309 T/G and G/G 
genotypes with overall survival133. The effect of the heterozygous SNP309 
T/G genotype on treatment-free survival was found to depend on the p53 
status but not on other known prognostic markers in CLL. However, a sub-
sequent larger study found no association of this polymorphism to age of 
disease onset, survival or outcome, thus arguing the role of MDM2 SNP309 
as a prognostic factor in CLL226.  

p16INK4a  
The p16INK4a gene is one of the most frequently altered loci in human tumors 
besides TP53. Genetic or epigenetic inactivation of p16INK4a has been ob-
served in a proportion of B-cell lymphomas; it is commonly detected in ag-
gressive (DLBCL, Burkitt’s lymphoma) compared to indolent (FL, MZL, 
MCL, CLL) B-cell lymphomas. The predominant types of p16INK4a inactiva-
tion include homozygous deletion or loss of heterozygosity, and hyper-
methylation of the p16INK4a promoter.  

Structure of p16INK4a 
The p16INK4a protein was first identified in 1993 in coimmunoprecipitation 
experiments227, and was later demonstrated to be a specific inhibitor of the 
cyclin-dependent kinase (CDK) 4/cyclin D kinase228. The p16INK4a gene was 
independently isolated as a candidate tumor suppressor gene located at 
chromosome 9p21229,230. The locus encoding p16INK4a, named INK4a, has the 
capacity to give rise to two distinct transcripts from different promoters231 
(Figure 6). Each transcript has a specific 5’ exon, namely exon 1� and exon 
1�, which share the common exons, exon 2 and 3. One promoter produces a 
transcript that is formed by exons 1�, 2 and 3 and encodes p16INK4a, whereas 
the other promoter produces a transcript that is formed by exons 1�, 2 and 3 
and encodes p19ARF 232.  

Involvement of the INK4a locus in Rb and p53 Pathways 
INK4a is the link between two major pathways that control cell cycle pro-
gression: the retinoblastoma (Rb) and the p53 pathways (Figure 6). The Rb 
pathway, which regulates cell cycle entry and progression through the G1 
restriction point, involves p16INK4a, Rb, CDK4 kinase and cyclin D. The 
p16INK4a protein inhibits the activity of the CDK4-CDK6-cyclin D1 com-
plex233. This latter complex increases the phosphorylation state of the Rb 
protein, causing it to release the transcription factor E2F. E2F binds to the 
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promoters of target genes, and mediates the transcription of several genes 
involved in the G1 to S and G0 to S transitions in the cell cycle231. Particular 
components of the Rb pathway are frequently altered in human cancers, in-
cluding B-cell malignancies. This inactivation can be achieved by an in-
creased activity of CDK-cyclin complexes and/or by inactivation of the tu-
mor suppressor genes p16INK4a or RB234. The p53 pathway involves p14ARF 
(the human homologue of p19ARF)231, which acts together with TP53, p21 
and MDM2. The p53 pathway regulates the G1 and G2 checkpoints, or in-
duces apoptosis in response to DNA damage or other cellular stresses, as 
previously described in this thesis. 

 
 
 

 

 

 

 

 

 

 

Figure 6 The INK4a/ARF locus and the pathways involved. Exons 1� and 1� en-
code p16INK4a and p14ARF, respectively. Exons 2 and 3 are common exons shared 
between the two genes. Loss or mutation of p16INK4a leads to inactivation of the Rb 
pathway (p16INK4a, Cyclin D-CDK4, Rb), whereas inactivation of p14ARF leads to 
abrogation of the p53 pathway (p14ARF, Mdm2, p53, p21). Thus, alteration of this 
single locus is highly efficient in compromising the two cancer pathways.  

p16INK4a Inactivation  
The involvement of p16INK4a in the development of human tumors was im-
plied by the observation that the INK4a locus was mutated in many tumor-
derived cell lines and maps to a chromosomal region frequently altered in 
human malignancies229,230. Several mechanisms of p16INK4a inactivation have 
since been characterized, including deletion, mutation and hypermethylation, 
the latter which will be discussed further in the next subsection of this thesis. 

p16INK4a is frequently inactivated by two deletion events, one on each ho-
molog235. The high frequency of p16INK4a deletions in many types of tumors 
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suggested that this gene is a major tumor suppressor gene236. This finding 
has been reinforced by the analysis of knockout mice lacking functional 
p16INK4a; these mice were found to spontaneously develop B-cell lym-
phoma233. In the initial reports, p16INK4a was shown to be homozygously de-
leted at high frequency in cell lines derived from a wide range of tumor 
types. It was then proposed that homozygous deletion is the predominant 
mechanism for inactivating p16INK4a in most tumor cell lines, including leu-
kemia-lymphoma cell lines51,229,230. Point mutations of p16INK4a were rare in 
leukemias and lymphomas229,230. 

Previous studies have identified hypermethylation of the promoter of 
p16INK4a as an important mechanism of gene silencing50,237,238. Hypermethyla-
tion of a 5’ CpG island might represent an alternative mechanism of inacti-
vation of p16INK4a (see below). Although mutation has been a well-
established factor leading to loss of tumor suppressor function, promoter 
hypermethylation of several well-known tumor-related genes may also effec-
tively lead to the loss of gene function239-241. This epigenetic process may 
participate with genetic alterations to cause deregulation in gene function 
and expression, and may confer an additional selective advantage to tu-
mors241. The mode of gene inactivation by DNA methylation is further dis-
cussed in the next section. 

Epigenetics and Gene Silencing by DNA Methylation 
Introduction to Epigenetics 
The term epigenetics was first introduced by a British embryologist and ge-
neticist, Conrad Hal Waddington in 1939, and it was used to describe “the 
causal interactions between genes and their products, which bring the pheno-
type into being”242. Nowadays, epigenetics is defined as the reversible and 
heritable stable changes based on gene expression levels, as opposed to ge-
netics, which refers to information transmitted based on a change in the gene 
sequence243. Epigenetic modification has an important role in defining the 
transcriptome, which will eventually determine the characteristic of each cell 
type244.  

DNA Methylation 
The most widely studied epigenetic modification in humans is DNA methy-
lation245. Besides global hypomethylation of DNA, which is the initial find-
ing in human tumors246, and hypermethylation of the promoters of tumor-
suppressor genes237,247, miRNA has emerged as one of the recent participant 
in epigenetic mechanism248. Today, the list of genes undergoing methylation 
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and silencing in different cancers continues to grow. In fact, methylation of 
particular genes can eventually affect all important cellular pathways in rela-
tion to cancer245. 

DNA methylation involves the transfer of a methyl group to cytosine that 
precede guanines, or CpG dinucleotides249. This enzymatic reaction is cata-
lyzed through DNA methyltransferases and uses S-adenosyl-methionine as a 
methyl group donor. In general, over 85% of CpG dinucleotides are scattered 
in the human genome. The remaining 15% are clustered to form CpG is-
land250 which is typically more than 500bp in length, and frequently spans 
the 5� end of the regulatory region (promoter, untranslated region and exon 
1) of many genes251. CpG islands are normally unmethylated252. 

DNA methylation is important for normal development, chromosome stabil-
ity, and maintenance of gene expression states and proper telomere length253-

255. DNA methylation at CpG islands can directly inhibit the binding of tran-
scription factors to their target sites, thus preventing the transcription of spe-
cific genes. Moreover, DNA methylation normally promotes a highly con-
densed heterochromatin structure, where active transcription does not occur, 
through recruitment of DNA-organizing proteins. As it is stable and heritable 
throughout cell divisions, DNA methylation allows the daughter cells to 
retain similar expression pattern as the parent cells, which is important for 
inactivation of the X chromosome and imprinting.  

Aberrant Methylation Pattern in Hematological Malignancies  
DNA hypermethylation is a common mechanism for tumor suppressor gene 
inactivation in hematologic malignancies, including leukemias and lympho-
mas256-258. Most of the genes involved are associated with transcriptional 
silencing249. In B-cell lymphomas, the genes most frequently affected by 
hypermethylation-associated gene silencing include MGMT239, p57259 and 
p16INK4a 260 (see below), DAPK1261 and ZAP-70262. Moreover, genome-wide 
DNA methylation analysis revealed several candidate genes significantly 
hypermethylated in B-cell lymphomas, including DBC1, MYOD1, VHL and 
ABI3263,264.   

The methylation status of p16INK4a has been studied in different types of 
lymphomas, including multiple myeloma265, MCL266, Burkitt’s lymphoma267, 
anaplastic large cell lymphoma268 and MALT lymphoma269. It has been as-
sociated with aggressive transformation from indolent lymphoma sub-
types270,271. p16INK4a loss of expression has also been related to tumor pro-
gression in several types of B-cell lymphomas267,271,272. On the other hand, 
p16INK4a methylation has been proposed to represent an early event related to 
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lymphoma onset268. Subsequently, hypermethylation of CpG islands in 
p16INK4a has been investigated as a prognostic factor in B-cell lymphomas, 
including DLBCL. 

Significance of p16INK4a Hypermethylation in DLBCL 
In the past few years, promoter hypermethylation of p16INK4a has emerged as 
a contributing factor to the pathogenesis and progression of DLBCL. Despite 
the small number of DLBCL cases analyzed (between 9–68 cases in each 
study), p16INK4a methylation has been observed in 16% to 54% of 
cases198,260,268,270,273-275. However, the prognostic impact of p16INK4a methyla-
tion in this disease remains unclear, although it has been suggested to associ-
ate with the clinical course260,268,270,273. Shiozawa et al.260 reported that hy-
permethylation of p16INK4a significantly correlated with an inferior overall 
survival in patients with intermediate–high IPI groups. On the contrary, 
Amara et al.273 showed that DLBCL patients with hypermethylated p16INK4a, 
particularly in the low–intermediate risk groups, had poorer outcome. In 
addition, Gronbaek et al.274 and Sanchez-Beato et al.198 have observed the 
negative prognostic impact of p16INK4a methylation in patients with concur-
rent alterations of other genes (such as TP53, p14ARF and p27). DLBCL pa-
tients with concurrent TP53 mutation, INK4a/ARF locus deletions and 
p16INK4a methylation were shown to have a significantly worse prognosis 
than those with no concomitant alterations of the ARF and TP53 genes274. 
The survival rate of patients with alterations in TP53, p16INK4a and p27 was 
also significantly lower compared to patients with TP53 mutations alone or 
no alterations198.  

Approaches for Gene-specific DNA Methylation 
Analysis 
Sodium bisulfite modification of DNA 
A variety of methods have been developed to assess the methylation status 
of specific genes qualitatively, as well as quantitatively. Most methods rely 
on the sodium bisulfite modification of genomic DNA prior to polymerase 
chain reaction (PCR) amplification, which has been paired with several 
techniques other than traditional sequencing. These include the methylation-
specific PCR (MSP)276 (see below), bisulfite genomic sequencing277, pyrose-
quencing278 (see below), and methylation-sensitive high-resolution melting-
curve (MS-HRM) analysis279. Under successive bisulfite treatment, all un-
methylated cytosines will be converted to uracil, whereas the methylated 
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cytosines (5-methylcytosines) remain unchanged. Subsequently, uracils will 
be replicated as thymine in the PCR amplification.  

The integrity of bisulfite modification of DNA can be challenged by inap-
propriate conversion of 5-methylcytosine to thymine, and unsuccessful con-
version of unmethylated cytosine to uracil, the latter being a more common 
example of bisulfite-conversion error280. Hence, it is important to ensure 
adequate and complete bisulfite treatment by assessing the bisulfite conver-
sion quality. 

Methylation Detection by MSP  
MSP is a rapid and cost-effective method to screen for DNA methylation of 
known genes in a relatively large number of samples. As it requires no spe-
cialized equipment other than those available in a routine laboratory, MSP 
has been widely accepted as a method to analyze methylation at a specific 
locus. MSP was initially developed to assess promoter methylation status at 
CpG islands in cell lines and clinical materials, including fresh or frozen 
tissues276. This method distinguishes between methylated and unmethylated 
bisulfite-converted DNA by utilizing two pairs of specific amplification 
primers in separate PCR reactions.  

The major advantage of MSP is its high sensitivity, being able to detect one 
methylated allele in a population of more than 1000 unmethylated alleles at a 
given CpG island locus276. Moreover, this method can be performed on lim-
ited quantity of DNA, as well as on DNA extracted from paraffin-embedded 
samples, as long as there is no excessive degradation of the DNA itself after 
bisulfite conversion. However, its major advantage is also a major drawback; 
its highly-sensitive nature makes MSP very susceptible to false-positive 
results281-283. An example of this is the incorrect interpretation of the uncon-
verted unmethylated cytosines, which results from incomplete bisulfite-
conversion of the DNA template, as methylated cytosines by the MSP prim-
ers. Moreover, this technique cannot distinguish tumors with a low or high 
proportion of methylated tumor cells. As the information obtained by MSP is 
qualitative, other methods, such as pyrosequencing278, can be applied for 
quantitative assessment of methylation. The pyrosequencing technique is 
further described in the next section. 

Quantification of DNA Methylation by Pyrosequencing 
Pyrosequencing is a real-time DNA sequencing method which, like most 
other methods for DNA methylation analysis, relies on bisulfite-
conversion278. After bisulfite modification of DNA, the region of interest is 
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PCR-amplified, with either one of the two PCR primers biotinylated. The 
labeling is used to generate a single-stranded template to which the pyrose-
quencing primer will anneal. 

Pyrosequencing is based on the transformation of pyrophosphate (PPi) into 
measurable light, which is proportional to the number of incorporated nu-
cleotides284 (Figure 7). PPi is released upon incorporation of the nucleotide(s) 
by the Klenow fragment of the DNA polymerase I from Escherichia coli. 
The PPi is rapidly converted into ATP by the enzyme ATP sulfurylase, 
which provides the energy for another enzyme, luciferase to generate light. 
This reaction is accomplished at a very high speed and the light produced 
can be registered with a charge-coupled device camera (CCD), enabling a 
quantitative measurement of the incorporated nucleotides285. Before the addi-
tion of the next nucleotide, unincorporated nucleotides will be degraded by 
the enzyme apyrase. Pyrosequencing has been optimized so that only one 
nucleotide is present at any time in the reaction mixture. 

Pyrosequencing assay is robust and the results are highly reproducible. It can 
be applied for DNA methylation analysis of CpG-rich regions as well as 
CpG-poor regions, where the quantitative evaluation of the methylated CpG 
sites is not achievable using a qualitative method, such as MSP. An im-
provement to the conventional pyrosequencing (i.e. serial pyrosequencing) 
has enabled the amplification of up to 300bp of the region of interest using 
several sequencing primers which annealed on the same template286. This is 
crucial in cases where precious clinical samples are analyzed, where unnec-
essary additional PCR amplification could be avoided. 

However, there is one main limitation with this technique. Pyrosequencing is 
not meant to be used for genomic sequencing due to the limitation in the 
reading length, which is restricted to 350bp or less285,287. Amplification of 
more than the suggested reading length should be avoided, as secondary 
structure such as loops may form in the single-stranded template, which 
could eventually interrupt with the sequencing reaction or increase the back-
ground (noise) signal due to the extension of the 3’-end terminus. 
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Figure 7 Schematic representation of the pyrosequencing technique. The sequencing 
primer is hybridized to a single-stranded DNA template. The complementary strand 
is then synthesized in the presence of enzymes and substrates. The pyrosequencing 
process is initiated by addition of dNTP, one at a time. The incorporation of dNTP 
to the complementary DNA strand, which is catalyzed by the enzyme DNA poly-
merase, is accompanied by the release of PPi. PPi is then converted to ATP by the 
enzyme ATP sulfurylase. The light signal, which is produced in presence of ATP 
and catalyzed by the enzyme luciferase, is detected by a CCD camera. The resulting 
peaks correspond to the number of incorporated nucleotides, which can be seen in 
the Pyrogram. Excess ATP and unincorporated nucleotides will be degraded by the 
enzyme apyrase. 
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AIMS 

Overall, the main objective of this thesis was to investigate the impact of p53 
and its pathway, as well as p16INK4a on the clinical outcome of DLBCL 
and/or CLL patients. Specifically, the work in this thesis aimed to accom-
plish the following objectives: 

 
I To investigate the clinical relevance of TP53 mutations, the MDM2 

SNP309 and the TP53 codon 72 polymorphism in de novo 
DLBCL, and determine the impact of these aberrations on survival, 
particularly in GC and non-GC DLBCL. 

II To analyze the extent of CpG hypermethylation of the p16INK4a 
promoter in de novo DLBCL patients quantitatively using the py-
rosequencing technique, as well as qualitatively using MSP, and to 
correlate p16INK4a methylation status with clinical features and dis-
ease outcome. 

III To investigate the prognostic role of MDM2 SNP309 in CLL pa-
tients, and to correlate the genotypic data with well-established 
prognostic markers. 

IV To determine the presence of TP53 mutations in CLL patients at 
diagnosis from a population-based cohort of patients, and to deter-
mine if the frequency of TP53 mutations is comparable to those re-
ported in earlier studies. 
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MATERIALS AND METHODS 

Patients and Tumor Specimens 
All patients included in the studies were diagnosed according to the criteria 
in the WHO classification for each disease. The study population consisted 
of 102 and 113 de novo DLBCL (Papers I and II, respectively), and 268 and 
418 CLL patients (Paper III and IV, respectively). All studies have been 
ethically approved by the local ethical review committee. Clinical informa-
tion was available for all patients. In Paper I, DLBCL specimens were ob-
tained between 1984 and 2002 from 102 patients (median age 66 years, 
range, 15–90), whereas the tumor material in Paper II were collected be-
tween 1984 until present from 113 DLBCL patients (median age 66 years, 
range, 15–90). In Paper III, CLL samples were collected from 418 Swedish 
CLL patients (median age 64 years, range, 32-89). Tumor samples from 169 
of these cases were collected between years 1981 and 2006; the remaining 
249 cases collected from the Swedish part of a population-based case-control 
study called SCALE (Scandinavian Lymphoma Etiology)288 were obtained 
between the years 1999 to 2002. A total of 271 patients from the SCALE 
study were included in Paper IV. In Papers I and II, tumor materials were 
obtained from frozen DLBCL tumor biopsies, whereas in Papers III and IV, 
tumor materials were obtained mainly from the peripheral blood and bone 
marrow, with a smaller proportion obtained from lymph nodes and spleen. 
Genomic DNA was extracted using several different commercial kits, ac-
cording to the manufacturers’ protocols. 

TP53 Mutation Analysis 
In Papers I and IV, PCR amplification was performed using primers for exon 
4, exons 5 to 6 and exons 7 to 8 of the TP53 gene, followed by sequenc-
ing289. The Genome Assemble Program (GAP) software version 1.5 and the 
GenBank data library (release 160.0) were used for DNA sequence data 
analysis in Paper I, whereas the ContigExpress (Vector NTI Advance ver-
sion 10.3.1, Invitrogen) and the GenBank data library (release 174.0) were 
applied to analyze and align sequences in Paper IV. BioEdit Sequence 
Alignment Editor Version 7.0.5.3 was also used for data analysis in both 
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papers. In Paper I, the performance of direct sequencing was validated using 
the U-2932 cell line, which harbors a known TP53 mutation290. Mutated 
DNA from the cell line and normal DNA from a healthy control were mixed 
in different ratios ranging from 100% to 10%, and the cut-off for mutation 
detection was determined at 20%. Cases with negative PCR products were 
subjected for TP53 deletion analysis using two informative microsatellite 
markers; p53CA, located upstream of TP53 gene and D17S1678, located 
telomeric to the gene. To further confirm the results obtained from the dele-
tion analysis, an independent PCR protocol using alternative set of p53 
primers for each of exons 4 to 8 was carried out. Mutations were validated 
using the IARC TP53 Mutation Database291 and the UMD TP53 Mutation 
Database292. 

SNP Genotyping Analysis 
In Papers I and III, MDM2 SNP309 genotyping was performed using PCR-
restriction fragment length polymorphism (RFLP)293. To differ between the 
MDM2 genotypes, the resulting 154bp PCR products were digested with the 
MspA1I endonuclease and the digested products were then visualized on 
either a polyacrylamide gel (Paper I) or a 2% agarose gel (Paper III). The 
G/G homozygote product is cleaved by MspA1I and yields one 59- and one 
95bp band, the T/T homozygote is not cleaved by the enzyme and thus 
yields a single 154bp band, whereas the T/G heterozygote contains all three 
bands. In Paper III, genomic DNA was subjected for whole-genome amplifi-
cation (WGA) and the whole-genome amplified DNA was used for genotyp-
ing. Cross-confirmation of the genotyping findings was then performed on 
selected samples, where concordant results were achieved between the origi-
nal genomic DNA and the corresponding whole-genome amplified DNA. 
The identification of codon 72 polymorphism in Paper I was carried out us-
ing the same PCR-RFLP technique. The resulting 312bp PCR products of 
TP53 exon 4 were digested with BstUI. The codon 72 wild-type Arg/Arg 
homozygote product is cleaved by this endonuclease and yields one 259- and 
one 53bp band, the Pro/Pro homozygote is not cleaved by the enzyme and 
yields a single 312bp band, while the Arg/Pro heterozygote contains all three 
bands.  

IGHV Mutation Analysis 
In Paper III and IV, IGHV gene mutational status was investigated using 
PCR amplification with IGHV gene subgroup-specific primers and subse-
quent sequencing as previously described294,295. The sequences were aligned 
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to IG sequences from the Basic Local Alignment Search Tool (BLAST) 
database (National Center for Biotechnology Information, Bethesda, MD) 
and the international ImMunoGeneTics database IMGT/V-QUEST296,297. 
IGHV gene sequences with less than 98% identity to the corresponding 
germline gene were defined as mutated.  

Genomic Aberration Analysis 
In Paper III, cytogenetic screening for recurrent genomic aberrations was 
performed using a commercial CLL FISH probe panel detecting 
del(17)(p13), +12, del(11)(q22) and del(13)(q14). An additional 130 samples 
were analyzed using high-resolution Affymetrix 250K SNP-arrays from 
which data on recurrent genomic aberrations were available298. All 268 CLL 
samples in Paper IV were analyzed using high-resolution Affymetrix 250K 
SNP-arrays. 

Pyrosequencing Assay 
Genomic DNA was subjected to sodium bisulfite modification and subse-
quent PCR. Pyrosequencing assays initially developed at Biotage AB, Upp-
sala, Sweden were used to assess methylation status of the p16INK4a promoter 
(Ref: 40-0056). This assay detects the level of methylation in a region +148 
to +182 in exon 1 of the p16Ink4a gene (Ensembl gene: ENSG00000147889). 
The degree of methylation of four CpG sites was analyzed by the Pyro-
Mark™ Q24 software. An internal control to check for adequacy of bisulfite 
treatment was included in each assay. The exact frequency of methylation 
could be determined by the resulting peak patterns, which differed between 
methylated and unmethylated samples. Methylation was quantified in terms 
of methylation level (MtL), which was the mean percentage of methylated 
cytosines per CpG (�%Cm/4). Pyrosequencing can detect as low as 2.8% 
methylation level in totally (100%) unmethylated DNA, whereas a 91.7% 
methylation level could be detected in 100% in vitro methylated DNA.  

MSP Assay 
In Paper II, two sets of primers were used for methylated and unmethylated 
p16 promoter regions, and MSP assays were performed on bisulfite-
converted DNA to determine the methylation status of p16INK4a promoter, as 
described previously276, with minor modifications. This assay detects methy-
lation in 18 CpG sites; four of which were included in the pyrosequencing 
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assay. Several steps were also performed to ensure the specificity of the PCR 
primers in the detection of methylated bisulfite converted or unmethylated 
bisulfite converted DNA. MSP results were scored when a clear visible band 
on the electrophoresis gel with the methylated and/or unmethylated primers 
was observed276. Methylation analysis was confirmed with repeat MSP as-
says after an independent bisulfite treatment in cases where faint bands were 
observed.  

Statistical Analysis 
Statistica version 7.1 (Statsoft, Tulsa, OK, USA) was applied for all calcula-
tions in Papers I and III, Statistica version 8 was applied in Paper IV and 
Statistica version 9 was applied in Paper II. Fisher’s exact tests and Chi 
Square analysis were employed to determine the significance of TP53 muta-
tion status (Paper I) and genotype usage (Paper I and III) between patient 
groups. Comparison of median age at diagnosis between different SNP geno-
types was performed using Wilcoxon Mann-Whitney (Paper I) and Kruskal-
Wallis tests (Papers I and III). The Kaplan-Meier analysis was carried out to 
estimate lymphoma-specific survival (LSS; Paper I), overall survival (Paper 
III), progression-free survival (PFS; Papers I and II) and time to treatment 
(Papers III and IV). Differences in survival and median time to treatment 
were evaluated using the log-rank test. Overall survival and LSS were calcu-
lated from date of diagnosis to the date of the last follow-up or death, the 
later being death caused by lymphoma disease. PFS was determined from 
the date of diagnosis to the date of occurrence of the first relapse. Time to 
treatment was evaluated by the time interval from date of diagnosis to date 
of the first treatment. Patients alive and in remission at last follow-up were 
censored from the analysis.  
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RESULTS AND DISCUSSIONS 

Paper I – TP53 Mutations, TP53 codon 72 
polymorphism and MDM2 SNP309 in DLBCL 
The impact of TP53 mutations on survival in DLBCL remains controversial, 
with several studies showing associations with poor outcome46,187,189,202, 
while other studies failed to demonstrate any significant correlation199,200. To 
better understand the clinical consequences of TP53 mutations, we here in-
vestigated the prognostic impact of TP53 mutations in a series of 102 pa-
tients with de novo DLBCL. We chose to investigate TP53 mutations in 
exons 4 to 8 due to the findings that most human tumor mutations are lo-
cated in this DNA-binding region of p53. In DLBCL, 10% to 23% of TP53 
mutations has been documented previously187-189,196,197,202. In our series of 
DLBCL patients, 12.7% of TP53 mutations were detected, all of which were 
identical to common mutations reported in the IARC TP53 Database291 and 
Universal Mutation Database299. Most of the mutations identified in our se-
ries are missense mutations, with three cases showing mutations in the hot-
spot codons. TP53 mutations were detected in 10.6% of GC DLBCL, 
whereas mutations were present in 14.5% of the non-GC subtype.  

Overall, the TP53 mutations identified in the present study predicted for 
poor LSS in DLBCL, with a greater prognostic value observed in the GC 
subtype (LSS, P=0.002). Our findings are thus comparable to previous stud-
ies in DLBCL which correlates the presence of TP53 mutations to inferior 
outcome in patients199,200. Moreover, our results are in line with a recent 
study of TP53 mutations in different subtypes of DLBCL201, where they 
showed a tendency towards poor overall survival in TP53-mutated patients 
with the GC subtype. This finding was later confirmed in their subsequent 
larger study where TP53 mutations were found to stratify patients prognosti-
cally within the GC subgroup201. In parallel with these studies201,202, no sig-
nificant difference was observed in survival among non-GC DLBCL pa-
tients. We suggest that the pronounced clinical effect of TP53 mutations in 
GC DLBCL might be due to the involvement of NF-�B. NF-�B has been 
shown to suppress p53 transactivation and inhibit the transcription-
dependent induction of apoptosis by p53300. Recently, it has been demon-
strated that mutant p53 is able to increase the activity of NF-�B, which could 
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protect the tumor against chemotherapy-induced death301,302. We thus hy-
pothesize that TP53 mutation exerts its effect by enhancing the anti-
apoptotic activity of NF-�B in GC-DLBCL, thus rendering a growth advan-
tage in this tumor type. In contrast, mutant p53 may have a limited effect in 
non-GC DLBCL, since NF-�B is constitutively active in this subtype. 

Since TP53 mutations have been shown to be of relevance concerning pa-
tients’ outcome, we therefore investigated the potential clinical relevance of 
the TP53 codon 72 polymorphism in the same 102 DLBCL patients, with 
respect to survival. Previous studies have shown that the TP53 codon 72 
genotypes, particularly the homozygous Pro genotype, have a negative im-
pact on survival in various human cancers217-219,303. Nevertheless, it has also 
been shown in several other studies that codon 72 genotypes were not clini-
cally relevant for survival221,223. From the present study, we could not find 
any significant difference in LSS and PFS in relation to different codon 72 
genotypes. Furthermore, no significant difference was observed in median 
age at diagnosis. We here conclude that different codon 72 genotypes do not 
appear to have an impact on prognosis and survival in DLBCL patients.   

We further investigated the impact of another polymorphism in the MDM2 
gene: the MDM2 SNP309. As observed in other studies correlating survival 
and presence of codon 72 polymorphism, conflicting results have also been 
reported regarding MDM2 SNP309 and its association with survival and 
disease onset in various cancer types. Several studies have correlated 
SNP309 with poor survival293,304-306; other studies, however, failed to demon-
strate any impact of SNP309 on age of onset307 or survival308. No published 
data has correlated this polymorphism with DLBCL other than a study by 
Bond et al.225 who found an accelerated age of diagnosis in female DLBCL 
patients carrying the G-allele. In the current study, we could not find any 
association between age at diagnosis and the different SNP309 genotypes, 
either in male or female, which contradicts the previous report by Bond et 
al.225. Moreover, no significant difference was found in LSS and PFS be-
tween patients with different SNP309 genotypes. Thus, MDM2 SNP309 may 
not serve as a prognostic marker since it appears to lack clinical relevance in 
DLBCL.  

Paper II – p16INK4a Methylation in DLBCL 
The p16INK4a gene was shown to be transcriptionally silenced by hyper-
methylation in a number of hematologic malignancies, including B-cell lym-
phomas266,267,272. Promoter hypermethylation of this gene has also been asso-
ciated with transformation and tumor progression in lymphomas270,271. In 



 49

DLBCL, p16INK4a methylation has been reported to be more frequently de-
tected in male patients260, as well as in patients presenting clinical stage III-
IV, higher IPI scores, a performance status of two and above, and B-
symptoms273. p16INK4a methylation has been indicated to have a negative 
prognostic impact in DLBCL. However, this has remained unclear. Shio-
zawa et al.260 has shown a correlation between p16INK4a hypermethylation 
and inferior outcome in intermediate–high risk IPI patients260, whereas 
Amara et al.273 has shown , in a later study, a correlation between p16INK4a 
methylation and poor overall survival in the low–intermediate risk IPI pa-
tients, but not in the higher IPI groups273.  

To further investigate the clinical significance of p16INK4a methylation in 
DLBCL, we have analyzed 113 DLBCL cases for the presence of p16INK4a 
methylation, and correlated it with patients’ characteristics and survival. As 
previous p16INK4a methylation studies in DLBCL have utilized the qualitative 
MSP method to assess for the methylation status of this gene, we have taken 
a step further to quantify the degree of methylation in our DLBCL material. 
To the best of our knowledge, the present study is the first to apply the py-
rosequencing technology to quantitatively assess p16INK4a methylation in 
DLBCL, and to correlate it with clinical characteristics and outcome. 

In the present study, we have mainly investigated the significance of p16INK4a 
methylation status by comparing cases with unmethylated and cases in dif-
ferent categories of methylation (i.e. low, intermediate and high methyla-
tion). Based on the pyrosequencing data, cases with p16INK4a methylation 
level above 5% was interpreted as methylated, and this was observed in 42 
(37.2%) of 113 DLBCL, which is in range of the previously reported 
p16INK4a methylation prevalence in DLBCL (16%–54%)198,260,268,270,273-275. 
Among the cases with more than 5% methylation level, 19 (45.2%) were in 
the low methylation category, 15 (35.7%) in the intermediate, and 9 (21.4%) 
in the high methylation category.  

A qualitative methylation detection technique, MSP, was also employed in 
this study. Using pyrosequencing and MSP techniques, 79% of the cases 
showed concordant results for MSP-positive cases. However, more than half 
of MSP-negative cases also demonstrated p16INK4a methylation using py-
rosequencing, although a lower level was detected in most cases. This could 
probably be attributed to the higher sensitivity of pyrosequencing in detect-
ing methylation compared to MSP. Moreover, MSP is not able to distinguish 
between cases with a low or high proportion of methylated tumor cells, 
which is probably the case with heterogeneous tumors like DLBCL. In this 
regard, pyrosequencing thus represents a superior technique to determine the 
methylation status in clinical materials. 
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We have further evaluated the potential association of p16INK4a methylation 
with clinical characteristics. In contrast to previous reports, we found no 
correlation between the extent of p16INK4a methylation and any clinical vari-
ables, including age at diagnosis, IPI score and disease subtype, except a 
borderline significance for disease stage (P=0.049). Furthermore, despite 
applying a number of methylation cut-offs and inclusion criteria, we could 
not demonstrate the negative prognostic impact of p16INK4a methylation on 
patients LSS. Moreover, the negative prognostic impact of p16INK4a methyla-
tion on the survival of intermediate to high-risk IPI patients, as previously 
reported (13, 16), could not be verified in the present study. Nevertheless, in 
contrast to the inferior survival previously seen in patients with hypermethy-
lated p16INK4a, we observed an increase in PFS of young patients (<65 years 
of age) with methylation level above 25% compared to young patients with 
25% or less methylation (P=0.048). The relative impact of p16INK4a methyla-
tion (MtL >25%) on PFS in these patients was further demonstrated in a 
multivariate analysis. Although it appears as if p16INK4a methylation with a 
methylation above 25% contribute to better outcome, this should be inter-
preted with caution, as only a proportion of selected DLBCL cases were 
analyzed. The relevance of this finding, if any, need to be further evaluated 
and validated. Hence, our findings question the role of p16INK4a promoter 
methylation as a negative prognostic factor in DLBCL. 

Paper III – MDM2 SNP309 in CLL 
The impact of MDM2 SNP309 on survival of CLL patients remains contro-
versial. The first reported study by Lahiri et al.222 on 83 CLL patients failed 
to show any impact of the MDM2 polymorphism on clinical outcome. Fol-
lowing this observation, a detailed analysis on MDM2 SNP309 was per-
formed by Gryshchenko et al.133 in larger independent cohorts of 140 and 
111 CLL patients to determine the prognostic role of this polymorphism. 
These investigators showed that MDM2 SNP309 predicts for poor outcome, 
with significant correlation of the SNP309 TG and GG genotypes with over-
all survival. Moreover, patients carrying the GG genotype showed a more 
aggressive course of disease, with significantly reduced treatment-free sur-
vival, compared to patients with the TT genotype. Gryshchenko et al.133 also 
demonstrated the independent prognostic role of SNP309 in both cohorts, 
where MDM2 SNP309 predicted for treatment-free survival regardless of 
IGHV mutation status, CD38, ZAP-70 and Rai staging. A latter group, how-
ever, found no impact of SNP309 on disease course or outcome in their co-
hort of 617 CLL patients226. These conflicting reports on the role of MDM2 
SNP309 as a predictor of poor outcome of CLL patients has led us to further 
investigate this polymorphism in our cohort of 418 CLL cases. In addition, 
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we have also investigated the possible correlation of different MDM2 
SNP309 genotypes to well-established prognostic markers in CLL, such as 
IGHV mutation status, Binet stage and chromosomal aberrations.  

Of all cases included in the present study, approximately 10% carried the 
homozygous G genotype, whereas the homozygous T and heterozygous TG 
genotypes were displayed in approximately 44% and 45% of the patients, 
respectively. There was no difference in median age at diagnosis between 
the different genotypes. The majority of the patients were classified into 
Binet stage A (72.5%), while the remaining were in Stage B (19%) and C 
(8.5%). However, no significant difference was observed when the different 
SNP309 genotypes were compared to different Binet stage subgroups. Fur-
thermore, more than half of the CLL patients displayed mutated IGHV genes 
(58.4%); however, as observed within different Binet stages, none of the 
specific genotypes were significantly correlated with IGHV mutation status. 
Moreover, there was no significant association between the distributions of 
SNP309 genotypes in distinct cytogenetic subgroups, except for trisomy 12. 
However, the relevance of this observation, if any, is unknown. On the other 
hand, our data confirmed that unmutated IGHV genes, Binet stage B and C, 
as well as the presence of 17p-deletion, 11q-deletion and trisomy 12 can 
serve as poor-prognostic markers in CLL33,112.  

In line with the findings of Zenz et al.226, we failed to observe any impact on 
specific SNP309 genotypes with overall survival and time to treatment in our 
cohort of CLL patients. Furthermore, we could not find any correlation be-
tween MDM2 SNP309 with overall survival and time to treatment in relation 
to Binet stage, IGHV gene mutation status or chromosomal aberration sub-
groups. Thus, we conclude that MDM2 SNP309 does not seem to have any 
impact on the clinical course of CLL. Unless confirmed in several subse-
quent larger studies, this polymorphism should not be considered as a new 
prognostic marker to predict clinical outcome in CLL.   

Paper IV – TP53 Mutation in CLL 
The significance of TP53 mutation in the absence of 17p-deletion on sur-
vival in CLL was initially demonstrated by Zenz et al.209. TP53 mutation 
without 17p-deletion, which was found in 4.5% of their CLL cohort, was 
associated with poor prognosis. Later the same year, Dicker et al.206 showed 
that that isolated TP53 mutation (4.7%) predicted rapid disease progression 
independently. Rossi et al.208 and Malcikova et al.207 could also confirm the 
negative prognostic impact of TP53 mutation in the absence of 17p-deletion. 
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Most of these studies however consisted of patients from referral centers 
206,208,209.    

In this study, 268 newly diagnosed CLL patients from a population-based 
CLL cohort were analyzed for TP53 mutations. Sixty-seven percent of pa-
tients in our cohort harbored mutated IGHV genes and the majority were in 
Binet stage A. Most of the patients in this study had 13q-deletions or no 
recurrent aberrations, whereas 17p-deletion was detected in 3.7% of cases. 
Based on these observations, the current cohort of CLL patients comprised a 
more prognostically favorable characteristic or “low-risk” patients than ear-
lier studies on TP53206-209. 

Overall, we detected a low proportion (3.7%) of TP53 mutations in the CLL 
patients included in this study. Most of these patients (7 of 10) presented 
with 17p-deletion on the remaining allele. Hence, a lower frequency of TP53 
mutations in the absence of 17p-deletions (1.1%) was observed in our cohort 
compared to other studies in CLL, which have shown frequencies ranging 
from 4%–5% of cases206-209. The lower overall incidence of TP53 mutations 
without 17p-deletions in this study may reflect the inherent differences be-
tween this newly-diagnosed population-based CLL cohort compared to re-
ferred patient materials206,208,209. While the previous studies tend to have a 
selection bias towards more aggressive cohorts, our population-based cohort 
is comprised of more indolent cases, which is more representative of the 
TP53 mutation prevalence in CLL at diagnosis.  

The prognostic impact of 17p-deletion and TP53 mutation in CLL has been 
previously reported207-209. In the present study, we have confirmed a signifi-
cantly shorter overall survival (P<0.0001) and time to treatment (P=0.01) in 
patients with TP53 mutations and 17p-deletions, compared to patients with-
out any mutation or deletion. However, we could not properly analyze the 
impact of TP53 mutation in the absence of 17p-deletion on patients’ survival 
due to the low number of TP53-mutated patients in our material. Nonethe-
less, among the three patients with only TP53 mutations, one had initiated 
treatment 5 months after diagnosis, but was deceased 66 months later; the 
second patient received treatment 24 months after diagnosis, and was alive at 
95 months, whereas the third required no therapy, and was alive 102 months 
after diagnosis. All these three patients carried mutated IGHV genes. Inter-
estingly, in a recent study by Best et al.210 they have documented a subset of 
Binet stage A CLL patients with 17p-deletion and mutated IGHV genes hav-
ing a stable disease for several years without requiring therapy. Our findings 
thus support the recent data by Best et al.210. Hence, TP53 abnormalities, 
particularly in patients presenting with early-stage disease, do not necessar-
ily result in an aggressive disease course and poor outcome in CLL. 
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To conclude, we confirmed the high prevalence of TP53 mutations in 17p-
deleted patients but observed a lower incidence of TP53 mutations without 
17p deletion in our population-based study compared to previous re-
ports206,208,209. Our finding further supports the idea that TP53 mutations are 
gained during the disease progression rather than at disease onset. 
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CONCLUDING REMARKS 

Somatic mutations of TP53 that results in the absence or impaired function 
of p53 is one of the most important mechanism by which the p53 pathway is 
damaged during tumorigenesis. Moreover, loss of normal p53 function has 
been indicated to associate with unfavorable prognosis in both DLBCL and 
CLL. It has also been shown that polymorphisms in the TP53 gene and 
genes involved in the p53 pathway might have potential clinical interests. 
The two most commonly described SNPs in the p53 pathway are the TP53 
codon 72 polymorphisms and MDM2 SNP309, both of which have been 
reported to influence the function of p53 and Mdm2, respectively. In addi-
tion, aberrant DNA methylation, which result in transcriptional silencing of 
tumor-related genes, have been observed as the most consistent epigenetic 
changes in human cancers, including B-cell lymphomas. This has been im-
plicated in the findings that promoter hypermethylation of p16INK4a poten-
tially contributes to the pathogenesis and progression of DLBCL. 

Overall, we confirmed the negative prognostic impact of TP53 mutation in 
DLBCL, which was particularly prominent in the GC subtype (Paper I). 
However, no association was observed between TP53 mutations and survival 
in non-GC DLBCL patients, suggesting that other markers, such as NF-�B, 
might play a role in protecting the cells from chemotherapy-induced apop-
tosis. Our data further highlights the importance to study the impact of TP53 
mutations in these two biologically distinct subgroups of DLBCL. Neverthe-
less, the present finding needs to be further investigated in R-CHOP treated 
materials, in order to test its reliability as a predictor of inferior clinical out-
come, since the benefit of rituximab was found to be consistent in both GC 
and non-GC DLBCL.  

On the other hand, we have shown that the MDM2 SNP309 did not predict 
survival in either DLBCL or CLL (Papers I and III). Hence, we believe that 
the MDM2 SNP309 should not be considered as a prognostic marker in these 
entities. Moreover, no prognostic impact of the TP53 codon 72 polymor-
phism was observed in our series of DLBCL patients (Paper I). Thus, this 
polymorphism should also not be considered as a predictor of poor outcome 
in DLBCL.  
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We have, for the first time, analyzed the prognostic impact of p16INK4a me-
thylation in DLBCL using the pyrosequencing technique (Paper II). In short, 
we could not confirm the correlation between the p16INK4a methylation and 
patients’ survival, particularly with regard to LSS. Although we have docu-
mented a better PFS in young patients with >25% p16INK4a methylation level, 
and demonstrated this further in multivariate analysis, the significance of 
this, if any, needs to be further validated. Thus, we question the role of 
p16INK4a promoter methylation as a negative prognostic factor in DLBCL. 

In Paper IV, we confirmed the negative correlation between the presence of 
TP53 mutation with 17p-deletion and survival in newly-diagnosed CLL pa-
tients. However, the prognostic impact of TP53 mutation without accompa-
nying 17p-deletion could not be demonstrated due to the low number of 
TP53-mutated cases in our material. Nonetheless, our findings further em-
phasize that TP53 mutations are rarely observed in early-stage CLL.  

Altogether, the studies in this thesis have investigated the role of TP53 muta-
tion, TP53 codon 72 polymorphism and MDM2 SNP309, and p16INKa methy-
lation in the survival of DLBCL and/or CLL. In conclusion, we could con-
firm the negative prognostic impact of TP53 mutations in DLBCL, particu-
larly in the GC subtype, whereas MDM2 SNP309 and TP53 codon 72 poly-
morphisms appear to lack clinical relevance. We also question the role of 
p16INKa methylation as a poor-prognostic factor in DLBCL. Finally, the pres-
ence of TP53 mutation in CLL appears to be infrequent at disease onset and 
instead may arise during disease progression. 
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