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INTRODUCTION 

B- and T-lymphocytes are central components of the adaptive immune sys-
tem which is antigen-specific and requires the recognition of specific “non-
self” antigens during a process called antigen presentation. The evolvement 
of this system in early vertebrates allowed for a stronger immune response as 
well as immunological memory. In contrast, the innate immune system de-
fends the host from infection by other organisms in a non-specific manner 
and does not involve memory. The adaptive immune system is highly ad-
justable because of critical processes that take place during B-cell matura-
tion, namely immunoglobulin (IG) gene recombination and somatic hyper-
mutation (SHM). As a result of these mechanisms a limited number of genes 
can generate a vast number of B-cell receptors (BCR). However, these same 
processes may also increase the risk of genetic damage, such as mutations 
and translocations, and thereby predispose the B-cell to malignant transfor-
mation. This thesis will focus on B-cell malignancies and therefore a basic 
introduction to the maturation of B-cells and rearrangements of IG genes is 
first provided.  

B-cell maturation and immunoglobulin gene 
rearrangement 
Normal B-cell development 
B-cells, like all hematopoietic cells, are derived from pluripotent hematopoi-
etic stem cells [1]. Specification toward the B-cell lineage is dependent on 
expression of specific transcription factors that include early B-cell factor 
(EBF) and transcription factor 3 (TCF3, also known as E2A) [2, 3]. These 
DNA-binding proteins regulate the expression of a variety of B-lineage tar-
get genes and induce expression of additional transcription factors that play a 
role in B-cell development. Absolute commitment to the B-cell lineage is 
however dependent on subsequent expression of the PAX5 transcription 
factor [4]. Thereafter, the multi-step process of B-cell development starts, 
first in primary lymphoid tissue (fetal liver and fetal/adult bone marrow) 
whereas subsequent functional maturation takes place in secondary lym-
phoid tissue (human lymph nodes and spleen) as displayed in Figure 1 [5]. 
IG heavy chain (IGH) gene rearrangement initiates in the earliest B-lineage-
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committed progenitor which is termed the pro-B cell. If the rearrangement is 
successful, heavy chains of the µ class are expressed in the cytoplasm, at 
which stage the cells are defined as pre-B cells. Finally, once light chain 
gene rearrangements have occurred and light chains are expressed, pre-B 
cells develop into immature B-cells, expressing IgM on their surface. This 
generation of immature B-cells occurs in the bone marrow and is antigen-
independent (primary B-cell production). The next stage starts with the mi-
gration of the newly produced immature B-lymphocytes into the spleen 
where they differentiate into mature, naïve B-cells in a process referred to as 
secondary B–cell development (antigen dependent). During this selection 
process the B-cell goes through two transitional (T) stages; first as T1 cells 
where those with BCR specificities for blood-born self antigens are deleted 
by negative selection, and secondly as T2 cells whose maturation is depend-
ent on positive selection by antigen. Therefore, only 1-3% of splenic transi-
tional cells develop into mature naïve B-cells [6, 7]. Finally, naïve B-cells 
recirculate through the bloodstream and enter peripheral lymph nodes and 
spleen where they form primary follicles, before undergoing further differen-
tiation into effector cells in response to antigenic challenge [8].  

Immunoglobulin gene rearrangements 
Human antibody molecules (and BCRs) contain heavy and light chains with 
both constant (C) and variable (V) regions that are encoded by genes on 
three loci. The IGH locus on chromosome 14 contains genes encoding the 
heavy chain, whereas the IG kappa (IGK) locus on chromosome 2 and IG 
lambda (IGL) locus on chromosome 22 both contain genes encoding the 
light chain. The IGH locus consists of distinct V, diversity (D), joining (J), 
and C genes. Because the genes are separated from one another, their juxta-
position must occur with deletion of the intervening sequence. The initial 
event during IGH gene rearrangement juxtaposes an IGHD gene to an IGHJ 
gene, which is then followed by rearrangement of an IGHV gene to the 
IGHD-IGHJ complex [8]. The IGHC gene remains separated from the rear-
ranged IGHV-D-J complex by an intron which is deleted later on during 
RNA processing after transcription [8, 9]. This gene recombination process 
is dependent on enzymatic machinery that deletes intronic sequences and 
joins coding segments of DNA. The enzymes that mediate these functions 
act through recognition of unique recombination signal sequences (RSS) 
[10]. During IG gene recombination the RSS form loops of DNA, which in 
turn bring the coding exons adjacent to one another, followed by deletion 
and degradation of the noncoding loops. Two highly conserved proteins, 
RAG1 and RAG2, cleave at RSS on one DNA strand [10, 11] leading to the 
creation of a hairpin loop by the other strand which is subsequently opened 
by the Artemis nuclease [12]. A number of other enzymes are involved in 
the cleavage and ligation process. One is the nuclear enzyme deoxynucleo-
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tidyl transferase (TdT) which is recruited to add nucleotides randomly to the 
DNA ends prior to ligation, thus providing junctional diversity [13]. Another 
cause of BCR diversity is the variability in the exact position of cleavage of 
the hairpin loop by the Artemis nuclease. Both mechanisms contribute to a 
large variability in the DNA sequence even when the same D, J and V seg-
ments are joined.  

 

 
Figure 1. A simplified model of B cell development. 

Following translation, the µ heavy chain is expressed on the surface of pre-B 
cells where it associates with a surrogate light chain (Vpre-B and 5 pro-
teins) forming the pre-B cell receptor (pre-BCR) [5, 14]. One role of the 
surrogate light chains may be to select those heavy chains that will ultimate-
ly be capable of pairing with conventional light chains. Another function of 
pre-BCR signaling is to mediate allelic exclusion, where one successfully 
rearranged IGH allele inhibits rearrangements at the other IGH allele [15]. 
At some point pre-BCR expressing cells cease to express surrogate light 
chains, enter a resting phase and initiate conventional light chain gene rear-
rangement. As mentioned, human Ig light chains are encoded by the IGK 
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(60%) or IGL (40%) genes. The light chain loci include V, J and C regions 
but no D region in contrast to the IGH locus. Rearrangements initiate at the 
IGK locus with joining of an IGKV gene to an IGKJ gene, where intron 
splicing after transcription results in formation of a mature IGKV-J-C tran-
script. If rearrangements at the first IGK locus are unsuccessful, attempts are 
made to rearrange the second IGK allele. If this fails, the IGL locus is uti-
lized [16]. Following successful recombination at the IGK or IGL locus, the 
light chain is expressed and associates with the heavy chain to form the Ig 
molecule. Finally, the multimeric BCR complex is formed by the assembly 
of a surface Ig homodimer and a non-covalently-bound heterodimer Ig /Ig  
(CD79A/CD79B) [5]. 

In order for the organism to mount an effective humoral immune re-
sponse, an array of BCRs with unique antigen-binding specificities, together 
referred to as the Ig repertoire, must be generated. Several mechanisms have 
evolved to ensure that this occurs; 1) enormous combinatorial diversity cre-
ated by the IG V, D and J genes, 2) addition of nucleotides to gene junctions 
by the TdT nuclear enzyme [13], 3) junctional diversity due to the imprecise 
formation of DNA joints during recombination, and 4) SHM of V region 
genes in secondary lymphoid tissues [17], which is described further in the 
following section.  

B-cell antigenic response in secondary lymphoid tissues 
As described above, naïve B-cells in lymph node primary follicles are de-
rived from T2 B-cells that have migrated from the spleen. Following their 
binding of a T-cell dependent antigen, mature naïve B-cells in primary folli-
cles become activated and undergo clonal expansion. The histologic appear-
ance of the follicle changes as these events evolve. The nonresponsive B-
cells form an outer mantle zone surrounding the proliferating, antigen-
responsive B-cells in a central germinal center (GC) [18]. Two regions can 
be distinguished within the GC of the secondary follicle. At one pole, the 
cycling B-cell blasts are referred to as centroblasts and form the dark zone. 
The other pole, the light zone, consists of nonproliferating cells referred to as 
centrocytes. Some centrocytes will go on to become plasma cells that secrete 
high-affinity Ig, whereas others will become memory B-cells [8, 19]. The 
formation of high-affinity Ig occurs as a result of a process termed affinity 
maturation, which involves Ig class switching and selection of B-cell clones 
with high antigen-binding potential. This increased affinity is due to changes 
in the genes that encode the antigen-binding domain of the Ig molecule in a 
process termed somatic hypermutation (SHM). Here, single nucleotide muta-
tions, or more rarely insertions/deletions, are introduced into the genes en-
coding the V region of the Ig molecule. The enzyme activation-induced cyti-
dine deaminase (AID) is expressed in GC B-cells and is indispensable for 
both SHM and class switch recombination [20, 21]. Although the process of 
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affinity maturation is highly efficient, one potential unintended consequence 
is the development of B-cell lymphoma. 

B-cell malignancies 
Classification of B-cell malignancies 
According to the World Health Organization’s (WHO) classification lym-
phomas fall into three major categories; mature B-cell neoplasms, mature T-
cell and NK-cell neoplasms and Hodgkin lymphoma [22]. However, mature 
B-cell neoplasms comprise over 90% of lymphoid neoplasms worldwide 
[23]. This large category includes lymphomas such as diffuse large B-cell 
(DLBCL), follicular (FL), marginal zone (MZL), Burkitt (BL) and mantle 
cell lymphoma (MCL). Also included among mature B-cell malignancies are 
leukemias such as hairy cell leukemia and chronic lymphocytic leukemia 
(CLL). MCL and CLL will be the focus of this thesis. Mature B-cell neo-
plasms are more common in developed countries, but individual neoplasms 
vary in their relative frequency in different parts of the world. As an exam-
ple, FL is more common in developed countries, particularly the United 
States and Western Europe, but is uncommon in South America, Eastern 
Europe, Africa and Asia. Conversely, BL is endemic in equatorial Africa but 
rare in the United States and Western Europe [22].  

Cellular origin of B-cell malignancies  
The cellular origin of various B-cell malignances is still an area of active 
investigation. However, available evidence suggests that each disease repre-
sents a clonal proliferation of B-cells at a distinct stage of differentiation, 
ranging from naïve B-cells to mature plasma cells. Therefore, B-cell malig-
nancies can to some extent be classified according to the corresponding 
normal B-cell stage and/or histological location, such as lymph node mantle 
zone, GC, marginal zone [22]. Important clues to the maturation stage of B-
cells can be derived from mutation analysis of IGHV genes [24]. As SHM 
takes place in GCs of lymph nodes, unmutated IGHV genes may correspond 
to a pre-GC origin, ongoing mutations to a GC origin and stable mutations to 
a post-GC origin. Supporting this concept, the GC-derived lymphomas FL 
and GC B-cell DLBCL frequently have active ongoing SHM, while the ab-
sence of ongoing SHM in multiple myeloma reflects its post–GC origin [25, 
26].  

In recent years, however, the concept of cancer stem cells has received 
increased attention, as it was observed that some malignant cells and stem 
cells share self-renewal and differentiation capacities [27]. Recently, a small 
subset of cancer stem cells has been identified among the complete tumor 



 18 

cell population in various malignancies, both solid tumors and leukemias 
[28-31]. Although the existence of a similar lymphoma stem cell is still con-
troversial, it has been proposed that certain lymphomas, such as MCL and 
FL, originate from committed lymphoid progenitor/precursor cells [32]. 
Supporting this, a recent study identified a small fraction of CD19 negative 
MCL cells that possessed self-renewal and tumorigenic activities and were 
thus proposed to represent MCL-initiating cells [33]. Furthermore, HSCs 
purified from patients with CLL but not normal HSCs were able to develop 
monoclonal B cells with a CLL-like phenotype after xenogeneic transplanta-
tion into immunodeficient mice [34]. Therefore, HSCs may be involved in 
leukemogenesis even in mature lymphoid tumors. 

Pathogenesis of B-cell malignancies 
The pathogenesis of B-cell lymphomas is a highly complex process involv-
ing genetic alterations in the tumor clone itself as well as biologic alterations 
in the host. Four main mechanisms of lymphomagenesis are recognized. 
These include 1) accumulation of genetic alterations in the tumor, 2) infec-
tion of the tumor clone by oncogenic viruses/bacteria, 3) stimulation and 
selection of tumor precursor cells by an antigen, and 4) immunodeficiency of 
the host [8]. The major known risk factor appears to be an abnormality of the 
immune system, either immunodeficiency or autoimmune disease. Although 
evidence of immune system abnormalities are lacking in most patients with 
mature B-cell neoplasms, immunodeficient patients have a markedly in-
creased incidence of B-cell neoplasia, particularly DLBCL and BL [35-37]. 
Furthermore, patients with autoimmunity are at an increased risk of lym-
phomas, particularly DLBCL [38, 39]. Infectious agents have been linked to 
the development of several types of B-cell lymphomas. The clearest example 
is BL where Epstein-Barr virus (EBV) is present in nearly 100% of endemic 
cases and in 40% of sporadic and HIV-associated cases [40, 41]. Other vi-
ruses implicated include human herpesvirus-8 (HHV8) in primary effusion 
lymphoma and hepatitis C virus in lymphoplasmacytic lymphoma (Walden-
ström’s macroglobulinemia) [42, 43]. Bacteria, or immune responses to bac-
terial antigens, have been implicated in the pathogenesis of mucosa-
associated lymphoid tissue (MALT) lymphoma. Gastric MALT lymphoma 
in patients infected with Helicobacter pylori depends on the presence of T-
cells activated by H. pylori antigens for proliferation and treatment of H. 
pylori infection causes regression of the lymphoma in many patients [44, 
45].  

Genetic susceptibility does play a role in B-cell lymphoma development, 
although the extent of the contribution is presently unknown [46]. Confirmed 
single nucleotide polymorphism (SNP) associations include TNF-308G->A 
and IL-10 -3575T->A polymorphisms, both associated with increased NHL 
risk, in particular DLBCL [47]. Genome wide association studies (GWAS) 
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have linked variations at 6p21.33 and 6p21.32 with FL risk, suggesting that 
major histocompatibility complex genetic variation influences FL suscepti-
bility [48, 49]. Furthermore, GWAS of CLL has identified a total of ten risk 
loci [50-52].  

In contrast to genetic predispositions, acquired genetic aberrations 
have for a long time been known to play a major role in lymphoma patholo-
gy. Several mature B-cell neoplasms have characteristic genetic abnormali-
ties that are important in determining their biologic features and that can be 
useful in differential diagnosis. These include for instance the 
t(11;14)(q13;q32) in MCL, t(14;18)(q32;q21)  in FL, t(8;14)(q24;q32) in 
BL, and t(11;18)(q21;q21) in MALT lymphoma [22]. The first three place a 
cellular proto-oncogene under the control of the IGH promoter on chromo-
some 14q32, resulting in constitutive activation of the gene. In MCL and BL 
the overexpressed genes are associated with proliferation (CCND1 or MYC), 
while in FL and MALT lymphoma the translocations result in overexpres-
sion of an anti-apoptotic gene (BCL2 or API2) [22].  

As previously mentioned mature B-cell neoplasms are a very hetero-
geneous group. The next sections will be devoted to further outline the fea-
tures of MCL and CLL, two very different although related entities.  

Mantle cell lymphoma 
Epidemiology and clinical features 
MCL is relatively uncommon, comprising 3-10% of NHL. It has a marked 
male predominance (male:female ratio = 2-7:1) and mainly affects middle-
aged to elderly individuals (median age about 60) [22, 53]. MCL typically 
presents in advanced stage with lymphadenopathy, hepatosplenomegaly and 
bone-marrow involvement, but peripheral blood involvement is also present 
in about 25% of cases . MCL combines the worst features of indolent and 
aggressive lymphomas, in being incurable by currently available chemother-
apy but clinically aggressive, with a median survival of only 3-5 years [22, 
54, 55]. Recently however, an indolent form of MCL (iMCL) was described 
which differs from the classical form of MCL (cMCL) in having a benign 
clinical course with survival of more than 7 to 10 years, sometimes not even 
requiring chemotherapy for long periods. This iMCL subgroup often dis-
plays nonnodal leukemic disease with predominantly hypermutated IGHV 
genes, noncomplex karyotypes and weak SOX11 expression [56-58]. MCL 
with an indolent clinical evolution may therefore represent a distinctive clin-
ical and biological subtype of the disease. It has even been proposed that at 
least some iMCL cases may represent the MCL counterpart to the CLL-like 
monoclonal B-cell lymphocytosis (MBL) [58]. Recently, very low levels 
(10-7) of long-lived monoclonal B-cells with a t(11;14) were detected in up 
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to 7% of healthy individuals, which may thus carry MCL-like MBL clones 
[59]. 

Pathology 
In 1992 American and European International lymphoma study group 
(ILSG) members agreed on the existence of a tumor derived from mantle B-
cells that was consequently termed mantle cell lymphoma (MCL) [60]. Pre-
vious classifications and nomenclatures included terms such as “intermedi-
ately or poorly differentiated lymphocytic lymphoma, diffuse or nodular” 
(Rappaport) or “malignant lymphoma, diffuse, small cleaved type” (Work-
ing formulation) [22]. As these older descriptions imply, MCL demonstrates 
architectural destruction by a monomorphic lymphoid proliferation with a 
vaguely nodular or diffuse growth pattern. The malignant cells are small to 
medium-sized lymphoid cells with slightly to markedly irregular nuclear 
contours [22]. In addition to the classical form described above, there are 
some cytological and/or morphological variants of MCL, termed blastoid, 
pleomorphic, small cell, and marginal zone like. However, only the blastoid 
and pleomorphic variants are considered to be of potential clinical signifi-
cance, with both being clinically aggressive [53]. The blastoid variant con-
sists of slightly larger cells resembling lymphoblasts with dispersed chroma-
tin and a high mitotic rate. The pleomorphic form is characterized by hetero-
geneous cells, with oval to irregular nuclear contours, frequent mitotic fig-
ures and at times prominent nucleoli. Both the blastoid and pleomorphic 
form occur de novo, rarely representing morphological progression of the 
disease [22, 53]. The immunophenotype of MCL is characterized by expres-
sion of mature B-cell antigens (CD19, CD20, CD22, CD79a and 
BSAP/PAX5) and co-expression of the T-cell associated antigens CD5 and 
CD43. The IgM/IgD surface Igs are usually intense and frequently associat-
ed with the lambda light chain. On the other hand, the neoplastic cells are 
usually CD10-, BCL6- and IFR4-negative, with occasional weak expression 
of CD23 [22, 53]. In contrast to iMCL, a strong nuclear expression of the 
transcription factor SOX11 is a feature of cMCL, including cyclin D1 nega-
tive forms [61, 62]. SOX11 is not expressed by other mature B-cell lym-
phomas with the exception of some BL cases. However, it is uniformly 
negative in other small B-cell lymphomas which might be confused with 
MCL, such as CLL, FL and MZL [61, 62]. 

Pathogenesis of MCL 
Genetics 
The t(11;14)(q13;q32) is regarded as the primary genetic event in the patho-
genesis and the hallmark of MCL [63]. By analyzing the breakpoint regions 
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it has been deduced that this translocation occurs at the pre-B-cell stage of 
differentiation in the bone marrow initiated by the recombination of the IGH 
locus [64]. The translocation juxtaposes the CCND1 locus at 11q13 with the 
IGH locus at 14q32, causing overexpression of the cyclin D1 protein at both 
mRNA and protein levels as displayed in Figure 2 [65, 66]. The t(11;14) is 
detected by conventional cytogenetics in up to 65% of MCLs, but using fluo-
rescent in situ hybridization (FISH) techniques it can be found in virtually all 
cases of MCL [67]. As cyclin D1 is not generally expressed by normal B 
cells or other lymphomas, its positive expression has come to represent a 
highly specific marker for MCL in clinical practice [65]. It should be men-
tioned, however, that the t(11;14)(q13;q32) has been detected in other types 
of hematological malignancies such as multiple myeloma [22]. Furthermore, 
gene expression profiling studies have identified a subset of MCL cases that 
is cyclin D1 negative but cyclin D2 or cyclin D3 positive [68, 69]. Translo-
cations and resulting protein overexpression involving these alternative cy-
clin isoforms may be detected by FISH and RT-PCR respectively but im-
munostaining is not specific [70].  

 
Figure 2. The t(11;14)(q13;q32) is a hallmark of MCL and results in excess cyclin 
D1 expression. 

Importantly, studies with transgenic mice suggest that cyclin D1 deregula-
tion, although important for MCL initiation, may not be responsible for the 
complete cell transformation, and that secondary genetic alterations are re-
quired [71, 72]. Comparison with other malignant lymphoid neoplasms has 
revealed that MCL, in particular the blastoid variant, is among those with the 
highest level of genomic instability [73]. Recurrent genomic aberrations 
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observed in MCL include deletions at 1p, 8p, 9p, 9q, 11q, 17p and gains at 
3q, 8q, 15q, 18q [74]. Although the target genes of most genomic aberrations 
have not been identified, a small group of candidate genes has been charac-
terized, including ATM, BCL2, CDK4, CDKN2A, MYC, and TP53. Notably, 
most of these target genes are involved in cell cycle regulation and cellular 
response to DNA damage, as discussed below [75]. 

Immunogenetics  
The IGHV genes are unmutated in the majority of MCL cases, consistent 
with a pre-GC B cell. However, about 20-30% of MCL cases do carry mu-
tated IGHV genes (<98% sequence identity to germline) [53, 76, 77]. The 
fact that SHMs in IGHV genes are detected in a significant proportion of 
MCL cases indicates that some tumors originate in cells that have undergone 
the influence of the mutational machinery of the follicular GC. However, the 
rate of IGHV mutations in MCL is lower than in other lymphoid neoplasms, 
such as CLL or follicular lymphoma, and the mutational status does not cor-
relate with survival in MCL [78]. As in CLL, a biased use of IGHV3-21, 
IGHV3-23 and IGHV4-34 has been described in MCL, suggesting that these 
tumors may originate from specific subsets of B cells [53, 76]. Recently, a 
large collaborative project reported the results of IGHV mutation analysis of 
807 sequences from MCL cases [79]. This report agrees with previous stud-
ies in that 23% of sequences were defined as “mutated” according to the 
classical definition (<98% sequence identity to germline). However, using 
another approach 57% of sequences were classified as minimally/borderline 
mutated (97-99.9%) whereas 14% were classified as highly mutated (<97%). 
Notably, 11% of sequences could be assigned to 38 clusters based on se-
quence homology (stereotypy) of the heavy complementarity-determining 
region 3 (VH CDR3) [79].  

Molecular pathways 
Most molecular alterations that are characteristic of MCL affect three major 
cellular pathways: cell cycle control, DNA damage response and cell surviv-
al/apoptosis, as displayed in Figure 3 [74]. As discussed above cyclin D1 
protein overexpression is considered a hallmark of MCL. Cyclin D1 belongs 
to the cyclin family of proteins, which control the progression of cells 
through the cell cycle by activating cyclin-dependent kinase (CDK) enzymes 
[80]. As the name implies the concentration of cyclins varies in a cyclical 
fashion, as they are produced or degraded during different stages of the cell 
cycle. Proteins phosphorylated by cyclin/CDK complexes are responsible for 
specific events during cycle division, such as microtubule formation and 
chromatin remodeling. Specifically, cyclin D1 plays an important role in the 
regulation of G1-S transition following mitotic growth factor signaling. The 
protein forms a complex with CDK4/CDK6 which then phosphorylates the 
tumor suppressor retinoblastoma protein (pRb), facilitating cell cycle pro-
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gression. pRb plays a key role in the G1-S transition by sequestering and 
inactivating E2F transcription factors which are involved in the transactiva-
tion of genes required for S phase entry and DNA replication [81].  

Secondly, genes implicated in DNA damage response play a large role in 
MCL lymphomagenesis, especially TP53, CDKN2A and ATM. Inactivation 
of the TP53 locus and/or p53 overexpression occurs in a subset of cases and 
is a marker of poor prognosis [82]. The p53 tumor suppressor protein has 
been called “the master guardian of the cell” and is discussed in more detail 
later in this thesis [83]. Inactivation of CDKN2A by deletion, mutation, or 
hypermethylation is detectable in a significant proportion of blastoid variant 
MCL [84]. The CDKN2A locus encodes two key regulatory elements of the 
cell cycle and survival pathways, the CDK4 inhibitor INK4a and the p53 
regulator ARF. As shown in Figure 3 INK4a deletion leads to increased lev-
els of CDK4 which forms a complex with cyclin D1, already present in high 
levels, and thus promotes the G1 to S phase transition in MCL. Loss of ARF, 
a negative regulator of MDM2, leads to increased levels of MDM2 which 
promotes p53 degradation. The ATM (ataxia telangiectasia mutated) gene is 
especially interesting since copy number loss is detected in up to 60% of 
cases and mutations in up to 75% of MCL cases [85, 86]. The ATM gene 
encodes a phosphoprotein kinase that is a master controller of cell cycle 
checkpoint signaling pathways important for cellular response to DNA dam-
age, including double strand breaks (DSBs) [87]. The high frequency of 
ATM gene aberrations in MCL is interesting as these are not as common in 
other B-cell malignancies [88]. Notably, the ATM gene is strongly expressed 
in mantle zone naïve B-cells but not in follicular GC B-cells which undergo 
physiological DSBs during SHM and class switch [89]. ATM inactivation in 
pre-malignant mantle zone cells may prevent repair of DSBs and thereby 
facilitate genomic instability and tumorigenesis. In support of this hypothe-
sis, MCL cases that carry ATM mutations have a higher number of chromo-
somal aberrations than those with a wild-type gene [90].  

The third cellular process frequently targeted in MCL involves cell sur-
vival and apoptosis pathways. The most relevant apoptotic pathway affected 
is the BCL2-system [91]. The anti-apoptotic BCL2 gene is amplified and 
overexpressed in a subset of MCL cases while the pro-apoptotic BIM 
(BCL2L11) gene has been reported to be targeted by homozygous deletions 
[91, 92]. Interestingly, a recent study suggested a novel role for cyclin D1 in 
deregulating the apoptosis pathway in MCL by sequestering the proapototic 
BAX protein in the cytoplasm and thus facilitating the antiapoptotic function 
of BCL2 [93]. Thus, the impact of cyclin D1 overexpression in MCL may 
extend beyond the deregulation of the cell cycle. Furthermore, the NF B and 
Akt signaling pathways, which are crucial for promoting cell survival and 
proliferation, are constitutively activated in MCL [94, 95].  
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Figure 3. Molecular pathways involved in the pathogenesis of MCL. Proteins repre-
sented in green boxes have been reported to be overexpressed, while proteins in red 
boxes are underexpressed in MCL. Overexpression of Cyclin D1, represented in a 
yellow box, is a hallmark of MCL. Adapted from Obrador-Hevia et al [74]. 

Prognostic parameters 
With an increasing number of new therapeutic options on the horizon there 
is a need for correct stratification of patients according to the biological risk 
of their disease. Recently, a prognostic index specific for MCL (MIPI, Man-
tle-cell lymphoma International Prognostic Index) was designed. The MIPI 
is based on four independent prognostic factors [age, Eastern Cooperative 
Oncology Group performance score, lactate dehydrogenase and leucocyte 
count] and has been shown to stratify MCL patients into three distinct prog-
nostic groups [57, 96]. Several histopathologic and genetic features have 
been reported to have prognostic value in MCL, including the mitotic index, 
Ki-67 detection, gene expression profiling and several genomic aberrations, 
including losses at 8p, 9p, 9q, 13q14, 17p and gains at 3q, 8q and 12q [85, 
97, 98]. The prognostic impact of many of these parameters however, merely 
reflects the tumor proliferation as they lose their predictive value in multi-
variate analysis [53]. The importance of proliferation in MCL is reflected by 
the prognostic power of the proliferation gene expression signature, where 
the twenty genes with the highest prognostic impact were found to have bio-
logical functions related to cell proliferation such as  mitosis, DNA synthe-
sis/repair and the cell cycle [68]. More recently, a five-gene model (RAN, 
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MYC, TNFRSF10B, POLE2 and SLC29A2) based on RQ-PCR analysis of 
gene expression was proposed as a prognostic indicator in MCL [99]. Gene 
expression analysis of MCL is discussed in more detail below.  

Therapy 
The standard treatment for MCL has for many years been polychemothera-
py. The combination of chemotherapy regimens such as CHOP (cyclophos-
phamide, adriamycin, vincristine and prednisone), hyperCVAD (a dose in-
tense, hyperfractionated cyclophosphamide in a CHOP-like combination 
plus high dose methotrexate and cytarabine), or FCM (fludarabine, cyclo-
phosphamide, mitoxantrone) with rituximab (a chimeric monoclonal anti-
CD20 antibody) can produce impressive overall response rates of up to 80–
95% and complete remission rates of up to 30–87% in previously untreated 
patients [100-102]. Furthermore, a recent meta-analysis suggests that the 
addition of rituximab to chemotherapy might improve overall survival (OS) 
in MCL patients [103]. The combination of high-dose chemotherapy and/or 
rituximab treatment with autologous stem cell transplantation (ASCT) has 
achieved high overall response rates in some studies, but this modality is 
used preferentially in young patients and early in the course of the disease 
[55, 104, 105]. Furthermore, molecular relapse of MCL may occur many 
years after ASCT, although a recent study suggests that PCR-based pre-
emptive treatment with rituximab can reinduce molecular remission and 
prevent clinical relapse [106]. Of note, in patients treated within two ran-
domized trials of the European MCL Network molecular remission was pre-
dictive of clinical outcome after combined immunochemotherapy followed 
by ASCT or maintenance treatment [107]. Preliminary experience suggests 
that allogeneic procedures may represent a promising salvage strategy for 
patients with relapsed and refractory MCL [108, 109].  

Despite the relatively high rate of response achieved by these multimodal 
approaches, the majority of patients relapse, meaning that MCL patients are 
not cured by conventional therapy strategies. To this end, novel therapeutic 
approaches that target crucial biological pathways are being actively investi-
gated, including cell cycle inhibitors, proteasome inhibitors, mTOR inhibi-
tors and histone deacetylase inhibitors [110-112]. The combination of these 
new strategies with other therapeutic agents, and the correct stratification of 
patients by applying prognostic parameters, may change the management 
and outcome of MCL patients in the future.  
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Chronic lymphocytic leukemia  
Epidemiology and clinical features 
CLL as a distinct entity was first identified as early as in 1903 by Turks and 
a detailed clinical description of the disease was presented in 1924 by Minot 
and Isaacs [8]. CLL is the most common form of adult leukemia in the 
Western Hemisphere, accounting for nearly 35% of all leukemias [22, 113]. 
Notably, CLL is rarely seen in Japan, China and other Asian countries but 
the reason for this wide disparity in incidence is unknown. CLL is primarily 
a disease of older adults (median age 70), although the disease is being diag-
nosed in increasing frequency among younger age groups, probably due to 
the increased use of diagnostic blood tests in general [8]. There is a male 
preponderance; the incidence in men is twice that reported for women. Most 
patients are asymptomatic at diagnosis but some present with weakness, 
fatigue, autoimmune hemolytic anemia, infections, hepatosplenomegaly or 
lymphadenopathy [22]. Although the clinical course is indolent, CLL is not 
usually considered to be curable with available therapy. The overall median 
survival after diagnosis is 7 years, but can range from months to decades 
[114]. In 1-10% of CLL patients a transformation to a large cell lymphoma 
occurs [8]. This has been termed Richter’s syndrome and is frequently char-
acterized by sudden clinical deterioration and a rapid increase in the size of a 
lymphoid mass.  

Pathology 
CLL is a neoplasm of monomorphic small, round B-cells in the peripheral 
blood, bone marrow and lymph nodes, admixed with prolymphocytes and 
paraimmunoblasts. The term small lymphocytic lymphoma (SLL) is restrict-
ed to cases with the tissue morphology and immunophenotype of CLL, but 
which are non-leukemic [22]. Enlarged lymph nodes in patients with CLL 
show effacement of the architecture, with a pseudofollicular pattern of regu-
larly distributed pale areas (“proliferation centers”) containing larger cells in 
a dark background of small cells. Mitotic activity is usually very low. On 
microscopic examination of bone marrow and peripheral blood smears, CLL 
cells can be identified as small, homogeneous lymphocytes with clumped 
chromatin and scant cytoplasm. Smudge or basket cells are often present. 
The proportion of prolymphocytes (larger cells with prominent nucleoli) in 
blood films is usually less than 2%, but increasing numbers correlate with a 
more aggressive disease course [22]. Bone marrow involvement may be 
nodular, interstitial, diffuse, or a combination of the three. The tumor cells 
express weak or dim surface IgM or IgM/IgD and CD20. Expression of CD5 
and CD23 are characteristic of CLL, whereas FMC7 and CD10 are usually 
not expressed on CLL cells [22]. According to diagnostic criteria guidelines 
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that were proposed in 2008 by the International Workshop on CLL, the di-
agnosis of CLL requires the presence of at least 5 x 109/L B lymphocytes in 
peripheral blood and clonality needs to be confirmed by flow cytometry. In 
addition, expression of immunophenotypic markers such as CD5, CD19, 
CD20 and CD23 should be evaluated by flow cytometry. Other tests are not 
needed to establish the diagnosis of CLL but may help in predicting progno-
sis or estimate disease burden [115]. 

Pathogenesis 
Despite the ready availability of tumor cells in CLL, up to now, very little 
has been known about the pathophysiology of the disease. The cells them-
selves do not grow well in vitro and few reliable CLL cell lines exist. 
Among factors considered important in the pathogenesis of CLL are immu-
nogenetics, genetic aberrations, the balance between proliferation and apop-
tosis, the cellular microenvironment and antigen stimulation.  

Immunogenetics 
A paradigm shift in the understanding of CLL biology occurred in 1999 
when two groups reported that the mutational status of the IGHV genes pre-
dicts survival in CLL [116, 117]. Indeed, there are two distinct types of CLL 
defined by the IGHV mutational status; 40-50% have unmutated IGHV genes 
(>98% sequence identity to germline), while 50-60% carry a variable 
amount of SHM. CLL cases that carry mutated IGHV genes are postulated to 
derive from B-cells that have been activated by T-cells and differentiated 
into antigen-experienced memory or marginal zone B-cells. CLL cases that 
carry unmutated IGHV genes are also thought to be antigen-experienced, but 
probably as a result of T-cell independent immune responses outside the GC 
[118]. Considerably shorter survival has been reported for CLL patients with 
unmutated IGHV genes compared to patients with mutated IGHV genes 
[116, 117]. Furthermore, the presence or absence of SHM is associated with 
particular IGHV genes, for example specific alleles of the IGHV1-69 and 
IGHV4-39 genes have an unmutated profile. However, considerable varia-
tion is observed within each mutation category suggesting that further strati-
fication is possible. In fact, a recent study reported an association between 
codon 72 TP53 polymorphism and short survival within the IGHV mutated 
group [119]. In addition, CLL is uniquely characterized by the existence of 
distinct subsets of cases with closely homologous (stereotyped) CDR3 se-
quences [120]. The CDR3 is the most variable of the three CDRs in the Ig 
molecule, and includes some of the V, all of the D and J, and some of the C 
domains. As the likelihood of finding highly similar CDR3 sequences in two 
or more B-cell clones by chance is extremely small, the presence of stereo-
typed CDR3s has been suggested to indicate a role for antigen selection in 
the pathogenesis of CLL [121]. Recently it has been reported that up to 30% 
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of CLL patients carry stereotyped BCRs [120, 122]. For instance, CLL sub-
set #1 cases are IGHV unmutated, express IGHV1/5/7 and IGKV1-39/1D-39 
genes and display a poor prognosis compared to non-subset #1 cases which 
use the same IGHV genes but are non-stereotyped and variably mutated 
[120, 123]. In contrast CLL subset #4 cases are IGHV mutated, IgG 
switched, express IGHV4-34/IGKV2-30 genes, have a young age of onset 
and an indolent disease course compared to non-stereotyped, mutated 
IGHV4-34 patients [120]. Of note, the IGHV3-21 gene is associated with 
poor prognosis whether expressed in a mutated or unmutated form [124]. 
Half of all IGHV3-21 patients belong to subset #2 which is characterized by 
IGLV3-21 gene usage and a stereotyped BCR with a short VH CDR3 [124-
126]. Compared to non-subset #2 cases (which use IGHV3-21 but do not 
carry a stereotyped BCR) subset #2 patients have been reported to show a 
shorter time to progression [120]. 

Genetics 
CLL is an acquired disorder but the observation that relatives of patients 
with CLL have an increased risk of CLL and other B-cell malignancies, im-
plies that hereditary factors may play an important role in some patients 
[127]. As previously mentioned GWAS have recently identified 10 risk al-
leles associated with CLL [50-52]. Unlike MCL there is no single secondary 
genetic lesion, analogous to the t(11;14), that characterizes CLL. However, 
about 80% of CLL cases display chromosomal aberrations when examined 
by FISH analysis [128]. The most common genetic aberrations in CLL are 
trisomy 12 (11-16% of cases), 13q14 deletions (up to 50%) and 11q22-23 
deletions (12-18%), whereas a deletion on chromosome 17p affecting the 
TP53 gene, is seen less frequently (7-10%). Genetic lesions that target the 
TP53 TSG (17p deletion), and the ATM gene (11q23 deletion) both affect 
TP53 function, as ATM regulates p53. As mentioned above, 13q14 deletions 
are the most common genetic aberrations in CLL. Two loci in this region, 
miR-15/16 and DLEU7, have been suggested to play a role as tumor suppres-
sor [129, 130]. Notably, both mi-R15 and mi-R16 were deleted or down-
regulated in 68% of CLL cases [131]. On the other hand, the pathogenic role 
of trisomy 12 in CLL remains unresolved, although the CLLU1 gene (CLL 
upregulated gene 1) gene, the first disease specific gene identified in patients 
with CLL, has been located to 12q22 [132].  

Apoptosis and proliferation 
Another hallmark of CLL is the accumulation of mature B-cells that have 
escaped programmed cell death and undergone cell-cycle arrest in the G0/G1 
phase [114]. The cells have a low proliferative activity, and data suggests 
that in-vivo defective apoptosis accounts for accumulation of B-cells. BCL2 
and other members of the Bcl-2 family, such as anti-apoptotic proteins BCL-
XL, BAG1, and MCL1, are overexpressed whereas pro-apoptotic proteins, 



 29

such as BAX and BCL-XS are underexpressed [133]. In contrast with in-
vivo results, apoptosis occurs after in-vitro culture, indicating that the micro-
environment is important for CLL cell survival. Surprisingly, a recent study 
using an isotopic labeling method to measure CLL kinetics showed that CLL 
is not a static disease, resulting simply from accumulation of long-lived 
lymphocytes, but a dynamic entity in which cells proliferate and die [134]. 
This finding is in conflict with the conventional view that CLL is character-
ized almost exclusively by cell accumulation due to a defect in apoptosis. 
Consequently, an emerging model emphasizes the importance of prolifera-
tion centers, a characteristic of CLL histology, where CLL cells are stimulat-
ed by endothelial cells and T cells in the microenvironment provoking cell 
division and reinforcing resistance to apoptosis [114].  

Antigen stimulation 
The role of antigens in CLL pathogenesis has gained increased attention in 
recent years [121]. Following reports that elevated titers of IGHV4-34 Ig 
antibodies were linked with chronic infections caused by the herpes viruses 
EBV and CMV, IGHV4-34 BCRs were found to be overrepresented among 
CLL cases with detectable EBV and/or CMV DNA [135]. The restricted IG 
gene repertoire and the presence of stereotyped BCRs in CLL further suggest 
a role for antigen drive in disease development and progression. Recent stud-
ies on antibody reactivity in CLL indicate that monoclonal CLL antibodies 
resemble natural antibodies recognizing motifs on apoptotic cells and exoge-
nous bacteria [136]. It has therefore been postulated that CLL arises from 
innate immunity like B-cells rather than adaptive immune responses [121, 
136].  

Prognostic parameters 
The prognosis and clinical course in CLL is variable. Some patients die 
within a few years from diagnosis even with modern therapy, while others 
have long survival and never require treatment. Most patients fall into an 
intermediate group having an indolent disease for many years but then even-
tually develop a more aggressive form. The unpredictable clinical course has 
led to the development of several staging systems and prognostic markers. 
The Rai and Binet clinical staging systems have been used for both research 
protocols and clinical practice for more than 20 years [137, 138]. Both are 
based on physical examination and standard laboratory tests to evaluate the 
presence of anemia/thrombocytopenia, lymphadenopathy and hepato-
/splenomegaly. Both systems distinguish three major prognostic subgroups 
with different survival. However, neither Rai nor Binet systems can reliably 
predict the clinical course of patients in the nonadvanced stages of CLL. 
Several prognostic parameters have been evaluated to this end, including a) 
genetic markers such as cytogenetic aberrations, TP53 mutations, and IGHV 
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gene mutation status/BCR stereotype, b) immunophenotypic markers such as 
CD38 and ZAP70, and c) RNA-based markers such as lipoprotein lipase 
(LPL), and CLLU1 [139]. As mentioned above, IGHV mutational status cor-
relates strongly with survival in CLL where the expression of mutated 
(<98% identity) IGHV genes predicts a longer time to treatment and a pro-
longed median survival compared with cases expressing unmutated genes. 
Notably this was also evident among patients with early stages of disease 
[117]. Mutational analysis of IGHV genes has now become the gold standard 
for prognostication in CLL, at least in clinial trials, especially since the 
marker does not change during the clinical course. Both CD38 and ZAP70 
were initially considered potential surrogate markers for IGHV mutational 
status, but have since been confirmed to be independent prognostic markers 
[139]. Two common genetic aberrations in CLL, deletions of 17p and 
11q22-23, are associated with unmutated IGHV status and poor prognosis, 
whereas 13q14 deletions correlate with the presence of IGHV SHM and a 
benign disease course. Notably, 17p deletions and TP53 mutations are the 
only predictive markers for CLL, identifying patients with aggressive dis-
ease which is often resistant to standard chemotherapy and with a very short 
survival [140].  

Therapy 
In general, newly diagnosed patients with asymptomatic early-stage CLL are 
monitored (“watch and wait”) without therapy unless there is evidence of 
disease progression. This practice is based on randomized clinical trials 
which failed to show improvement in overall survival after early treatment 
with chlorambucil in patients with stage A CLL [141, 142]. Indications for 
initiation of treatment include progressive marrow failure, symptomatic 
splenomegaly or lymphadenopathy, progressive lymphocytosis or autoim-
mune cytopenias [115]. Monotherapy with chlorambucil, an alkylating 
agent, has served as initial, front-line therapy for CLL for several decades 
and this is still considered appropriate by many specialists, particularly in 
frail patients [143]. Standard frontline treatment for CLL is currently fludar-
abine and cyclophosphamide (FC). However, recent guidelines recommend 
adding rituximab to FC in the standard protocol, and to base the choice of 
therapy on disease stage, patient performance and cytogenetics [143]. In the 
presence of the p53 mutation/deletion or in refractory disease, more aggres-
sive therapy with alemtuzumab and allogeneic stem cell transplantation is 
warranted in younger patients [144]. Not all patients can tolerate these in-
tense regimens, but can instead be treated with chlorambucil, bendamustine 
or alemtuzumab monotherapy. With optimal chemoimmunotherapy regi-
mens, complete responses with durable remission can be expected in nearly 
50% of CLL patients treated [143]. 



 31

Expression and genomic array studies in MCL 
Gene expression microarrays 
Gene expression profiling (GEP) has become an important tool for modern 
molecular biology that allows the expression of thousands of genes to be 
examined simultaneously. While the human genome contains more than 
20,000 protein-coding genes, only a small fraction is expressed as messenger 
RNA (mRNA) at any given time. GEP is widely used in current cancer re-
search to evaluate global gene expression. A variety of microarray platforms 
has been developed for this purpose but the basic technique is similar: a 
glass slide or membrane is spotted or "arrayed" with DNA probes, each rep-
resenting a single mRNA molecule, or transcript. Expression arrays are gen-
erally categorized as cDNA arrays, where the array features are composed of 
PCR products, or oligonucleotide arrays (oligoarrays) where the probes are 
made from synthesized oligomers. In the experiment, purified test RNA is 
fluorescently labeled and hybridized to the slide/membrane, often simultane-
ously with reference RNA to facilitate comparison of data across multiple 
experiments. After repeated washing, the raw data is obtained by laser scan-
ning and analyzed by statistical software [145].  

In Paper I in this thesis Affymetrix GeneChip® arrays (Affymetrix, Santa 
Clara, CA, USA), including HG-U95Av2 (10,000 transcripts), HG-U133A 
(22,000 transcripts), and HG-U133 Plus 2.0 (39,000 transcripts), were used. 
The Affymetrix arrays are designed such that probes, 20-25 nucleotides long 
oligonucleotides, are synthesized directly on the array, 16-20 unique probes 
for each transcript. RNA is extracted from the cells to be analyzed, and sub-
jected to reverse transcriptase to form cDNA. The cDNA is then transcribed 
and fluorescently labeled creating complementary RNA (cRNA) which is 
hybridized to the array. 

Gene expression profiling of MCL and the proliferation 
signature 
In 2003, the Lymphoma/Leukemia Molecular Profiling Project (LLMPP) 
group reported that MCL has a unique gene expression signature that differs 
from the signatures of CLL/SLL and DLBCL [68]. Notably, this expression 
signature was identified both in the classic cyclin D1-positive MCL cases 
and a small subset of cyclin D1-negative MCL. Besides giving clues to the 
pathogenesis of the tumor, the GEP revealed that the expression of only 
twenty genes could identify subsets of patients whose median survival dif-
fered by more than 5 years. Interestingly, these twenty genes have primarily 
functions related to proliferation, such as mitosis (e.g. CENPF, ASPM), 
DNA synthesis/repair (e.g. POLE2, TOP2A) and the cell cycle (e.g. CDC20, 
CDK1, CDKN3). Other GEP studies have compared MCL tumors with nor-
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mal B-cells [146-150]. However, comparative analysis of differentially ex-
pressed genes among independent studies, shows a relatively limited degree 
of overlap [74]. Differences in methodology likely explain the observed 
differences among these studies. A recent review identified only five genes, 
all upregulated in MCL, that were reported in at least three papers; CCND1 
(cyclin D1), BCL2, CNN3 (Calponin 3), ENPP2 (Autotaxin) and HOMER3 
[74]. Overexpression of the anti-apoptotic protein BCL2 has been reported in 
various types of NHL as well as MCL. The other three genes had not been 
previously reported to be altered in MCL, but are involved in other tumors 
and/or cell growth. 

Array platforms for analysis of genomic aberrations 
In the early nineties metaphase comparative genomic hybridization (CGH) 
was developed as a molecular cytogenetic technique that compensated for 
difficulties in conventional cytogenetics and FISH [151]. Briefly, the ge-
nomic DNA of test and reference samples is isolated and labeled in red and 
green fluorescent dyes, respectively. Each labeled DNA is subject to com-
petitive hybridization to metaphase chromosomes from normal cells and the 
ratio of red and green fluorescent signals is measured along each chromo-
some. Although metaphase CGH had a significant impact in the field of can-
cer cytogenetics, the resolution for detection of CNAs was limited to 5-10 
Mb. To circumvent this limitation array-based CGH was developed. In array-
CGH cloned or synthesized DNA fragments, which are spotted onto a micro-
scopic glass-slide using robotic devices, replace chromosomal targets. The 
ratio between fluorescence levels of control and test DNA for each clone can 
be plotted using data analysis software to visualize dosage variations. The 
array resolution is limited by the size of the DNA targets and the density of 

coverage over the genome, but can be as low as 5-10 kilobases. Array-CGH 
has enabled the characterization of DNA copy number "signatures" or pro-
files for various malignancies, including MCL [152]. 

SNP array is yet another type of DNA microarray which is used to de-
tect polymorphisms within a population. A SNP, a variation at a single DNA 
nucleotide, is the most frequent type of variation in the genome - more than 
10 million SNPs have been identified [153]. The basic principles of SNP 
array are the same as for the CGH microarray, including the convergence of 
DNA hybridization, fluorescence microscopy, and solid surface DNA cap-
ture. The difference lies in the application of allele-specific oligonucleotide 
probes in the SNP array, which makes it possible to specifically detect the 
two different alleles of each SNP. An important application of SNP arrays is 
in the area of GWAS, seeking association between phenotype and genotype. 
However, in cancer genomics SNP arrays have also been successfully used 
to detect CNAs. Dosage variations can be determined from SNP array da-
tasets by comparing the hybridization signal intensities at each SNP locus 
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with corresponding signal intensities from normal genomes. An additional 
benefit of SNP arrays is the ability to detect copy number neutral loss of 
heterozygosity (CNN-LOH), also known as uniparental disomy, by combin-
ing genotyping and copy number data [154]. 

In our study of CNAs in MCL, we employed the Affymetrix 
GeneChip1 Mapping 250K NspI array. Affymetrix SNP arrays involve oli-
gonucleotide probes spotted on gene chips and were adapted from the micro-
array hybridization chip technology utilized for gene expression studies. The 
arrays contain up to 40 separate 25-mer oligonucleotide probes for each SNP 
locus, representing both mismatch and perfect match probes. Genomic DNA 
is prepared by restriction enzyme digestion followed by adapter ligation and 
single-primer PCR. After DNA labeling and hybridization, fluorescence 
intensities are measured for each allele probe of each SNP (Figure 4). A 
large body of work exists for copy number analysis using Affymetrix SNP 
arrays, and several algorithms have been developed, including dChipSNP, 
Copy Number Analysis Tool (CNAT) and Copy Number Analyzer for 
GeneChip (CNAG) [154].  

Copy number aberrations in MCL 
The various technologies described above have all been utilized to analyze 
genomic aberrations in MCL, including metaphase CGH arrays [98, 155-
157], bacterial artificial chromosome CGH arrays [92, 158-161], and SNP-
arrays [149, 162-164]. These studies have revealed that MCL is character-
ized by a high load of CNAs compared to many other lymphomas [73]. As 
mentioned above, the most common recurrent aberrations include losses at 
1p, 8p, 9p, 9q, 11q, 13q, 17p and gains at 3q, 8q, 15q, 18q [74, 85]. It seems 
plausible that these chromosomal regions contain crucial genes implicated in 
pathogenesis. Several candidate genes have been identified in these regions 
as previously mentioned, such as ATM (11q), TP53 (17p), MYC (8q) and 
BCL2 (18q), and notably most of them are involved in cell cycle regulation 
and DNA damage response pathways [74, 85]. However, for many common-
ly affected regions, such as 1p, 3q, 8p, 9q and 13q, the search for candidate 
gene(s) is still ongoing. The important role of the ATM gene in the patho-
genesis of MCL was discussed above. Recurrent high-level gains (amplifica-
tions) have been observed at a few loci in MCL, including 3q, 8q (MYC), 
10p (BMI1), 12q (CDK4) and 18q (BCL2). The CDKN2A locus at 9p21 is 
targeted by recurrent homozygous deletions in 20-30% of highly prolifera-
tive variants of MCL, but in less than 5% of typical cases [165, 166]. Ampli-
fication of the CDK4 locus and overexpression of CDK4 is also associated 
with highly proliferative MCL, further highlighting the importance of the G1 
to S phase transition in MCL.  
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Figure 4. The principle behind the Affymetrix GeneChip1 Mapping 250K NspI 
array (adapted from Affymetrix GeneChip® Human Mapping 500K Datasheet). 

The tumor suppressor p53 
As mentioned above p53 is considered the master guardian of the cellular 
genome and a pivotal tumor suppressor. It is among the most extensively 
studied of any human genes and proteins with more than 58.000 PubMed-
listed publications so far. Below follows a brief summary on the structure 
and function of p53 and its role in cancer. 

Structure and function 
The transcription factor p53 is encoded by the TP53 gene on the short arm of 
chromosome 17 (17p13.1) [167]. The TP53 gene is 20 kb long and has 11 
exons but translation starts in exon 2 to yield a 2.2 kb mRNA molecule 
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[168]. The human p53 protein can be divided into five domains, each with a 
specific function:  

1. A transactivation domain that mediates the interaction of p53 
with a multitude of interacting proteins, such as coactivator mol-
ecules and negative regulators.  

2. A proline rich domain whose role is unclear, but may be im-
portant for apoptotic activity.  

3. A DNA binding domain, the core domain, where roughly 90% 
of TP53 mutations in cancer are located.  

4. An oligomerization domain that mediates first dimerization and 
then tetramerization of p53 molecules.  

5. A C-terminal regulatory domain [169].  
As indicated above, p53 normally exists in the cellular nucleus as a homo-
tetramer, or a dimer of dimers, which is essential for its activity [169]. 

Under normal circumstances p53 has a very short half-life in the cell as it 
is rapidly ubiquinated, transported from the nucleus and degraded [83]. This 
negative regulation of p53 is largely mediated by the Mdm2 protein whose 
expression is induced by p53 itself, forming a negative feedback loop [170]. 
Therefore, p53 function in non-stressed cells is held at a low basal state. A 
variety of cellular physiologic stresses can lead to the activation of p53, in-
cluding anoxia, genomic damage and disturbance in the growth-regulatory 
circuit [171]. The activation of p53 involves both its rapid accumulation in 
the nucleus and a conformational change that facilitates its transcriptional 
regulator function. The most important event in the activation of p53 is 
phosphorylation of its N-terminal transactivation domain, which can be me-
diated by a variety of kinases, such as kinases involved in the genome integ-
rity checkpoint (ATR, ATM, CHK1/2) [83, 172].  

After activation by some kind of a stress signal, p53 can promote cell cy-
cle arrest, apoptosis and cellular senescence (Figure 3). p53 functions mainly 
as a sequence-specific transcription factor that binds directly to specific 
DNA sequences and transactivates nearby genes [173, 174]. Many of the p53 
target genes that have currently been identified encode proteins that are inti-
mately involved in apoptosis (e.g. BAX) or cell cycle progression (e.g. 
CDKN1A/p21) [175, 176]. However, the p53 response is complex and is 
increasingly recognized to be cell type restricted or context restricted. In 
addition to its transcription factor activity, p53 has recently been found to 
possess diverse biochemical activities. As an example, the interaction of p53 
with members of the Bcl2 family in the cytoplasm leads to the release of 
cytochrome c and apoptosis [177]. The consequences of p53 activation are 
thought to be proportionate to the activating stress signal. Severe stress in-
duces apoptosis and senescence, whereas milder stress leads to a transient 
growth arrest while the cell attempts to repair the damage caused by it [171]. 
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TP53 aberrations in cancer 
As previously stated somatic TP53 mutations are frequent in human cancers 
especially in advanced stage or in subtypes with aggressive clinical behavior 
[178]. The prevalence is lower in hematological malignancies (<20%) than 
in solid tumors (>50%) [179]. Nevertheless, TP53 mutations have been 
associated with poor prognosis in a number of lymphoid malignancies, such 
as DLBCL and CLL [179]. Although not extensively studied in MCL, TP53 
mutations were detected in 20% of samples in one cohort and were 
associated with poor survival [180]. 

The two main mechanisms of TP53 inactivation are mutations, usually 
single-base substitutions, and loss of alleles [178]. In contrast to other tumor 
suppressor genes (TSGs) most mutations targeting TP53 are missense, rather 
than nonsense or frameshift, and thus cause single amino-acid substitutions 
rather than truncating or destroying the protein [178]. Almost 90% of muta-
tions are located between codons 125 and 300, corresponding roughly to the 
DNA binding domain. The single most common mutation type is C:G>T:A 
substitution at CpG sites. CpG dinucleotides have a high mutation rate be-
cause the cytosine at CpG sites may be methylated at position 5’. This desta-
bilizes the nucleotide which undergoes spontaneous deamination into thy-
mine much more rapidly than unmethylated cytosine [178]. Almost a third of 
all missense TP53 mutations arise in six “hotspot” codons, namely 175, 245, 
248, 249, 273 and 282, [181] and in five of these residues CpG dinucleotides 
are mutated [178]. These hotspot mutations can be further classified as “con-
tact” (248 and 273) or “structural” (175, 245, 249, and 282), depending on 
whether they make contacts with DNA or support the structure of the DNA-
binding surface [178]. The structural and functional impact of TP53 muta-
tions can thus vary. Some hotspot mutations have been reported to demon-
strate allele-specific “gain-of-function” effects which confer new properties, 
such as oncogene activity, to the mutant p53 protein. Alternatively, the bind-
ing of a mutant p53 to wild-type p53 may compromise the function of the 
entire tetramer. Such dominant–negative effects may explain why, unlike 
other TSGs, TP53 is so frequently targeted by missense mutations [178].  

Epigenetics and gene silencing by DNA methylation 
Introduction to epigenetics 
It has been long established that human gene expression is tissue specific. 
Since the genetic material is virtually the same in all nucleated cells in an 
organism, differential gene expression cannot be explained by genetics. In 
contrast, epigenetic mechanisms represent reversible modifications that af-
fect gene expression without altering the DNA sequence itself. In recent 
times, several epigenetic mechanisms have been identified, including DNA 
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methylation, histone modification and Polycomb-trithorax gene regulation. 
Two groups of regulators, the Polycomb repressors and trithorax activators, 
maintain the correct expression of certain key developmental regulators (in-
cluding the homeotic genes) by changing chromatin structure. DNA methyl-
ation, discussed in more detail below, is now recognized as an important 
epigenetic mechanism which interacts with histone modification.  

DNA methylation 
DNA methylation is a powerful mechanism for silencing gene expression 
and maintaining stability of the genome [182]. In mammals DNA methyla-
tion usually takes place at the 5  position of the cytosine base within CpG 
dinucleotides, which are found primarily in regions of large repetitive se-
quences or in CpG islands associated with 60% of gene promoters [183]. 
While the majority of the 30,000 CpG islands in the human genome remains 
unmethylated, repetitive sequences are heavily methylated [183, 184]. 

Dramatic changes in DNA methylation occur during human development. 
During gametogenesis in gonads the demethylated genome of primordial 
germ cells undergoes rapid do novo methylation so that sperm and egg cells 
have substantially methylated genomes. After fertilization, a wave of de-
methylation occurs at the preimplantation stage, to be succeeded shortly after 
by large-scale de novo methylation beginning at the pre-gastrulation stage 
[185]. Thus decisions concerning the transcriptional stage of many genes are 
made early in embryogenesis. The methylation pattern is “heritable”, as it is 
maintained through many rounds of DNA replication. Maintenance of meth-
ylation occurs following DNA replication because almost invariably both 
strands of the parent DNA are methylated [183]. Both hemi-methylated 
daughter strands are subsequently methylated by a class of enzymes termed 
DNA methyltransferases (DNMTs) [83, 185].  

The means by which CpG methylation affects gene transcription are not 
entirely resolved. CpG methylation in the vicinity of a gene promoter causes 
transcriptional repression of the associated gene, whereas removal of methyl 
groups often causes de-repression of transcription. There is some evidence, 
however, that DNA methylation primarily targets genes that are already si-
lent rather than active promoters, and thus may be a secondary event [184]. 
At any rate there seems to be a complex interaction between DNA methyla-
tion, histone acetylation and histone methylation, the three covalent modifi-
cations most strongly associated with a repressed chromatin state [186]. Alt-
hough some studies suggest that histone modifications precede DNA meth-
ylation, there is also evidence that DNA methylation influences the histone 
modification pattern [184, 187].  

But what are the potential mechanisms of DNA methylation-mediated 
transcriptional repression? DNA methylation may repress transcription both 
directly, by inhibiting the binding of specific transcription factors, and indi-
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rectly, by recruiting methylated CpG-binding proteins (MECPs) [184]. 
MECPs act as transcriptional repressors by recruiting a corepressor complex 
consisting of the transcription factor repressor Sin3A and histone deacetylas-
es (HDAC) [185]. MECPs can also bind histone methyltransferase so that 
after the deacetylation of H3K9 (the lysine at position 9 in the histone 3 pro-
tein) it becomes methylated. The methylated H3K9 is a target for hetero-
chromatinizing proteins such as HP1 which cause the chromatin to become 
condensed and transcriptionally inactive [185].  

There are a growing number of human diseases associated with failure of 
the proper establishment and/or maintenance of epigenetic information, in-
cluding DNA methylation. Examples of diseases characterized by aberrant 
DNA methylation include malignancies and imprinting disorders [182]. The 
next section discusses genomic methylation in malignant disorders.  

Aberrant methylation patterns in malignancies 
As mentioned above DNA methylation in normal cells occurs mainly in 
repetitive genomic regions, such as satellite DNA and parasitic elements 
(transposable elements and endogenous retroviruses). In contrast CpG is-
lands are generally unmethylated, although exceptions are increasingly being 
identified [182]. Aberrant DNA methylation in tumors, on the other hand, 
typically manifests as global hypomethylation and local hypermethylation of 
CpG islands [188, 189]. Much of this “global hypomethylation” can be at-
tributed to the loss of methyl groups attached to the DNA of highly repeated 
sequences in the cell genome [182]. This loss is correlated with chromoso-
mal instability, but it remains unclear whether it actually causes this instabil-
ity. As CpG islands, the targets of hypermethylation in cancer, are usually 
affiliated with gene promoters, this means that the de novo DNMTs are actu-
ally inappropriately silencing certain genes. In recent years it has become 
apparent that promoter methylation is as important in shutting down TSGs as 
are the various mechanisms of somatic mutations. More than half of the 
TSGs that are involved in familial cancer syndromes because of germline 
mutation have been found to be silenced by promoter methylation in sporad-
ic cancers. Examples of genes that have been reported to be hypermethylated 
in human tumor cell genomes include the cell-cycle regulator RB1 (sporadic 
retinoblastoma), the CDK4/6 inhibitor CDKN2A (diverse tumors) and the 
MDM2 inhibitor ARF (lymphoma) [83]. All three genes have potential roles 
in the pathogenesis of MCL as described earlier in this thesis. As tumor for-
mation proceeds, the silencing of genes through promoter methylation can 
also involve the “caretaker” genes that are responsible for maintaining the 
integrity of the DNA sequences in the genome.. As implied above, the fre-
quency of methylation of a specific gene varies dramatically from one type 
of tumor to the next. Consequently, the overall methylation profile may be 
specific for a particular malignancy. In support of this, studies of hematolog-
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ical malignancies have revealed that the methylation pattern is quite hetero-
geneous among this group of neoplasms [190]. Notably, a recent study of 
hematological malignancies found that the local DNA hypermethylation in 
mature B-cell lymphomas is accompanied by gene-specific hypomethylation 
in contrast to the global hypomethylation described previously [190]. It has 
been postulated that aberrant hypomethylation can lead to increased tran-
scription of genes with oncogenic potential. Furthermore, it has been report-
ed that CpG sites located in CpG island shores (within 2 kb of islands), ra-
ther than in the CpG islands themselves, are more differently methylated in 
cancer and during cellular differentiation [191, 192]. 

Laboratory methods for analyzing DNA methylation 
A variety of techniques and tools has been developed to detect and analyze 
DNA methylation patterns [193, 194]. A number of studies have used meth-
ylation sensitive restriction enzymes that digest DNA based on methylation 
status [195, 196], while immunoprecipitation methods use antibodies that 
bind methylcytosine or methyl-CpG binding proteins [197, 198]. Currently, 
bisulfite reaction based methods are considered the gold standard to analyze 
the methylation state of individual cytosines [199, 200]. Bisulfite treatment 
of DNA leaves 5-methylcytosine residues unmodified while unmethylated 
cytosine residues are converted to uracil and read as thymine. Bisulfite se-
quencing yields precise information but has limited coverage, although re-
cently genome-wide bisulfite sequencing techniques have been developed 
[201]. In contrast to bisulfite sequencing, pyrosequencing gives a quantita-
tive estimate of DNA methylation levels at specific CpG sites and has been 
reported to correlate well with array platforms [202]. Microarray-based 
methods allow for genome-wide analysis of DNA methylation. In papers III 
and IV we used the genome-wide Illumina Infinium HumanMethylation27 
BeadChip array (Illumina, San Diego, USA) which measures methylation 
levels at 27,578 CpG dinucleotides, covering 14,495 genes. Prior to applica-
tion to the array each DNA sample is bisulfite converted, whole-genome 
amplified and enzymatically fragmented. Illumina’s BeadArray Technology 
is based on 3-micron silica beads in microwells, where each bead is covered 
with multiple (>105) copies of a specific oligonucleotide probe. In the meth-
ylation assay two bead types target each CpG locus. One bead type is cov-
ered with allele-specific probes specific to the methylated (C) state whereas 
the other bead has probes specific to the unmethylated (T) state. Annealing 
of allele-specific primers is followed by single-base extension using DNP- 
and Biotin-labeled ddNTPs (figure 5). After extension, the array is fluores-
cently stained with antibodies against the ddNTPs, scanned and the intensi-
ties of the unmethylated and methylated bead types measured. An earlier 
version of the Illumina array, the GoldenGate Methylation Cancer Panel I, 
targets 1,505 CpG sites and has been successfully used for methylation pro-
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filing in hematological malignancies, including mature B-cell lymphomas 
[190, 203, 204]. Thus, microarray platforms are currently widely applied to 
study genomic methylation in malignancies, although sequencing-based 
profiling methods will probably gain ground in the future [205]. 

 
Figure 5. The principle behind the Illumina Infinium HumanMethylation27 Bead-
Chip array. The DNA specimen to be analyzed is bisulfite converted, amplified and 
fragmented (left panel). The Illumina array uses two different bead types per CpG 
site; the M type is covered with oligonucleotide probes that match the methylated 
site, while the U type has probes that match the unmethylated site. When the probe 
matches the bisulfite treated DNA sequence annealing is followed by single base-
extension and detection (right panel). Adapted from Weisenberger et al, Compre-
hensive DNA Methylation Analysis on the Illumina® Infinium® Assay Platform (Ap-
plication Note: Illumina® Epigenetic Analysis). 

Analysis of gene promoter methylation in MCL and CLL 
The pattern and impact of promoter methylation in lymphomas, including 

MCL and CLL, has been the subject of a few studies. One study of 367 he-
matological neoplasms revealed a highly heterogeneous picture of DNA 
methylation among mature B-cell malignancies. Tumors of germinal center 
origin (i.e. DLBCL, FL, BL) had the most prominent promoter hypermethyl-
ation, whereas MCL had intermediate and CLL low degrees of de novo 
DNA methylation [190]. Notably, polycomb repressor group (PcG) targets in 
embryonic stem cells were significantly enriched among hypermethylated 
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genes in several entities, among them MCL [190]. Caldwell et al have com-
pared DNA methylation between three small B-cell lymphoma subtypes (i.e. 
FL, CLL/SLL and MCL) using oligonucleotide microarrays and/or sequenc-
ing. The first microarray study targeted only 156 loci but detected preferen-
tial methylation of multiple gene promoters in FL compared to MCL or 
CLL. However, no statistically significant difference in methylation between 
MCL and CLL was detected [206]. A later study using a microarray contain-
ing 8544 CpG island clones revealed a subtype-specific methylation pattern. 
In hierarchical clustering all the MCL cases clustered together whereas the 
methylation pattern of CLL was more heterogeneous, with one subgroup 
clustering close to MCL and a second subset clustering with FL [207]. 
Again, more CpG loci were hypermethylated in FL compared to MCL and a 
subset of CLL cases. A study applying a novel massively parallel sequenc-
ing-by-synthesis method (454 sequencing) targeting 25 genes in ALL, FL, 
CLL and MCL reported both an increase in methylation and a progressive 
spreading of methylation from the periphery toward the center of CpG is-
lands in ALL and FL compared to CLL and MCL [208]. 

DNA methylation patterns have also been studied individually for 
each disease. A recent study applied the HELP (HpaII tiny fragment En-
richment by Ligation mediated PCR) assay to compare genome-wide meth-
ylation profiles of MCL specimens to normal naïve B-cells [209]. Four 
genes (CDKN2B, MLF-1, PCDH8, HOXD8) were confirmed to be hyper-
methylated in MCL and four genes (CD37, HDAC1, NOTCH1, CDK5) were 
hypomethylated [209]. Another study focused on genes whose expression 
was induced in MCL cell lines after treatment with DNMTs and/or HDAC 
inhibitors. Subsequently promoter methylation levels were measured in pri-
mary MCL samples using the MassArray assay [210]. In this way a set of 
genes (SOX9, HOXA9, AHR, NR2F2, ROBO1) was identified where the 
methylation degree correlated with higher proliferation, increased number of 
chromosomal abnormalities, and shorter survival.  

Using the Infinium HumanMethylation27 BeadChip array our group 
was the first to demonstrate significant differences in gene methylation pat-
terns between IGHV mutated and unmutated CLL cases [211]. In IGHV un-
mutated CLL several tumor suppressor genes were methylated, whereas 
genes enhancing cell proliferation and tumor progression were unmethylat-
ed. Previous reports in CLL had shown a strong correlation between promot-
er methylation and transcriptional silencing for specific genes (e.g. ZAP70, 
TWIST2, DAPK1, HOXA4) [212-215].  
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AIMS 

The general aim of the studies in this thesis was to investigate genetic aber-
rations in MCL, and genomic methylation profiles in MCL and CLL. More 
specifically, the aims were as follows: 

I. To apply high-resolution SNP arrays to screen for novel aberrations 
in MCL and to correlate individual CNAs with genetic complexity, 
the proliferation signature and survival. 

II. To investigate the spectrum and clinical impact of TP53 mutations 
and 17p deletions in MCL. 

III. To apply DNA methylation microarrays to study the genomic meth-
ylation profiles in MCL and CLL and to identify genes that differed 
in methylation status between the two diseases. 

IV. To apply DNA methylation microarrays to compare the genomic 
methylation profiles in selected CLL subsets with stereotyped BCRs. 
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MATERIALS AND METHODS 

Patient Material 
Paper I includes specimens from 31 newly diagnosed MCL patients treated 
at Karolinska University Hospital, Huddinge, Sweden. Most tissue speci-
mens were collected from lymph nodes (n=26), while a few were from 
spleen (n=3) or tonsils (n=2). The median tumor cell content was 82% as 
determined by flow cytometry. All cases met standard diagnostic criteria for 
MCL [22], including over-expression of the cyclin D1 protein and/or pres-
ence of the t(11;14) [22]. Survival data were available for all 31 patients, and 
the median OS was 51 months. 

Paper II includes a large cohort of 119 MCL cases that were collected 
from university hospitals in Sweden (n=111) and Finland (n=8). Tumor 
samples were collected between 1983 and 2004 (median 1999), mainly from 
lymph nodes, but also from spleen, tonsils, bone marrow or other tissues. All 
cases fulfilled the WHO diagnostic criteria for MCL [22]. Survival data were 
available for all 119 patients, and the median OS was 36 months. 

Paper III includes a subset (n=20) of the primary MCL tumors ana-
lyzed in paper I. Here, the 10 cases with the lowest and highest proliferation 
gene expression signature, respectively, were selected from the original co-
hort of MCL cases (n=31). In paper III, the 20 MCL specimens were com-
pared with 30 CLL tumor samples that were collected from collaborating 
institutes in Greece (n=18) and Sweden (n=12). All CLL samples were col-
lected from peripheral blood and had a tumor percentage of 70 percent. The 
diagnosis of CLL was based on recently revised diagnostic criteria [115]. 
The selected CLL cases all carried stereotyped BCRs, half (n=15) were 
IGHV mutated with subset #4 stereotyped BCRs and the other half were 
IGHV unmutated with subset #1 stereotyped BCRs [120]. 

Paper IV analyzed the same 30 CLL subset #1 and #4 CLL cases as 
Paper III, but additionally included 9 CLL cases that belong to subset #2. 

In Papers III and IV CLL and/or MCL cell lines were used for valida-
tion experiments. The HG3 CLL cell line is EBV transformed and derived 
from an IGHV unmutated CLL patient [136]. The MCL cell lines JVM-2 and 
Jeko-1 were purchased from Deutsche Sammlung von Mikroorganismen und 
Zellkulturen GmbH (DSMZ), Braunschweig, Germany, 
(http://www.dsmz.de/). 
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SNP array 
In paper I, the Affymetrix GeneChip1 Mapping 250K NspI array was ap-
plied to 31 MCL samples according to standard protocols (Gene Chip Map-
ping 500K Assay Manual, Affymetrix, Santa Clara, CA, USA) as described 
in the paper. A reference set consisting of 70 normal human specimens ana-
lyzed at the Uppsala Array Platform was included. The Nexus Copy Number 
5.0 software was employed for copy number analysis. The Nexus SNP Rank 
Segmentation algorithm was used to define segments of copy number 
change, using P = 10-6 and a minimum of 20 consecutive SNPs as segmenta-
tion settings [216]. To define losses and gains log2ratio thresholds of 0.15 
for segments <5 Mbp, and 0.10 for segments >5 Mbp were applied, while 
high-level gains (amplifications) were defined as regions with log2ratios 

0.5. These cutoffs and settings were based on previous experience, includ-
ing studies on CNAs in CLL tumor specimens [217, 218]. However, as the 
signal to noise ratio was generally lower in MCL than CLL (probably due to 
a higher proportion of non-tumor cells) somewhat lower log2 thresholds were 
applied for MCL as compared to CLL ( 0.20). To reduce false-positive find-
ings, small segments (<200 Kbp) and those located in telomeric/centromeric 
regions were excluded from further analysis, as were. CNAs overlapping 
more than 50% with known CNVs assembled in the ”Database of Genomic 
Variants” (http://projects.tcag.ca/variation/). A recently developed algorithm 
to identify for tumor specific CNN-LOH regions, in which the LOH is not 
caused by altered copy number, was applied [219].  

GEP array and proliferation signature 
In paper I the global gene expression profiles of the 31 MCL specimens were 
examined using microarray technology. Total RNA was prepared using TRI-
zol method and the cRNA synthesis for microarray experiments was per-
formed according to standard Affymetrix protocols. The gene expression 
profiling was carried out using three different generations of the Affymetrix 
expression microarrays: HG-U133 Plus 2.0 arrays (17 cases), HG-U133A 
arrays (10 cases) and HG-U95Av2 arrays (4 cases). The use of several dif-
ferent generations of arrays resulted from the fact that the samples were not 
analyzed in one batch. Instead each sample was analyzed immediately on 
arrival to the facility using the most recent version of the microarray. The 
raw gene expression data was analyzed using the R statistical computing 
language (http://www.r-project.org) and Bioconductor project packages 
(www.bioconductor.org). To calculate the proliferation gene expression sig-
nature for each case the expression levels of 20 genes were used as previous-
ly described [68]. First, the expression levels for each gene were log-
normalized and mean centered across all samples. Next, the proliferation 
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signature average for a given sample was computed as the average of these 
20 mean centered gene expression values. The resulting proliferation signa-
ture is a continuous numerical value which has been reported to inde-
pendently predict survival among MCL patients [68].  

Detection of TP53 mutations and deletions 
The gold standard for detection of TP53 mutations in patient specimens is 
direct (Sanger) sequencing. Alternative methods for mutation screening in-
clude single stranded conformation polymorphism, denaturing gradient gel 
electrophoresis and denaturing high performance liquid chromatography 
[220]. More recently developed techniques include mutation arrays and fluo-
rescent melting curve analysis [221, 222]. The AmpliChip p53 Research 
Test is a microarray based resequencing assay that queries exons 2-11. 
Comparison of the AmpliChip p53 with direct sequencing in 98 CLL cases 
revealed increased detection of mutations using the microarray although it 
failed to detect microdeletions [221]. Similarly, high-resolution melting 
curve analysis was able to confirm all TP53 mutations detected by direct 
sequencing in ovarian and breast tumor samples [222]. In the future, these 
novel techniques may enable faster and more efficient screening of TP53 
mutations in patient samples.  

In Paper II we chose direct sequencing as this method had been well 
established in our laboratory. Genomic DNA from 119 MCL cases was PCR 
amplified using three primer sets, targeting TP53 exons 4, 5/6 and 7/8 re-
spectively, prior to product purification and sequencing as previously de-
scribed [223]. The decision to sequence only exons 4 to 8 can be justified as 
these exons encode for the core DNA-binding domain of p53, where roughly 
90% of reported cancer-related TP53 mutations are located. Identified TP53 
mutations were analyzed using the p53 Knowledgebase (http://p53.bii.a-
star.edu.sg/index.php), the International Agency for Research on Cancer 
(IARC) database (http://www-p53.iarc.fr/) and the UMD p53 mutation data-
base (http://p53.free.fr/index.html). 
 For detection of 17p copy number loss, one of the array techniques 
described previously can be used, such as CGH or SNP microarrays. An 
alternative approach, used for selected cases in Paper II, is to apply quantita-
tive real-time PCR, where the copy number status for 17p in the tumor spec-
imen is compared to a reference chromosomal region (Z) and a reference 
DNA specimen according to the Delta Delta Ct (cycle threshold) formula: 
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Methylation array and analysis of methylation data 
In papers III and IV, we applied the Illumina Infinium HumanMethylation27 
BeadChip array (Illumina, San Diego, USA) to measure methylation levels 
at 27,578 CpG dinucleotides (14,495 genes) in 20 MCL and 30 CLL bisul-
fite converted specimens according to the standard Illumina protocol [211]. 
Notably, over 70 percent of the CpG sites targeted by the HumanMethyla-
tion27 BeadChip array are located within CpG islands. This may be relevant 
and limit the scope of our studies, as it has been reported that methylation of 
CpG sites located in CpG island shores just outside the CpG islands may 
have a stronger association with carcinogenesis and tissue differentiation 
than methylation of the islands themselves [191, 192]. 

The methylation status of each CpG site is represented by the meth-
ylation index (MI, or Beta value). The MI equals C/(C+T), where C repre-
sents the fluorescence signals from the methylated alleles and T signals from 
the unmethylated alleles. To identify genes that differed significantly in 
methylation status between subgroups we applied an empirical Bayes mod-
erated t test using a p-value level <0.05 as a cutoff. A difference in mean MI 

0.30 was added as an additional filter to focus on genes with the largest 
differences in mean methylation levels between groups. Principal component 
analysis (PCA) was carried out using the “princomp” function in the Matlab 
computing software and generation of heatmaps and dendrograms was done 
using Genesis TreeView version 1.2.7 free software 
(www.genome.tugraz.at) [224]. The gene ontology tree machine (GOTM) 
online tool was used for gene ontology analysis of differentially methylated 
genes and the Ingenuity Pathway Analysis (IPA) program was used to inves-
tigate biological functions of the genes. 

RQ-PCR analysis 
Quantitative genomic PCR was used in paper I to confirm the presence of 

a novel loss at 20q. The same technique was used in Paper II to detect dele-
tions at 17p. Gene expression was measured using RQ-PCR in Papers III and 
IV. RQ-PCR primers were designed using the Primer3 software (Broad insti-
tute, Boston, USA). RQ-PCR analysis was performed using Maxima® 
SYBR Green/ROX qPCR master mix and the Stratagene Mx 3005p detec-
tion system. Differences in expression were calculated using the Max Pro 
QPCR software with ACTB (actin, beta) as a reference gene and the Ct 
method.  
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Re-induction of gene expression 
Gene promoter methylation may cause or contribute to the silencing of gene 
expression. The impact of gene methylation on expression was therefore 
investigated for selected genes. To this end MCL cell lines (JVM-2 and 
Jeko-1), primary CLL cells or CLL cell lines (HG3) were treated with the 
DNMT inhibitor 5-aza-2´-deoxycytidine (DAC) and the HDAC inhibitor 
trichostatin A (TSA). Previous studies have indicated a possible additive or 
synergistic effect when TSA is used in combination with DAC treatment in 
transcriptional reactivation experiments [225]. The cells were cultured in 
RPMI supplemented with glutamine, fetal bovine serum and penicil-
lin/streptomycin until confluent. After counting and splitting, the cells were 
cultured for 72 hours in RPMI media supplemented with one of the follow-
ing two treatments: (i) medium containing DAC in increasing concentrations 
or (ii) medium containing DAC for 72 hours followed by addition of TSA in 
the last 12 hours. Negative control cells were included. 

Pyrosequencing 
Pyrosequencing was performed for selected genes in MCL and CLL pa-

tient samples to confirm that they were differentially methylated. In addition, 
pyrosequencing was applied to measure the reduction in gene methylation 
after treatment. Prior to sequencing the DNA samples were bisulfite convert-
ed and PCR amplified. Three pyrosequencing primers were designed for 
each gene using the PyroMarkTM software. A forward and reverse primer 
pair (one biotin labelled in the 5’ end) was designed for PCR amplification 
while the third primer was made for sequencing the amplified region. The 
amplicon was designed to contain the specific CpG site targeted by the Illu-
mina methylation array. Following PCR amplification the product was im-
mobilized to Streptavidin Sepharose, followed by incubation with annealing 
buffer containing the sequencing primer. The analysis was carried out using 
the PyroMarkTM Q24 pyrosequencer instrument and CpG site methylation 
analysis was performed with the PyroMark Q24 software. 

Statistical analysis 
ANOVA, Fisher’s exact, Mann-Whitney U and t-test were applied to deter-
mine statistical differences between studied groups. OS was estimated using 
the Kaplan-Meier method and comparison of survival between subgroups 
was made using the Log-Rank test. For estimating the correlation between 
survival and the proliferation signature, a Cox proportional hazards model 
was fit and the likelihood ratio P value was reported. All calculations were 
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performed using Statistica version 8.0/9.0/10.0 (StatSoft, Scandinavia AB, 
Uppsala, Sweden). 
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RESULTS & DISCUSSION 

Paper I: Screening for genomic aberrations in MCL 
MCL tumors typically carry many genomic aberrations, such as gains and 
deletions, which have been studied extensively using various techniques [73, 
92, 98, 149, 155-164]. However, few studies have analyzed the correlation 
of specific CNAs with prognostic parameters such as the proliferation gene 
expression signature or the overall load of CNAs. Therefore, in the present 
study, we systematically explored the relationship between the most com-
mon individual CNAs and the proliferation signature on one hand and over-
all genomic complexity on the other hand. In addition, we performed a care-
ful literature search to identify potential novel CNAs in MCL in our dataset. 

Thirty-one primary MCL tumor specimens from untreated patients were 
included in the study. All cases carried at least one genomic aberration, with 
a median number of 14 CNAs (8 losses and 6 gains) per case. The pattern of 
CNAs observed was in close agreement with earlier studies of MCL, where 
the most commonly detected aberrations were losses at 1p, 6q, 8p, 9p, 9q, 
11q, 13q, 17p and gains at 3q, 8q, 15q, 18q. A total of 192 recurrent (present 
in 2 cases) minimal altered regions (MARs) were defined by overlapping 
genomic CNA segments.We were able to confirm a number of MARs that 
had just recently been reported [226]. Furthermore, one interesting novel 
loss at 20q13.2 was identified and subsequently confirmed by RQ-PCR in all 
five (16%) cases. Although the 20q loss varied in size, the MAR only con-
tained a single gene, ZFP64, which encodes for a poorly characterized zinc 
finger protein. The ZFP64 gene has recently been reported to by hypermeth-
ylated in gastric and colorectal cancers, which suggests a tumor suppressor 
function [227, 228]. 

A relationship between high tumor proliferation and short survival in 
MCL is well established [85, 229-231]. A high proliferation gene expression 
signature predicted inferior survival in our cohort (P < 0.0001), confirming 
the prognostic power of this 20-gene signature. To investigate the associa-
tion of CNAs with the proliferation signature, cases were divided into high 
and low proliferation signature groups (with scores above or below the me-
dian, respectively). High proliferation signature was associated with an in-
creased number of CNAs larger than 15 Mbp (Figure 6), but there was no 
statistical correlation with smaller CNAs. Therefore, clinically aggressive 
MCL cases seem to be characterized by many large genomic aberrations. In 
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addition to the correlation with CNA size and number, the proliferation sig-
nature was also associated with specific CNAs, including gains at 7p21.3-
p22.1 and losses at 9q13-q22.31. Indeed, both 7p gains and 9q losses have 
previously been associated with clinically aggressive variants of MCL [98, 
157, 160] and recently another study identified a relationship between the 
same CNAs and a high proliferation signature [226].  

 
Figure 6. A high proliferation signature was associated with many large CNAs. 

The next step was to explore whether individual MARs correlated with 
increased genomic complexity (here defined as a higher number of CNAs), 
and this was found to be true for losses at 1p, 8p, 13q and 17p. The strong 
relationship of 8p losses to genomic complexity was present regardless of 
CNA size (using cutoffs of <1 Mbp, 1-5 Mbp and >5 Mbp). Losses at 8p 
have previously been associated with inferior survival in MCL supporting 
the view that certain aberrations may be related to tumor proliferation, ac-
cumulation of DNA damage and clinical behavior [98, 159]. Cases with 
losses at 13q, in particular large (>5 Mbp) losses, were also characterized by 
a high degree of genetic complexity. Likewise, 17p losses were associated 
with increased number of CNAs >5 Mbp long. The same observation has 
been made in CLL where patients with 17p deletions targeting TP53 carried 
a higher frequency of large genomic aberrations than other clinical sub-
groups studied [218].  

As most of the 31 MCL cases studied were characterized by a large num-
ber of CNAs, unsupervised hierarchical clustering was performed based on 
the CNA regions to see if certain aberrations tended to co-occur. More than 
half of cases clustered together in the largest of four subgroups, which was 
not characterized by any specific pattern of CNAs. In contrast, the second 
cluster had a distinct pattern characterized by the presence of 11q loss but 
complete absence of 13q loss, larger 8q gains, 3q gains and 7p gains. Inter-
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estingly, 3q and 7p gains often co-existed as five of six cases with 7p gain 
also had 3q gains. This implies that some aberrations tend to occur together 
in MCL as a few studies have previously suggested [97, 232]. However, 
larger studies are needed to further clarify the relationship between different 
CNAs in MCL.  

Finally, losses at two chromosomal regions, 13q and 19p, were associated 
with improved survival. In previous studies of MCL 13q14 deletions have 
been associated with short survival [97, 159]. In our cohort, however, a rela-
tionship was identified between the size of the 13q deletion and prognosis, as 
patients with relatively small, single losses targeting 13q14 had short surviv-
al (< 1 year) while patients with large and/or complex losses at 13q had 
much better survival (mean 7 years). These results suggest that it might be of 
clinical importance to distinguish between different types of 13q deletions in 
MCL. However, this finding should be confirmed in a larger cohort. 

To summarize, this high-resolution genomic analysis of 31 primary MCL 
cases identified a novel loss at 20q targeting a single gene, ZFP64. Unsuper-
vised hierarchical clustering identified subgroups that differed in CNA pat-
terns. Known genomic aberrations were linked to high proliferation scores 
(7p gains and 9q losses), increased genomic complexity (losses at 8p, 13q 
and 17p) or improved survival (losses at 13q and 19p). Further studies are 
required to identify the target genes at each of these genomic loci and to 
investigate their contribution to MCL pathogenesis. 

Paper II: Impact of TP53 mutations and 17p deletions 
in MCL 
TP53 mutations have been associated with poor prognosis in both DLBCL 
and CLL [179]. Less has been reported on TP53 mutations in MCL although 
a study from the Leukemia and Lymphoma Molecular Profiling Project 
(LLMPP) group identified TP53 mutations in 20% of MCL samples and an 
association with inferior survival [180]. The prognostic relevance of 17p 
deletions targeting the TP53 locus in MCL is even less clear although 
several studies have reported an association with poor prognosis [155, 158, 
160, 233]. The aim of this study was to further investigate the prognostic 
impact of TP53 mutations and 17p deletion in a large cohort of MCL 
patients (n=119). In addition, the spectrum and characteristics of TP53 
mutations in MCL were analyzed. 

Direct sequencing of TP53 in 119 MCL cases identified 18 cases that car-
ried a total of 19 TP53 mutations, including one case with a silent mutation. 
Therefore, the prevalence of non-silent TP53 mutations was 14% in the en-
tire cohort, which is slightly lower than reported by the LLMPP group (18-
20%) [180, 226]. One potential explanation, in addition to differences in the 
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patient material, relates to the different sensitivities of the techniques applied 
in the two studies, as the LLMPP study used denaturing high performance 
liquid chromatography for mutation screening and subsequently direct se-
quencing for confirmation [180]. MCL cases with blastoid vs. classic histol-
ogy had comparable mutation rates in our study (13 vs. 18%, p = 0.6), alt-
hough blastoid cases had significantly shorter survival (median 24 vs 39 
months, P <0.01). 

We were interested in investigating the spectrum and characteristics of 
TP53 mutations in MCL. To this end we combined our dataset of TP53 mu-
tations (n=18) with previously reported TP53 mutations in MCL (n=55) that 
had been accumulated in the IARC database. No significant differences be-
tween the two cohorts with regards to mutation characteristics were identi-
fied. The mutation pattern was also similar to what has been reported for 
TP53 mutations in cancer in general; missense mutations were most frequent 
(77%), the majority of mutations were transitions (62%), predominantly 
GC>AT transitions (55%) at CpG sites (31%). Therefore, no TP53 mutations 
or patterns specific to MCL were identified. In contrast, specific TP53 muta-
tion patterns have been described in a few non-haematological malignancies, 
including lung and liver carcinomas, and are associated with exposure to 
certain carcinogens (tobacco and aflatoxin B1 respectively) [180]. 

Deletion at 17p was identified in 32% of cases and was therefore consid-
erably more common than TP53 mutation. Of the 38 cases with 17p loss 
24% also carried TP53 mutations, whereas 53% of cases with a non-silent 
TP53 mutation had a concomitant 17p deletion. These rates are almost iden-
tical to those recently reported for the LLMPP MCL cohort [226]. This can 
be contrasted with CLL and myeloid malignancies (myelodysplastic syn-
dromes and acute myeloid leukemia) where more than 70 percent of cases 
with a 17p loss also carry a TP53 mutation [223, 234, 235]. 

One of the most important results of this study was the striking impact 
that TP53 mutation had on survival, as the median overall survival was only 
13 months for TP53 mutated cases compared to 43 months for cases without 
a mutation (p=0.006). This was in agreement with previous studies [180, 
226]. In contrast, the presence or absence of 17p deletion did not influence 
survival in our cohort (median overall survival, 39 vs. 35 months respective-
ly, p = 0.7). Previous studies have yielded mixed results with regards to the 
prognostic impact of 17p deletions in MCL, with a few studies indicating a 
relationship with poor prognosis [155, 158, 160], while others have not re-
ported a correlation [98, 157, 159, 236]. Ours is the largest study to date 
including 119 MCL cases. 

Nevertheless, the different impact of TP53 mutation and 17p deletion on 
survival in MCL is interesting. These results are also in sharp contrast with 
the scenario in CLL, where any type of mono- or biallelic TP53 disruption 
(del(17p) only, mutation only, or both mutation and del(17p)) predicts poor 
clinical outcome [234, 237]. Possible explanations for the stronger prognos-
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tic impact of TP53 mutations relative to 17p deletions in MCL include the 
dominant negative and/or gain-of-function effects that have been reported 
for certain TP53 mutations. The lack of prognostic impact of 17p deletions 
in MCL compared to CLL may be related to the high level of genomic insta-
bility in the former. Only a few of the various CNA commonly identified in 
MCL have been associated with clinical outcome. Most CNA in MCL may 
in fact be secondary to general genomic instability while CNA in CLL are 
typically very few in number, and more likely to result from selective pres-
sure. 

To summarize, we have confirmed that TP53 mutation is a marker of poor 
prognosis in MCL and studied the spectrum of TP53 mutations in this dis-
ease. In contrast, the presence of 17p deletion was not associated with clini-
cal outcome. However, the retrospective nature of this analysis requires that 
the implications of TP53 mutations and/or 17p deletions in MCL be further 
investigated in future studies. 

Paper III: Genome-wide study of methylation profiles in 
MCL and CLL 

Global genomic methylation patterns in MCL have not been extensively 
studied. As a result it is not known whether DNA methylation patterns differ 
between MCL cases with good vs. poor prognostic markers. In CLL, howev-
er, our group has recently demonstrated significant differences in DNA 
methylation pattern between IGHV mutated and unmutated subgroups [211]. 
Furthermore, comparing methylation profiles between MCL and CLL may 
be of interest since a number of similarities exist between the two diseases. 
For example the surface expression of CD5 is a defining immunophenotypic 
feature of both MCL and CLL. CD5 may play a role in ontogeny, immune 
regulation and maintenance of tolerance [238]. There are also similarities 
with regards to immunogenetics; as both can be divided into groups with or 
without IGHV SHM and in both diseases a subset of cases carries stereo-
typed BCRs. Notably, the proportion of cases with mutated IGHV genes 
and/or stereotyped BCRs is lower in MCL. Another common feature of 
MCL and CLL is the frequent deletion at 13q14 [239]. 

DNA methylation profiling was performed for primary MCL (n=20) and 
CLL (n=30) specimens. Only two normal controls (peripheral blood mono-
nuclear cells (PBMCs) and CD19+ B-cells from peripheral blood) were in-
cluded in the analysis as the main focus was on comparing prognostic sub-
groups within MCL and MCL vs. CLL. Furthermore, it is presently unclear 
from which exact B-cell compartment CLL and MCL develop. In order to 
compare methylation profiles between good vs. poor prognostic groups, 
MCL cases with the lowest and highest proliferation signature (n=10 for 
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each group) were selected to represent both ends of the clinical spectrum for 
MCL. For comparison, CLL cases including 15 IGHV mutated (stereotyped 
BCR subset #4) and 15 IGHV unmutated (stereotyped BCR subset #1) spec-
imens were included. The two subsets represent the extremes in clinical out-
come within CLL, with subset #4 having the best prognosis and subset #1 
the worst [120]. DNA methylation was quantified for >27,000 CpGs using 
the Illumina Infinium BeadChip array. 

We found that the methylation profile of MCL was remarkably homoge-
nous without formation of clusters in contrast to the more heterogeneous 
CLL collection. When stringent statistical criteria were applied to search for 
differentially methylated genes between cases with low versus high prolifer-
ation signature only six genes were identified. This apparent homogeneity of 
MCL is in agreement with previous studies that have failed to define discrete 
prognostic/clinical subgroups based on parameters such as IGHV mutation 
status, genomic aberrations or gene expression profiling [53, 78, 150]. In 
contrast, DNA methylation profiling clearly separated MCL and CLL patient 
samples into discrete groups using unsupervised hierarchical clustering, in-
dicating that the distribution of promoter DNA methylation differs consider-
ably between these genomes. This is in agreement with a previous report 
comparing methylation profiles in small B-cell lymphoma subtypes using 
CpG island microarrays, where all the MCL cases clustered together unlike 
the CLL collection which separated into two distinct subgroups [207]. How-
ever, their CpG island microarray had limited genomic resolution and the 
analysis was dependent on restriction enzyme recognition sequences. Fur-
thermore, the functions of the differentially methylated genes were not ex-
plored systematically. 

In order to further characterize the differences between MCL and CLL we 
applied stringent statistical testing that identified a total of 176 genes as dif-
ferentially methylated between MCL and all CLL samples (subsets #1 and 
#4 combined). The GOTM online tool was used to search for enriched bio-
logical processes and molecular functions among genes that were either 
methylated in CLL (n=90) or methylated in MCL (n=86). Among genes 
methylated in MCL there was a significant enrichment for transcription fac-
tors/regulators involved in developmental biological processes. Specifically, 
nine of the transcription regulators belonged to the group of homeobox genes 
(DLX2, HLXB9, HOXA2, HOXA9, HOXA13, LHX1, PAX7, PITX3 and 
POU4F1). Furthermore, when analyzed on a global scale, the mean methyla-
tion level of all homeobox genes on the array was higher for MCL than CLL 
(MI = 0.29 vs. 0.23, p = 0.002). Of note, these nine homeobox genes were all 
unmethylated in the normal PBMC and CD19+ B-cell controls included in 
the array. Despite the small number of normal control samples, these prelim-
inary data indicate that these homeobox genes are not normally methylated 
in B-lymphocytes. Therefore, homeobox gene methylation in MCL may 
represent an aberrant evolution. 
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Homeobox genes represent a highly conserved family of transcription fac-
tors that have crucial roles in development. Although methylation of homeo-
box genes has previously been reported in various malignancies, including 
FL, this is the first study to describe homeobox gene methylation in MCL 
[225, 240-242]. The expression of homeobox genes during development is 
under the control of the polycomb repressor group (PcG) of genes [243]. 
Interestingly, several studies have reported that genes hypermethylated in 
cancers are enriched for PcG target genes [244-246]. This is true for many 
hematological malignancies as well, including MCL, but not CLL [190]. 
Therefore, the lack of homeobox gene methylation in CLL and the presence 
of methylation in MCL may reflect the differential methylation of PcG target 
genes in general in these two diseases. Although the mean methylation of 
PcG target genes was significantly higher in MCL than CLL in our study 
using a Student’s t-test, the difference was not significant using the nonpar-
ametric Mann-Whitney U test (data not shown). 

When gene expression of four homeobox genes (HLXB9, HOXA13, PAX7 
and LHX1) was measured with RQ-PCR, no expression was detected for 
CLL or MCL. Furthermore, expression could be re-induced (HOXA13 and 
HLXB9) in MCL cell lines but not consistently in CLL cells after treatment 
with methylation inhibitors. Therefore, homeobox gene expression in CLL 
may be silenced by mechanisms alternative to DNA methylation such as 
histone modifications. Notably, a recent study that identified prominent hy-
permethylation of homeobox genes in FL compared to normal B-cells re-
ported undetectable transcription of many of the hypermethylated develop-
mental genes in both normal B-cells and FL in gene expression array analy-
sis [225]. Therefore, methylation of homeobox genes in FL and MCL may 
reflect preferential DNA methylation of previously silenced genes. Further-
more, as hinted above, repressive PcG marks may predispose DNA for aber-
rant methylation in some tumors. 

We also used IPA to characterize the biological functions of differentially 
methylated genes. Among genes methylated in CLL (n=90) most (n=19) 
belonged to the molecular and cellular function category of cell death, 
whereas this category was not enriched in MCL. Admittedly, the apoptosis 
genes methylated in CLL comprised a heterogeneous group which is ex-
pected as the assignment of genes to functional groups can be arbitrary. 
Therefore, although most are proapoptotic (e.g. CYFIP2, DYRK2, PRDM2) 
others have antiapoptotic (e.g. PAK6) functions. A few pro-apoptotic genes, 
such as CD80, were methylated in MCL when compared to CLL subset #4 
[247]. Pyrosequencing of patient samples confirmed the differential methyla-
tion of the CD80 gene, and subsequently CD80 expression as measured by 
RQ-PCR was significantly higher in CLL subset #4. 

Finally, several TSGs and oncogenes were identified among the differen-
tially methylated genes. Among identified TSGs were SH3GL2 (methylated 
in MCL), SEPT9 and PRDM2 (both methylated in CLL). In support of our 
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findings both SEPT9 and PRDM2 were hypomethylated in MCL compared 
to normal B-cells in a recent study [190]. We were able to re-induce the ex-
pression of the SH3GL2 gene after treatment of MCL cells with 
DNMT/HDAC inhibitors, suggesting a role for methylation in silencing of 
this gene. The proto-oncogene MERTK and the proliferation-associated gene 
CAMP were unmethylated in MCL. Both have been reported to be overex-
pressed in MCL and various cancers [248-251] and we were able to confirm 
the high expression of CAMP in MCL with RQ-PCR.  

In conclusion, several observations were made in this genomic methyla-
tion profiling study of MCL and CLL. The methylation pattern of MCL ap-
peared homogenous and no correlation with the proliferation signature was 
detected. Specific functional classes of genes were preferentially methylated 
in either MCL or CLL, most notably homeobox genes which had higher 
degree of methylation in MCL compared to CLL. However, further studies 
are needed to determine the causes and potential significance of homeobox 
gene methylation in MCL. Finally, an extended comparison with other B-
cell malignancies and a larger number of normal B-cell controls would allow 
us to draw more definite conclusions. 

Paper IV: Genome-wide study of methylation profiles in 
stereotyped CLL subsets 
Recently our group compared the genomic methylation profiles of three CLL 
prognostic groups, IGHV mutated, unmutated and IGHV3-21 CLL, and iden-
tified significant differences in promoter methylation pattern [211]. Accumu-
lating data suggests, however, that classification of CLL according to stereo-
typed BCRs can further subdivide CLL into prognostic subgroups independ-
ent of IGHV mutation status [120, 123, 126]. Some stereotyped CLL subsets 
have been reported to display specific gene expression profiles [252, 253], 
but DNA methylation patterns have not been previously compared between 
stereotyped CLL subsets. The aim of this study was to analyze the global 
genomic methylation patterns for a unique collection of 39 CLL cases that 
belong to three different subsets, i.e. the poor-prognostic subsets #1 (unmu-
tated IGHV1/5/7, IGKV1-39/1D-39) and #2 (IGHV3-21 CLL) and the favor-
able prognostic subset #4 (mutated IGHV4-34, IGKV2-30). 

Results of genome-wide profiling using Illumina 27K methylation arrays 
revealed that each CLL subset displayed a unique methylation profile as 
many genes were differentially methylated between each two subsets. Im-
portantly, only a partial overlap was observed between genes identified in 
our current subset study and our previous IGHV mutation status study [211]. 
Therefore, investigation of DNA methylation patterns in stereotyped subsets 
may give additional information to studying IGHV prognostic groups. As in 
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Paper III only two normal controls (PBMCs and CD19+ B-cells) were in-
cluded in the analysis, since the primary aim was to compare the profiles of 
CLL subgroups. 

Using the GOTM tool significant enrichment of immune response genes, 
such as CD80, CD86, CD43, and IL10, was identified when comparing sub-
set #1 to #4 or subset #1 to #2. Most were methylated in subset #1 but not in 
subsets #2 and #4. To investigate this in more detail, a separate GOTM anal-
ysis was performed for genes methylated only in subset #1 or subset #4. In 
short, targets methylated in subset #1 were enriched for the same immune 
response genes (e.g. CD80, CD86 and IL10) as well as NF- B-inducing 
kinase activity (IKBKE, PPP4C, RIPK3), while the only enriched categories 
among targets methylated in subset #4 were cell adhesion (e.g. ITGAM, 
PECAM1, LAMA1). Again, only a limited overlap was observed with our 
previous methylation array study, as enriched categories among genes meth-
ylated in different IGHV mutation groups were only partially the same as for 
corresponding stereotyped subsets. Among these overlapping genes were the 
adaptive immune response genes (CD80, CD86 and IL10) which were en-
riched among methylated targets in both subset #1 and IGHV unmutated 
CLL. 

The differential methylation of two genes, CD80 and CD86, observed in 
the array data was validated by pyrosequencing of subset #1 and #4 patient 
samples. Subsequently the gene expression of CD80 and CD86 as measured 
by RQ-PCR was found to be higher in subset #4 than subset #1 cases. Final-
ly, both CD80 and CD86 were re-expressed after treatment with 
DNMT/HDAC inhibitors in subset #1 CLL cells. These preliminary findings 
need to be verified as only two subset #1 cells were included in the re-
expression experiment. In support of our results, CD86 was recently reported 
to be highly expressed and upregulated in subset #4 CLL cells after stimula-
tion via toll-like receptors as compared to subset #1 [254, 255]. CD80 and 
CD86 are co-stimulatory molecules involved in B-cell signaling and are only 
expressed on activated B cells [256, 257]. In agreement with this both CD80 
and CD86 were methylated in our normal controls, suggesting that the lack 
of methylation in CLL subset #4 may be aberrant. These data are prelimi-
nary, however, due to the low number of normal controls included. Both 
CD80 and CD86 have been reported to be up-regulated on CLL B cells after 
activation via CD40 or pre-activated T-cells in vitro [258, 259]. 

In addition several genes with known functions in apoptosis were differ-
entially methylated between CLL subsets. PRF1 was methylated in subset 
#4, which is in agreement with our previous work where PRF1 was less 
methylated and more highly expressed in IGHV unmutated cases compared 
to mutated cases [211]. The PRF1 gene encodes the perforin 1 protein and is 
not normally expressed in B cells but in cytotoxic T cells and natural killer 
cells [260]. In the current study, the expression of PRF1 was successfully re-
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induced in subset #4 cells after treatment with DNMT/HDAC inhibitors, 
suggesting that promoter methylation regulates PRF1 expression. 

In summary, each of three stereotyped CLL subsets had a characteristic 
DNA methylation profile. Only a partial overlap was observed with our pre-
vious methylation array study of IGHV mutated/unmutated/IGHV3-21 CLL, 
both with regards to differentially methylated genes and enriched gene on-
tology categories. One of our main observations was the differential DNA 
methylation and mRNA expression of the CD80 and CD86 genes between 
subset #1 and subset #4 samples. Future work is needed to confirm the dif-
ferential CD80/CD86 protein expression between CLL subsets and subse-
quently to determine their impact on in vitro activation of T lymphocytes by 
CLL cells.  
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CONCLUDING REMARKS 

In 1992, American and European ILSG members agreed on the definition of 
a new type of lymphoma derived from mantle B-cells that was consequently 
termed mantle cell lymphoma (MCL) [60]. In less than 20 years, significant 
advances have been made in the field of MCL research, both with regards to 
refining the diagnostic criteria and understanding the pathobiology of MCL. 
It has been firmly established that the hallmark of MCL is over-expression 
of the cyclin D1 protein, usually as a consequence of the chromosomal trans-
location t(11;14)(q13;q32) [261, 262]. However, it is also well documented 
that this chromosomal event alone is not sufficient to result in lym-
phomagenesis and that secondary genomic alterations are required for ma-
lignant transformation [71, 72]. Indeed, MCL is characterized by a high load 
of CNAs compared to many other lymphoma subtypes [73]. Furthermore, 
aberrant DNA methylation may contribute to lymphomagenesis in MCL as 
has been suggested for other lymphoma types, such as DLBCL [203]. 

Much remains to be learned regarding the influence of individual genomic 
aberrations on the pathogenesis and clinical behavior of MCL. Despite using 
a relatively small dataset of MCL cases, in paper I, we were able to show 
that a high proliferation gene expression signature was associated with spe-
cific CNAs and a higher load of aberrations of large size. Furthermore, other 
CNAs, including some that have previously been associated with aggressive 
variants of MCL, were associated with high genomic complexity (a high 
number of CNAs). Interestingly, despite the relatively large number of pub-
lications on genomic aberrations in MCL, we were able to identify a small 
novel loss which targets a single gene, ZFP64, with a potential role in tumor-
igenesis. 

The TP53 gene at 17p13 has been referred to as a “master guardian” of 
the cell, protecting its genome from damage by facilitating DNA repair or 
else apoptosis. No other gene is more frequently altered in human malignan-
cies. TP53 mutations have previously been associated with poor prognosis in 
MCL, but the prognostic impact of 17p deletions has been somewhat contro-
versial. In paper II, which is the largest study to date, we confirmed the asso-
ciation of TP53 mutations with poor survival in MCL. Notably, 17p dele-
tions were quite common but did not have any impact on survival. There-
fore, a mutation of the TP53 gene seems to be more harmful than loss of one 
copy of the gene. Most mutations of the TP53 gene were missense mutations 
which have the potential to confer new properties to the mutated protein, 



 60 

such as gain-of-function or dominant negative effects. On the other hand 17p 
deletions may, at least in some cases, merely be consequences of the general 
genetic instability characteristic of MCL.  

In recent years, increased focus has been directed towards epigenetic reg-
ulation of gene expression in malignancies. Aberrant DNA methylation is an 
epigenetic phenomenon widely reported in tumors including B-cell malig-
nancies, where the methylation pattern has been reported to be heterogene-
ous [190]. In paper III, we decided to study the correlation of genomic me-
thylation to the proliferation signature in MCL and to compare the methyla-
tion profile of MCL and CLL. In contrast to our genomic aberration study 
(paper I), we did not find any association between DNA methylation and the 
proliferation signature. However, we were able to identify specific functional 
classes of genes that were preferentially methylated in either MCL or CLL. 
These findings may reflect distinct epigenetic silencing mechanisms in-
volved in the pathogenesis of these B-cell malignancies. 

In paper IV, we further extended our studies of global DNA methylation 
to compare the profiles of three different CLL subsets expressing “stereo-
typed” BCRs. Patients that belong to subsets #1 and #2 typically have a poor 
clinical outcome, while patients in subset #4 have a more indolent course. In 
short, each subset had a unique DNA methylation profile, and with regards 
to differentially methylated genes there was only a limited overlap with the 
previous study of methylation in IGHV prognostic groups. Gene ontology 
analysis revealed that genes involved in various aspects of the immune re-
sponse were frequently methylated in subset #1 but not in subsets #2 or #4. 
Among these immune response genes were the co-stimulatory molecules 
CD80 and CD86 that are involved in B-cell signaling and activation through 
the BCR. Although the causes for subset-specific methylation of immune 
response genes are not known, potential explanations include differences in 
cellular origin, antigen exposure and micro-environmental interactions.  
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