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In recent years, great progress has been achieved towards identifying novel biomarkers
in lymphoid malignancies, including chronic lymphocytic leukemia (CLL) and mantle cell
lymphoma (MCL), at the genomic, transcriptomic and epigenomic level for accurate risk-
stratification and prediction of treatment response. In paper I, we validated the prognostic
relevance of a recently proposed RNA-based marker in CLL, UGT2B17, and analyzed its
expression levels in 253 early-stage patients. Besides confirming its prognostic impact in
multivariate analysis, we could identify 30% of IGHV-mutated CLL (M-CLL) cases with high
expression and poor outcome, which otherwise lacked any other poor-prognostic marker. In
paper II, we investigated the prognostic impact of a previously reported 5 CpG signature
that divides CLL patients into three clinico-biological subgroups, namely naive B-cell-like
CLL (n-CLL), memory B-cell-like CLL (m-CLL) and intermediate CLL (i-CLL), in 135
CLL patients using pyrosequencing. We validated the signature as an independent marker in
multivariate analysis and further reported that subset #2 cases were predominantly classified
as i-CLL, although displaying a similar outcome as n-CLL. In paper III, we investigated
the methylation status and expression level of miR26A1 in both CLL (n=70) and MCL
(n=65) cohorts. High miR26A1 methylation was associated with IGHV-unmutated (U-CLL)
and shorter overall survival (OS) in CLL, while it was uniformly hypermethylated in MCL.
Furthermore, overexpression of miR26A1 resulted in significant downregulation of EZH2 that
in turn led to increased apoptosis. In paper IV, we performed DNA methylation profiling in 176
CLL cases assigned to one of 8 major stereotyped subsets (#1-8) in relation to non-subset CLL
(n=325) and different normal B-cell subpopulations. Principal component analysis of subset vs.
non-subset CLL revealed that U-CLL and M-CLL subsets generally clustered with n-CLL and
m-CLL, respectively, indicating common cellular origins. In contrast, subset #2 emerged as the
first defined member of the i-CLL subgroup, which in turn alludes to a distinct cellular origin
for subset #2 and i-CLL patients. Altogether, this thesis confirms the prognostic significance
of RNA and epigenetic-based markers in CLL, provides insight into the mechanism of miRNA
deregulation in lymphoid malignancies and further unravels the DNA methylation landscape in
stereotyped subsets of CLL.
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CLLU1 CLL up-regulated gene 1  
cs MBC Class switched memory B-cell  
CSR Class-switch recombination  
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DAC 5’-Aza-2’-deoxycytidine 
DD Differential display  
del(11q) Deletion of long arm of chromosome 11  
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FCR Fludarabine, cyclophosphamide and rituximab  
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FL Follicular lymphoma  
GC Germinal center 
GEP Gene expression profiling  
GO Gene ontology  
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HSC Hematopoietic stem cell 
i-CLL Intermediate CLL   
IG Immunoglobulin   
IGH Immunoglobulin heavy  
IGHV Immunoglobulin heavy variable  
IL-7 Interleukin-7 
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J Joining  
LDH Lactate dehydrogenase 
LPL Lipoprotein lipase 



 

MBC Memory B-cell 
MBL Monoclonal B-cell lymphocytosis 
MCL Mantle cell lymphoma  
MCL1 Myeloid cell leukemia 1  
M-CLL IGHV-mutated CLL 
m-CLL Memory B-cell-like CLL 
MDR Minimal deleted region  
MIPI MCL-International Prognostic Index 
miR Micro-RNA 
MZ Marginal zone  
NBC Naïve B cell  
n-CLL Naive B-cell-like CLL 
ncs MBC Non-class switched memory B-cell 
NGS Next-generation sequencing  
NHL Non-Hodgkin lymphomas  
OS Overall survival 
PB Peripheral blood 
PCR Polymerase chain reaction 
PFS Progression-free survival  
PI3K Phosphatidyl inositol 3 kinase  
Pre-B-cell Precursor B-cell 
Pro-B-cell Progenitor B-cell  
RAG Recombination activating gene 
ROC Receiver operating characteristics 
RQ-PCR Real-time quantitative PCR 
RS Richter’s syndrome 
RSS Recombination signal sequences  
SHM Somatic hypermutation  
SVM Support vector machine  
TCL1 T-cell leukemia protein 1a  
TdT Terminal deoxynucleotidyl transferase  
TLR Toll-like receptor 
TTFT Time-to-first-treatment 
U-CLL IGHV-unmutated CLL 
VH Variable heavy 
WGBS Whole-genome bisulfite sequencing 
WHO World Health Organization 
ZAP70 Zeta chain associated protein kinase 70 kDa 
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Introduction 

Lymphoid malignancies occur due to the malignant transformation of normal 
lymphocytes at various stages of differentiation and are considered as the 
sixth most common group of malignancies worldwide.1 They are remarkably 
heterogeneous from a clinicobiological perspective and vary greatly with 
respect to their morphology, immunophenotype, molecular characteristics, 
and maturation stage at oncogenic transformation. According to the World 
Health Organization (WHO), malignant lymphomas can be broadly 
classified into three subtypes; mature B-cell lymphoma, T-cell lymphoma 
and Hodgkin lymphoma.2,3 B-cell malignancies comprises approximately 
90% of all lymphoid neoplasms throughout the world and includes 
lymphomas, such as diffuse large B-cell lymphoma (DLBCL), follicular 
lymphoma (FL), mantle cell lymphoma (MCL), marginal zone lymphoma 
and Burkitt lymphoma (BL), as well as some leukemias, such as chronic 
lymphocytic leukemia (CLL) and hairy cell leukemia.4,5  

 
This thesis will focus on prognostic markers and methylation profiling in 
CLL and MCL. However, in order to appreciate the relevance of the findings 
from this thesis, a basic introduction to normal B-cell development and 
maturation is first provided alongside descriptions of the disease entities. 

Normal B-cell development and maturation 
B-cells are the principal cellular component of the adaptive immune system 
raising humoral immunity through the secretion of antibodies. Deriving from 
pluripotent hematopoietic stem cells (HSCs), the B-cells differentiation begins 
in primary lymphoid organs (fetal liver and bone marrow) to the secondary 
lymphoid organs (lymph nodes and spleen) as represented in Figure 1.6,7 The 
developing B-cells final destiny is either as a memory B-cell expressing 
surface immunoglobulin (IG) or as an antibody producing plasma cell.7  
 
The first stage of B-cell development involves the differentiation of HSCs 
into the earliest committed cell of the B-cell lineage, known as progenitor B-
cell (pro B-cell), which is followed by differentiation into precursor B-cells 
(pre B-cells). Both stages are antigen-independent, however the 
differentiation of pro B-cells to pre B-cells depends on the support from 
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bone marrow stromal cells mediated through cytokines such as interleukin-7 
(IL-7).8  
 

 
 
Figure 1. Schematic representation of normal B-cell development and maturation in 
the bone marrow and lymph nodes. Antigen activated B-cells migrate to the 
lymphoid organ where they undergo clonal expansion, followed by somatic 
hypermutation (SHM) and class-switch recombination (CSR) inside the dark zone of 
the germinal center (GC). B-cells with improved affinity undergo further 
differentiation into antibody producing plasma cells or memory B-cells. Modified 
from Edwards JC, Nat Rev Immunol, 2006 and Rickert RC, Nat Rev Immunol, 2013.  

Ordered rearrangement of the IG heavy (IGH) locus initially takes place 
during the differentiation of pro B-cells to pre B-cells. The pre B-cells 
express a pre-B-cell receptor (pre-BcR) that consists of a heavy chain and a 
surrogate light chain.9,10 Once functional heavy and light chain 
rearrangements are expressed, the pre B-cells differentiate into membrane 
IgM expressing immature B-cells.11 Upon exiting the bone marrow and 
entering the peripheral blood the immature B-cells mature to näive B-cells, 
expressing both IgM and IgD. Activation of these B-cells occurs through 
antigen-antibody interactions facilitated by antigen presenting cells such as 
follicular dendritic cells.12,13  
 
Antigen-activated B-cells then migrate into the primary follicle of secondary 
lymphoid organs, where they undergo clonal expansion in specialized 
compartments known as germinal centers (GC).13,14 The activated B-cells at 
this stage are referred to as centroblasts. The GC architecture can be divided 
into four distinct zones known as the dark zone, the light zone, the mantle 
zone and the marginal zone (Figure 1). Within the dark zone, rapid 



 13

proliferation of centroblasts takes place coupled with genetic modification 
i.e. somatic hypermutation (SHM) and class-switch recombination (CSR) as 
discussed below.14,15 These genetic modification prime the B-cell for its 
eventual faith with high affinity B-cells undergoing further differentiation to 
plasma cells or memory B-cells and reduced affinity B-cells undergoing 
apoptosis.16 

Immunoglobulin gene rearrangements 
The IG molecule is made up of two identical heavy and light chains, joined 
by disulfide bridges and non-covalent interactions (Figure 2).17 Both heavy 
and light chains contain constant (C) regions and variable (V) regions. The C 
region is highly conserved, while the V region displays extensive variability 
and represents the antigen binding sites. The V region consists of three 
complementarity-determining regions (CDRs), CDR1, CDR2 and CDR3, of 
which the variable heavy (VH) CDR3 is the most hypervariable segment. IG 
rearrangements occurs through the joining of V, diversity (D) and joining (J) 
genes.17 VDJ recombination plays a significant role in creating IG diversity, 
which is an integral aspect to the body’s immune response.17,18 
 

 
Figure 2. Structure of immunoglobulin molecule and VDJ recombination at the IGH 
locus.  
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Genes encoding the heavy chain are located on chromosome 14, i.e. the IGH 
locus, while two IG light chain loci exist, i.e. IG kappa (IGK) on 
chromosome 2 and IG lambda (IGL) on chromosome 22. The variable 
(IGHV), diversity (IGHD) and joining (IGHJ) genes are located at the IGH 
locus, whereas the light chain only contains variable (IGKV/IGLV) and 
joining (IGKJ/IGLJ) genes. The recombination process is  initiated by two 
specific recombination activating gene (RAG) enzymes, known as RAG1 
and RAG2 that introduce double stranded breaks at specific recombination 
signal sequences (RSS) flanking the coding V, D and J genes.19-21 Several 
other enzymes are involved in the process of cleavage and ligation, such as 
DNA repair enzymes that remove unpaired nucleotides through exonuclease 
activity, and the DNA polymerase terminal deoxynucleotidyl transferase 
(TdT) that introduces nucleotides randomly at the free ends of DNA leading 
to additional IG diversity22-24; and, finally, ligase enzymes join the DNA 
strands to each other thus accomplishing the recombination process.24 
 
The initial events involve the juxtaposition of an IGHD gene to an IGHJ 
gene leading to an IGHD-IGHJ rearrangement, followed by the joining of an 
IGHV gene to the IGHD-IGHJ complex, while the IGHC gene remains 
separated from the IGHV-D-J complex by an intronic region which is 
removed later through RNA splicing. This rearranged IGHV-D-J complex 
encodes the VH CDR3 of the IG molecule. The light chain rearrangement 
involves only one rearrangement step that joins IGKV/IGLV to IGKJ/IGLJ 
genes, as the IGK/IGL loci lack D genes (Figure 2).21,25  

Somatic hypermutation and class-switch recombination 
Affinity maturation of IG molecules is mediated through a highly specialized 
process of SHM, which randomly introduces single nucleotide mutations 
into the IG genes and takes place in the dark zone of GC (Figure 1).26 This 
process is triggered by activation induced cytidine deaminase (AID), an 
enzyme that is highly expressed in activated B-cells in the GCs.26,27 Acquired 
mutations are more commonly targeted at certain hotspots regions in CDR 
sequences consisting of specific amino acid motifs.28-31 The process of SHM 
increases IG diversity and specificity.27 Cells with disadvantageous 
mutations lead to reduced affinity resulting in apotosis.32 
 
CSR is a mechanism through which switch in isotypic expression of IG 
molecules occurs, such as isotype IgM to isotype IgG, IgA or IgE, and is 
mostly restricted to the activated GC B-cells.33 The C region of the IG 
molecule is targeted by CSR while the V region remains unchanged, hence 
CSR does not influence antigen specificity.34 It occurs through a deletional 
recombination event that involves two different conserved nucleotide motifs 
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known as switch (S) regions, associated with the heavy chain C region and is 
mediated by a number of enzymes including AID.33,35 During CSR the 
expressed heavy chain C region of the IgD (ߜ) or IgM (µ) molecule is 
replaced with the expression of the heavy chain C region of IgG (γ), IgA (α) 
or IgE (ε).33,34  
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Chronic lymphocytic leukemia 

Background 
CLL is a B-cell malignancy characterized by clonal expansion and 
accumulation of mature neoplastic B-cells in the bone marrow, peripheral 
blood and lymph nodes. The typical immunophenotypic profile includes the 
expression of surface markers CD5, CD19, CD20 and CD23.36 CLL is the 
most common form of leukemia in adults in the Western world.37,38 The 
median age at diagnosis is 71 years and more male than female are affected 
(ratio 2:1). The clinical diagnosis of CLL is determined by increased 
absolute lymphocyte count in peripheral blood (>5.0x109 cells/L) and the 
aforementioned clonal immunophenotype.36 Therapeutic options in CLL 
have improved greatly in recent years  including chemotherapy, monoclonal 
antibodies and small molecule inhibitors, however, the disease remains 
incurable.39  
 
CLL is an extremely heterogeneous disease, both clinically and biologically, 
where some patients (15%) require treatment immediately after diagnosis, in 
contrast to other patients that have a considerably more indolent disease 
course, monitored by a “wait and watch” approach even for decades. The 
median survival time today is approximately 10 years.40 The Rai and Binet 
staging systems are routinely employed in CLL and are mostly based on 
physical examination and standard laboratory blood tests. Both systems 
stratify patients into distinct stages with varying clinical outcome (i.e. Rai 
stage 0-IV and Binet stage A-C).41,42 CLL is always preceded by a pre-
leukemic condition known as monoclonal B-cell lymphocytosis (MBL).43 
Additionally, a minor proportion of CLL patients (~5%) will transform into a 
high-grade lymphoma, known as Richter’s syndrome (RS), often associated 
with a very poor clinical outcome.44  
 
Currently, fludarabine in combination with cyclophosphamide and rituximab 
(FCR) is considered the “gold standard” treatment regimen for medically fit 
patients with a more than 90% response rate.39,45 However, patients with 
TP53 aberrations are resistant to this treatment and hence should be 
considered for treatment with BcR inhibitors, such as ibrutinib which targets 
Bruton’s tyrosine kinase (BTK) and idelalisib which targets phosphatidyl 
inositol 3 kinase (PI3K) or BCL2 inhibitors such as venetoclax.46-50 
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Prognostic markers in CLL 
The clinical heterogeneity observed in CLL is considered to reflect the 
underlying genetic and epigenetic heterogeneity that contributes to the 
multifaceted pathobiology of the disease.51 In the last decades, significant 
progress has been made in identifying novel biomarkers that can aid 
prediction of disease progression and improve risk stratification.52-54 A 
considerable number of prognostic markers have been proposed in CLL 
(Figure 3), including both DNA and RNA-based markers, however only a 
few of these are currently being applied in routine clinical practice. For 
instance, the IGHV mutational status and certain recurrent genomic 
aberrations (more detailed below) have been shown to be particularly 
relevant and are commonly applied in the clinical setting.55-57  
 
Thanks to advancement in next-generation sequencing (NGS) and array-
based technologies, our understanding of the genomic, transcriptomic and 
epigenomic complexity of the disease is expanding and novel biomarkers 
have been uncovered. Using high-throughput sequencing technologies, 
mutations within NOTCH1, SF3B1 and BIRC3 were identified, improving 
risk stratification and refining prognosis in CLL.58-63 Additionally, epigenetic 
alterations, such as aberrant DNA methylation, have in recent years been 
suggested to improve CLL prognostication, where the methylation statuses 
of a number of genes (e.g. ZAP70, KIBRA, TWIST ) show significant 
influence on outcome prediction.64-68 In the following sections, a more 
detailed description of relevant prognostic markers, at the genomic, 
transcriptomic and epigenomic level, will be outlined and discussed. 
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Figure 3. Various types of prognostic markers in CLL. 

Considering the remarkable clinical heterogeneity observed in CLL, there is 
a crucial need for prognostic and predictive markers to stratify patients at an 
early stage of the disease and to help patient management and treatment 
decisions. In addition, prognostic and predictive markers may be useful in 
medical research as their biological function could provide further 
information regarding the pathogenesis of CLL and possible advancements 
in treatment approaches. The prognostic strength of new markers can be 
evaluated using different endpoints such as OS (the time span from date of 
diagnosis until death or last follow-up), TTFT (the time span from date of 
diagnosis until the date of initial treatment) or progression free survival 
(PFS; the time span from date of treatment until date of any sign of disease 
progression). Furthermore, multivariate analysis can be applied to test the 
prognostic capacity of the biomarker in relation to established markers.  
 
In order to be applicable in the clinical setting, prognostic markers must 
fulfill certain criteria including (i) validation in independent and prospective 
studies; (ii) easily and reliably implemented in hospital laboratory settings; 
and (iii) stability over time. 

IGHV gene mutational status 
An important milestone in elucidating the pathobiology of CLL was the 
finding in 1999 that the SHM status of the IGHV genes clearly defined two 
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molecular subtypes of patients with divergent clinical outcome.55,56 The 
subgroup of patients carrying unmutated IGHV genes (U-CLL, i.e. ≥98% 
identity to germline) followed an aggressive clinical course associated with 
shorter OS and higher risk for progressive disease, while the other subgroup 
of patients carrying mutated IGHV genes (M-CLL, i.e. <98% identity to 
germline) had a much more indolent disease course with long OS and lower 
risk of disease progression.55,56 Following these two papers, many 
subsequent studies have confirmed the importance of IGHV gene sequence 
analysis in CLL with IGHV mutation status being the strongest prognostic 
marker in CLL.69-71 Furthermore, U-CLL is associated with poor prognostic 
factors such as unfavorable genomic aberrations, resistance to therapy and 
recurrent mutations in certain genes (e.g. NOTCH1, TP53).63,72,73 In contrast 
to genomic aberrations, the IGHV mutation status remains stable over 
time.69,74,75 Finally, IGHV mutational status is included in the recently 
proposed international prognostic index for CLL (CLL-IPI), described 
below.76   

Cytogenetic aberrations 
Almost 80% of CLL patients harbor recurrent cytogenetic aberrations in 
certain chromosomal regions, as detected by fluorescence in situ hybridiza-
tion (FISH), and the most common aberrations include del(13q), trisomy 12 
(+12), del(11q) and del(17p), all of which are included in the diagnostic 
CLL-FISH panel used now a days.57,77 
 
del(13q) is the most frequent genomic aberration detected, observed in 
roughly 55% of CLL patients.57 As a sole aberration, it is found in 75-80% 
of patients with monoallelic deletion and is usually associated with a 
favorable prognosis.57,78,79 In recent years, investigations into candidate 
genes present within 13q14 revealed two microRNAs, miR-15a/miR16-1, 
located in the minimal deleted region (MDR), which appear to negatively 
regulate expression of the anti-apoptotic gene BCL2.80-82 However, larger 
13q deletions were recently reported to correlate with a poorer outcome.83,84 

 
+12, detected in 10-20% of CLL patients, is associated with an intermediate 
survival.57,85 However, it was recently reported that the NOTCH1 mutation 
frequency is higher in cases with +12 and such cases exhibited a worse 
clinical outcome.57,59,86 
 
Patients with del(11q) more often have a progressive disease with inferior 
clinical outcome (found in 18-20% of patients).57,85 The MDR includes the 
ATM gene with 8-30% of cases carrying biallelic aberrations (i.e. del(11q) 
and ATM mutations).87 This implies potential involvement of other genes 
within the 11q-deleted region contributing to the pathobiology of 11q-
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deleted CLL. One such potential player is BIRC3, which is frequently 
mutated in fludarabine-refractory CLL patients and is located near the ATM 
gene (further described below).87-89 
 
del(17p) is considered to be the prognostic factor associated with the highest 
risk; 17p-deleted CLL patients generally show very short TTFT, poor 
response to current treatment regimens and dismal OS.57,90 The deleted 
region on 17p encompasses the important cell cycle regulating gene, TP53, 
and a large proportion of 17p-deleted cases (~70%) also carry a TP53 
mutation on the second allele.91 However, patients carrying only a TP53 
mutation (without del(17p)) display an equally poor clinical outcome as 
patients with del(17p).92 Although a low frequency of TP53 aberrations is 
seen at diagnosis, it increases considerably in relapsing patients or in patients 
with chemorefractory disease (>40%).92-94 Today, screening for del(17p) and 
TP53 mutations is recommended before starting any treatment regimen for 
CLL patients and at relapse.95 

 
Using the hierarchical prognostic model proposed by Döhner et al. based on 
the aforementioned genomic aberrations, CLL patients can be classified into 
different risk groups in terms of TTFT and OS. More specifically, patients 
harboring del(17p) display the worst outcome, followed by 11q deleted 
patients, then cases with +12 and normal karyotype, whereas patients with 
isolated del(13q) patients have the longest TTFT and OS.57 

Novel gene mutations 
The advent of NGS technologies has provided a great opportunity to dissect 
the CLL genome at an unprecedented level and helped us to identify disease-
associated genes and to study their role in the pathogenesis of CLL.60,96-98 
These techniques have also enabled ultra-deep sequencing to detect 
mutations at the sub-clonal level.60,61,98,99 A number of recurrently mutated 
genes have been identified through recent NGS-based studies, including 
NOTCH1, SF3B1, BIRC3 and MYD88, all of which target important 
signaling pathways with potential impact on CLL 
pathobiology.60,61,89,96,97,100,101  
 
NOTCH1 is a ligand-activated transcription factor that encodes a 
transmembrane protein implicated in apoptosis, cell differentiation and 
proliferation.63,102,103 The frequency of NOTCH1 mutations ranges from 5-10 
% in CLL and is reported to be higher in U-CLL.54,86,104-107 The hotspot 
mutation consists of a 2 base-pair frameshift deletion (7544_7545delCT) in 
the C-terminal PEST domain, which accounts for up to 90% of mutations 
reported in CLL.62 NOTCH1-mutated patients generally experience shorter 



 21

OS and PFS compared to wildtype patients. Furthermore, NOTCH1 
mutations are associated with advanced clinical stage, +12 and RS.52,54,63,106 

 
SF3B1 is a core component of the spliceosome complex and acts as an 
important player in the splicing machinery.108 SF3B1 mutations have been 
reported in up to 20% of CLL patients with most mutations clustering in a 
hotspot region in the HEAT domain.109 A number of independent studies 
reported SF3B1 mutations association with U-CLL, advanced clinical stage, 
del(11q) and poor clinical outcome. 61,100,110,111 However, there is yet no clear 
evidence how SF3B1 mutations contribute to the disease pathogenesis. 

  
BIRC3 encodes a protein known as Baculoviral IAP repeat-containing 
protein 3 that functions as an inhibitor of the non-canonical NF-κB 
pathway.89 The frequency of BIRC3 mutations are quite low at diagnosis 
(<3%), but increases to more than 20% in fludarabine-refractory patients, 
alluding to an important role in development of chemo-refractory 
disease.63,89  

 
MYD88 is an adaptor protein for the interleukin-1 receptor/toll-like receptor 
(TLR) signaling pathways. The frequency of MYD88 mutations is relatively 
low in CLL (<3%).60,63,101 The most common mutation identified involves a 
substitution within exon 5 (L265P), leading to constitutive activation of the 
NF-κB pathway and providing survival and proliferation signals to the 
mutant cells.60 Although the prognostic relevance of MYD88 is unclear, most 
patients carry mutated IGHV genes and have a more favorable disease 
profile.101  

RNA-based prognostic markers 
Microarray-based technology has enabled us to perform gene expression 
profiling (GEP) of various prognostic subgroups of CLL, whereby a number 
of genes with differential expression in different subgroups of patients were 
identified.112-114 These differentially expressed genes, typically derived from 
comparisons of M-CLL and U-CLL, are usually been investigated both at 
the protein and mRNA level, in order to find suitable surrogate markers to 
the IGHV mutation status, previously consider a difficult marker to assess. 
 
The most commonly analyzed RNA-based markers in CLL are lipoprotein 
lipase (LPL), zeta chain associated protein kinase 70kDa (ZAP70), CLL up-
regulated gene 1 (CLLU1), myeloid cell leukemia 1 (MCL1) and T-cell leu-
kemia protein 1a (TCL1), which will be described in the following sections. 
A novel RNA-based biomarker, UGT2B17, the focus of paper I, will also be 
discussed at the end of this section. 
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Lipoprotein lipase (LPL) 
In two independent GEP studies, LPL was found as one of the most 
differentially expressed genes between U-CLL and M-CLL.112,113 LPL plays 
a significant role in lipid metabolism and is normally expressed in adipose 
tissue, skeletal and cardiac muscles, and lactating mammary glands.115 Since 
LPL is generally not expressed or is expressed at low levels in normal B-
cells, it was an attractive marker to apply in CLL. High LPL expression was 
found to be associated with U-CLL, high-risk features (i.e. high CD38 and 
ZAP70 expression and poor-risk genomic aberrations) and a poor clinical 
outcome.116-120 Furthermore, our group has reported LPL as the strongest 
prognostic factor in a comparative analysis of various RNA-based 
markers.121 

Zeta chain associated protein kinase 70kDa (ZAP70) 
ZAP70 expression was one of the first markers identified through GEP of 
M-CLL and U-CLL, and several studies have reported that high mRNA or 
protein expression levels were associated with poor clinical oucome and 
other poor-prognostic markers in CLL such as U-CLL.113,122-124 However, 
since T-cells also express ZAP70 this might influence the mRNA/protein 
levels in non-sorted CLL samples. The aberrant expression of ZAP70 in U-
CLL is thought to reflect a higher level of BcR signaling.125,126 Of note, 
aberrant methylation of ZAP70 is reported to be associated with poor 
outcome in CLL.64,65 

CLL up-regulated gene 1 (CLLU1) 
CLLU1 was identified through differential display (DD) technique applied to 
U-CLL and M-CLL that allowed identification of this novel transcript.127 
Interestingly, CLLU1 was only expressed in CLL samples and was not 
detected in other hematological malignancies. High CLLU1 expression was 
associated with U-CLL, advanced stage disease (Binet B/C), unfavorable 
genomic aberrations, and high ZAP70/CD38 expression.128 However, the 
actual function of this gene is still unknown.  

Myeloid cell leukemia 1 (MCL1) 
MCL1 is a protein encoded by the MCL1 gene belonging to the BCL2 
family.129 At the protein level, MCL1 expression was associated with other 
prognostic markers in CLL, such as IGHV status and CD38 expression, and 
was able to predict PFS and poor response to chemoimmunotherapy.130,131 At 
the RNA level, high expression reportedly predicts shorter OS and TTFT in 
CLL and was observed in patients with partial or no response to 
chemotherapy.132 However, we did not find any significant association of 
MCL1 expression and clinical outcome in our aforementioned comparative 
study of RNA-based markers.121 
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UGT2B17  
UGT2B17 is a phase-II metabolizing enzyme and a member of the UGT2B 
super-family which conjugates various endogenous compounds, in particular 
steroid hormones as well as several pharmaceutical drugs.133,134 Through 
catalyzing the transfer of glucuronic acid from uridine diphosphoglucuronic 
acid to a variety of substrates, it detoxifies endogenous and exogenous 
steroid hormones and xenobiotics.135 The UGT2B17 gene is located on 
chromosome 4q13 and has mainly been investigated in solid tumors. In 
particular, it was found highly expressed in endometrial cancer tissue 
compared to normal tissue, while in prostate cancer, the UGT2B17 protein 
was expressed five times higher in lymph node metastasis as compared to 
benign control.136,137 Recently, high mRNA expression of UGT2B17 was 
correlated with high-risk CLL and associated with other established poor-
prognostic markers (e.g. Binet stage, CD38 expression).138 Moreover, the 
expression level increased after fludarabine treatment in the poor-responding 
group.138 As this is the only report of UGT2B17 in CLL, we investigated its 
prognostic relevance in a well-characterized CLL cohort in paper I. 

Prognostic models 
Though a plethora of biological and genetic markers have been proposed in 
CLL prognostication, their clinical applicability is still limited. However, 
efforts have been made during the recent years to construct prognostic 
models or prognostic indices that combine several clinically relevant 
markers, in order to stratify patients with distinct clinical outcomes.139  
 
Integrated mutational and cytogenetic model 
To this end, Rossi et al. has recently proposed a prognostic algorithm based 
on OS that integrates cytogenetic aberrations with recurrent gene mutations 
identifying four hierarchical risk groups in CLL i.e (i) high-risk group, 
patients harboring TP53 and/or BIRC3 aberrations; (ii) intermediate-risk 
group, patients harboring NOTCH1 and/or SF3B1 mutations and/or del(11q); 
(iii) low-risk group, patients with +12 or no cytogenetic aberrations; and, (iv) 
very low-risk group, patients with isolated del(13q). Furthermore, the model 
retained prognostic significance over time regardless of clonal evolution, 
making it particularly interesting for patient stratification.59 However, in a 
recent study, our group did not find any difference in TTFT between the 
high vs. intermediate-risk group, intermediate vs. low-risk group or low vs. 
very low-risk group in early stage cases.63  
 
CLL-international prognostic index (CLL-IPI) 
More recently, a large co-operative effort has been made to develop an 
internationally applicable prognostic index for CLL patients (CLL-IPI) that 
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incorporates 5 independent factors, i.e. age, clinical stage, del(17p) and/or 
TP53 mutation, IGHV mutation status and β2-microglobulin (B2M) level. 
This index stratified patients into four risk groups, i.e (i) low risk (score 0-1), 
intermediate risk (score 2-3), high risk (score 4-6) and very high risk (score 
7-10) based on the weighted scoring of the independent factors.76  
 
Although both these aforementioned prognostic models seem appealing, they 
still warrant large-scale validation in order to reach a consensus which prog-
nostic model to apply for which setting.  

Immunogenetics in CLL 

BcR diversity and IG gene repertoire 
As discussed in the first section of this thesis, IG gene rearrangements along 
with SHM and CSR enables the production of IGs with vast variability, so 
the probability of two healthy individuals expressing identical BcRs is 
almost negligible (1 in 1 trillion).140,141 However, in recent years, 
immunogenetics studies revealed evidence of a restricted IGHV gene 
repertoire with overrepresentation of certain IGHV genes (i.e. IGHV1-69, 
IGHV4-34 and IGHV3-21) in CLL.142,143 Furthermore, the SHM levels are 
not uniform among CLL patients utilizing different IGHV genes, eg. 
IGHV1-69 bear few, if any mutations, IGHV4-34 exhibit a heavy mutational 
load, while IGHV3-21 carry mixed mutational load.144 

Stereotyped subset classification 
Soon after the revelation of the restricted IGHV gene repertoire in CLL, it 
was further discovered that apparently unrelated CLL patients could carry 
highly similar or quasi-identical VH CDR3 sequences with shared amino 
acid motifs in their BcRs; referred to as “stereotyped” BcRs, providing 
strong evidence of antigen selection in CLL pathogenesis.145-147 Thereafter, 
great effort were made in order to understand and characterize these 
stereotyped BcRs, which resulted in large multicenter studies with thousands 
of CLL patients reporting the finding that approximately 30% of all CLL 
patients can be assigned to a stereotyped subset based on their expression of 
specific stereotyped BcRs. Though more than a hundred stereotyped subsets 
have been identified in CLL, 19 major subsets have been characterized 
accounting for up to 40% of all stereotyped cases.146  Stereotypy is observed 
among both M-CLL and U-CLL, however is more frequently seen in U-CLL 
cases. Mounting evidence suggests that patients assigned to a particular 
subset also share clinico-biological profiles, such as genomic aberrations, 
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gene expression, DNA methylation and micro-RNA (miRNA) profiles.148-153 
For instance, subset #2 (IGHV3-21/IGLV3-21), the largest subset 
accounting 3% of all CLL, includes both M-CLL and U-CLL patients. This 
subset is generally associated with an aggressive disease course with poor 
clinical outcome independent of IGHV mutational status.146 Subset #1 
(IGHV1/5/7/IGKV1-39) is the largest subset within U-CLL (2% of all CLL) 
and is associated with a particularly poor clinical outcome. Similarly, subset 
#8 (IGHV4-39/IGKV1(D)-39) is also associated with poor prognosis and 
reported to have the high risk for RS transformation.154 In contrast, subset #4 
(IGHV4-34/IGKV2-30) is the most frequent within M-CLL (1%) and 
associated with an especially indolent disease course that rarely is in need of 
treatment.146 Notably, certain mutations are more frequent in certain subsets. 
For instance, subset #1 more frequently carry TP53 and NOTCH1 mutations, 
while subset #2 cases show high frequencies (45%) of SF3B1 
mutations.151,152,155 

Antigens in CLL development 
The findings of restricted IG repertoire and stereotyped BcRs above 
provided strong evidence for antigen involvement in disease initiation of 
CLL, however the exact way antigen selection causes CLL has remained 
largely unknown.156 Attempts have been made to shed light on this issue, 
mostly based on recombinant antibodies, generated from CLL BcR IG 
sequences, where it is reported that U-CLL carry polyreactive BcR IGs that 
bind with a low affinity to molecular motifs present on apoptotic cells and 
bacteria, while M-CLL exhibits more restrictive antigen-binding 
properties.157,158 These molecular motifs include cytoskeletal proteins 
vimentin, filamin B, cofilin-1 but also Streptococcus pneumoniae 
polysaccharides and oxidized low-density lipoprotein.159 
 
Furthermore, antigen reactivity studies in stereotyped subsets have revealed 
that patients from the same subset demonstrated similar antigen reactivity 
profiles. Bergh et al. reported that subset #1 BcR IGs specifically bound to 
oxidized low-density lipoprotein.160 Similarly, Chu et al. have shown that 
subset #6 BcRs bound specifically to non-muscle myosin heavy chain IIA 
(MYHIIA), which is an intracellular antigen associated with apoptosis.161 
Potential association between viral antigens (e.g. Epstein–Barr virus or 
Cytomegalovirus) and subset #4 patients has also been reported in CLL.162 
Based on these observations, it is postulated that CLL may arise from B-cells 
with dual function that not only maintain their ability to bind conserved 
bacterial epitopes but also functions as scavengers of apoptotic residues.156   
 
Apart from extrinsic antigen(s), a recent study suggested that CLL BcRs can 
instigate cell autonomous signaling in an antigen independent manner 
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whereby the heavy-chain CDR3 recognizes distinct BcR epitopes.163 More 
recently, another study reported that homotypic interactions between the 
BcR epitopes, as the basis for cell-autonomous signaling. Moreover, the 
internal epitopes as well as the interaction avidity were different for different 
subgroups of patients, which may explain the biological characteristics and 
the clinical features of these patient subgroups. Clinically aggressive subset 
#2 displayed low affinity interactions and fast-dissociating self-recognition 
of their BcRs, while indolent subset #4 experienced high affinity interaction 
and tighter self-recognition.164  

Cell of origin 
Over the last decades, several hypotheses have been put forth in order to 
define the candidate cell(s) of origin of CLL, however this still remains a 
matter of debate. Earlier studies suggested naïve CD5+ B-cells as the cell of 
origin of CLL. Seen to the SHM differences between U-CLL and M-CLL 
this hypothesis was replaced with the “2-cell model”, postulating the 
derivation of U-CLL from naïve B-cells while M-CLL, conversely, arising 
from antigen experienced memory B-cells.55,56,165 
 
From GEP studies, it became evident that U-CLL and M-CLL had a 
common gene expression signature with few differences resembling the 
profile of antigen experienced B-cells, hence questioning that U-CLL derive 
from naïve B-cells.112 In a more recent study, based on transcriptome 
analysis of normal B-cell subpopulations and CLL, a novel subset of CD5+ 
post-GC B-cells that co-expressed CD27 and carried mutated IGHV genes 
was identified. This study suggested that the CD5+/CD27+ IGHV-M post-GC 
B-cell population gives rise to M-CLL, while the CD5+/CD27- would 
instead give rise to U-CLL.166  
 
The characterization of the epigenomic landscape in CLL and normal B-cell 
subpopulations added further complexity to this line of research. In a recent 
large scale study Kulis et al. reported that the methylation profile of U-CLL 
was similar to that of naïve B-cells while the M-CLL profiles were akin to 
memory B-cells.167 In another similar study, the authors postulated that the 
disease heterogeneity, based on methylation profiling, points to the origin 
from a continuum of maturation states manifested by the normal B-cell 
developmental stages.168 
 
Although all aforementioned studies tried to solve the complex issue of the 
cell of origin of CLL, they have not yet been able to provide an exact 
identity of the cell(s) of origin.  
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Role of DNA methylation in CLL 
Epigenetic changes, such as DNA methylation and histone modification, 
play a significant role in regulating gene expression. Epigenetic changes are 
not only implicated in regulating normal function and development together 
with genomic imprinting, but have also critical roles in many diseases.169-171 
It is now well-established that aberrant methylation is a common feature of 
many human diseases including cancer. More specifically, DNA 
methylation, which is a heritable epigenetic mark involving the addition of 
methyl group (-CH3) to the fifth carbon of a cytosine ring within CpG 
dinucleotides has been extensively studied in many human cancers including 
leukemia and lymphoma.   
 
In normal B-cell development widespread hypomethylation takes place 
during differentiation from naïve B-cells to non-class switched memory B-
cells (ncs MBC) or to class switched memory B-cells (cs MBC).167 In CLL, 
the genome is globally hypomethylated compared to normal B-cells and 
recent epigenomic studies of normal B-cell subpopulations and CLL cells 
suggest massive hypomethylation mainly targeting gene body and enhancer 
regions.167,172 Another study reported a similar finding of hypomethylation 
targeting enhancers and transcription factor binding motifs, while 
hypermethylation mainly involved transcribed genomic regions.168  
 
A number of studies have reported on the role of altered epigenetic changes 
such as promoter hypermethylation in tumor initiation and disease 
progression and correlated findings with clinical outcome in CLL.173 For 
example, aberrant methylation of tumor suppressor genes (e.g. SERP1, 
IDH4), genes implicated in apoptosis (e.g. DAPK), prognostic genes (e.g. 
ZAP70, CD38, LPL, CLLU1) and other disease-associated genes (e.g. 
KIBRA, HOXA4, BTG4 and TWIST2), have been correlated with disease 
outcome in CLL.64-66,174-179 Well-known prognostic genes, such as ZAP70 
and LPL, are reportedly regulated through methylation. More specifically, 
reports suggest a hypomethylated state of the LPL gene is linked to the high 
expression levels seen in U-CLL patients.174,179 Similarly, hypomethylation 
of the highly conserved intronic region of ZAP70 in U-CLL was reported to 
be responsible for the high expression level.180 Furthermore, methylation of 
HOXA4 and KIBRA was associated with poor-prognostic markers such as 
unmutated IGHV genes and high CD38 expression.66-68 On the other hand, a 
well-known transcription factor, TWIST2, a silencer of p53, was reportedly 
hypermethylated in M-CLL patients and associated with good prognosis.178 
  
With the advent of high-throughput sequencing and array-based technology, 
such as whole-genome bisulfite sequencing (WGBS) and Infinium 
HumanMethylation450 BeadChip arrays (450K), distinct methylation 
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profiles were unraveled in prognostic subgroups of CLL and underlying 
epigenetic events contributing to CLL development and pathogenesis were 
identified.167,168,181 Using 450K arrays, our group identified the distinct 
methylation profiles within U-CLL and M-CLL and further reported a 
relatively stable methylation pattern overtime and with similar profiles in the 
resting and proliferative compartments.181 Furthermore, our study confirmed 
the global hypomethylation of the CLL genome as compared to normal 
controls derived from peripheral blood mononuclear cells and sorted B-
cells.181 Moreover, we have investigated the global DNA methylation 
profiles of three prototypic CLL subsets, i.e. subsets #1, #2 and #4, using 
27K arrays that interrogate 27 578 CpG sites covering 14 495 genes, and 
reported subset-biased DNA methylation profiles. The differentially 
methylated genes identified from the subset comparison were enriched in 
immune response and Toll-like receptor signaling.149  
 
As mentioned, efforts have recently been made to identify the disease 
specific epigenetic changes in CLL by investigating the CLL methylome in 
the context of normal B-cell differentiation. Two such studies reported that 
the epigenetic changes identified during the normal B-cell differentiation 
process were highly overlapping with those found in CLL, highlighting that 
changes observed in CLL are for the most part not disease-specific but 
instead reflect the B-cell maturation stage at transformation.168,182 In 
addition, the existence of intra-tumor methylation heterogeneity in CLL also 
correlated with genetic subclonal complexity and further supported the co-
evolution of novel methylation patterns and genetic alterations in CLL.183 

Epigenetic classification and risk-stratification in CLL 
According to a recent report by Kulis et al. DNA methylation profiling was 
able to distinguish three clinico-biological subgroups of CLL.167 Using 
WGBS and 450K methylation arrays, the authors compared the methylation 
signature of normal B-cell subpopulations (NBCs, cs MBCs and ncs MBCs) 
with CLL cells and proposed the existence of three subgroups which they 
termed as memory-like CLL (m-CLL), naïve-like CLL (n-CLL) and a third 
intermediate CLL subgroup (i-CLL). Importantly, the three epigenetic 
subgroups showed distinct clinicobiological profiles. More specifically, m-
CLL exhibits a favorable disease outcome compared to the other two 
subgroups. In multivariate analysis, the methylation signature remained as an 
independent prognostic marker together with CD38 expression and lactate 
dehydrogenase (LDH) level.167 The existence of the three epigenetic 
subgroups with markedly different clinical outcome was confirmed by 
another study by Oakes et al, where they instead named the subgroups as 
low programmed CLL (LP-CLL), intermediate programmed CLL (ip-CLL) 
and high programmed CLL (HP-CLL).168 
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Taking into considerations these observations, DNA methylation signatures 
of CLL subtypes might correlate with the epigenetic imprint of their 
respective cell of origin and hence affect the clinico-biological profile of the 
disease. Therefore, implementation of methylation signatures into patient 
stratification and subgrouping of patients seems to be plausible. These 
reports emphasized the presence of a novel third group, however it was not 
clear why this group had an intermediate methylation profile. 

Five CpG signature 
Following this study, Queiros et al. proposed a prognostic epigenetic signa-
ture consisting of 5 CpG sites that more readily identifies m-CLL, n-CLL 
and i-CLL.184 They applied a support vector machine approach to build a 
prediction model that identified these 5 methylation marks, which classified 
CLL patients into the three epigenetic subgroups with high accuracy 
(98.7%). These 5 CpGs corresponds to the promoter region of SCARF1 
(cg00869668), the gene body of B3GNTL1 (cg11472422), CTBP2 
(cg17014214) and TNF (cg09637172), and an intergenic region on chromo-
some 14 (cg03462096). Genetic and functional characteristics of the 5 CpGs 
are presented in Table 1. The methylation status of the 5 CpGs was assessed 
using bisulfite pyrosequencing (discussed later in methods section). They 
investigated the efficacy of the epigenetic signature in 211 CLL patients with 
subsequent validation in an independent cohort of 97 patients. Furthermore, 
the stability of the epigenetic signature was evaluated by analyzing sequen-
tial samples from 27 patients revealing stabile DNA methylation profiles 
overtime.184 This signature was the focus of paper II. 
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Table 1. Genetic and functional features of the five CpGs.   

Characteristics CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 

Probe ID Cg03462096 Cg09637172 Cg11472422 Cg17014214 Cg00869668 

Gene name  TNF B3GNTL1 CTBP2 SCARF1 
Gene related region 
 

Intergenic 
region 

Gene body Gene body Gene body Promoter region 

Chromosome 14 6 17 10 17 

Function/implication 
 in cancer 

 cytokine secreted 
by macrophages 
 
regulation of cell 
proliferation, 
differentiation 
and apoptosis185 
 
plasma level of 
TNF is higher in 
CLL compared to 
healthy control186 
 
higher level 
associated with 
advanced Rai and 
Binet stage186 
 
implicated in 
tumor 
suppression187 

described as 
putative glycosyl-
transferase 
involved in 
transferring 
glycosyl 
groups188 

acts as 
transcriptional 
corepressors in 
mammals189 
 
CTBP2 has been 
reported to 
promote cancer 
cell migration in 
mammals190 
 
overexpression 
has been 
correlated to poor 
prognosis in 
breast and 
prostate 
cancer191,192 
 
knocking down 
of the gene leads 
to reduction in 
cell proliferation 
and induced 
apoptosis192 

regulates the 
uptake of 
chemically 
modified low 
density 
lipoproteins 
 
expressed highly 
in some  cancers 
including 
lymphoma 

Micro-RNA deregulation in CLL 
miRNAs are a group of small non-coding RNAs, which are usually ~21 
nucleotide long, that play a significant role in a number of biological 
processes including regulation of gene expression by targeting the mRNA or 
by inhibiting their translation. However, their deregulation can lead to 
aberrant expression of many genes, which in turn promotes tumor 
progression. Several studies have shown miRNA deregulation in CLL as an 
important event in the pathobiology of the disease.193-198 Different miRNA 
are reported to distinguish normal B-cells from CLL, segregate aggressive 
CLL from indolent forms, predict disease progression, as well as distinguish 
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refractory from responding patients.199-201 For instance, high miR-21 
expression in poor-prognostic CLL patients is associated with dismal 
outcome compared to patients with low expression.202 Similarly, high miR-
155 levels were reported in aggressive CLL cases.203 
 
Though the exact mechanisms behind miRNA deregulation are not yet 
properly understood, epigenetic mechanisms such as aberrant promoter 
methylation are suggested to play a role in CLL.204 Recently, our group 
reported aberrant hypermethylation of miR34b/c, located in the commonly 
deleted region on chromosome 11q, in ~48% of CLL cases where the 
expression levels were inversely correlated with the methylation levels.205 
Promoter hypermethylation of miR-9 family members were also reported in 
CLL, where overexpression of miR-9 resulted in reduced cell proliferation 
and enhanced apoptosis together with downregulation of the NF-κB 
pathway, adding credence to its tumor suppressor role in CLL.206 
Furthermore, aberrant methylation of the miR-708 promoter seen in CLL 
which in turn leads to enhanced activation of the NF-κB pathway.207  
  
More recently, high expression of miR-26A was reported to associate with 
advanced Binet stage, inferior TTFT and TP53 aberrations in CLL, while its 
inhibition resulted in increased apoptosis in primary CLL cells, suggesting a 
tumor suppressor role in CLL.208 Moreover, restoration of miR26A 
expression using the BET bromodomain inhibitor, JQ1, or the EZH2 
inhibitor, DZNep, led to suppressed growth in aggressive lymphoma cells. 
Combined treatment of both aforementioned drugs rendered disruption of 
MYC activation that resulted in a greater restoration of miR26A.209 This 
study further reported that MYC recruited EZH2 to the miR-26A promoter 
that resulted in repression of miR-26a expression in aggressive lymphoma 
cell lines and primary lymphoma cells.209  
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Mantle Cell lymphoma 

Background 
MCL is a mature B-cell malignancy characterized by the B-cell markers 
CD19, CD20, CD22, CD79, with co-expression of the T-cell antigens CD5 
and CD43.3,210 It comprises ~ 6% of all non-Hodgkin lymphomas (NHLs), is 
considered as a disease of the elderly, with a median age of diagnosis of 68 
years, and has a male predominance (3:1).211,212 The clinical course is usually 
aggressive with short OS (median survival 3-5 years) and frequent disease 
relapses. The patients often present with advanced stage and a disseminated 
disease.213 However, MCL patients with a more indolent disease and longer 
survival times (>7-10 years) have also been identified. This indolent 
subgroup of patients usually carries hypermutated IGHV genes, a non-
complex karyotype and displays low SOX11 expression.214,215  
 
The translocation t(11;14)(q13,q32) is the major genetic hallmark of MCL, 
found in most but not all cases and leads to constitutive overexpression of 
cyclin D1 (CCND1).216,217 Interestingly, a small subset (<5%) of cases lack 
this translocations and are negative for CCND1, instead they express 
CCND2 or CCND3.213,218 However, it has been reported that this aberration 
cannot alone induce MCL in mice models.213,219 Thus far, a high number of 
secondary genetic alterations have been reported in MCL and implicated in 
various pathways and processes, such as cell proliferation, DNA repair and 
apoptosis.213 ATM mutations are reported in 42-55% of cases, usually 
associated with del(11q), and are the most common secondary genetic 
alterations in MCL.220-222 TP53 is commonly mutated in MCL patients and 
found in 19 to 28% of cases.221,223,224 Recurrent genomic aberrations 
involving gains of 3q, 8q and 12q and losses of 9p, 9q, and 17p are also 
frequent in MCL.213 NGS has expanded the knowledge of genes and 
pathways involved in the pathogenesis of MCL. For instance, novel 
mutations involving i) activating mutations in NOTCH1, detected in ~10% 
of cases220,225 ii) mutations in chromatin modifiers, such as WHSC1 in 10% 
cases and MEF2B in 3% cases220,221 and iii) mutations affecting the NF-κB 
pathway, detected in 10%-15% of cases, including BIRC3 (mutated in 6-
10% cases).220,221,226     
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The vast majority of patients with MCL require treatment upon diagnosis. 
There is a great diversity regarding the first line therapeutic choices for MCL 
patients. In general young and fit patients are candidates for treatment with 
either Hyper-CVAD (or similar regimens) alone or combined 
chemoimmunotherapy followed by high-dose chemotherapy and autologous 
stem cell transplantation.227,228 For older or more fragile patients combined 
chemoimmunotherapy is the treatment of choice.227,228 Unfortunately, a great 
number of MCL patients will eventually relapse. Recently, a number of 
novel agents such as proteasome, mTOR, histone deacetylase and more 
importantly BcR signaling inhibitors have shown promising results.229-232  

Prognostic parameters in MCL 
The percentage of Ki-67-positive tumor cells, i.e. the Ki-67 index, 
measuring the tumor cell proliferation rate, is considered as one of the most 
powerful single prognostic parameter for OS in MCL. Cases with high 
proliferative rate are associated with significantly poorer clinical outcome 
compared to the cases with low proliferative rate.233,234 The proliferation 
gene expression signature model proposed by Rosenwald et al. involves 20 
genes related to cell proliferation (i.e. mitosis, cell cycle and DNA 
replication) and is able to predict OS in a reproducible manner.233 
 
Recently, a MCL-specific prognostic index, the MCL-International 
Prognostic Index (MIPI), designed based on four prognostic factors, i.e. age, 
performance status, LDH levels, and white blood cell (WBC) counts; 
resulted in improved patient stratification.235,236 In addition, Ki-67 was 
reported to improve risk stratification when incorporated with the MIPI.235,237  
 
TP53 and NOTCH1 mutations have been associated with poor clinical 
outcome in MCL.220,221,223-225 Most of the other recurrent genomic aberrations 
did not hold in multivariate analysis and may hence merely reflect tumor 
proliferation and clinical aggressiveness.  

Immunogenetics in MCL 
The IGHV mutational rate in MCL is generally lower than CLL and the 
mutational status does not correlate to clinical outcome, as in CLL.238 A 
recent immunogenetic study involving 807 MCL patients reported that a 
large proportion (~70%) of patients showed minimally mutated and 
borderline mutated IGHV genes, while up to 30% of patients carried 
unmutated IGHV gene.239 Furthermore, biased usage of certain IGHV genes 
such as IGHV3-21, IGHV3-23 and IGHV4-34 was observed,239-242 and 10% 
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of cases displayed MCL-specific stereotyped VH CDR3 sequences, which 
strongly suggests antigen involvement in disease pathogenesis also in 
MCL.239  Hence, the stereotyped BcRs found in MCL are different from 
those reported in CLL, therefore indicating distinct antigenic selection in 
MCL.146 

microRNA deregulation in MCL 
In recent years, deregulations of miRNA have been implicated in MCL 
pathogenesis.243-245 GEP and miRNA profiling in MCL has revealed a role of 
miRNAs in regulating key pathways such as the CD40, mitogen-activated 
protein kinase and NF-κB pathways.243 miRNA profiling in CCND1 positive 
and negative MCL cases, compared with other aggressive lymphoma and 
normal B-cells, revealed a 19 miRNA classifier that could discriminate MCL 
cases from other aggressive lymphomas.246 Another study reported that 
downregulation of miR-29 family members (miR-29A, miR-29B, and miR-
29C) was associated with shorter OS in MCL.245   
 
Limited studies exist regarding the epigenetic silencing of tumor suppressor 
miRNAs in MCL. Recently, hypermethylation of tumor suppressor miRNA-
155-3p was observed in MCL and other NHL subtypes which lead to its 
downregulation and subsequent upregulation of LT-β, an upstream activator 
of non-canonical NF-κB pathway.247 As discussed earlier, restoration of 
miR-26A expression results in suppressed lymphoma growth in aggressive 
lymphoma cells and primary lymphoma cells including MCL, which further 
supports the tumor suppressor role of miR26A1.209 We have investigated the 
functional role and the mechanism behind miR26A1 deregulation in CLL 
and MCL in paper III in this thesis. 
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Techniques to assess DNA methylation 

Over the past two decades, great advancement has been achieved in 
technologies for analyzing DNA methylation patterns both at global and 
local (single CpG) levels. As such, a plentitude of methylation analysis 
techniques are readily available today, revolutionizing our perspective of the 
methylome of both normal B-cell subpopulations and various lymphoid 
malignancies.  
 
Bisulfite conversion is the basis for most of the DNA methylation analysis 
techniques and it involves the treatment of genomic DNA with sodium 
bisulfite, converting all unmethylated cytosines into uracil while all 
methylated cytosines remain unchanged.248 Following conversion, the 
methylation status of the DNA can be determined by techniques such as 
methylation specific PCR, microarray, WGBS and pyrosequencing. 
Microarrays and pyrosequencing were the techniques predominately used in 
this thesis.   
 
Microarray-based methods provide a more global view of the epigenome, 
and interrogate the methylation status at predefined CpG sites hybridized to 
the arrays. The 450K BeadChip array designed by Illumina allows the 
interrogation of  >485,000 CpG sites across the whole genome and includes 
CpG sites present in the CpG islands/shores/shelves/open sea, non-coding 
RNA, CpGs surrounding the transcription start sites (-200 bp to -1,500 bp 
and 5'-UTRs) of coding genes, gene bodies and 3'-UTRs as well as CpGs in 
intergenic regions.249 More recently, Illumina launched the 850K array that 
allows interrogation of over 850,000 CpG sites, also including 333,265 CpG 
sites located in enhancer regions.250 The aforementioned arrays are based on 
bisulfite conversion of DNA and the main principle behind the analysis is 
single base primer extension and ligation using linker primers (locus specific 
oligonucleotide primers) attached to two different bead types corresponding 
to methylated and unmethylated CpG locus, differentiating unconverted 
methylated DNA from converted unmethylated DNA. The fluorescent light 
intensity emitted from the single base primer extension phase is measured 
and a DNA methylation value called “beta value” is assigned for each CpG 
locus. The beta value ranges from 0 to 1, where 0 corresponds to completely 
unmethylated while 1 denotes completely methylated CpGs. 
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Though microarrays render genome wide information regarding the 
methylation status of a large number of CpG sites, they are limited to those 
that are hybridized to the arrays. NGS technologies such as WGBS can 
overcome this problem by assessing the DNA methylation status with a 
single base pair resolution and with genome wide coverage (~108 CpG sites 
per sample genome). It combines bisulfite conversion of DNA with high-
throughput sequencing to provide a complete overview of the methylome   
 
Nevertheless, findings from these aforementioned techniques often need to 
be verified by more quantitative methods such as pyrosequencing. 
Pyrosequencing is a sequencing technique based on the principle 
"sequencing by synthesis" that provides a quantitative methylation analysis 
of the region of interest containing single or multiple CpGs.251-253 The 
pyrosequencing reaction is a multistep reaction based on the transformation 
of pyrophosphate (PPi) into detectable light that is proportional to the 
number of nucleotides incorporated.254 Like most other DNA methylation 
analysis methods, the pyrosequencing method is also based on bisulfite 
converted DNA. Briefly, after the bisulfite conversion of DNA, the specific 
region of interest is PCR amplified, denatured to single stranded DNA and 
captured by streptavidin beads, followed by annealing with the biotinylated 
sequencing primer. Sequencing continues with the sequential addition of 
nucleotides by DNA‐polymerase and PPi is released which is converted into 
ATP by the enzyme ATP sulfurylase. This reaction is followed by the 
emission of a light signal catalyzed by the enzyme luciferase and the emitted 
light signal can be recorded by a charge-coupled device camera (CCD) and 
can be seen as a peak in the form of a pyrogram. Furthermore, the height of 
each peak in the pyrogram corresponds to the percentage of methylation at 
each CpG site and it is determined from the T and C ratio at that particular 
CpG.253-255 A schematic representation of the pyrosequencing technique is 
presented in Figure 4. 
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Figure 4. Schematic representation of the pyrosequencing technique. 
Pyrosequencing is initiated by the incorporation of dNTP to the complementary 
DNA strand, one at a time and the reaction is catalyzed by the DNA polymerase 
enzyme. The released PPi is then converted to ATP by the ATP sulfurylase enzyme 
in presence of the substrate adenosine 5´ phosphosulfate (APS)  and visible light is 
generated due to the conversion of luciferin to oxyluciferin catalyzed by the enzyme 
luciferase. The light is then detected by a CCD camera and the resulting peaks can 
be seen in the form of a pyrogram that corresponds to the number of nucleotides 
incorporated. Unincorporated nucleotides and excess ATP are degraded by the 
enzyme apyrase. The percentage of methylation is presented in a box above the 
pyrogram and it ranges from “0-100%”, where 0% = completely unmethylated and 
100% = completely methylated.  
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Present investigations 

Thesis aims 
The main aim of this thesis was to identify and validate novel RNA and 
epigenetic based prognostic markers in mature B-cell malignancies, 
particularly in CLL and MCL, and to explore the global DNA methylation 
landscape in major stereotyped CLL subsets. 
 
More specifically, the aims were as follows: 
 

I- To validate the prognostic relevance of a recently proposed 
RNA based marker, UGT2B17, in a large population-based CLL 
cohort. We assessed the expression level of UGT2B17 in 253 
patients using real-time quantitative PCR (RQ-PCR) analysis. 
  

II- To validate and further investigate the prognostic significance of 
the recently proposed epigenetic 5 CpG signature in a well-
characterized CLL cohort including the clinically aggressive 
stereotyped subset #2. We assessed the methylation status of 
these 5 CpG sites in 135 patients using pyrosequencing. 
  

III- To gain insight into the functional role and the mechanism 
behind deregulation of miR26A1 in CLL and MCL. We 
investigated the methylation status and expression level of 
miR26A1 in well-characterized CLL (n=70) and MCL (n=65) 
patient cohorts using RQ-PCR and pyrosequencing. 
  

IV- To investigate the DNA methylation profiles of major 
stereotyped subsets of CLL in the context of non-subset CLL 
and sorted normal B-cell populations at different stages of B-cell 
differentiation. We applied 450K methylation arrays to 176 CLL 
cases assigned to one of 8 major stereotyped subsets (#1-8), 
non-subset CLL (n=325) and normal B-cell subpopulations 
(n=74). 
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Patients and Methods 

Patients 
All CLL patients were diagnosed according to the iwCLL guidelines and 
MCL patients were diagnosed according to the WHO classification.3,256 
Informed consent was collected from all patients according to the 
Declaration of Helsinki with local ethics review committees for all 
collaborating institutions granting ethical approval. For CLL, peripheral 
blood (PB) was the main source of material and for MCL; samples were 
obtained from lymph nodes. The tumor cell percentage was >90% in paper I, 
II and IV, and >70% in paper III. In paper I, 253 CLL patients from the 
Scandinavian population-based case-control study known as SCALE 
(Scandinavian Lymphoma Etiology) were investigated. In paper II, 135 
CLL patients from the aforementioned cohort were included. In paper III, 
70 CLL cases obtained from the Biobank at Uppsala University Hospital in 
Sweden and Brno University Hospital in the Czech Republic were included. 
Two different MCL cohorts were investigated: i) sorted lymph node samples 
from 24 MCL cases were obtained from the Biobank at Karolinska 
University Hospital in Sweden and analyzed using 450K arrays, and ii) a 
validation cohort that included 38 lymph node samples collected from the 
Department of Molecular Medicine at University of Pavia in Italy was 
investigated. In paper IV, 176 CLL patients assigned to one of eight major 
stereotyped subsets (#1-8) collected from collaborating institutions in the 
Czech Republic, Greece, France, Italy, the Netherlands, Sweden, Spain and 
the United Kingdom were included. A second non-subset cohort consisting 
of 325 Spanish CLL patients was investigated as reference. All samples were 
sorted by either fluorescence-activated cell sorting (FACS) or magnetic bead 
sorting. Furthermore, 10 different sorted normal B-cell subpopulations 
isolated from peripheral blood, bone marrow and tonsils of healthy 
individuals were analyzed for comparison. 
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Methods 

RQ-PCR analysis 
In papers I and III, expression levels of the investigated genes were 
quantified using RQ-PCR. Total RNA was extracted using RNA easy Mini 
kit (Qiagen, Hilden, Germany) or miRNeasy Mini Kit (Qiagen, Hilden, 
Germany). RNA quality was assessed using the 2100 Bioanalyzer (Agilent 
Technologies, Santa Clara, CA) and concentration was measured using 
Nanodrop 2000 (Thermo Fisher Scientific, Wilmington,USA) or Qubit 
fluorometric technology (Life Technologies, Waltham, MA,USA). Reverse 
transcription was performed using the M-MLV reverse transcriptase Kit 
(Invitrogen, Carlsbad, CA) and random hexamers (Thermo Scientific, 
Pittsburgh, PA) or TaqMan micro RNA transcription kit (Applied 
Biosystems, Foster City, USA) according to the manufacturer’s protocol. 
RQ-PCR analysis was performed using SYBR Green master mix (Thermo 
Scientific) or TaqMan gene expression assay for miR-26A1 (Applied 
Biosystems, Foster City, USA) and reactions were run on a Stratagene MX 
3005p instrument (Agilent Technologies, Santa Clara, CA) or 7900HT Fast 
Real-time PCR System instrument (Applied Biosystems, Warrington, UK). 
In paper I, beta-actin was used as endogenous control while in paper III, 
RNU6B was used.  

Pyrosequencing 
In papers II and III, pyrosequencing was applied to assess the methylation 
level of the 5 CpGs included in the epigenetic signature and the miR26A1 
target region (127 bp) containing 4 CpG sites including the CpG site 
(ILMNID: cg26054057) that was found to be differentially methylated in 
primary CLL and MCL samples using 450K arrays. 
  
First, bisulfite conversion of DNA was performed using the EZ DNA 
Methylation-GoldTM Kit (Zymo Research Corporation, CA, USA) 
according to manufacturer’s protocol and converted DNA was subjected to 
PCR amplification using a forward and 5´ biotinylated reverse primer pair. 
Primers were designed using the PyroMarkTM software. Amplified PCR 
products were immobilized to streptavidin sepharose beads, denatured and 
annealed to a sequencing primer followed by methylation analysis performed 
on the PyroMarkTM Q24 instrument (QIAGEN, Sweden).  
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Epigenetic classification 
In paper II, methylation values of the 5 CpGs were subjected to epigenetic 
classification using the support vector machine (SVM) model and the R 
software environment as previously described.184 DNA methylation values of 
each CLL cases to be classified was uploaded into the R script and then the 
SVM function was run in order to classify the cases. 

In-vitro functional characterization of miR26A 
 
All methods described below refer to paper III, where we investigated the 
role of miR26A1 silencing using both CLL and MCL cell lines. 
 
Cell culture- Two CLL-derived (HG3 and MEC1) and two MCL-derived 
(Z138 and GRANTA 519) cell lines were used. 
 
Transient transfections- miR26A1 oligo (has-miR-26a1) and miR mimic 
negative (mirVana miRNA mimic negative control) were purchased from 
Life Technologies. Transient transfections of CLL and MCL cell lines were 
carried out on an Amaxa Nucleofection Device II (Nucleofector 2b device, 
Lonza group AG) according to the manufacturer’s instructions. 
 
DNA methyl inhibitor treatment- CLL and MCL cell lines were treated with 
different concentration of DNA methyl inhibitor 5’-za-2’-deoxycytidine 
(DAC). In order to analyze miR26A1 methylation and expression level, cells 
were harvested and DNA and RNA were extracted. 
   
Western blot analysis- Nuclear extracts of transfected CLL and MCL cell 
lines were extracted using the NE-PER Nuclear and Cytoplasmic Extraction 
Kit (Thermo Scientific) according to manufacturer’s protocol and lysates 
were run on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel 
and then transferred to nitrocellulose membranes. Membranes were 
incubated with primary and secondary antibodies, followed by washing with 
phosphate-buffered saline according to standard protocol. Immunoreactive 
proteins were visualized with SuperSignal West Dura Extended Duration 
Substrate (Thermo Scientific) on the ChemiDoc XRSC (Bio-Rad) 
instrument. 
 
FACS analysis- The FITC Annexin V Apoptosis Detection Kit I (BD 
Biosciences) was used to measure apoptosis of transfected cells according to 
the manufacturer’s protocol followed by flow cytometry analysis using a BD 
FACSAria cell sorter and analyzed using the FACSDiva version 6 software 
(BD Biosciences).  
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Methylation array analysis  
In papers III and IV, the HumanMethylation450 Beadchip array (Illumina, 
San Diego, USA) was applied to study the global DNA methylation profiles 
in MCL, stereotyped subset and non-subset cases as well as a series of 
normal B-cell subpopulations spanning the different stages of B-cell 
development. All DNA samples were subjected to bi-sulfite conversion 
according to standard EZ DNA Methylation-GoldTM Kit (Zymo Research 
Corporation, CA, USA) and converted DNA was hybridized to the 
HumanMethylation450 BeadChip (Illumina, San Diego, CA, USA) 
according to manufacturers’ protocols. Bioinformatic analysis was 
conducted using the “R” based Illumina Methylation Analyzer (IMA) or 
minfi packages as previously described.181,182,257 A “beta value” was assigned 
to each detected CpG which is defined as the ratio of fluorescent signals 
from the methylated alleles to the sum of the signals from the methylated 
and unmethylated alleles and ranges from 0 (completely unmethylated) to 1 
(completely methylated).  
 
Raw methylation array data was quantile normalized, arcsin transformed and 
an empirical Bayes moderated t-test was applied in order to identify the 
differentially methylated sites between CLL subsets. The p-values were 
adjusted using the Benjamini and Hochberg method and a level of P <0.05 
was taken as cut-off. In order to detect CpG sites with a greater methylation 
difference among subsets, an additional filter using an average geometric 
difference of 0.30 was applied. Unsupervised principal component analysis 
was carried out to assess global methylation pattern in stereotyped subsets 
and non-subset CLL in the background of normal B-cell populations. 
Supervised hierarchical clustering analysis was performed to assess the 
methylation differences among the investigated subsets. Gene ontology (GO) 
enrichment analysis and functional annotation clustering of differentially 
methylated genes was done using Database for Annotation, Visualization 
and Integrated Discovery (DAVID) tools version 6.7. 

Statistical analysis 
In papers I and III receiver operating characteristics (ROC) curve analysis 
was applied to determine the expression and methylation cutoff value and 
patients were classified as low or high expressing or low or high methylated 
cases. Throughout papers I-IV, bivariate comparisons were made using t-
test while one-way ANOVA and χ2 tests were used to assess differences 
among multiple data sets. In papers I-III, Kaplan-Meier survival analysis 
was carried out to construct survival curves for OS and TTFT. OS was 
calculated from date of diagnosis until date of death or last follow-up, while 
TTFT was calculated from date of diagnosis until the date of initial 
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treatment. Statistical differences in OS and TTFT between studied subgroups 
were assessed using the Log-rank test. Multivariate Cox-regression analysis 
was employed in order to test the ability of a given prognostic factor to 
independently predict clinical outcome, taking into account the effect of the 
other remaining factors. Correlations between expression levels were 
assessed using Spearman’s rank correlation co-efficient. In paper II, the 
Genesis software was used to perform hierarchal clustering analysis and to 
generate heatmaps. Statistical significance level was defined as a p-value 
<0.05. All statistical analyses were carried out using Statistica Software 12.0 
(Stat Soft, Tulsa, OK).  
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Result and Discussion 

Paper I: UGT2B17 expression: a novel prognostic 
marker within IGHV-mutated CLL? 
Based on a recent publication suggesting UGT2B17 as a potential prognostic 
marker in CLL, we decided to investigate the prognostic significance of 
UGT2B17 mRNA expression in a large well-characterized cohort (n=253) 
using RQ-PCR analysis.138,258 We also investigated the stability of UGT2B17 
by studying its expression level overtime in 91 cases. 
 
As defined by ROC curve analysis and the median survival, a total of 117 
patients (46%) showed high UGT2B17 expression and the remaining 136 
had low expression or no detectable expression (54%). We observed a 
significant association between high UGT2B17 expression and other 
established poor-prognostic markers, such as U-CLL and advanced clinical 
stage (Binet B/C) as compared to cases with low expression (p<0.001 each). 
Moreover, in our study we found higher UGT2B17 expression to be 
significantly correlated with del(11q) and del(17p) (p=0.005 and p=0.029, 
respectively), whereas a negative correlation of high UGT2B17 expression 
and del(17p) and no association with del(11q) was reported in the previous 
study.138  
 
Furthermore, high expression of UGT2B17 correlated with shorter TTFT and 
OS (p<0.001 each) in the entire cohort and also in specific subgroups of 
patients, such as Binet stage A and M-CLL patients. In multivariate analysis, 
together with other established markers such as IGHV mutational status and 
unfavorable genetics [TP53 abnormalities, i.e. del(17p) and/or TP53 
mutations, NOTCH1 and SF3B1 mutations], UGT2B17 expression remained 
significant as an independent marker both for OS and TTFT.  
 
As a prime finding from our study, we observed that 30% of M-CLL cases, 
which were negative for CD38 expression and devoid of any poor-
prognostic genetic aberration, and thus expected to have a favorable 
prognosis, instead exhibited high UGT2B17 expression and displayed a poor 
clinical outcome. Hence, UGT2B17 mRNA expression analysis identified a 
subgroup of patients within M-CLL with progressive disease for which no 
established prognostic marker has been found until now (Figure 5A). 
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Figure 5. Prognostic impact of high UGT2B17 expression on (A) OS for M-CLL 
cases negative for poor-prognostic genomic aberrations [del(17p), del(11q) and 
trisomy 12], novel mutations (SF3B1, NOTCH1 and TP53) and CD38 expression; 
(B) Impact of UGT2B17 and LPL co-expression on OS in M-CLL cases. 

Furthermore, we investigated another RNA marker, LPL, in an effort to inte-
grate both markers to identify cases with high risk of disease progression. 
From this analysis, we observed that patients with high expression of both 
genes exhibited the lowest median survival (7.4 years) compared to cases 
with low expression of both genes (15.2 years), whereas patients with isolat-
ed expression of either gene displayed an intermediate survival (Figure 5B). 
Therefore, incorporation of LPL with UGT2B17 expression appears to fur-
ther stratify patients with poor outcome in an otherwise favorable group of 
patients such as M-CLL.  
 
In order to adopt RNA-based markers such as UGT2B17 into everyday 
clinical practice our findings first need to be validated in larger patient 
series, in particular in prospective studies. In addition, investigation of the 
biological background behind increased UGT2B17 expression level needs to 
be resolved. Nevertheless, in our overtime analysis, we observed that 
UGT2B17 expression remained stable over several years (range, 5.0-8.1 
years), which highlights the potential utility of UGT2B17 as a suitable 
prognostic marker in CLL.  
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Paper II: Prognostic impact of epigenetic classification 
in CLL 
Based on the similarity of the methylation signatures to normal B-cell 
populations, an epigenetic classification of CLL was recently proposed that 
subdivided CLL patients into three subgroups, named as m-CLL, n-CLL and 
i-CLL167. In a subsequent study, the same group proposed a 5 CpG signature 
that was able to classify the patients into the aforementioned epigenetic 
subgroups with great accuracy.184 In this study, we investigated the 
prognostic significance of the proposed 5 CpG model in a well-characterized 
cohort (n=135), including both U-CLL and M-CLL, but also clinically 
aggressive stereotyped subset #2 patients (mixed IGHV mutation status), and 
studied its association with other established prognostic markers. The 
percentage of DNA methylation of 5 CpGs were assessed by pyrosequencing 
and samples were subjected to epigenetic classification using the SVM 
model as previously described.184 
 
Fifty-seven samples (42.2%) were classified as m-CLL, 29 samples (21.5%) 
as i-CLL, while 49 samples (36.3%) were classified as n-CLL. Interestingly, 
as a novel finding, we observed that 11/12 subset #2 cases were classified as 
i-CLL (the remaining case was classified as m-CLL). Similar to the previous 
report, we observed an enrichment of del(11q) in n-CLL and i-CLL cases 
(29.8% and 29.6%, respectively). i-CLL cases tended to have a higher 
frequency of del(11q) (29.6% vs. 9.1%, p=0.10) and a lower frequency of 
SF3B1 mutations (6.8% vs. 21.7%, p=0.12) compared to n-CLL in our 
material, however these discrepancies can be due to relatively low numbers 
of i-CLL patients analyzed.184 As expected, the methylation patterns of the 5 
CpGs within the three subgroups differed considerably; while n-CLL 
showed methylation of 4/5 CpG sites and the opposite was seen for m-CLL, 
i-CLL had a more variable methylation profile for these sites. Based on 
hierarchical clustering, we observed that within the i-CLL group, subset #2 
cases did not cluster as one distinct group (Figure 6). 
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Figure 6. Hierarchical clustering of CLL samples into three epigenetic subgroups 
based on the methylation pattern of 5 CpG sites.    

In accordance with previous findings, survival analysis of the three 
epigenetic subgroups revealed that n-CLL patients displayed a significantly 
worse outcome, contrasting m-CLL patients that had a more favorable 
prognosis, whereas i-CLL patients demonstrated an intermediate outcome.184 
Interestingly, when i-CLL subset #2 cases were compared to other i-CLL 
cases, the former tended to have a shorter OS (p=0.05), while the latter 
group had a longer OS compared to n-CLL cases (Figure 7A). Similarly for 
TTFT, only non-subset #2 i-CLL was found to be significantly different 
from n-CLL patients and no difference was observed between subset #2 i-
CLL and n-CLL (Figure 7B). Moreover, the epigenetic classification 
remained as an independent marker in multivariate analysis both for OS and 
TTFT, also in presence of IGHV status. 

 
 

 
 

Figure 7. Prognostic impact of epigenetic classification in CLL on OS (A) and 
TTFT (B) when sub-classifying subset #2 and non-subset #2 i-CLL. 
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In summary, as a novel finding, we report for the first time that poor-
prognostic subset #2 patients are predominantly classified as i-CLL, 
although they display poor clinical outcome similar to clinically aggressive 
n-CLL patients, highlighting that the proposed model might not be suitable 
for this group of patients. The limitation of the study is the number of 
patients being investigated and our findings need to be further validated in 
larger, and preferably prospective, studies in order to implement this 
classification in the clinical setting. Furthermore, the methodology to assess 
the epigenetic signature needs to be standardized and harmonized.  
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Paper III: Epigenetic silencing of miR-26A1 in CLL and 
MCL 
Recently, the regulatory effect of miR26A1 on EZH2 expression has been 
reported in lung cancer and nasopharyngeal carcinoma, where 
overexpression of miR26A1 resulted in EZH2 downregulation, inhibition of 
cell proliferation and increased apoptosis.259,260 Furthermore, miR26A1 
expression was shown to be lower in CLL and MCL samples as compared to 
normal B-cells,245,261 however, the mechanism underlying its deregulation 
and its potential functional role in disease pathogenesis still remains 
unexplored. In order to address this issue, we investigated the expression 
level and methylation status of miR26A1 in two well-characterized CLL 
(n=70) and MCL (n=65) patient cohorts using RQ-PCR analysis and 
pyrosequencing, respectively. 
 
In accordance to our recent 450K methylation array data in CLL, we 
observed a differential miR26A1 methylation between U-CLL and M-CLL, 
where U-CLL displayed significantly higher methylation levels compared to 
M-CLL (p < 0.001). Interestingly, high miR26A1 methylation was also 
associated with shorter OS in CLL patients (Figure 8B). Accordingly, we 
observed that 89% of M-CLL cases with >10-year survival displayed lower 
methylation levels, while 83% U-CLL cases with <10-year survival 
demonstrated higher methylation levels. In contrast, in MCL, all cases 
showed a more uniform miR26A1 hypermethylation, irrespective of being 
high (HP) or low proliferative (LP), defined by Ki-67 expression above or 
below 30%, indicating a more uniform silencing in MCL (Figure 8A). 
 

 
  
Figure 8. miR26A1 methylation in CLL and MCL. (A) Box plot showing 
percentage of miR26A1 meth-ylation level in CLL and MCL patient samples, as 
assessed by pyrosequencing. (B) OS curve for CLL patients with high and low 
miR26A1 methylation. 
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From the expression analysis, we observed very low miR26A1 expression 
levels in both U-CLL/M-CLL and HP/LP MCL compared to normal B-cells. 
Accordingly, no differential miR26A1 expression was observed between U-
CLL and M-CLL cases or between HP and LP MCL cases. Similarly, no 
differences in OS were observed in relation to miR26A1 expression.  
 
Furthermore, we noted a significant negative correlation (p = 0.04, r = -0.45) 
between miR26A1 expression and EZH2 mRNA expression in CLL 
samples, which supported a potential link between them. When miR26A1 
was overexpressed in CLL and MCL cell lines, we observed a significant 
downregulation of EZH2 protein levels as assessed by Western blot and flow 
cytometry analysis, which suggests that miR26A1 targets directly EZH2 in 
both CLL and MCL (Figure 9). Moreover, overexpression of miR26A1 
resulted in increased apoptosis in leukemic cell lines, indicating its tumor 
suppressor role in B-cell malignancies. Finally, we observed increased 
miR26A1 expression and decreased EZH2 expression after methyl inhibitor 
DAC treatment to CLL/MCL cell lines, suggesting a direct impact of 
miR26A methylation on its expression and an inverse correlation between 
miR26A1 and EZH2. 
 

 
Figure 9. Correlation between miR26A1 and EZH2 expression in CLL and MCL 
cell lines. Western blot analysis of EZH2 expression in miR26A1 and control mimic 
miRNA transfected CLL (left panel) and MCL (Right panel) cell lines. GAPDH was 
used as internal loading control. Histogram below Western blot show band 
intensities based on two independent transfections. 

Taken together, our study highlights the important role of epigenetic silenc-
ing of miR26A1 in CLL and MCL pathobiology and further supports its 
direct regulatory role on EZH2 expression. Moreover, results from the over-
expression analysis further support the tumor suppressor role of miR26A1 in 
B-cell malignancies. Similar to paper II, the prognostic impact of miR26A1 
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methylation in CLL need to be further verified in a larger series of patients, 
in particular in the context of other prognostic markers. 

Paper IV: DNA methylation profiling in stereotyped 
subsets of CLL 
As mentioned, high-resolution microarrays and WGBS studies have 
unraveled the DNA methylation landscape in prognostic subgroups of 
CLL.167,168,181,182,262 However, the characterization of the DNA methylation 
profile of stereotyped subsets of CLL is largely unresolved, since only few 
studies have so far been reported.149,262 Therefore, using 450K methylation 
arrays, we set out to investigate the DNA methylome in major stereotyped 
subsets (#1-8, n=176) in relation to non-subset CLL (n=325) as well as 
various normal B-cell populations (n=74) grouped as precursor, GC 
inexperienced and GC experienced B-cells. 
 
Overall, unsupervised principal component analysis of subset and non-subset 
CLL, the latter grouped based on its epigenetic classification, revealed that 
all U-CLL and M-CLL subsets clustered with n-CLL and m-CLL 
respectively, while subset #2 clustered with i-CLL, implying common 
cellular origin (Figure 10A). In line with this, supervised analysis revealed 
for the most part only a limited number of differentially methylated CpG 
sites when comparing each U-CLL or M-CLL subset with non-subset cases, 
with subset #5 as a rare exception, and warranting further investigation.  
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Figure 10. PCA of subset and non-subset CLL cases in the background of normal 
B-cell populations grouped as precursor, NBC and GC/post-GC. The non-subset 
CLL are grouped based on their epigenetic classification, i.e. i-CLL, m-CLL and n-
CLL. 

We previously reported that subset #2 cases were predominantly classified 
as i-CLL (Paper II), though they did not cluster separately in hierarchical 
clustering analysis, which might be due to low number of cases investigated 
and the fact that only 5 CpG sites were investigated. In contrast and based on 
array data, we here observed that almost all subset #2 cases clustered sepa-
rately from i-CLL in supervised analysis (Figure 11). This highlights that 
subset #2 may comprise a distinct subgroup within i-CLL.  
 
The number of epigenetic changes that a tumor acquires compared to its 
cellular origin, “epigenetic burden”, has recently been suggested as a 
powerful predictor of clinical aggressiveness.263 Bearing this in mind, we 
took a step further and calculated the epigenetic burden for specific subsets 
vs. their non-subset cases matched by epigenetic subgroup. We observed a 
significant difference in the epigenetic burden amongst the various subset 
comparisons; more specifically, in U-CLL subsets #1 vs. n-CLL (72K vs. 
67K, p<0.05) and #5 vs. n-CLL (57K vs. 67K, p<0.01) and subset #2 vs. i-
CLL (76K vs. 68K, p=0.001). Furthermore, subset #2 cases frequently carry 
del(11q) and harbor SF3B1 mutations, however, neither the IGHV mutation 
status nor the presence of del(11q) or SF3B1 mutations had any impact on 
the epigenetic burden within subset #2. No difference was observed between 
the M-CLL subset #4 vs. m-CLL (83K vs. 82K, p=not significant).  
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Figure 11. Supervised hierarchical clustering analysis of subset #2 and non-subset i-
CLL. 

In summary, based on their epigenetic profiles, U-CLL and M-CLL subsets 
generally clustered with n-CLL and m-CLL subgroups, respectively, 
implying common cellular origins. In contrast, subset #2 emerged as the first 
defined member of the i-CLL group, which in turn alludes to a distinct 
cellular origin for subset #2 and i-CLL patients. However, the differentially 
methylated gene signatures between specific subsets and their respective 
epigenetic subgroup, especially between #2 and i-CLL warrants further 
investigation.  
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Concluding Remarks 

Over the past decades, significant advancements have been achieved in the 
field of biological and clinical research of lymphoid malignancies, which 
have provided us deeper insight into the pathobiology of these diseases 
assisting in further refining the lymphoma classification. Moreover, great 
efforts have been made to identify novel prognostic and predictive markers 
that could improve patient stratification and guide the clinicians in selecting 
therapy and predicting treatment responses.  
 
Considering the remarkable clinical heterogeneity observed in CLL, there is 
an unmet need with regards to new biomarkers and as a result, a plethora of 
molecular prognostic markers has been proposed during the last decades. 
However, the prognostic relevance for the majority of them is restricted to 
U-CLL patients and there is a deficit of markers for M-CLL patients that 
usually lack poor-prognostic factors such as high-risk genetic aberrations 
and recurrent gene mutations. In our validation study of a recently proposed 
RNA-based marker UGT2B17,138 we not only confirmed its prognostic 
relevance in a population-based cohort, but also for the first time reported its 
prognostic significance among M-CLL patients. More specifically, 30% of 
M-CLL patients expressed high levels of UGT2B17, despite lacking any 
other established poor-prognostic marker, and had a worse clinical outcome. 
Furthermore, we observed that the risk stratification of M-CLL patients 
could be further improved by the incorporation of another RNA-based 
marker i.e. LPL. Hence, this study provides a rationale for the applicability 
of RNA-based markers in patient stratification, in particular for M-CLL 
patients although our findings need to be confirmed in larger patient series. 
 
Recently, studies of the epigenomic landscape have revealed that CLL can 
be classified into three epigenetic subgroups, i.e. m-CLL, n-CLL and i-CLL, 
based on their DNA methylation similarities with normal B-cell 
populations.167 Furthermore, these epigenetic subgroups exhibit markedly 
different clinico-biological profiles. Subsequently, the 5 CpG signature that 
correspond to the promoter region of SCARF1, the gene body of B3GNTL1, 
CTBP2 and TNF and an intergenic region on chromosome 14 can accurately 
classify the aforementioned subgroups.184 Although the proposed epigenetic 
classification largely mirrors the IGHV mutational status, it has still been an 
open question if the i-CLL group is merely a mix of outliers from the M-
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CLL and U-CLL subgroups or if it comprises separate subgroups. We could 
confirm the proposed epigenetic 5 CpG signature as an independent marker 
in multivariate analysis for both TTFT and OS. Despite the relatively low 
number of subset #2 cases investigated, we identified that this subgroup 
belongs to the i-CLL subgroup, hence supporting the existence of a “real” i-
CLL subgroup. However, subset #2 patients had a similarly poor outcome as 
n-CLL patients, indicating the epigenetic classification might not be 
applicable for this subgroup of patients from a prognostic point of view.  
 
Downregulation of miR26A1 has been reported in various B-cell 
malignancies including CLL and MCL.245,261 However, the molecular 
mechanisms behind miR26A1 deregulation and its associated role in these 
malignancies is not yet fully elucidated. We showed that DNA 
hypermethylation resulted in silencing of miR26A1 in both CLL and MCL 
and higher methylation levels were associated with a worse prognosis in 
CLL. Moreover, in vitro data revealed that overexpression of miR26A1 
resulted in downregulation of EZH2 expression that subsequently rendered 
increased apoptosis, further supporting its tumor suppressor role in the 
disease pathogenesis of CLL and MCL.  
 
In recent years, several methylation studies have reported the differential 
methylation profiles in prognostic subgroups of CLL, such as U-CLL and 
M-CLL, however the DNA methylation landscape in stereotyped subsets 
remains largely unexplored. By applying methylation arrays to stereotyped 
subsets and non-subset cases clustering of cases generally followed their 
IGHV mutational status; more specifically, all U-CLL subsets clustered with 
n-CLL, subset #4 clustered with m-CLL, while subset #2 clustered 
separately with i-CLL. Furthermore, when epigenetic burden was compared 
between specific subsets vs. non-subset cases, significant differences was 
observed, in particular for subsets #1 and #2, in line with their very poor 
prognosis. Interestingly, further analysis of i-CLL and subset #2 cases 
revealed that the latter group emerged as the first defined member of the 
former group; indicating a different cellular origin for these subgroups. 
 
Altogether, this thesis identified a new poor-prognostic group of M-CLL 
patients expressing UGT2B17, defined the first member of the i-CLL 
epigenetic subgroup, highlighted the possible mechanism behind miR26A1 
deregulation in CLL and MCL and unraveled the DNA methylation 
landscape in stereotyped subset of CLL. This will eventually lead to further 
refinement of the disease classification and risk stratification for patients 
diagnosed with these two B-cell malignancies. 
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