From the Department of Molecular Medicine and Surgery
Karolinska Institutet, Stockholm, Sweden

Genetic Characterization of
Hematological Malignancies
with Focus on
Mantle Cell Lymphoma
Emma Flordal Thelander

Stockholm 2007

Supervisors
Svetlana Lagercrantz, Associate Professor
Department of Molecular Medicine and Surgery, Karolinska Institutet
Catharina Larsson, Professor
Department of Molecular Medicine and Surgery, Karolinska Institutet
Richard Rosenquist Brandell, Professor
Department of Genetics and Pathology, Uppsala University
Anna Laurell, MD, PhD
Department of Oncology, Radiology and Clinical Immunology, Uppsala University
Faculty Opponent
Anne Kallioniemi, Professor
Institute of Medical Technology, University of Tampere, Finland
Thesis Committee
Birger Christensson, Associate Professor
Department of Laboratory Medicine, Karolinska Institutet
Lore Zech, Professor
Department of Genetics and Pathology, Uppsala University
Fredrik Celsing, Associate Professor
Department of Medicine, Karolinska Institutet

All previously published papers were reproduced with permission from the publisher.
Printed by Larserics Digital Print AB
Box 20082, SE-161 02, Bromma, Sweden
© Emma Flordal Thelander, 2007
ISBN 978-91-7357-161-6

In Loving Memory of my Mother

Abstract
Lymphoid cancer affects about 2000 individuals in Sweden every year. Lymphoma
is divided into numerous subclasses based on histopathological and phenotypic
characterization, however, for some lymphoma entities, the classification criteria
are insufficient and clinical diversity is seen in cases of the same diagnosis.
Mantle cell lymphoma (MCL) is a highly malignant lymphoma, characterized by
t(11;14)(q13;q32), resulting in cyclin D1 over-expression. However, this oncogenic
event alone is probably not sufficient for tumor establishment and therefore it is of
importance to outline additional genetic alterations involved in the tumorigenesis.
Diffuse large B-cell lymphoma (DLBCL) stands for 30-40% of the lymphomas,
being the most common non-Hodgkin lymphoma type. It is a very heterogeneous
disease, genetically as well as clinically. This thesis is based on genetic studies of
different lymphoma entities with a main focus on MCL.
Comparative genomic hybridization (CGH) is an efficient method for screening of
the tumor genome in terms of identifying chromosomal gains and losses. Initially,
metaphase chromosomes were used as hybridization targets, however, more recent
experiments are usually performed as array-CGH, where metaphase chromosomes
are replaced by individual clones spotted onto a glass slide. The resolution is thereby
remarkably increased and is dependent on the size and genomic distance between
the clones.
In Paper I, we studied DLBCL tumors, both de novo and relapses, using metaphase
CGH in order to outline the pattern of genetic alterations. Recurrent common early
events were losses of 8p and 9p, while loss of 1p, 22q and gain of chromosome 7
appeared late. Loss of 22q was associated with an advanced clinical stage, and 18q
was significantly more frequently gained in relapses than in diagnostic tumors. In
Paper II, we describe the genetic progression in four subsequent tumor samples; the
diagnostic biopsy of MCL and three following relapses, where loss of 8p as well as
gains of 7p, X, 3 and 20 appeared late in tumor progression.
A correlation between CGH findings and clinical parameters as well as IGHV gene
status in MCL tumors was performed in Paper III. It was revealed that MCL utilizing
the IGHV3-21 Ig gene had less genomic alterations with a tendency to favorable
prognosis compared to MCL tumors with other IGHV genes. In Paper IV, the MCL
tumors were further studied using a 1 Mb array CGH. We detected twice as many
alterations, and the main findings were homozygous deletions within 1p32.3 and
in 13q32.3, strongly suggesting the localization of tumor suppressor genes in these
regions.
In Paper V, material from different hematological neoplasias previously reported
to have alterations in 6q (childhood acute lymphoblastic leukemia (ALL), MCL,
DLBCL and follicular lymphoma (FL)) were analyzed using a chromosome 6
specific tile path array-CGH in order to outline the exact deletion patterns. 6q21
and 6q23 were frequently deleted in all of the diagnoses included. Furthermore, we
could identify overlapping homozygous deletions in DLBCL.
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General introduction to the thesis
This thesis is focused on genetic alterations that occur in malignancies originating
from the lymphoid system. The research field of molecular genetics has
revolutionized our knowledge of why tumors arise, grow and metastasize along
the accumulation of genetic lesions. The normal machineries of cell replication and
proliferation have intricate safety systems, however, considering that the number
of cells in a human being is about 1014, it is easy to imagine that errors will occur
occasionally during cell division. Repair systems and proofreading activities of DNA
polymerase enzymes correct many mistakes, and if not repairable, the cell normally
goes into apoptosis. However, sometimes genetic lesions arise and slip through the
safety systems and if unlucky, the lesions give the cell a growth advantage and the
ability to uncontrolled proliferation and escape of cell cycle checkpoints. This can
increase the probability of the cell to acquire even further genetic alterations. If the
cell accumulates sufficient “hits” in strategic genomic locations, it can eventually
transform to a cancer cell with the ability of sustained proliferation, regardless of
apoptotic signals. This cancer cell may have capability to invade its surroundings,
to migrate, to promote angiogenesis and to establish daughter tumors (Hanahan et
al., 2000). Considerable knowledge about different types of genetic and epigenetic
alterations involved in the numerous steps of cancer formation and evolution is
available today. Mutations in growth receptors causing constitutive cell signaling,
chromosomal deletions of tumor suppressor genes, and deregulation of apoptotic
genes by RNA interference are just some examples.
Characterization of genetic alterations in cancer is important, not only to understand
the genetic events that can transform a normal cell to a malignant cancer cell,
but also to identify markers that can be used for prognostication and to support
histopathological classification. In addition, the identification of genetic aberrations
can guide in the search for therapy targets, such as in the case of chronic myeloid
leukemia (CML), in which one part of the characteristic Philadelphia chromosome
(Ph1) product is a target of the drug Gleevec™ (STI 571, Imatinib) (Druker et al.,
2001).
The studies included in this thesis are focused on the characterization of genetic
abnormalities in hematological malignancies, mainly mantle cell lymphoma (MCL)
and diffuse large B-cell lymphoma (DLBCL). MCL is characterized by a reciprocal
11
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translocation between the long arms of chromosomes 11 and 14 that appears
necessary for tumor establishment. However, other chromosomal alterations are
also recurrently observed in this disease (Bertoni et al., 2004). MCL is a highly
aggressive disease with poor outcome and short survival with standard chemotherapy
(Jaffe et al., 2001). However, new treatment regimens with anti-CD20 antibodies
and high dose chemotherapy have remarkably increased the survival for younger
patients (Dreyling et al., 2005). In addition, new substances like proteasome and
mTOR inhibitors show promising results (Costa 2007, Goy 2006). In the case of
DLBCL, about half of the patients can be cured, while the remaining half does
not achieve long-term clinical remission. DLBCL is a heterogeneous disease, both
genetically and in terms of clinical behavior (Jaffe et al., 2001). The identification
of risk factors as well as prognostic markers is therefore of importance in order to
apply more accurate prognostic estimations and to specify treatment modalities. In
the last paper of this thesis, patients with childhood acute lymphoblastic leukemia
(ALL) were also studied. This disease has been one of the first success stories in
cancer treatment. A few decades ago, almost all children with ALL succumbed to
their disease, but today the situation is the opposite and the majority of the children
can be cured (Pui et al., 2004). One can hope that the expanding knowledge about
specific molecular and cellular markers in different tumor entities will increase the
chances of finding unique targets for successful therapy development.

12
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Background
Tumor genetics
It is generally believed that tumors arise from single cells that due to accumulation
of genetic lesions start to divide in an uncontrolled manner (Figure 1). The process
of tumor evolution usually starts with moderately increased cell proliferation but
the end result is a highly malignant cell population with the capacity for continuous
cell division and with the ability to escape apoptosis and differentiation signals
(Hanahan et al., 2000). Moreover, acquirement of genetic lesions that gives invasive
potential and angiogenic ability results in a more malignant tumor. The model of
clonal tumor evolution was proposed by Nowell in 1976, and was inspired from
several previous observations in cancer research (Nowell 1976). Furthermore,
based on molecular studies of different stages of colorectal neoplasia, Vogelstein,
Fearon and colleagues proposed the well-known model for tumor development
First
mutation

Second
mutation

Third
mutation

Repetitive
mutations

Environmental

Normal
cells

Endogenous

DNA repair
machinery

Clonal selection for mutants
Altered cell structure

Malignant cell
population

Figure 1. Tumor progression is a multistep process. Influences from the environment or
endogenous factors can induce lesions in the DNA. Accumulation of further mutations
causes a population of cells with a highly malignant phenotype.
(Modified with permission from W-O Lui’s doctoral thesis, Karolinska Institutet 2002).

incorporating oncogene activation as well as tumor suppressor gene loss (Vogelstein
et al., 1988). Transformation can arise as a consequence of failure in a variety of
mechanisms on different levels in the cell. On the chromosomal level, structural
and numerical alterations are frequently encountered in cancer cells, as discussed
in detail below. Changes in the DNA sequence, such as discrete gene mutations and
microsatellite instability, can also lead to activation or inactivation of cancer genes,
as well as hypermethylation of regulatory regions. The role of RNA interference
and microRNA (miRNA) has also recently acquired attention as regulators of genes
13
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involved in cell division and apoptosis (Bartel 2004). Finally, cancer can also be
viewed as an effect of malfunction on the protein level, such as structural alterations
or aberrant subcellular localization (Ponder 2001).
An important note is that the same genetic alteration does not necessarily cause
identical effects in different cells or different individuals. For example, genetic
polymorphisms make each individual differently susceptible to e.g. the toxicity of
mutagens, both external and endogenous. There can also be individually different
efficiencies in the DNA repair systems. In addition, the local internal milieu
influenced by factors such as paracrine effects, will influence the possible effects of
mutational events. Factors such as hormone levels and immune responses may also
play an important role in cell transformation (Ponder 2001).

Oncogenes
Proto-oncogenes are a group of genes in our genome that encode proteins with
normal physiological roles during cell growth and differentiation, such as growth
factors or their receptors, signal transducers, transcription factors or apoptosis
regulators. When proto-oncogenes are activated by gain-of-function mutations
they can contribute to cancer development. The activation of a proto-oncogene into
an oncogene creates a pathological activity whereby the cell receives increased
growth or proliferation signals outside the natural time schedule. The activation
can be caused by many different mechanisms. Most commonly this involves point
mutations, gene amplifications or chromosomal rearrangements. This results in
either over-expression of the normal protein or expression of an aberrant protein.
Mutations generally cause constitutively active proteins, such as a growth
receptor that is active regardless of ligand binding. Gene amplifications may be
cytogenetically identified as double minutes (DMs) or homogeneously staining
regions (HSRs) following DNA replication failures. Structural chromosomal
rearrangements such as translocations or inversions can result in aberrant fusion
proteins with transforming properties or juxtapose a silent proto-oncogene to an
active regulatory element (Bishop 1991).

Tumor suppressor genes
As the name implies, tumor suppressor genes are important for cellular differentiation
and control of cell growth. The legendary “two-hit mutation theory” that Knudson
established in the 70’ies, was based upon the observation that tumors occurred earlier
14
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in children with bilateral retinoblastoma as compared to children with unilateral
disease. He suggested in his model that two hits are required for tumor formation,
hence inactivation of both alleles of a tumor suppressor gene. While children with
bilateral disease have a hereditary variant and require just one additional hit in
order to develop cancer, patients with normal germ-line genotype need two hits
for cancer transformation (Knudson 1971). Tumor suppressor gene inactivation is
often referred to as loss-of-function and is important in tumor initiation as well as
progression. “Classical” tumor suppressors are sometimes referred to as gatekeepers
and the probably most well-known gatekeeper is TP53. This gene is estimated to
be dysfunctional in 50% of all malignancies and sometimes goes under the name
“the guardian of the genome” (Toledo et al., 2006). Several different mechanisms
can lead to inactivation of a tumor suppressor gene and loss of its normal function
including gross chromosomal alterations, discrete gene mutations and epigenetic
inactivation (Figure 2).

DNA repair genes
The term “caretakers” is frequently used to describe the proteins and protein
complexes responsible for the repair of injured DNA and genome integrity. Lossof-function of these genes does not cause transformation due to disruption of its
own pathway, as for the conventional tumor suppressor genes (the “gatekeepers”),
but rather due to the acquisition of an accelerating number of genetic alterations.
Inactivation of the DNA repair machinery causes genetic instability in the tumor
cells, usually with losses or gains of complete or partial chromosomes as a result.
However, chromosomal translocations as well as more subtle DNA changes also
occur. The different types of instabilities are effects of malfunction in different repair
systems. Gross chromosomal alterations reflect chromosomal instability (CIN) as
a result of dysfunctional mitosis regulation and are often observed in late stages of
cancer. More subtle alterations occur due to defects in nucleotide-excision-repair
and microsatellite repair systems (Lengauer et al., 1998; Sen 2000).

Epigenetics
It is not only alterations in the DNA sequence that can contribute to the initiation
and progression of tumors. This can also be caused by epigenetic changes such
as methylation or histone modifications that may cause changes in expression of
important genes. In general, the genome is less methylated (hypomethylated ) in
cancer cells as compared to cells in normal tissues, but have a more pronounced
15
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Gene mutation and
Loss of the other homologue

Gene mutation and
Deletion of the other homologue

Two different gene mutations

Gene mutation in duplicate and
Loss of the other homologue

Homozygous loss

Gene mutation and
Structural rearrangement of the other homologue
(e.g. translocation, inversion, ring)

Altered gene methylation

Altered gene methylation and
Structural DNA alteration
(e.g. mutation or deletion)

Functional suppression on
DNA, RNA or protein level
Functional suppression on
DNA, RNA or protein level and
Structural DNA alteration
(e.g. mutation or deletion)

Figure 2. Examples of mechanisms for inactivation of a tumor suppressor gene and its
function.

methylation of certain genes, such as hypermethylation of tumor suppressor gene
promoters (Ting et al., 2006).

RNA interference
The Nobel Prize in 2006 was rewarding the discovery of RNA interference – the
endogenous regulation of gene expression by short complementary RNA molecules
on a post-transcriptional level (Figure 3). In recent years, RNA interference has
16
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been shown to have a role in tumor development. In chronic lymphocytic leukemia
(CLL), the chromosomal region 13q14.3 is deleted in more than 50% of the cases.
Long-term search for a tumor suppressor gene in this region eventually lead to the
discovery of the miRNA:s mir-15 and mir-16 (Calin et al., 2002), targeting the mRNA
of the anti-apoptotic gene BCL2 (Cimmino et al., 2005). miR-15 and miR-16 act by
binding to the BCL2 mRNA, causing an increased degradation of BCL2 with lower
protein levels as an effect. The normal function of Bcl2 is anti-apoptotic and loss of
mir-15 and mir-16 is thereby an alternate way to up-regulate Bcl2, which is overexpressed by other mechanisms in many B-cell lymphomas. It is interesting to note
that frequently deleted regions are conventionally interpreted as targeting potential
tumor suppressor genes which are mutated on the remaining copy. However, in the
case of miRNAs, a deletion can result in oncogene-like effects. Furthermore, overexpression of miRNAs can also have tumor suppressor-like consequences, if the
miRNA target is a tumor suppressor (Cimmino et al., 2005).

Telomeres
The end of each chromosomal arm is referred to as a telomere. They consist of
long stretches of (TTAGG)n repeats as well as various proteins, and their role is to
stabilize the chromosomal ends from erosion and fusion or rearrangements with
other chromosomes. It is known that the telomeres are shortened with each cell
division since DNA polymerase is unable to replicate the utmost ends due to lack
of template. However, an enzyme complex called telomerase is responsible for
Cytoplasm
Nucleus

Pre-miRNA

Pri-miRNA
Drosha

Dicer

Mature
miRNA
Translation
repression

miRISC

AAAAA

MGpppG
mRNA target

mRNA degradation
AAAAA

MGpppG

Figure 3. Normal mechanisms of mi-RNA. A pre-miRNA is exported from the nucleus
and processed by Dicer. The miRNA guides the RISC complex to the target mRNA and
can either repress translation or mark the mRNA for degradation (Modified from EsquelaKerscher et al., 2006).
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maintaining the telomere length and thereby stabilizing the chromosomes. This
complex is activated in cells that undergo many cell divisions, such as B- and
T-cells. Accordingly, many cancer cells activate their telomerase complexes and
thereby secure the ability to continuous cell division (Stewart et al., 2006).

Cancer cytogenetics
It has long been known that cancer arises as a consequence of genetic alterations of
essential regulating elements in the cell. Already in 1914, Theodor Boveri proposed
that cancer arises as an unbalance in the chromosome number (Boveri 1914).
However, the first confirmed association between a cytogenetic abnormality and
cancer was in 1960, when a small marker chromosome, named the Philadelphia
chromosome (Ph1), was observed in patients with CML (Nowell et al., 1960). Due to
the revolutionizing development of chromosome banding techniques by Casperson,
Zech and Johansson in 1970 (Caspersson et al., 1970), the identity of Ph1 could be
resolved by Rowley in 1973, revealing a translocation between chromosomes 9 and
22 (Rowley 1973). This finding has until today been followed by the identification
of over 500 recurrent balanced neoplasia-associated aberrations, the majority of
which have been detected in hematological malignancies (Mitelman et al., 2006).
The development of cancer is often divided into the steps of initiation and progression
and these events are believed to be under the control of different genetic events
in different tumors. Primary cytogenetic events reflect alterations important for
initiation as they occur early in the tumorigenesis. These are typically recurrent
balanced rearrangements. Secondary cytogenetic alterations pinpoint the locations
of genes of importance for tumor progression. These are rarely identified as single
abnormalities and are in general unbalanced chromosomal alterations. Moreover, a
spectrum of apparently non-specific chromosomal alterations is often observed in
tumors, particularly in aggressive forms. These cytogenetic events are regarded as
“cytogenetic noise”, probably arising due to genetic instability of the tumor and of
vague importance for the tumor development itself (Mitelman et al., 2007).
Classical cytogenetic analysis requires cultured tumor cells for preparation of
metaphase chromosomes. While this approach has been quite successful for many
hematological malignancies, it is often difficult to obtain analyzable metaphase
chromosome spreads from solid tumors. The development of complementary
18
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techniques in the field of molecular cytogenetics has been of great importance
for revealing chromosomal alterations in all types of tumors. The introduction
of fluorescence in situ hybridization (FISH) in 1986 enabled the identification of
many previously unknown chromosomal rearrangements (Pinkel et al., 1986), as
well as the subsequent development of metaphase CGH (Kallioniemi et al., 1992),
multicolor FISH (M-FISH) (Speicher et al., 1996) and spectral karyotyping (SKY)
(Schröck et al., 1996). It is important to note that FISH, SKY and M-FISH allow
detection at the individual cell level, making it possible to identify different clonal
lineages within a tumor. By CGH, however, a mean value of alterations within
a tumor sample is obtained, reflecting the different tumor cell clones as well as
contaminating normal cells. A great advantage is that CGH permits analysis of
archived samples, thus increasing the access of research material significantly.
The FISH and CGH techniques used in this thesis are described in more detail in
the Materials and methods section. Despite the massive panel of new techniques,
conventional cytogenetics is still today an important tool in cancer diagnostics as
well as research.

Hematopoetic malignancies
Every year, almost 50,000 individuals in Sweden are diagnosed with cancer. About
2,000 of these are patients with a lymphoma of Hodgkin or non-Hodgkin type
(Cancerfonden 2005). Lymphomas constitute a highly diverse group of cancers,
including approximately 30 major types of lymphoma most of which are further
subclassified into morphological variants (Jaffe et al., 2001). The prognosis and
the clinical course of lymphoma vary tremendously, from indolent forms that are
followed as chronic diseases, to highly malignant subsets with rapid progression
and with an aggressive clinical manifestation.
Lymphomas can be of either T- or, more commonly, B-lymphocyte origin and the
malignant transformation may occur at different stages of cell maturation. The tumor
is most commonly located in lymph nodes but may be situated at various extranodal
sites and in the bone marrow. The diagnosis is based on the clinical picture and
the histopathological examination of the affected tissue, often complemented with
immunological/immunohistochemical methods in combination with detection of
specific genetic alterations (Jaffe et al., 2001).
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Cytogenetically, leukemia and lymphoma have been extensively characterized. The
initiating event in the formation of B-cell malignancies is frequently translocations
between the active regulatory elements of the Ig heavy chain locus (IGH)
on chromosome 14, the κ light chain on chromosome 2 or the λ light chain on
chromosome 22 on the one hand, and a proto-oncogene on the other hand. The
oncogene thereby becomes constantly activated and increases the proliferate
abilities of the cell. The oncogene most frequently involved in follicular lymphoma
(FL) is BCL2 on chromosome 18, in MCL a translocation involving CCND1 (cyclin
D1) on chromosome 11 is a diagnostic hallmark, while in DLBCL the BCL6 gene
on chromosome 3 is often involved in chromosomal rearrangements. In Burkitt
lymphoma, MYC is over-expressed as a consequence of a translocation involving
8q24 in almost all cases. The intrinsic vulnerability of B-cells for chromosomal
translocations is due to the DNA strand breaks induced during the Ig gene
rearrangements (Kuppers 2005). Notably, the translocation can take place rather
early during B-cell development and the cell differentiation can still continue and
arrest at a much later stage of differentiation (Schaffer et al., 2002). The first cancer
related chromosomal aberration identified, as briefly mentioned in a previous
section, was the Ph1 that is the result of a translocation between chromosomes 9
and 22 in CML (Rowley 1973). This rearrangement involves the ABL1 and BCR
genes, respectively, and results in a fusion protein, a non-receptor tyrosine kinase,
which gives the cells constitutive proliferation signals (Ben-Neriah et al., 1986; de
Klein et al., 1982). This fusion protein has subsequently been used as a molecular
target for the tyrosine kinase inhibitor Gleevec™ (STI 571) (Figure 4). The anticancer drug Gleevec™ was initially used for the treatment of CML (Druker et al.,
2001), but has also been successfully applied in the treatment of different solid
t(9;22)(q34;q11.2) in K562 cells

Inhibition of ABL1

Gleevec™
BCR

BCR-ABL1

BCR

ABL1

ABL1

Figure 4. Interphase FISH revealing multiple copies of the BCR-ABL1 fusion gene. The
aberrant fusion protein is shown to the right (Paper iii). The tyrosine kinase inhibitor
Gleevec™ binds to ABL1.
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tumors such as e.g. gastrointestinal stromal cell tumors carrying certain mutations
of the KIT gene (Tuveson et al., 2001). This demonstrates the potential benefits of
employing anti-cancer drugs targeting a specific chromosomal abnormality present
in human cancer.

B-cell development and immunoglobulin rearrangement
Ig molecules (antibodies) are expressed on the surface of B-cells in order to
recognize and bind antigens and eventually destroy pathogens by immunological
responses, which is the normal physiological B-cell function. The diversity of
antibodies required for recognition of the tremendous range of different antigens
that a B-cell can possibly encounter is created on different levels. The first is
recombination of gene segments coding for the variable part of the Ig heavy chain
molecule, corresponding to the antigen recognition site of the antibody. This process
is called VDJ recombination and takes place in the bone marrow during early B-cell
maturation (Fugmann et al., 2000). Fifty-one IGHV genes, 27 IGHD genes and 6
IGHJ genes can be combined in millions of combinations, creating an enormous
variability in the VDJ sequence (Cook et al., 1995). A mature Ig molecule also
consists of one of two possible light chains - κ or λ - each also being the product
of recombination of numerous light-chain V and J gene segments (Figure 5). In the
junctions between the gene segments, random addition or deletion of nucleotides
further increases the diversity (Lewis 1994). When the B-cell expresses a functional
surface Ig molecule, it migrates from the bone marrow to the peripheral lymphoid
organs, ready for activation by an encountered antigen.
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Figure 5. Antibody molecule built up by two identical heavy chains and two identical light
chains. Functionally, the antibody consists of two parts, i.e. a variable region, responsible
for antigen binding, and a constant region, determining the effector properties of the
antibody.
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The antigen binds to the antibody predominantly in a region known as the
complementarity-determining region 3 (CDR3), which is the most hypervariable
region of the Ig molecule and is encoded by the unique DNA sequence spanning
the V-D-J rearrangement. Most antigens that enter the body are caught in the lymph
nodes, where the B-cells meet the antigen matching its specificity. Upon antigenantibody binding, the B-cell is activated and migrates into the lymph node follicle
and due to the massive proliferation creates a structure known as the germinal center
(GC). There, the process of somatic hypermutation takes place, whereby bases in
the variable segments of the Ig genes become exchanged in order to even further
increase antibody affinity (Papavasiliou et al., 2002). Altogether, the processes of
VDJ recombination, combination of heavy and light chains, junctional modifications
and somatic hypermutation, creates unique B-cells, not one similar to another.

Ig genes as markers of tumor clonality
The Ig gene rearrangement in each B cell is exclusive and since B-cell lymphomas
arise from monoclonally expanded B cells, this can be used as markers of tumor
clonality. In addition, the mutation status of the IGHV gene can give valuable
information of the progenitor B cell, i.e. the stage of differentiation at transformation.
This has yielded valuable information on the cellular origin of several B-cell
malignancies (Kuppers et al., 1999). Absence of somatic hypermutations indicates
a pre-GC cell of origin as in the majority of MCL, ongoing somatic hypermutation
points to a GC cell of which FL and the GC-like subset of DLBCL are examples,
and presence of somatic hypermutation suggests that a post-GC was the cell to be
transformed, as in the case of multiple myeloma (Figure 6) (Walsh et al., 2005).

The possible role of antigen(s) in lymphoma development
The distribution of Ig gene utilization has been found to be of non-random character
in B cell malignancies where for instance IGHV3-21 and IGHV4-34 are more
commonly utilized in MCL than in normal B-cells (Thorselius et al., 2002; Walsh
et al., 2003). Interestingly, the IGHV3-21+ cases in MCL almost exclusively
utilize the same light chain (IGLV3-19) and the biased distribution may reflect
the influence of antigen(s) in the genesis of these diseases (Walsh et al., 2003).
A continuous proliferation stimulus by an antigen might in turn increase the risk
of the fast dividing B-cells to undergo oncogenetic events, such as chromosomal
rearrangements.
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Figure 6. Somatic hypermutation takes place in the Germinal Center (GC) in the lymph
nodes. The presence of somatic hypermutations in the IGHV genes of lymphomas can
guide in identifying the cell of origin.

Lymphoma classification and prognostic factors
The classification of hematological malignancies is highly complex due to the vast
number of different leukemia and lymphoma subtypes. As a complicating factor,
the lymphoma classification system is in constant change. For example, different
classifications were previously used in Europe and USA, causing confusion in the
literature. Today, the World Health Organization (WHO) Classification that was
released in 2001 is used by the vast majority of clinicians and pathologists (Jaffe
et al., 2001). Lymphoma classification is mainly based upon the results from a
panel of immunohistochemical stainings as well as conventional histopathology.
However, genetic parameters are also included since they have diagnostic value in
selected diseases, such as the Ph1 in CML and the t(11;14) in MCL. Today, genetic
alterations are used as prognostic markers in different hematological neoplasias on
a routine basis and the genetic analyses are important for clinical decisions.
In the last couple of years, new technical approaches have shown to be very useful
in these applications, such as mRNA expression arrays. Alizadeh et al published
a landmark paper in 2000 where they could organize DLBCL into different
subgroups based upon clustering of gene expression profiles. A GC-like type of
DLBCL showed expression of genes similar to normal GC B-cells and an activated
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B-cell (ABC)-like type displayed expression profiles resembling activated B-cells.
The GC-like type was found to have significantly better prognosis than ABC-like
tumors, and today simplified identification of the subgroups by immunophenotyping
is routine. A third group of DLBCL that did not fit into either of these groups was
also identified (Alizadeh et al., 2000; Rosenwald et al., 2002). The same strategies
based on expression arrays have been applied for MCL and many other cancer
forms. In MCL, it could be determined that tumors assigned with a “proliferative
signature” were associated with poor prognosis (Rosenwald et al., 2003).
In an attempt to develop a prognostic tool for the daily clinical work, the International
Prognostic Index (IPI) has been established (The International Non-Hodgkin’s
Lymphoma Prognostic Factors Project 1993). The IPI is scored on a number
on clinical features (Table 1). However, patients with equal IPI values can have
different outcomes, and therefore, more refined prognostic markers are required.
Much effort is invested in order to identify additional factors that can further refine
the prognostic scoring system. The lymphoma and leukemia classification system
will for sure continue to become updated and rearranged as the insights get deeper
in the pathogenesis of these diseases and more biomarkers are revealed.
Prognostic Factors

Points
0

1

Age

<60 years

>60 years

LDH

normal

>normal

Performance status (WHO)

0-1

>1

Stage

I-II

III-IV

1

>1 site

Extranodal sites

Table 1. The International Prognostic Index (IPI). One point is assigned for each of the
adverse prognostic factors. The sum of points correlates with the following risk groups:
Low risk (0-1 points), Intermediate risk (2-3 points), High risk (4-5 points).
(The International Non-Hodgkin’s Lymphoma Prognostic Factors Project 1993)

Mantle cell lymphoma (MCL)
Clinical features and classification
In Sweden, about 70 patients every year are diagnosed with MCL. This type of
lymphoma represents ~5% of non-Hodgkin lymphomas and predominantly affects
elderly males. MCL shows an aggressive clinical course with a median survival
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of 3.5 years. Most patients present with advanced clinical stage with widespread
lymph node involvement. In addition, involvement of the gastrointestinal tract, bone
marrow, spleen and peripheral blood also frequently occur. At present, no curative
treatment is available and long-term remission is rare (Argatoff et al., 1997; Jaffe et
al., 2001). However, new intensive treatment regimens combined with anti-CD20
antibodies (Rituximab) result in high remission rates and significantly prolonged
survival in younger patients (Dreyling et al., 2005; Howard et al., 2002; Lenz et al.,
2005; Leonard et al., 2006; Witzig 2005). Almost all MCL cases display a t(11;14)
with over-expression of the cyclin D1 protein as a consequence (see next section)
Two main morphological MCL subgroups occur; classical MCL and a blastoid
variant (BV), where the blastoid cases constitute about 10% and are clinically
more aggressive (Figure 7). It has been reported that MCL-BV carries an increased
number of chromosomal alterations and more frequently display losses of tumor
suppressor genes such as TP53 (Bea et al., 1999; Greiner et al., 1996; Hernandez
et al., 1996), however our studies did not confirm these findings (Paper III and
IV). The histological growth pattern is usually in the mantle zone of the germinal
center of the lymph follicle, but a more diffuse growth is also frequently observed
(Swerdlow et al., 2002).

A

B

C

D

Figure 7. Giemsa staining showing MCL morphology. A. Classical MCL displaying
small lymphocytes with condensed chromatin (400 x magnification). B. Blastoid variant
of MCL with larger cells and dispersed chromatin. Several mitoses are seen (400 x
magnification). C. “MCL in situ” with preserved nodular structure. The mantle zone
is significantly enlarged and the GC is suppressed (20 x magnification). D. 200 x
magnification of C.
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The MCL immunophenotype shows positive staining for the markers CD5 and
CD20 while CD10 and CD23 are negative (Swerdlow et al., 2002). Nowadays,
cyclin D1 expression and/or positive t(11;14) signal by FISH is usually mandatory
as a diagnostic criterion. It should though be mentioned that cyclin D1 negative
cases occur, and it has intensively been debated if these should be included in the
MCL diagnosis. Interestingly, it was recently revealed by gene expression profiling
that these cases have similar expression patterns as cyclin D1 positive MCL but
display substitutional up-regulated levels of cyclin D2 or D3 (Fu et al., 2005).
Notably, MCL cases negative for cyclin D1 have a significantly better prognosis.
Genetic alterations
MCL is cytogenetically characterized by the t(11;14)(q13;q32) translocation (Figure
8), which is found in the vast majority of the cases. Through this rearrangement, the
CCND1 (previously known as PRAD-1 or BCL1) gene on chromosome 11 becomes
juxtapositioned to the active enhancer of the IGHV loci on chromosome 14. This
leads to protein over-expression of cyclin D1, a cell cycle regulator that is normally
not expressed in B-cells (Figure 9).
In addition to the t(11;14)(q13;q32), numerous chromosomal alterations, both
structural and numerical, are recurrent in MCL (Bertoni et al., 2004). Virtually all MCL
cases display changes in addition to the hallmark translocation, supporting earlier
findings from mice studies that cyclin D1 over-expression has to be accompanied
by other genetic alterations in order to induce tumor formation (Bodrug et al.,
1994; Lovec et al., 1994). By CGH, and more recently array-CGH, a homogeneous
spectrum of chromosomal alterations has been identified with common losses in 1p,
6q, 8p, 9p and q, 11q, 13q, 17p and 22q and frequent gains in 3q, 7p, 8q and 18q

Normal
11

11

14

t(11;14)(q13;q32)
14

11

14

der(11) der(14)

CCND1

IGH-CCND1

IGH

Figure 8. The hallmark translocation in MCL – t(11;14)(q13;q32).
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Anti-proliferative signals

p16
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E2F

Mitogenic signals
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P
Rb P

E2F

Cell Cycle
Progression

Figure 9. The role of cyclin D1 in the G1-S transition of the cell cycle. Upon cyclin D1
association, CDK4/6 can phosphorylate Rb. Thereby, the repression of the E2F transcription
factor is terminated and it can induce transcription of genes necessary for S phase entrance.
(Knudsen et al., 2006).

(Table 2). Many of these alterations are also found in other B-cell malignancies,
such as 13q deletions. In CLL, loss of 13q14 is the most common alteration and
also appears to have a favorable impact on prognosis (Aoun et al., 2004). Some
of the commonly altered regions harbor genes with established function in tumor
development. For example, 11q22-23 is deleted in 20-40% of MCL cases and this
region harbors the ataxia telangiectasia mutated (ATM) gene, a known “caretaker”
involved in DNA repair (Stilgenbauer et al., 2000). In addition, losses of 9p are
usually encompassing the CDKN2A (p14/p16) locus, and in 17p the TP53 gene is
located.
It is important to keep in mind that results from CGH-based methodologies only
reveal net changes in the DNA content, while balanced structural alterations escape
detection. Cytogenetic reports on structural rearrangements in MCL are relatively
sparse. However, in a review by Au et al, cytogenetic data from 214 MCL cases
were evaluated. Chromosome 6, that we have further studied by tile path array in
Paper V, was frequently altered including interstitial and terminal deletions, and
sometimes loss of 6q material following unbalanced translocations. According to
the same review, partial or complete gain of chromosome 3 was often found as
the only secondary event. A variety of mechanisms for the gains were suggested,
such as trisomy, isochromosome i(3q), duplication of 3q segments or unbalanced
translocations (Au et al., 2002).
Postulated cell of origin
The MCL transformed cells are proposed to originate from naïve pregerminal
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0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
-1p
+3q
-6q
Flordal Thelander
Schraders

-9p
-9q
-11q
Rubio-Moscardo
Kohlhammer

-13q
Rinaldi
Tagawa

Table 2. Recurrent MCL alterations detected by array-CGH. Summary based on results
from publications analyzing primary tumors (cell lines excluded).
(Flordal Thelander et al., 2007) (Schraders et al., 2005) (Rubio-Moscardo et al., 2005) (Kohlhammer et al.,
2004) (Rinaldi et al., 2006) (Tagawa et al., 2005a).

center B-cells, which are usually located in the primary follicles or follicle mantle
zones of the lymph nodes (Walsh et al., 2005). This is in agreement with that the
majority of MCL lack somatic hypermutation in the IGHV genes. However, somatic
hypermutations are found in ~20% of MCL cases (Camacho et al., 2003; Kienle et
al., 2003; Walsh et al., 2003) and it is therefore debated from which cell type these
MCL originate. Due to the relatively low frequency of mutations in the mutated
subset as compared to other GC derived lymphomas, such as FL, it has been
suspected that the mutations are acquired elsewhere than in the GC environment
(Walsh et al., 2005). Possibly, the mutated subset of MCL arises from cells from
the marginal zone, which surrounds the mantle zone. Unlike CLL, unmutated and
mutated MCLs do not differ in survival (Walsh et al., 2003) or gene expression
profiles (unpublished data), suggesting a common origin.

Diffuse large B-cell lymphoma
Clinical features and classification
Diffuse large B-cell lymphoma (DLBCL) is the most common type of non-Hodgkin
lymphoma. It is a heterogeneous lymphoma entity, both clinically and biologically.
Less than 50% achieve long-term remission and the clinical outcome is highly
variable (Jaffe et al., 2001). CHOP (cyclophosphamide, doxorubicin, vincristine
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and prednisone) is usually used as a first-line treatment but is today frequently
complemented with the anti-CD20 antibody Rituximab (R CHOP) (Coiffier et al.,
2002).
Genetic alterations
No single chromosomal aberration has been specifically associated with DLBCL,
although translocations involving the IGH-locus at 14q32 are frequently identified.
Moreover, BCL6, a proto-oncogene located in 3q27 acting as transcriptional
repressor, is often involved in translocations and rearrangments engaging this
chromosomal region are present in about 30-40% of DLBCL tumors (Lossos
2005). Translocations involving BCL6 are so called promiscuous. Although the
most common translocation partners are the Ig genes on chromosomes 14, 2 and
22, up to 20 translocation partners have been described (Akasaka et al., 2000).
The expression of BCL6 is tightly regulated and it is almost exclusively expressed
during the process of GC formation. The expression is not restricted to malignant
B-cells, but reflects the origin of B-cells from GC (Bajalica-Lagercrantz et al.,
1997). Moreover, it has been observed that patients with high expression of BCL6
have a better outcome (Lossos et al., 2001). Since BCL6 is a GC marker, the impact
on prognosis is in accordance with other studies that have classified tumors of
GC-origin as a favorable prognostic marker in DLBCL. Furthermore, about 50%
of DLBCL tumors over-express the anti-apoptotic protein BCL2 in chromosome
18q21, either as a consequence of the translocation t(14;18)(q32;q21), where BCL2
becomes juxtaposed to the IGH regulatory elements, or as an effect of high level
amplification of the 18q21 region. The t(14;18) seems to be restricted to the GC-like
subtype of DLBCL (Barrans et al., 2003; Huang et al., 2002; Iqbal et al., 2004).
Postulated cell of origin
As mentioned, based upon gene expression profiles, DLBCL has been categorized
into the subgroups; germinal center GC-like and ABC-like. The expression pattern
in the GC-like subset resembles that of normal GC-cells, while the ABC-like
expression profiles are similar to activated post-GC B-cells (Alizadeh et al., 2000).
The GC-like type of DLBCL displays ongoing somatic hypermutation (Kuppers et
al., 1997; Lossos et al., 2000).
Transformation from FL
DLBCL can present as de novo or as a consequence of transformation from a low
malignant lymphoma e.g. FL. FL is a common lymphoma entity with a usually
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indolent clinical course and with a long median survival of about 10 years. However,
for the between 10 and 60% of the FL tumors that transform to DLBCL, the survival
is dramatically decreased (Lossos et al., 2003; Jaffe et al., 2001). Unfortunately, no
markers are presently available that can predict subsequent transformation in a FL
tumor. Approximately 90% of FL tumors possess the t(14;18)(q32;q21) and they
display ongoing somatic hypermutations, revealing a GC-origin (Kuppers 2005).

Childhood acute lymphoblastic leukemia (ALL)
ALL has a bimodal age distribution, affecting both children and elderly patients.
It represents 25% of all childhood cancers, making it the most common childhood
malignancy. Fifty years ago, few children survived this disease, while today as
many as 85% can be cured (Gustafsson et al., 1998). In childhood ALL, as well as
in most other lymphoid neoplasias, the identification of prognostic markers is of
importance. Children with a high risk can be assigned for intensive treatment, while
children with more favorable prognosis can circumvent over-treatment and thereby
reduce unnecessary side effects, both acute and long-term.
ALL cases that harbor a Ph1 rearrangement generally show an adverse prognosis.
This situation is especially frequent in older patients, and might be one of the
explanations why children with ALL have a much better prognosis compared to
adult patients (Fletcher et al., 1991). Moreover, in childhood ALL, hyperdiploid
karyotypes with more than 46 chromosomes are indicators of a favorable clinical
outcome. Such nonrandom trisomies in ALL have been reported for chromosomes
4, 6, 10, 14, 17, 18, 21 and X (Forestier et al., 2000; Mertens et al., 1996).
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General considerations
The use of biomarkers in the routine clinical setting as a tool to estimate prognosis
and selection of treatments has a long way to go. Despite the fact that a number of
markers have become associated with survival, response to therapies etc., few have
shown enough reproducibility to be used in the daily practice. Possible explanations
for this could be the small numbers of patients included in different studies (under
not standardized conditions) and the fact that many studies are based on archived
material, where the samples have been handled and collected inconsistently, which
can affect the outcome of experiments, especially methods analyzing mRNA or
protein levels.
It is somewhat surprising that, given the vast knowledge in tumor biology available
today with often specific insights in genes that are up- or down-regulated in different
tumors, there is a relative lack of specific and targeted cancer treatment strategies.
Naturally, the most crucial aim with cancer research is to develop improved and
specific therapies that not only will cure and prolong the life of cancer patients,
but also increase their quality of life. The standard cancer therapies applied in the
clinical practice today, such as irradiation and chemotherapy, are associated with
extensive side-effects. Specific treatment strategies are needed and are continuously
evaluated as a complement to traditional treatments. Some have shown to have an
important impact in clinical practice, such as different antibodies targeting proteins
that are expressed by the cancer cell type. The research field of RNA interference
will probably also contribute with new therapeutic strategies.
The resolution of different array-CGH based platforms is rapidly increasing,
creating the possibility to identify an enormous amount of data from each sample
studied. Within the near future it might even become possible to sequence the whole
genome in one single experiment. This raises a number of issues related to data
handling and interpretation. The massive data that can be extracted out of such
experiments must not only be managed and processed adequately, but one must also
consider that many alterations can be polymorphisms. The human genome consists
of about 3 billion base pairs and 25,000 genes and the understanding of normal
variants must be further characterized in order to make correct interpretations as
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well as how to judge what are normal variants and what are pathological alterations.
However, polymorphic characterization might contribute with valuable information
in e.g. pharmacogenetics and thereby open up for more individualized and tumor
targeting treatments.
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Aims
The papers included in this thesis are all performed with the overall aim of
characterizing chromosomal regions that are lost or gained in hematological
malignancies. Frequently altered regions may harbor known or novel cancer
relevant genes.
More specifically, the aims were:
•

•

•
•

To delineate the pattern of early and late events in DLBCL and MCL tumors
and to identify alterations of importance in the tumor establishment and
progression.
To investigate the correlation of genetic alterations in DLBCL with prognostic
parameters and evaluate the association of genomic alterations in MCL with Ig
gene usage as well as clinical parameters.
To characterize genetic alterations with a high resolution in MCL tumors and to
delineate the potential of array-CGH in comparison to metaphase CGH.
To outline the specific pattern of deletion within the long arm of chromosome
6 in tumors from MCL, FL, DLBCL and childhood ALL.
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Materials and methods
Patients and tumor material
DLBCL and FL samples (Papers I and V)
Fifty-four DLBCL tumors from 40 patients diagnosed between 1985 and 1998 were
selected for genome-wide screening of gains and losses using metaphase CGH
(Paper I). For 35 of the patients, tumor samples were collected at diagnosis and
for 10 of these patients, subsequent relapse tumors were available and analyzed.
For five patients, only relapse tumors were available, collected 1-5 years after the
initial diagnosis. Paraffin-embedded tissue sections from 46 tumors were used for
analysis of BCL2 and BCL6 protein expression by immunohistochemistry. At the
time, none of these stainings were used in the routine diagnostic setting. Eight of the
cases that in Paper I were identified to exhibit 6q deletions, were selected for further
analysis at higher resolution using chromosome 6 specific tile path array (Paper
V). In addition, eight DLBCL tumors with 6q losses detected by metaphase CGH
by Berglund et al and with a history of FL were included in the study performed
in Paper V (Berglund et al., 2007). For four of these cases, preceding FL tumor(s)
were also available and analyzed. Tissue-sections were prepared from paraffinembedded tumors from samples 9, 10:1, 14:2, 15:1, 15:2 and 15:3 and stained
by immunohistochemistry for the antigens FOXO3A and TNFAIP3, respectively.
Furthermore, selected DLBCL cases were analyzed for copy number changes using
real time PCR. All samples included in Papers I and V were collected from the
Departments of Pathology at Uppsala University Hospital and Umeå University
Hospital, Sweden and were diagnosed between 1985 and 1998 (Paper I) and 1985
and 1997 (Paper V), respectively.

MCL samples (Papers II, III, IV and V)
In Paper II, one diagnostic tumor as well as three relapses from a case with blastoid
MCL were included. This patient was diagnosed in 1990 at Umeå University
Hospital, Sweden. Originally, this lymphoma was considered as DLBCL (MCL was
not described as a distinct entity until 1992) (Banks et al., 1992) and in an initial
stage included in the study resulting in Paper I. However, after positive cyclin D1
staining, it became clear that this tumor was in fact a MCL-BV. Reclassification
according to the WHO classification (published in 2001) supported this diagnosis.
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In Paper III, 37 MCL cases diagnosed between 1988 and 2001 from Uppsala
University Hospital, Umeå University Hospital, Lund University Hospital and
Karolinska University Hospital, Sweden, were included. The cases were selected
from a large cohort of MCL previously collected for characterization of IGHV status
(Walsh et al., 2003). Preferentially selected for CGH analysis were cases utilizing
the IGHV3-21 gene, since these had been reported to have superior prognosis as
well as distinct molecular characteristics. Fourteen of the 37 analyzed cases were
IGHV3-21+. Thirty-five of the cases from Paper III were selected for analysis with
array-CGH at a resolution of approximately 1 Mb, performed at the Department
of Pathology at University of Cambridge, UK (Paper IV). Two cases could not be
evaluated due to lack of material. The two MCL cases that defined the smallest
region of 6q loss in Paper IV, were selected for chromosome 6 specific tile path array
analysis (Paper V). The protein expression of FOXO3A and TNFAIP3, respectively,
were analyzed in selected MCL samples on tissue sections from paraffin-embedded
tumors.

Childhood ALL samples (Paper V)
Thirty-two cases of childhood ALL were studied by chromosome 6 specific tile path
array (Paper V). These samples were collected from Astrid Lindgren Children’s
Hospital, Stockholm, Sweden between 1988 and 2002. The cases had previously
been analyzed for allelic imbalances in chromosome 6 (Heyman et al., 1997; Merup
et al., 1998) and/or cytogenetics as a part of the clinical routine procedure. For eight
cases, additional cytogenetic data from FISH and/or SKY analyses were available
(Kuchinskaya et al., 2005; Nordgren et al., 2002; Nordgren et al., 1997). Thirty
cases were of precursor B-cell type and the remaining two cases were of T-cell
origin. The children were in the ages 2 months to 16 years. For confirmation of tile
path array results, interphase FISH was performed on three ALL samples.

Ethical approvals
All samples used in these studies were approved by the ethical committees in
Uppsala or Stockholm (approval numbers 01-399 for Papers I and V, 01-082 for
Papers II-V and 01-069 for Paper V).
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Methods
Fluorescence in situ hybridization (FISH)
FISH is a technique that combines conventional cytogenetics with molecular genetics
and thereby overcomes the gap between chromosome banding techniques and DNA
technology. FISH was established in 1986 by Pinkel, Straume and Grey (Pinkel et
al., 1986) and has since then become enormously important in both medical research
and clinical usage. The applications are by far only in tumor diagnosis and research,
but also in the diagnosis of an immense number of genetic disorders and syndromes.
As long as individual cells can be obtained, analysis can be performed regardless of
whether the cells come from e.g. a fetus by amniocentesis, a fertilized egg before
implantation during in vitro fertilization, peripheral blood from an individual with a
suspected genetic disorder or from a tumor. The cells can be either in metaphase or in
interphase. A fluorescently labeled DNA sequence (probe) is added to immobilized
nuclei on a glass slide under conditions that allow hybridization of complementary
DNA sequences to take place. After washing, the results can be observed in a
fluorescence microscope. In cancer research and diagnosis, applications are to detect
copy number alterations of a specific chromosome by using centromere specific
probes, as well as to detect amplifications or deletions of selected genes using gene
specific single copy probes. Furthermore, rearrangements such as translocations
can be detected if the selected probes encompass or flank the breakpoint specific
regions. In this thesis, interphase FISH was used on bone marrow samples from
childhood ALL in order to verify results obtained by array-CGH (Paper V).

Comparative genomic hybridization (CGH)
CGH was introduced in 1992 by Kallioniemi et al (Kallioniemi et al., 1992) and is
a molecular cytogenetic technique that allows screening of entire tumor genomes,
revealing chromosomal regions of gains and losses (Figure 10). Extracted tumor
DNA and normal reference DNA are labeled by nick translation with green and red
fluorochromes, respectively, and cohybridized with Cot-1 DNA to allow blocking
of repetitive sequences onto glass slides with normal metaphase chromosomes (i.e.
not from the patient itself). After competitive hybridization, the binding ratio to the
normal chromosomes will reflect the amount of genetic material in the abnormal
sample in relation to the normal sample by emitting different intensities of green
or red signal along the length of the chromosomes. Chromosomal regions deleted
or gained in test DNA appear red or green, respectively, and chromosomal regions
36

Genetic Characterization of Hematological Malignancies

Cot-1 DNA

Labeled
normal DNA

Labeled
tumor DNA

Array-CGH

Metaphase CGH
Normal
metaphase
chromosomes

Hybridization

BAC/PAC
clones

…
…
…
…
…
…
……
……
……
……
…
…
…
…
…
…
…
…
…
…
…
……………
…
…
…
…
…
…
……
……
……
……
…

Washing
Detection and quantification

Analysis and interpretation
2

Log2

1

0

-1

-2

Chromosome 13

Chromosome 13

Figure 10. Schematic illustration of metaphase CGH and array-CGH, respectively. The
main principal difference is the hybridization target. Metaphase chromosome spreads are
used in metaphase CGH, while in array-CGH, BAC/PAC clones, corresponding to genomic
regions spotted on a glass slides, are used. The profiles from chromosome 13 in a case of
MCL studied by both metaphase CGH and array-CGH are shown.
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equally represented in test and reference DNA appear yellow. The type of aberration
indicates whether tumor suppressor genes (losses) or oncogenes (gains) may be
involved in the tumorigenesis. The involvement of these genes may thereafter be
further studied with complementary techniques. The tumor cells themselves do not
need to be cultured as is necessary for most other cytogenetical methods, which is
a significant advantage since many cancer cells are difficult to culture and hence,
prepare informative metaphases from. Also, CGH is suitable for analyses of archived
material. The proportion of tumor cells in the sample is of importance, since normal
cell contamination can make the genetic alterations less pronounced in the CGH
profiles. It is desirable to have at least 70% tumor cells in the sample. In this thesis,
metaphase CGH was used in Papers I-III.

Array-CGH
A development of the metaphase CGH technique is array-CGH (Pinkel et al., 1998;
Solinas-Toldo et al., 1997), whereby the hybridization of differentially labeled
DNA is performed on immobilized BAC or PAC clones instead of metaphase
chromosomes (Figure 10). This allows the resolution to significantly increase and
is dependent on the size of the clones and the distance between the clones (Figure
11). The advantage is not only the high resolution, but also the quick assignment of
10 Mb

1 Mb

~200 kb

Overlapping
BAC/PACs

BAC/PACs with
1 Mb distance

Metaphase
CGH

1 Mb arrayCGH

Tile path
array

Figure 11. A comparison of resolution levels between the different CGH approaches used
in this thesis.
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the exact chromosomal localization of the aberrant clones. In addition, the presence
and localization of homozygous deletions can be identified. In this thesis, an array
containing 2,555 BAC clones, 477 PAC clones and 6 cosmids distributed over the
entire genome was used. In total, 3,038 clones were included, giving an average
distance between the clone midpoints of 0.97 Mb. Other array-CGH platforms are
also available on the market, where the hybridization targets are oligonucleotides
or cDNA sequences.
Tile path array
The resolution of array-CGH is rapidly increasing and so called tile path arrays are
now available for all chromosomes (Ishkanian et al., 2004). In these, the clones
spotted on the array are selected to partly overlap, leaving no gaps between and
thereby completely cover the entire chromosome (except for the centromere) (Figure
11). In this thesis, a tile path array specific for chromosome 6 was used in order to
characterize deletions in 6q in different hematological malignancies. Chromosome
6 is a relatively large chromosome (about 171 Mb) containing more than 1600
genes. The chromosome 6 specific tile path array consists of 1780 BAC and PAC
clones from the Sanger Center. In addition, 270 BAC clones distributed over the
whole genome at an average distance of 10 Mb were used for normalization.

Real time PCR
In order to determine the number of chromosomal copy numbers, real time PCR can
be used (Li et al., 2002; Pongers-Willemse et al., 1998). This method is frequently
applied in order to detect the number of expressed RNA copies for a gene of interest,
but due to its sensitivity a difference of one copy can be detected and therefore be
used in the application mentioned above. In Papers IV and V, we have confirmed
array-CGH results, such as the presence of homozygous deletions, using real time
PCR. Initially, the sequence to be analyzed must be localized and this was performed
by selection of clones with allelic values of interest to confirm. The clone sequences
were downloaded from the Ensembl website (www.ensembl.org) and transferred to
a computer program for primer design. In Paper IV, Primer Express™ was used and
in Paper V, Oligo 6™. The primers were designed so that the PCR products would
not exceed 150 bp (preferentially shorter) and with a distinct difference between
the Tm for the PCR product and primer pairs, respectively. Optimization of PCR
conditions was performed in order to get specific amplification and a minimum of
primer dimers. The SYBR Green system was used, which is based on that SYBR
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Green unspecifically binds to double stranded DNA (dsDNA) and the fluorescence
emitted is continuously measured after each round of PCR amplification. Thereby,
the increasing amount of PCR products is visualized by the printing of curves
reflecting the amount of emitted SYBR Green fluorescence. To determine that the
dsDNA measured is not emitted from primer dimers, but from the PCR product,
melting curves are established where the peak of melting temperatures are lower
for primer dimer dissociation than for PCR products (Pongers-Willemse et al.,
1998). To compensate for differences in DNA concentration between samples, an
endogenous reference was used (the gene coding for Albumin). For each sample,
the 2-ΔΔCT is calculated, representing the log2 value of the alleles, where 0 represent
2 copies in a diploid cell. In this formula, both the endogenous control and a control
sample without any copy number changes are taken into account.

Immunohistochemistry (IHC)
IHC is based on the visualization of protein expression in a tissue section. Antibodies
specific for the antigen of interest is hybridized onto the tissue section and thereafter
the presence or absence and localization of the protein can be scored. The scoring of
positive cells should be based on the number of cells rather than the intensity within
individual cells. In the interpretation of IHC, one should bear in mind that the tissue
section analyzed might not be representative for the whole tumor, although this
is usually taken into consideration by the pathologist preparing the specimen. In
Paper V, tissue sections were made from paraffin-embedded tumors and after deparaffinization and rehydration, FOXO3A and TNFAIP3 antibodies were used to
stain for protein expression. However, in spite of three different TNFAIP3 antibodies
used, none resulted in acceptable quality of staining and were therefore excluded
from further analysis.

Statistical analyses
In Papers I, III and IV, statistical analyses were performed in order to associate
clinical parameters with chromosomal alterations, to compare the frequencies of
chromosomal alterations between subgroups, as well as for survival analyses. In
Paper I, the χ2 test was used in order to compare differences in proportions of CGH
alterations. The Student’s t test was used to compare number of chromosomal
alterations in different subgroups. In Paper III, the number of chromosomal alterations
in the IGHV3-21+ and non-IGHV3-21 subgroups, respectively, were compared and
calculated using the Mann-Whitney U-test. To investigate if individual chromosomal
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alterations were overrepresented in any of the two subgroups, the Fisher’s exact test
was used. P-values below 0.05 were considered significant. Kaplan-Meier survival
analyses and log-rank test were used to calculate survival curves in Papers III and
IV. The overall survival was calculated from time of diagnosis until death or last
follow-up.

Ig gene analysis
B-cells express Ig molecules on their surfaces. These are unique and enormously
variable as a result of the extensive gene rearrangements of the Ig genes taking
place during B-cell maturation. The sequence differences may be used as markers
of clonality, for instance to determine if several tumors in the same patient taken
from different time points originate from the same primary tumor (Paper I and II).
By PCR, amplification of the rearranged IGHV sequence in the different tumors is
performed and subsequently, the PCR products are allowed to migrate through a
polyacrylamide gel in a single strand form. The conformation is dependent on the
sequence, and PCR products with different sequences will migrate at different rates,
thereby enabling distinction of clonally related tumors (equal bands on the gel)
from unrelated tumors (diverse bands of different sizes). This method is referred to
as single strand conformation polymorphism analysis (SSCP) (Alemi et al., 1999).
Alternatively (and mostly used today), direct sequencing can be performed (Li et
al., 1999; Rosenquist et al., 1999).
In Papers I and II, SSCP was used to investigate tumor clonality in cases where
more than one tumor was analyzed. Papers III and IV are based on previous studies
where characterization of IGHV gene rearrangements was performed (Thorselius et
al., 2002; Walsh et al., 2003) but will not be further outlined in this thesis.

DNA preparation
For CGH analysis (metaphase as well as array), DNA of good quality is required. The
tumor material used in this thesis was mainly fresh frozen and DNA was prepared
by either a standard method based on proteinase K digestion followed by phenolchloroform separation and ethanol precipitation or with a commercial QIAamp®
DNA Mini Kit. For cases where both DNA preparation methods were used and
comparisons could be performed, clearer CGH profiles were seen in metaphase
CGH analyses for phenol-chloroform purified samples.
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Results and discussion
Papers I and II
Early and late cytogenetic events
One way to propose a model of early and late events during tumor progression
is to correlate recurrent alterations to number of cytogenetic events identified in
individual tumors. Early common events will appear in tumors with few karyotypic
alterations while late events will be identified within cases with multiple additional
chromosomal changes. Rare alterations, identified in few tumors, can be regarded
as relatively sporadic and therefore of no critical function in the tumorigenesis. In
Table 3 we have ordered cases with increasing number of alterations horizontally
and recurrent chromosomal alterations vertically. Thereby, a pattern appears
where early events are assembled to the left in the table, and later events appear
subsequently as they arise in samples with increasing number of alterations. In
Paper I, this approach was applied, revealing losses of 8p22-pter and 9p23-pter as
candidates for being involved in the establishment of DLBCL as they appear as
relatively early events (Table 3). These alterations were found in cases with both
few as well as multiple genetic changes. The notion that a loss of 8p22-pter may
pinpoint genes of importance for tumor establishment is supported by a case from
which four subsequent tumors were studied, where loss of 8p was detected already
in the diagnostic tumor. Interestingly, one report suggested the TRAIL-R1 and
TRAIL-R2 genes, located in 8p21.3, as dosage-dependent tumor suppressor genes,
requiring loss of only one copy to obtain impaired function of TRAIL-induced
apoptosis (Rubio-Moscardo et al., 2005). This gene locus is located just outside
our specified minimal deleted region. However, by metaphase CGH it is difficult
to delineate the exact cytobands and 8p22 and 8p21.3 are located just adjacent to
each other.
Deletions in 1p and 22q as well as gain of chromosome 7 appeared as late events,
possibly of importance in tumor progression. Notably, we know from our 1 Mb arrayCGH study on MCL (Paper IV) that losses of 1p and 22q are often underestimated
by metaphase CGH (Figure 12), and therefore these regions may not be as late
events as they appeared in Paper I. However, by the time this study was performed,
array-CGH was still under development.
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Case

No of alt.

8p22-pter

18q12-21

3q24-25

13q22

9p23-pter

Xq25-26

6q23-qter

12c-q14

17p12-pter

1p34-pter

22q

7

loss

gain

gain

gain

loss

gain

loss

gain

loss

loss

loss

gain

8p

18q

25

0

8

0

20

1

35

2

17

2

22

2

14

2

21

2

8p22-pter

9p23-pter

23

3

8p22-pter

9p22-pter

6

3

29

3

9

3

31

3

15

3

7

4

11

4

27

4

30

4

12

4

16

5

19

5

33

5

3

7

2

7

5

7

26

7

13

7

8p12-pter

28

7

8p21-23

24

7

34

8

X

6q

10

8

X

6q23-qter

32

11

1

12

4

12

18

14

3
13q21-qter
Xp11.3-q26
X
X
8p22-pter

9p23-pter

6q21-qter
X

9p

12p12-q14
X

8p21-pter

17p

X
X

8p

13q21-22

Xq

1p34-pter
6q

8p

17p12-pter

9p21-pter

X
X

13q14-qter
18q
18q12-qter

17p12-pter

7

6q23-qter
6q

13q22-31

1p32-pter
12pter-q21

13q21-qter

Xq23-qter

3q

22q

7

12p11.2-q21

Xq24-qter

1p
12p11-q21

13q21-22

X

12c-q21

3q13.3-qter

1p34-pter
17p

13q21-22
6q22-qter

7

1p

Xp21-qter

13q21-31

1p21-pter

12p12-q21
12pter-q21

3q23-25

22q

17p

13q21-22
8p

22q

18pter-q21

17p12-pter

7

1p34-pter

22q

1p34-pter

22q
22q

Table 3. A model for early and late genetic events. The most frequent CGH alterations
in the diagnostic tumors in relation to the total number of alterations in the DLBCL cases
analyzed in Paper I.

It is important to keep in mind that the alterations detected by metaphase CGH in
Paper I only reflect alterations of chromosomal gains and losses. However, it is well
known that translocations are frequent events in DLBCL, such as rearrangements
involving BCL6 in 3q27 (Lossos 2005), and may well represent the primary event
in cases without disturbance of DNA net content. Thus, this may be the case in the
tumors without CGH-detectable alterations.

CGH and tumor progression
In order to study the consecutive order of genetic event in tumor progression,
subsequent tumor samples from the same patient, but from different time points,
is the most desirable material. In Paper II, a patient with a blastoid variant of MCL
was studied, from which four tumors were available, one diagnostic and three
relapses. In the diagnostic tumor, eight genetic alterations could be detected by
metaphase CGH, most of which were recognized as MCL-related. This indicates
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that the tumor was highly advanced already at diagnosis. During progression, five
additional alterations were identified. An important consideration is that relapse
tumors most likely have grown under the effects of radiation and/or cytostatic drugs
whereby alterations in relapse tumors may reflect genetic changes of importance in
drug resistance rather than “natural” tumor progression.
In Paper I, we analyzed 10 tumor series where both a diagnostic tumor and one
or more relapse(s) were available. The largest series consisted of four tumors. We
could determine that gains in 18q12-21 were significantly more common in relapses
than in primary tumors. 18q21 harbors the BCL2 gene, and upregulation is known
to inhibit apoptosis. Furthermore, it is recognized as a negative prognostic indicator
in hematological tumors (De Paepe et al., 2007). High-level amplification of this
region was detected in six tumors, all which also displayed high protein levels of
BCL2. However, high levels of BCL2 were also detected in cases without BCL2
high-level amplifications, suggesting other mechanisms of protein upregulation in
these cases, such as translocations.

Papers III and IV
In Paper III and IV, 37 and 35 cases of MCL, respectively, were studied by metaphase
CGH (Paper III) and array-CGH (Paper IV). All of these have previously been
characterized regarding IGHV gene status (Walsh et al., 2003). The studies were
performed in order to outline the genetic alterations in relation to the IGHV3-21+
rearrangement as well as to clinical parameters and prognosis aspects. Moreover,
since all tumors analyzed by array-CGH in Paper IV had previously been outlined
by metaphase CGH (Paper III) we were able to perform a detailed comparison
between the two technologies. In our metaphase CGH study, losses of 9q21-31 and
13q21-qter appeared as sole alterations. However, with the increased resolution
provided by array-CGH we could observe that no alterations appeared as single in
this material. Occasional cases displayed no gains or losses.
Previous CGH studies on MCL have revealed a relatively homogeneous pattern
of gains and losses (Allen et al., 2002; Bea et al., 1999; Bentz et al., 2000; BosgaBouwer et al., 2006; de Leeuw et al., 2004; Kohlhammer et al., 2004; MestreEscorihuela et al., 2006; Monni et al., 1998; Rinaldi et al., 2006; Schraders et al.,
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2005) (Table 2) and these findings were confirmed in our studies (Paper III and
IV). In the different reports, regions are frequently associated to morphological or
clinical parameters such as 17p loss as a frequent event in especially the blastoid
variant of MCL (Bea et al., 1999). By array-CGH, we could detect deletion of 17p
in four cases, all of the classical MCL variant. The discrepancies in the different
studies are probably due to limited and sometimes selected material. Also, factors
such as specimen handling can influence the outcome of analysis, as discussed in
the section General considerations.

Frequent alterations in relation to survival and Ig gene usage
In Paper III, three commonly altered region were detected exclusively in the nonIGHV3-21 subset, namely +7p, -9p and +15q. However, by array-CGH, gains
involving 7p were identified in two IGHV3-21+ cases while deletions in 9p and gains
in 15q were still only observed in non-IGHV3-21 MCLs and therefore sustained in
being classified as non-IGHV3-21 specific. We could also confirm a tendency to
better survival in the IGHV3-21+ cases as previously published (Walsh et al., 2003)
and interestingly, this was seen in spite of the large proportion of blastoid variants
represented in this subset.
Furthermore, in Paper IV, a gain of 3q21.2-q29 was correlated to a less favorable
outcome. This alteration has previously been associated with shorter survival in
DLBCL patients (Bea et al., 2004), supporting our finding. Moreover, deletions
encompassing 9p13.2-p24.3, 13q33-q34 and 17p13, were also associated with
inferior prognosis, however, not significant.

Metaphase CGH versus array-CGH
The array-CGH reached a resolution level of 0.97 Mb, while the resolution of
metaphase CGH is about 10 Mb. The number of alterations detected was about
the double by array-CGH. The percentage of detected alterations in selected
chromosomes by the two CGH techniques is outlined in Figure 12.
The best progress in detection compared to metaphase CGH was seen as losses of
1p, 11q and 22q (Figure 12). The lost region on chromosome 11q appears to often
strictly encompass the ATM locus, whereby the size of the lost region does not
reach the resolution level of conventional metaphase CGH. However, we detected
a tendency to loss in 11q in the ATM-region in three cases studied by metaphase
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Losses

Gains

1p
3q
6q
7p
8p
8q
9p
9q
11q
13q1
13q2
18q
22q

50

5 %
Metaphase CGH
Array-CGH

5

50

Figure 12. Comparison of the frequencies of detected alterations by conventional
metaphase CGH and 1 Mb array-CGH, respectively. The largest differences were seen in
increased detection of losses in 1p, 11q and 22q by array-CGH. All in all, twice as many
alterations were identified by array-CGH than metaphase CGH in the whole material.

CGH, defined as a CGH ratio profile that did not completely reach the set threshold
value for a deletion. Notably, all of the deletion tendencies were detected using
array-CGH (Figure 13), clarifying that alterations by metaphase CGH often are
underestimated. Moreover, losses of 1p and 22q were among the most disregarded
by metaphase CGH. The short arm of chromosome 1 is a region that is well-known
to be difficult to analyze by metaphase CGH since it has appeared as an unreliable
hybridization region. Moreover, chromosome 22 also shows unstable hybridization
in addition to its small size. This could reflect the discrepancies between the two
technologies concerning 1p and 22q.

Homozygous deletions
One of the main advantages with array-CGH is the ability to reveal homozygous
deletions, which is a powerful indication on the presence of tumor suppressor genes.
In the material included in Paper IV, we detected four homozygous deletions in three
tumors. Two were overlapping at 1p32.3 and the other two possibly overlapping
between two adjacent clones on 13q32.3 (Figure 14). The overlapping homozygous
deletions in 1p32.3 encompass seven clones covering in total 1.2 Mb and include the
CDKN2C locus. The normal function of the corresponding protein p18, is to inhibit
the interaction between cyclin D and CDK4/6, and thereby act as a tumor suppressor
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Figure 13. Tendencies to deletions in 11q22-23 detected by metaphase CGH (indicated by
hatched bars) and the corresponding profiles in the same cases detected by array-CGH.

CLYBL
ZIC5
ZIC2
PCCA
Q9BVM4_HUMAN
TMTC4

gene in the G1/S transition of the cell cycle (Figure 9). Immunohistochemistry on
a clinical series of MCL showed lack of p18 expression in ¾ of the cases (MestreEscorihuela et al., 2006), indicating that this is a reliable cancer relevant candidate
gene in these tumors. The homozygous deletions in 13q32.3 could not be determined
as overlapping. However, since the adjacent clones were homozygously deleted in

RP11-442I9

RP11-279D17

RP11-118F16

Case 13

RP11-564N10

Case 22
1.1 Mb region of
possible overlap

Figure 14. Homozygous deletions in 13q32.3 identified in two MCL cases by 1 Mb arrayCGH. The adjacent clones (RP11-279D17 and RP11-118F16, respectively) are deleted
in the respective cases, leaving a gap in which the extensions of the deletions are not
known. Thereby, this 1.1 Mb region can be considered as possibly overlapping. Genes
within the region are listed, however, none of known tumor suppressor activity.
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the two cases, the gap between them may be considered as a region of possible
overlap (Figure 14).

Paper V
For a number of frequently altered regions identified in hematological malignancies,
candidate genes are suggested or even known, such as ATM in 11q22.3 that is
frequently altered in MCL (Stilgenbauer et al., 2000). 6q loss is a common finding,
both in MCL and other lymphomas and leukemias (Taborelli et al., 2006), suggesting
involvement in the pathogenesis of these diseases. However, no tumor suppressor
genes have convincingly been proposed. From this viewpoint, we decided to further
characterize deletion patterns in chromosome 6 using tile path array. We selected
MCL cases that by 1 Mb array-CGH defined the minimal region of loss, as well
as DLBCL tumors, both de novo from Paper I and those that have transformed
from a FL (also included in the study) that displayed 6q deletions by metaphase
CGH (Berglund et al., 2007). In addition, childhood ALL samples were studied
that previously had been delineated by cytogentics and/or for allelic imbalances
(Heyman et al., 1997; Kuchinskaya et al., 2005; Merup et al., 1998; Nordgren et al.,
2002; Nordgren et al., 1997).

6q deletions in hematological malignancies
The material included in this study was partly selected for possessing chromosome
6 deletions. Thereby, no statistical analysis could be performed. All MCL and
DLBCL cases displayed 6q losses as expected due to the selection criteria of 6q
losses detected by metaphase CGH or array-CGH, while the FL and childhood ALL
cases were both positive and negative for deletions in this region. In Figure 15, all
cases with alterations in chromosome 6 are outlined, as well as 6q losses identified
in MCL by the genomic 1 Mb array as a comparison. Several regions appeared as
interesting candidates; 6q21, harboring FOXO3A, 6q23 where PRDM1/BLIMP1
is located, as well as the 6q-telomeric region. We aimed to further characterize
selected candidate genes, and in a first attempt, we used antibodies for FOXO3A.
No protein expression was found in any of the analyzed tumors, regardless of a 6q21
deletion or not. This suggests alternate mechanisms of protein expression silencing
in cases with a preserved 6q21 region. Moreover, the lack of expression may also be
explained by physiological absence of expression in B-cells in these developmental
stages. Overlapping homozygous deletions were revealed in 6q23 and as mentioned
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DLBCL 3
DLBCL 4
DLBCL 5
DLBCL 6
DLBCL 7
DLBCL 8
DLBCL 9
DLBCL 10:1
DLBCL 10:2
DLBCL 11
DLBCL 12
DLBCL 13
DLBCL 14:2
FL 15:1
DLBCL 15:2
DLBCL 15:3
FL 16:3
DLBCL 16:4
DLBCL 17:5
ALL 20
ALL 21
ALL 23
ALL 25
ALL 26
ALL 27
ALL 30
ALL 36
ALL 37
ALL 38
ALL 47
ALL 49
ALL 28
ALL 29
ALL 31
ALL 45
6pter

6qter

centromere
deletion
homozygous deletion
gain
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tendency to deletion

Figure 15. Deletions in chromosome 6 as detected by tile path array as well as 1 Mb array
(grey area; only results from 6q included).

in the Materials and methods section, staining for TNFAIP3, which gene is located
in this region, was performed without conclusive results.
It has been proposed that 6q deletions are more frequent in DLBCL cases of
ABC-like subtype (Bea et al., 2004; Bea et al., 2005; Tagawa et al., 2005b). In our
material, this was not evident since all DLBCL cases transformed from a FL was of
GC-like type. The GC-like signature was determined by CD10, MUM1 and BCL6
immunohistochemical staining (unpublished data). One proposed candidate gene is
PRDM1/BLIMP1 in 6q21 which has a determining role in plasma cell differentiation
(Pasqualucci et al., 2006). Interestingly, this region was not only frequently lost in
our material, but also homozygously deleted in one case of DLBCL.
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Figure 16. Array-CGH profiles for the two MCL cases analyzed with both 1 Mb genomic
array and chromosome 6 specific tile path array. The values are in log2.

We could detect an extra copy of the entire chromosome 6 in five childhood ALL
cases. However, on the chromosome 6 specific tile path array, a 10 Mb genomic
clone set is included for normalization, and the profiles revealed trisomies for several
additional chromosomes (most frequently 4, 10, 14, 17, 18 and 21). Interestingly,
hyperdiploidy is a well-known karyotypic finding in ALL (Forestier et al., 2000;
Mertens et al., 1996) and the extra chromosomes are almost exclusively the ones
found in our study, confirming that the 10 Mb genomic clone set is a valuable
internal control.

1 Mb array versus tile path array
What may be seen as a decrease in resolution with tile path array, is in fact an effect
of the lower resolution with 1 Mb array. As an example, the 6q minimal deleted
region in MCL was estimated to about 0.5 Mb by 1 Mb array analysis, but was
revealed to be as large as 3 Mb in the same material when analyzed with tile path
array. This is because determination of deletion size is based on the actual deleted
clones and the space until the flanking retained clones are assumed to be retained.
However, the deletion in MCL case 1 extended throughout almost the complete
spaces between the deleted clones and the retained clones. The 1 Mb-array and tile
path array profiles, respectively, for the two MCL cases studied by borh methods
are displayed in Figure 16.
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Conclusions
CGH based methodologies are indeed useful in the characterization of hematological
malignancies. Since we have used CGH techniques with different resolutions, we
have been able to compare the sensitivity in detecting genetic aberrations.In addition,
we have analyzed our tumor materials searching for prognostic markers and subtype
specific features, studied the genetic alterations involved in tumor progession, as
well as localized regions that may harbor genes involved in tumorigenesis.
We suggest a model of sequential order of genetic events during tumor progression,
as they were identified early and late, respectively, during course of disease. In
DLBCL, losses of 8p and 9p appeared relatively early in tumorigenesis, suggesting
a role in tumor establishment. Events that appeared later during tumor progression
were losses of 1p, 22q and gain of chromosome 7 (Paper I). However, since we
detected frequent losses of 1p and 22q in primary diagnostic MCL tumors by 1 Mb
array-CGH that escaped detection by metaphase CGH, these might be generally
more common also in DLBCL and thereby not appear as late in tumor development.
The long arm of chromosome 22 was more frequently absent in DLBCL cases that
were in an advanced clinical stage at diagnosis. Furthermore, 18q21 was significantly
more commonly gained in relapses than in diagnostic tumors (Paper I). In a study
of four sequential tumors from a MCL patient, losses of 6q, 9p, and 11q as well as
gains of 3q, 9q, 12p and 13q were present in the diagnostic tumor and could thereby
be regarded as relatively early events. Moreover, alterations involving loss in 8p,
gains of the X chromosome, 7p, as well as chromosomes 3 and 20 were acquired
later during tumor progression (Paper II).
Significantly fewer CGH aberrations were found in the IGHV3-21+ subset of
MCL compared to non-IGHV3-21 MCL (Paper III). Chromosomal instability is
often associated with a more adverse clinical course and this could possibly be one
explaination why IGHV3-21+ patients show a tendency to have better prognosis.
Interestingly, even though half of the IGHV3-21+ tumors displayed the more
aggressive blastoid morphology, they had a longer median survival. Furthermore,
differences in the distribution of aberrations were found between the two groups.
Deletion in 9p encompassing CDKN2A and gains of 7p and 15q were only found in
the non-IGHV3 21 utilizing tumors when analyzed by metaphase CGH. However,
using 1 Mb array-CGH, 7p gains appeared also in the IGHV3-21+ subset, leaving
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loss of 9p and gain of 15q as exclusive for the non-IGHV3-21 MCL (Paper IV). Our
findings support the hypothesis that IGHV3-21+ tumors constitute an own entity
within MCL, possibly with antigen stimulation involved in the pathogenesis, and
provide some genetic explanation to account for the less aggressive clinical behavior
of these MCL tumors. Using 1 Mb array-CGH, overlapping homozygously deleted
regions were identified at the CDKN2C locus in 1p32.3 and possibly overlapping
in 13q32.3, each encompassing a region of approximately 1 Mb. New alterations
appearing as recurrent using the array-CGH were losses of 1p and 22q. Survival
analysis revealed an adverse prognostic impact by gain of 3q (Papers III and IV).
Chromosome 6 is a frequently deleted region within different hematological
neoplasias. In an attempt to outline the specific deletion patterns in different
diagnoses we studied MCL, DLBCL, FL before transformation to DLBCL
and childhood ALL, using a chromosome 6 specific tile path array. In all of the
neoplasias, losses encompassing the FOXO3A gene in 6q21 were frequently
observed. Immunohistochemical analysis showed lack of FOXO3A protein
expression both in tumors showing a deletion of the FOXO3A locus as well as
in cases with normal allelic value for this region. Homozygously deleted regions
were identified exclusively in DLBCL tumors and interestingly, two independent
cases displayed overlapping homozygous deletion in 6q23.3-24.1 encompassing
TNFAIP3. A detailed further evaluation of the expression pattern of candidate genes
within the deleted regions of 6q will be of importance in order to reveal genes
involved in the pathogenesis. We especially emphasize that PRDM1 should be
further investigated since this region was not only frequently lost but also found as
homozygously deleted in one of the DLBCL case (Paper V).
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Populärvetenskapligt perspektiv
Varje dag omsätts mängder med celler i våra kroppar – flera miljoner nya celler bildas
och flera miljoner förbrukade celler dör, allt under noggrant reglerade former. Då
och då uppkommer dock fel i de maskinerier som styr balansen mellan celldelning
och celldöd, vilket kan ge upphov till cancer. Man kan säga att cancerceller inte
bara delar sig för ofta, utan även dör för sällan.
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Det arbete som sker i våra celler utförs av proteiner med olika funktioner och
uppgifter. Hur dessa proteiner ska se ut bestäms av våra gener som sitter i DNAspiralerna i våra kromosomer i cellkärnan. Om fel uppstår i någon eller några av
de gener som talar om hur de proteiner som reglerar celldelning och celldöd ska se
ut, så kan plötsligt en enskild cell tappa sin normala funktion och istället börja att
dela sig ohämmat. Den kan dessutom förvärva förmågan att invadera intilliggande
vävnader och sprida sig till nya ställen i kroppen. En tumör har bildats.
Cancer kan uppstå nästan var som helst i kroppen, beroende på vilken typ av
cell det är som blir omvandlad till en cancercell. En cell i lungan ger upphov till
lungcancer, en hudcell bildar hudcancer och en blodcell ger upphov till blodcancer
(leukemi) eller lymfkörtelcancer (lymfom), beroende på vilken sorts blodcell det är
som omvandlas.
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Den här avhandlingen handlar om cancer som uppkommit i lymfkörtlar till följd av
att en B-cell (en blodcell som i normala fall ansvarar för att förstöra bakterier och
virus genom att bilda antikroppar) har genomgått genetiska förändringar och därmed
börjat dela sig ohämmat. Lymfom drabbar nästan 2000 människor årligen i Sverige.
Det finns ett trettiotal undergrupper och prognosen är ytterst varierande. I vissa fall
erbjuder man inte ens behandling, utan intar ett vänta-och-se-förhållningssätt, men
i de flesta fall behandlar man med cellgifter, strålning och/eller transplantation av
benmärg. Att bedöma utsikterna för en individuell patient kan många gånger vara
svårt, eftersom vad som till synes är en och samma lymfomdiagnos kan bete sig
ytterst olika i olika individer. Det är en viktig del av cancerforskningen att försöka
bena ut vad som förenar tumörer som beter sig likartat och vad som åtskiljer tumörer
med olikartat beteende. Hittar man exempelvis ett särdrag (en markör) i en grupp
tumörer som kan förutspå att dessa troligtvis gör att drabbade patienter har allt att
vinna på en aggressiv behandling, är det givetvis av stor vikt. På så sätt kan man
minska lidandet för patienter med snällare tumörvarianter och slippa utsätta dem
för tuffa behandlingar, medan patienter med mycket elakartade cancerformer kan få
så snabb och effektiv behandling som möjligt. Ett drömscenario är förstås om dessa
markörer så småningom även kan användas för målinriktad behandling, dvs att
tumörmarkören som sådan gör att målsökande läkemedel känner igen tumörceller
och selektivt dödar dessa utan att påverka kroppens normala celler.
Ett av många sätt att identifiera markörer är att titta på vad generna i tumörcellerna
har genomgått för förändringar. Det finns olika tekniker för detta, alla med sina föroch nackdelar. De metoder som främst använts i detta avhandlingsarbete baseras
på att man simultant undersöker hela tumörens övergripande genuppsättning. På så
sätt ser man inte enskilda gener, men man kan se vilka delar av kromosomerna som
gått förlorade eller om vissa regioner blivit överrepresenterade. I en normal cell
finns 46 kromosomer, men i en tumörcell kan totalt kaos råda och allt från ett 20tal upp till nästan 100 kromosomer kan förekomma. Dessutom är kromosomerna
ofta inte intakta utan har gått itu, smält ihop med andra kromosomer och bildat nya
strukturer och konstallationer.
Vi har i detta avhandlingsarbete tex hittat att för en viss typ av lymfom,
mantelcellslymfom, är prognosen något sämre för patienter med en tumör som
har för mycket material av kromosom 3. Vi har också kunnat identifiera ett
särdrag i en undergrupp av mantelcellslymfom, nämligen att tumörer med en viss
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antikroppsstuktur på sin cellyta har betydligt färre avvikelser i sina kromosomer,
vilket kan tyda på alternativa vägar som bidragande orsaker till tumöruppkomst. I
en annan studie undersökte vi kromosom 6 i tumörer från patienter med olika sorters
lymfom samt från barn med leukemi. Gemensamt för dessa cancerformer är att det
ofta saknas delar av kromosom 6 och vi ville se om vi i detalj kunde specificera
detta område samt om vi kunde bestämma vilka gener som är lokaliserade där och
därmed är kandidater till att delta i uppkomsten av dessa tumörer. Vi fann ett område
som ofta saknades och kunde därmed föreslå ett antal gener av potentiell vikt för
tumöruppkomst. Att avgöra vilken eller vilka av dessa som är de(n) ansvariga kräver
dock ytterligare studier.
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