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I. ABBREVIATIONS

A - Adenine

AID - activation-induced (cytidine) deaminase
ALL - acute lymphoblastic leukemia

APE - apurinic-apyrimidinic endonuclease
ASHM - aberrant somatic hypermutation
BCL2 - B-cell CLL/lymphoma 2 oncoprotein
BCLS6 - B-cell CLL/lymphoma 6 oncoprotein
BER - base excision repair

BL - Burkitt lymphoma

BLAST - Basic Local Alignment Search Tool
BM - bone marrow

bp - base pair

C- Cytosine

CD - cluster of differentiation

CDR 1,2, 3- complementarity determining region 1, 2, 3
CLL - chronic lymphocytic leukemia

Cr- cycle threshold

CSR - class switch recombination

D - “Diversity” immunoglobulin genes
DAB - 3-3’ - diaminobenzidine

DEPC - diethyl-pyrocarbonate

DLBCL- diffuse large B-cell lymphoma

DNA - deoxyribonucleic acid

dNTP - deoxy-nucleotide triphosphate
ddNTP - dideoxy-nucleotide triphosphate
E.coli - Escherichia coli bacteria

EDTA - ethylene-diamine tetraacetic acid
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EPP - error-prone polymerase

FISH - fluorescence in situ hybridization

FDC - follicular dendritic cell

FL - follicular lymphoma

FR - framework region

FRET - Fluorescence Resonance Energy Transfer

G- Guanine

GAPDH - glyceraldehyde 3-phosphate dehydrogenase
GC - germinal centre

GTP - guanosine-5'-triphosphate

HL - Hodgkin lymphoma

HRP - horseradish peroxidase

Ig - immunoglobulin

IgH - immunoglobulin heavy chain gene

IgVy - “Variability” region of immunoglobulin heavy chain gene
IMGT - International imMunoGeneTics information System
J- ,»Joining” immunoglobulin genes

LN - lymph node

LSI - locus specific indicator

MALT - mucosa-associated lymphoid tissue

MgCl; - magnesium chloride

MM - multiple myeloma

MMR - mismatch repair

MRD - minimal residual disease

MRNA - messenger RNA

MSI - microsatellite instability

NCBI - National Center for Biotechnology Information
NHL - non-Hodgkin lymphoma

NK cell - natural Killer cell

PB - peripheral blood
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Il. LITERATURE REVIEW

1. Introduction

Lymphoid tumours, B-cell and T/NK-cell neoplasms, are clonal tumours of
mature and immature B-cells, T-cells or natural killer (NK) cells at various stages of
differentiation. Mature B-cell neoplasms comprise over 90% of lymphoid neoplasms
worldwide. They represent, with increasing incidence, approximately 4% of new cancers
each year. They are particularly common in developed countries, particularly the United
States, Australia, New Zealand and Western Europe [1].

1. 1. Cellular origin of B-cell lymphomas and B-cell lymphoma classification

The major principle of the lymphoma classification is the recognition of distinct
disease entities according to a combination of morphology, immunophenotype, genetic,
molecular and clinical features. The disease entities are stratified according to their cell
lineage and, additionally, their derivation from precursor or mature lymphoid cells [2].

B-cell neoplasms tend to mimic stages of normal B-cell differentiation, and the
resemblance to normal cell stages is a major basis for their classification and
nomenclature [1]. Figure 1 shows a diagrammatic representation of B-cell differentiation
and relationship to major B-cell neoplasms. B-cell development is initiated in the primary
lymphoid organs with further differentiation in secondary lymphoid tissues. During these
stages of development, several DNA modifications occur that are essential for a normal
immune response. However, these modifications might also predispose to genetic
abnormalities leading to lymphoma evolution [3].

Normal B-cell differentiation begins with progenitor B-cells, which undergo
immunoglobulin vV (variable) D (diversity) and J (joining) gene rearrangement.
B lymphoblastic leukemia/lymphoma (B-ALL) is a neoplasm of precursor cells

committed to the B-cell lineage, with germline 1g genes [4].
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Antigen-induced B-cell activation, particularly after repeated antigen challenge, generates
secondary lymphoid follicles with germinal centres (GC). During the GC reaction at least
two distinct DNA modifications — somatic hypermutation (SHM) and class switch
recombination (CSR) — occur. They are responsible for generating high-affinity
antibodies of different subclasses that are capable of mediating specific immune
responses [5]. The most common tumours of GC B-cells are follicular lymphoma (FL),
diffuse large B-cell lymphoma (DLBCL), Burkitt lymphoma (BL) and Hodgkin
lymphoma (HL) [6-9].
After the GC reaction, B-cells develop into memory B-cells and plasma cells. The most
common representatives of tumours of this stage are multiple myeloma (MM) and
chronic lymphocytic leukemia (CLL) [10, 11].
Although, B-cell neoplasms in many respects appear to recapitulate stages of normal B-
cell differentiation, some common forms, like hairy cell leukemia, do not clearly
correspond to a normal B-cell differentiation stage. Thus, the normal counterpart of the
neoplastic cell cannot be the sole basis for the classification [1].
Traditionally, classical Hodgkin lymphomas have been considered separately from so-
called “non-Hodgkin lymphomas” (NHL). However, with the recognition that HL is of
B-cell lineage, greater overlap has been appreciated between HL and many forms of other
B-cell malignancies [1, 7, 12].

Over 90% of lymphoid neoplasms are mature B-cell tumours. The most common
types of mature B-cell lymphoma are FL and DLBCL, which together make up more than
60% of all lymphomas exclusive of Hodgkin lymphoma and multiple myeloma [1].
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Figure 1: Diagrammatic representation of B-cell differentiation and relationship to major B-cell
neoplasms. Lymphomas arise at different stages of B-cell differentiation. The first step, undertaken by
bone marrow-derived B-cell precursors, is the recombination of Ig genes to generate a functional B-cell
antigen receptor. This initial step occurs prior to antigen encounter. B lymphoblastic leukemia/lymphoma is
a neoplasm of precursor cells. Antigen-induced B-cell activation initiates GC reaction in secondary
lymphoid tissues and DNA modifications, somatic hypermutation (SHM) and class switch recombination
(CSR) in B-cells. Interactions with the antigen presented by follicular dendritic cells results in the affinity
maturation/selection of clonal B-cells.The most common neoplasms of GC B-cells are follicular
lymphoma, diffuse large B-cell lymphoma, Burkitt lymphoma and Hodgkin lymphoma. After the GC
reaction, B-cells develop into memory B-cells or plasma cells. Common post-GC neoplasms are multiple

myeloma and chronic lymphocytic leukemia. (FDC: follicular dendritic cell)
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2. Follicular lymphoma

2. 1. Epidemiological and clinical aspects of follicular lymphoma

Approximately 95% of all malignant non-Hodgkin lymphomas are — at least in the
Western hemisphere — of B-cell origin. Among more than 30 different entities and
subtypes of B-cell NHL, according to the World Health Organization (WHO)
classification of lymphoid tumours, FL constitutes the second most common B-cell
malignancy [13]. The highest incidence can be observed in the USA and Western Europe.
In Eastern and Central Europe, Asia and in developing countries the incidence is much
lower [14]. It affects predominantly adults, with a median age of 59 years and a male:
female ratio of 1:1.7 [15]. FL rarely occurs in individuals under the age of 20 years, and
paediatric patients are predominantly males [16-19].

Most patients have widespread disease at diagnosis, including peripheral and
central (abdominal and thoracic) painless lymphadenopathy and splenomegaly. The bone
marrow (BM) is involved in 40-70%. Implication of non-hematopoietic extranodal sites,
such as the skin, gastrointestinal tract, central nervous system, ocular adnexa, breast or
testis, is relatively uncommon. Despite widespread disease, patients are usually otherwise
asymptomatic. Only one third of patients are in Stages | or Il (Ann Arbour Staging), the
majority of them present with the advanced stages Il or IV at the time of diagnosis [20,
21].

In general terms, FL is considered an indolent lymphoma with a clinical evolution
that is characterized by slow progression over many years. However, the clinical course
of FL patients can be surprisingly variable and, accordingly, treatment options range from
a ‘watch and wait’ approach to aggressive therapy [13].

Transformation from FL into an aggressive lymphoma, usually DLBCL, takes
place in 25-30% of cases, which leads to clinical progression and decreased overall
survival [13, 22, 23].

10
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2. 2. Morphological features of follicular lymphoma

Most cases of FL have a predominantly follicular pattern with closely-packed
follicles that efface the nodal architecture. Neoplastic follicles are often poorly defined
and usually lack clear-cut mantle zones. In contrast to reactive germinal centres where
centroblasts and centrocytes occupy different zones (polarization), in FL the two types of
cells are randomly distributed, and often display a monomorphic appearance due to the
lack of characteristic ‘starry sky’ pattern. Similarly, tingible body macrophages,
characteristic of reactive GCs, are usually absent in FL [13, 20].

Diffuse areas — parts of the tissue completely lacking follicles defined by CD21+/CD23+
follicular dendritic cells (FDC) — may be present, often with sclerosis. Distinction
between an extensive interfollicular component and a diffuse component may sometimes
be arbitrary. Diffuse areas containing predominantly centrocytes are thought to be
clinically insignificant, whereas diffuse areas comprised entirely or predominantly of
centroblasts is equivalent to DLBCL [20].

The pattern of FL is given after the relative proportions of follicular and diffuse areas
(Figure 2). The tumour is considered follicular with >75% follicular areas, follicular and
diffuse with 25-75% follicular areas, and focally follicular/predominantly diffuse if has

<25% follicular areas.

2. 3. Grading of follicular lymphoma

Based on the proportion of centroblasts within the malignant follicles, FL are divided into
grade 1 (predominantly centrocytes), grade 2 (centrocytes and centroblasts), grade 3A
(predominantly centroblasts, but centrocytes are still present) and grade 3B (solid sheets
of centroblasts) categories (Figure 3) [20]. In grade 1 and 2 FL, the number of
centroblasts does not exceed 150 per 10 high power fields. Grade 3A FL present with
more than 150 centroblasts per 10 high power fields [24]. A number of studies suggest

that this histological grading predicts clinical outcome. Cases with elevated large cell

11
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fractions (centroblasts) behave more aggressively and show a higher likelihood of
progression into DLBCL than those with fewer large cells [25-28].

b

Figure 2: Follicular lymphoma. A: FL with follicular pattern. The neoplastic follicles are closely packed,
focally show an almost back-to-back pattern, and lack mantle zones. Centrocytes and centroblasts are
randomly distributed and the follicles display a monomorphic appearance due to the lack of characteristic

‘starry sky’ pattern; B: FL with diffuse pattern, completely lacking follicles.

2. 4. Immunophenotype of follicular lymphoma

The neoplastic cells resemble normal follicular centre B-cells, expressing surface
immunoglobulin — mainly IgM but rarely also IgD, 1gG and IgA —, CD19, CD20, CD22,
CD79a. They are BCL2+, BCL6+, CD10+, CD5- and CD43-. Some cases, especially
grade 3B, may lack CD10, but retain BCL6 expression. CD10 expression is often
stronger in the follicles, than in the interfollicular neoplastic cells, and BCL6 is also
downregulated in the interfollicular areas. Meshworks of FDC are present in follicular
areas and may variably express CD21 and CD23 [20]. BCL2 protein is expressed by a
variable proportion of the tumour cells in 85-90% of cases of grade 1 and 2 FL, but only
50% of grade 3 FL using standard antibodies. In some cases undetectability of BCL2
protein is due to mutations in the BCL2 genes that eliminate the epitopes recognized by

the most commonly used antibody, and can be detected using antibodies to other BCL2

12
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epitopes. The proliferation index in FL generally correlates with the histologic grade,
lower grades having a lower Ki67 expression (Figure 4, Figure 5 and Figure 6) [20].
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Figure 3: Follicular lymphoma grading. A and B: In FL grade 1 (A) and grade 2 (B) there is a

monotonous population of small cells with irregular nuclei (centrocytes), and with only rare large cells
(centroblasts) with enlarged nuclei, prominent nucleoli and abundant basophilic cytoplasm. C: In FL grade
3A there are more than 15 centroblasts per high power field, but centrocytes are still present. D: In FL

grade 3B the majority of cells are centroblasts. Hematoxylin & Eosin (H&E) staining.
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Figure 4: Immunophenotype of follicular lymphoma. Transformed follicles are enriched in CD20+ (A)
and CD10+ (B) tumour cells of B-cell origin, and are surrounded by CD3 positive T-cells (C). CD21

reaction highlights FDC meshwork and follicular structure.

2. 5. Genotype of follicular lymphoma

In the bone marrow B-cell precursors assemble the immunoglobulin heavy (H)
and light (L) chain genes by somatic recombination to generate functional B-cell antigen
receptor. The recombination activity targets the variable (V), diversity (D) and joining (J)
regions of IgH (Figure 7) [29]. Upon antigen encounter, during the immune response, B
lymphocytes undergo somatic mutations. In the GC many non-random, single-base
changes are introduced by SHM into the IgV regions — mainly in the form of single base
substitutions, with insertions and deletions being less common — that encode the antigen-

14
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Figure 5: Immunophenotype of follicular lymphoma. A: BCL6 is strongly expressed in the follicles and
is frequently downregulated in the interfollicular areas. B: Ki67 proliferation marker expressed by the
tumour cells. C and D: The follicles are uniformly BCL2+.

Figure 6: Immunophenotype of follicular lymphoma. A: Some cases, especially FL grade 3B, may lack

CD10 expression. B: The absence of BCL2 protein in the neoplastic follicles does not exclude FL.

15
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binding site. These mutations enhance the average affinity of the antibodies produced and
results in diversification of the IgV repertoire [30-32]. Mutations occur mostly at
“hotspots” in the DNA known as hypervariable regions, which correspond to the
complementarity determining regions (CDR); the sites involved in antigen recognition on
the immunoglobulin [30, 33, 34]. Variable region genes undergo further diversification

through ongoing somatic mutational activity which generates intraclonal heterogeneity.
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Figure 7: Genetic modifications of IgH gene during B-cell development. V(D)J recombination of the
germline IgH gene occurs in the early bone marrow phase of B-cell development. During the immune
response, upon antigen encounter in the GC, B lymphocytes undergo somatic mutations and class switch
recombination. These mutations together are responsible for generating high-affinity antibodies of different
subclasses that are capable of mediating specific immune responses. Further diversification occurs through
ongoing mutational activity which results in intraclonal heterogeneity. SHM and CSR require the AID

enzyme activity (CDR: complementarity determining region; FR: framework region).
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This continuous diversification of the IgV regions is considered to be the hallmark of GC-
derived B-cells [5, 29, 30, 35-37]. The mechanism of SHM and CSR involves
deamination of cytosine to uracil in DNA by an enzyme called activation-induced
(cytidine) deaminase (AID), which is expressed specifically in GC B-cells [38-41]. This
feature of the hypermutation mechanism is often responsible for the generation of heavy
chain disease, and also for several types of chromosomal translocations of oncogenes
next to or into the immunoglobulin loci in human B-cell lymphomas [29]. The ongoing
type of somatic mutations can cause genetic instability and the accumulation of additional
genetic lesions in the tumour cells can influence the growth, histology, clinical features
and therapeutic response of the disease [22, 23, 42, 43].

Approximately 85-90% of FL carry the t(14;18)(g32;921) chromosomal
translocation, juxtaposing the BCL2 gene with the immunoglobulin heavy chain (IgH)
gene (Figure 8), resulting in the constitutive expression of BCL2 protein, which induces
prolonged cell survival by blocking programmed cell death [44-46]. These events alone
are not enough for the transformation of the normal B-cells into FL, since t(14;18) can be
detected in more than 50% of healthy individuals, and the incidence of FL is roughly 1
case per 24.000 persons per year in the United States [9]. Moreover, the number of
t(14;18)-positive cells is influenced by gender, personal lifestyle and exposure to toxic
substances [47]. Furthermore, approximately10-15% of FL do not express BCL2 protein,
and approx. 5% do not exhibit the t(14;18) chromosomal translocation either [48]. These
latter cases may be therefore misdiagnosed as follicular hyperplasia. If present, the
juxtaposed BCL2 and IgH DNA sequences may also provide a marker that can be
exploited in the detection of minimal residual disease (MRD). However, the high
incidence of the t(14;18) translocation in normal individuals will make it difficult to
quantify the frequency of the malignant clone in patients with FL. who may similarly
carry a background of Bcl-2/IgH" cells unrelated to their disease [49].

Alternative translocations of the BCL2 gene locus with the immunoglobulin light
chain genes (lgL, 1gK) resulting in the translocations t(2;18) or t(18;22) that also lead to
an overexpression of BCL2, are very rare in FL. Some cases may also carry the Burkitt
lymphoma specific t(8;14) or its variants in addition to t(14;18) [20, 50, 51].

17
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Abnormalities of 3927 and/or BCL6 rearrangement are found in 5-15% of FL, most
commonly in grade 3B cases [52, 53]. Additionally other gene alterations are also found
in 90% of FL and most commonly include the loss of 1p, 6q, 10q, 13q and 17p and gains
of chromosomes 1q, 2p, 5, 6p, 7, 8, 12q, X and 18q [54-59].

18q21 (BCL2) 14932 (IgH)

exonl exon 2 exon 3 ICR

e

BCL2/IgH hybrid gene

Figure 8: Schematic representation of BCL2/IgH gene rearrangement. In t(14;18)(gq32;921)
chromosomal translocation the BCL2 gene is juxtaposed with the IgH gene resulting in the constitutive
expression of BCL2 protein (MBR: major breakpoint region, MCR: minor cluster region, ICR: intermediate
cluster region ).

2. 6. The role of BCL2 gene and BCL2 protein in follicular lymphoma

BCL2 is a well-known anti-apoptotic protein. Normally, it is expressed in pre B-
cells, resting B-cells and certain types of proliferating B-cells. GC B-cells physiologically
lack BCL2 expression and undergo apoptosis unless they are selected by specific antigens
that drive them into SHM and CSR [60, 61].

The majority of FL overexpress BCL2 protein as a consequence of the t(14;18)
translocation, juxtaposing the BCL2 gene (18g21) with the immunoglobulin heavy chain
(1gH) gene (14932), found in approximately 85-90% of cases. The BCL2 gene was first
discovered in FL, and has been considered to be the critical oncogene involved in the
pathogenesis of this lymphoma type [45, 62-64]. The majority of FL have a

18
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chromosome 18 translocation at either the major breakpoint region (MBR, 60-70% of
cases) or the minor cluster region (MCR, 10-20% of cases) [45, 65-68]. Rare breakpoints
are also found in the so called variant cluster region (VCR) or other clusters located
between MBR and MCR [69-71]. These translocations result in a fusion gene which
contains the full coding region of the BCL2 gene under the regulation of the IgH gene
enhancer, and consequently excessive amounts of normal BCL2 protein are produced.

The constitutive overexpression of the BCL2 protein results in the inhibition of
apoptosis by blocking the mitochondrial pathway [63, 72], thus leading to an
accumulation of inappropriately rescued B-cells with a prolonged life span, which allows
the occurrence of additional genetic lesions and consequently leads to tumour formation.
This thought to be a critical pathogenic event in the development of FL [44, 46, 60].
Immunohistochemical detection of BCL2 is very helpful in the diagnosis of FL, since the
pattern of overexpression in the GC allows distinction from reactive lymph nodes [73].
However, approximately 10-15% of FL do not express BCL2 protein, and a small
fraction of FL (approx. 5%) does not exhibit the t(14;18) chromosomal translocation
either [48]. These latter cases may be misdiagnosed as follicular hyperplasia.

Because of these so called BCL2-negative FL, lacking BCL2 protein expression
and t(14;18), the central dogma regarding the molecular pathogenesis of FL (resistance of
tumour cells to apoptosis due to BCL2 overexpression) needs revision. The fact that FL
can develop without BCL2 gene rearrangement and BCL2 protein expression leads to the
assumption that there are alternative BCL2-independent pathogenic pathways. It also
raises the possibility of other gene product(s) which may provide prosurvival signal(s)
which lead to morphologically similar but molecularly distinct FL variants. Thus, the aim
of our study was to deepen the knowledge in the pathophysiology of this subset of FL
lacking the t(14;18) translocation and BCL2 protein expression.

19
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2. 7. Treatment of follicular lymphoma

Despite substantial improvements in survival, FL is still considered incurable with the
available therapies [74]. In many cases treatment may be deferred and a ‘watch and wait’
approach is appropriate. Studies have consistently shown that there is no survival benefit
to treating immediately versus waiting until treatment is necessary [75, 76]. Some of the
factors that may indicate the need for treatment according to the GELA Criteria (Groupe
d’étude des lymphomes de 1’adulte) and NCCN Guidelines (National Comprehensive
Cancer Network) include: presence of B symptoms, deterioration of quality of life, bulky
tumours >10cm, tumours which are threatening major organs, steady progression,
cytopenias or patient preference [77, 78].

No chemotherapy agent or combination regimen prior to the introduction of rituximab
(MabThera/Rituxan) had been shown to prolong overall survival [79]. Rituximab is a
monoclonal antibody against the CD20 B-cell antigen that has been used successfully,
both alone and in combination with standard chemotherapy, in patients whose FL has
either recurred or proven resistant to other treatment. In addition, data from several
clinical trials have shown that the addition of rituximab also to first-line chemotherapy
improves long-term outcomes [80]. The National LymphoCare Study recently reported
that 52% of patients with FL in the US receive immunochemotherapy as initial treatment
[81]. The three most commonly used regimens in combinations of first- and second-line
therapies include R-CHOP (rituximab, cyclophosphamide, doxorubicin, vincristine, and
prednisone; 55%), R-CVP (rituximab, cyclophosphamide, vincristine, and prednisone;
23%), and R-Flu (rituximab- and fludarabine-based chemotherapy; 16%). [79]. A recent
study published at the 2009 ASH convention shows clearly superior response rates, and
progression free survival when combining Bendamustine with rituximab (B-R) compared
to the R-CHOP regimen. Lower toxicity is an additional benefit [82]. Another promising
option is upfront radioimmunotherapy (Zevalin or Bexxar). The lower toxicity compared
to chemotherapy along with impressive results is beginning to make this a very attractive
choice. After initial treatment has been completed it is becoming increasingly common to

consolidate it by including maintenance rituximab therapy or radioimmunotherapy [24].
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The use of autologous stem cell transplantation as a consolidation treatment is restricted
to younger, fit patients who do not respond to first line treatment [83]. All forms of
consolidation have shown quite conclusively to prolong progression free survival. Still,
as conventional therapy for FL is not curative, virtually all patients will at least develop a
progressive or recurrent disease. In general, the treatment options for relapsed or

refractory disease are similar to those for first-line therapy [24, 84].

2. 8. Prognosis of follicular lymphoma

Although FL is incurable, it usually follows an indolent waxing and waning
course. The Follicular Lymphoma International Prognostic Index (FLIPI) includes five
independent predictors of inferior survival (based on retrospective analysis): age >60
years, haemoglobin <12 g/dl, serum LDH >normal, Ann Arbor stage 111/1V, number of
involved nodal areas >4. The presence of 0-1, 2, and >3 adverse factors defines low,
intermediate, and high-risk disease, respectively with overall median survival of 7 to 9
years. With the use of modern therapy, specifically anti-CD20 monoclonal antibody
(rituximab), the outcome has improved [21, 85]. The recent upgrading called FLIPI-2,
which includes new parameters, was confirmed in prospective studies to better fit for the
risk assessment of immunochemotherapy. The five independent FLIPI-2 predictors of
superior survival are: age <60 years, haemoglobin >12 g/dl, serum LDH <normal, no

bone marrow involvement and longest diameter of largest lymph node <6 cm [24, 86].

3. The role of genomic instability in tumourgenesis

Tumourgenesis can be viewed as an imbalance between the mechanisms of cell-
cycle control and mutation rates within the genes. It is now widely accepted that cancer
results from the accumulation of mutations in the genome. There is evidence that most
cancers are genetically unstable, which contributes to tumour progression and

heterogeneity [87].
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Genetic instability can be manifested either at the level of nucleotides or the level of the

chromosomes. In a small subset of tumours the instability is observed at the nucleotide

level and results in base substitutions, deletions or insertions of a few nucleotides [88].

The main forms are:

Dysfunction or inactivation of tumour suppressor and DNA mismatch repair
(MMR) genes through deletions, point mutations (e.g. p16™<** gene in
mediastinal large B-cell lymphoma [89]) or hypermethylation of promoter regions
such as of h(MSH1 (human MutS homologue) gene in CLL [90], which contribute
to aberrations in the genome leading to tumourgenesis. Genomic instability may
present itself through alterations in the length of short repeat stretches of coding
and non-coding DNA, resulting in microsatellite instability (MSI) associated with
“mutator” phenotype. In case of FL MSI plays a role in histological
transformation of low grade into high grade lymphoma [91].

A recently described form of genetic instability is the aberrant somatic

hypermutation (ASHM), which will be described in more details in chapter 3.1.

In most other cancers, the instability is observed at the chromosome level, resulting in

losses and gains of whole chromosomes or large portions thereof [88]. The main forms

are:

Alterations in chromosome number involving losses or gains of whole
chromosomes (aneuploidy). Such changes are found in nearly all major human
tumour types [87]. In FL the most frequent numerical aberrations are the trisomy
of chromosomes 5, 7 and X [59].

Chromosome translocations which can give rise to gene fusion transcripts with
tumourigenic properties. Approximately 85-90% of FL carry the t(14;18)
chromosomal translocation, juxtaposing the BCL2 gene to the immunoglobulin
heavy chain (IgH) gene, resulting in the constitutive expression of BCL2 protein,
which induces prolonged cell survival by blocking programmed cell death.

Gene amplifications resulting in multiple copies of an ‘amplicon’ containing 0.5-
10 megabases of DNA. An example is the amplification of n-MYC that occurs in

approx. 30% of advanced neuroblastomas [87].
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Telomere length and telomerase activity, important in maintaining chromosomal structure
and in regulating a normal cell's lifespan, have been shown to have a function in both
suppressing and facilitating malignant transformation [92]. Emerging evidence also
suggests that dietary and environmental agents can further modulate the contribution of

genetic instability to tumourgenesis [92].

3. 1. Aberrant somatic hypermutation (ASHM)

A recently described form of genetic instability at the nucleotide level is aberrant
somatic hypermutation (ASHM) which is considered to be a malfunction of SHM [93].
Somatic hypermutation targets primarily the immunoglobulin variable region genes in
germinal centre B-cells. This process introduces single nucleotide substitutions, with rare
deletions and duplications, resulting in the production of high-affinity antibodies and
allowing affinity-maturation of the humoral immune response [30-32]. It has been also
described that at least 3 non-lg genes of B-cells, including BCL6 and FAS/CD95, acquire
somatic mutations during the normal GC reaction, indicating that this mechanism may
target more genes than originally suspected [93, 94]. SHM has been shown to
malfunction in about 50% of DLBCL [95], in FL [96], in mediastinal large B-cell
lymphoma [97], in about 20% of AIDS-related NHL [98], in primary central nervous
system DLBCL [99], in primary cutaneous marginal zone B-cell lymphoma [100] and
MALT lymphoma [101]. ASHM has also been associated with FL and CLL
transformation into higher grade DLBCL [102, 103]. In these tumours, multiple somatic
mutations are introduced into the 5’ region, including coding sequences of several genes
that do not represent physiologic SHM targets. These are the well-known proto-
oncogenes c-MYC, RhoH, PAX-5 and PIM1 (Figure 9) [93, 95].

The ¢c-MYC gene encodes a transcription factor involved in the control of cell
growth, proliferation, differentiation and apoptosis [95]. Tumour-associated mutations of
this gene have been observed in endemic Burkitt lymphoma carrying t(8;14)

translocations [104, 105]. The majority of mutations are alternatively distributed on
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1,5—-~0,9 kb long fragments in the region downstream to the major P1/P2 (exon 1) or the
region downstream to the minor P3 promoter (exon 2) [95].

Another gene frequently targeted by ASHM is the RhoH, which encodes a small
GTP-binding protein belonging to the RAS superfamily. This gene is involved in rare
tumour-associated translocations that juxtapose its coding domain to the Ig locus.
Mutations occur in the 1B exon 3’ region including non-coding sequences [95].

PAX-5 encodes a B-cell specific transcription factor essential for B-lineage
commitment and differentiation, and it is involved in translocations in ~50% of
lymphoplasmocytoid lymphoma. Somatic mutations were identified predominantly
around exon 1B, on 1 kb long fragments [95].

The fourth gene targeted by ASHM is PIM1, a proto-oncogene identified as a
preferential proviral integration site in murine T-cell lymphomas [106] and occasionally
involved in DLBCL-associated chromosomal translocations. Mutations are distributed in
a region spanning up to 2 kb towards the 3’ end from the transcription initiation site, and
are clustered in a stretch of ~ 1,2 kb [95].

The mutation pattern introduced by ASHM corresponds to the specific features of
the SHM process seen in physiologic targets like IgV and BCL6:

- mutations are distributed in a region spanning up to 2 kb towards the 3’ end from
the transcription initiation site,

- predominance of single nucleotide substitutions with occasional deletions or
duplications,

- preference for transitions (purine to purine or pyrimidine to pyrimidine) over
transversions (purine to pyrimidine or pyrimidine to purine),

- elevated ratio of G+C over A+T substitutions,

- and display a preferential distribution within the RGYW motif (R=A/G, Y=C/T,

W=A/T) [107-109].
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Figure 9: Schematic representation of SHM and ASHM activity. Somatic hypermutation occurs in GC

(5]

B-cells where many non-random, single-base changes are introduced into the IgV region. These mutations
result in the production of high-affinity antibodies and allow affinity-maturation of the humoral immune
response. The SHM has been shown to malfunction in certain lymphoma types. In these tumours, ASHM

introduces several mutations into well-known proto-oncogenes like c-MYC, RhoH, PAX-5 and PIML.

3.2. Activation-induced (cytidine) deaminase (AID)

The AID gene, encoding for activation-induced (cytidine) deaminase, has been
recently identified as an absolute requirement for both SHM and CSR [38, 110]. Absence
of AID in knockout mice leads to absent CSR and defective SHM, and to severe defect of
the humoral immune response [38]. A high proportion of AID is localized in the
cytoplasm of CD19+ and CD38+ B-cells. However, AID also has a nuclear localization
signal. Both cytoplasmic and nuclear AID levels increase following stimulation of B-cells
for CSR. It has been suggested that AID might be sequestered in the cytoplasm of B-cells

until required, possibly to limit its mutator activity [111].
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Because AID is a close homologue of APOBEC-1, an RNA-dependent cytidine
deaminase, it has been proposed that AID may function as a cytidine deaminase which
modifies a preexisting mRNA into a new one, by possibly encoding an endonuclease.
However, experimental evidence indicated that AID acts directly on single-stranded
DNA by converting deoxy-cytidines (dC) to deoxy-uracils (dU) [93, 112, 113]. The
deamination that results from AID activity creates a uracil-guanine (U-G) mismatch in
the DNA. The generated uracil can be processed through different pathways, resulting in
different mutations on selected genes (Figure 10). One way of processing the mismatch is
replication without repair. In this situation C-T and G-A transitions appear.

If processed through the base excision repair pathway (BER), the uracil will be cleaved
by DNA uracil N-glycosylase (UNG) to generate an abasic site, which will be further cut
by apurinic-apyrimidinic endonuclease (APE), resulting in a nick on that strand. The nick
can either be repaired with error-free replication or bypassed by error-prone polymerase
(EPP) to generate all possible mutations. It also can be recognized by the mismatch repair
(MMR) proteins and then excised and replaced with error-prone polymerases that will
create additional mutations. If the mutations are present in late S and G2, they can be
repaired by homologous recombination [114]. DNA double-strand breaks are obligate
intermediates in the CSR and it has been suggested that AID may also be responsible for
lesions that lead to translocations involving switch regions. AID has been described to be
essential for c-MYC translocations to the 1g switch region in Burkitt lymphoma [115].
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Figure 10: Resolution of U-G mismatch created by AID on DNA. AID deaminates deoxy-cytidine (dC)
to deoxy-uracil (dU) to create U-G mismatches. The uracil can be processed through different pathways.
One way of processing the mismatch is replication without repair, where C to T mutations appear. If
processed through the base excision repair pathway (BER), the uracil will be cleaved by DNA uracil
N-glycosylase (UNG) to generate an abasic site, which will be further cut by apurinic-apyrimidinic
endonuclease (APE), resulting in a nick on that strand. The nick can either be repaired with error-free
replication or bypassed by error-prone polymerase to generate all possible mutations (transitions and
transversions). Another way is through the mismatch repair proteins (MMR). The sequence surrounding the
mismatched nucleotide is excised and replaced with error-prone polymerases (EPP), which creates
additional mutations of the sequence. Finally, it can be repaired by means of homologous recombination
(HR) if the mutations are present in late S and G2 when a sister chromatid is available as a template (Figure
after Luo, Z. et al., J Allergy Clin Immunol, 2004).

On the whole, we can conclude that AID mediated DNA lesions by direct deamination
constitutes only the initial step and the multitude of mutations are actually due to the
various mismatch repair attempts. In agreement with these observations, deregulated

expression of AID is associated with malignancy.
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In healthy B-cell development the expression of AID is strictly regulated and
restricted to GC B-cells, which follows that constitutive expression of AID may
contribute to NHL formation. This is also supported by previous findings indicating that
AID is overexpressed in FL, DLBCL, Burkitt lymphoma, mediastinal large B-cell
lymphoma and MALT lymphoma [93, 97, 101, 116-118].
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I11. OBJECTIVES

Several reports suggest that FL without translocation and expression of BCL2
gene have distinct morphological, genetic and molecular characteristics that distinguish
them from the BCL2-positive FL.

e We characterized the mutational pattern of IgVy genes to provide further
insight into the molecular pathways of lymphomagenesis and to reveal the
cellular origin of FL without BCL2 involvement.

e We analysed whether c-MYC, PAX-5 and RhoH proto-oncogenes are
differently affected by aberrant somatic hypermutation (ASHM) in BCL2-
negative FL in comparison with BCL2-positive FL.

e We determined the mRNA and protein expression levels of activation-
induced (cytidine) deaminase (AID) in BCL2-negative FL compared to
BCL2-positive FL.
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IV. MATERIALS AND METHODS

1. Tissue samples

Lymph node (LN) biopsies of 18 patients with FL were selected for this study,
based on the availability of frozen tissue for molecular analyses and formalin-fixed
paraffin-embedded tissue for immunophenotyping and fluorescence in situ hybridization
(FISH) analysis. Diagnoses were based on histopathology, immunophenotype, FISH and
molecular analyses, and cases were classified according to the World Health
Organization (WHO) Classification of lymphoid tumours [20]. The clinical,
morphological and immunohistochemical data as well as the results of FISH analyses are
summarized in Table 1.

The phenotype of lymphoma cells was characterized using the three-step avidin-
biotin immunoperoxidase method with mouse anti-human monoclonal antibodies against:
CD20 (clone L26), BCL6 (clone PG-B6p), Ki67 (clone MIB1) (all from DAKO,
Carpinteria, CA, USA), and CD10 (clone 56C6, Novocastra Laboratories, Newcastle
upon Tyne, UK) antigens. Follicular dendritic cells were detected with anti-CD21 (clone
1F8) and anti-CD23 (clone 1B12) (both from Novocastra) antibodies. Three monoclonal
mouse anti-human antibodies against different epitopes were used to study BCL2 protein
expression: clone 124 (DAKO) was used as a standard, supported by clone c2 (Santa
Cruz Biotechnology Inc, Santa Cruz, USA) and clone 6C8 (Pharmingen, Franklin Lakes,
USA) to confirm the results. Cases, in which BCL2 protein expression was undetectable
with the routinely used antibody as a result of somatic mutations of the BCL2 gene, but
with the use of the latter two antibodies BCL2 protein expression could be confirmed,
were excluded from the study.

FISH analysis was accomplished using a commercially available LSI (locus
specific indicator) BCL2 dual-colour break-apart rearrangement probe (18g21), LSI
BCL6 dual-colour break-apart rearrangement probe (3p27) and LSI IgH/BCL2 dual-
colour, dual-fusion translocation probe set (14932, 18g21) (all from Vysis, Downers
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Grove, IL, USA). At least 200 interphase nuclei per probe were evaluated in each
reaction. Cases which lacked the t(14;18) translocation, but in which split signals were
present involving the BCL2 gene, were excluded from further analysis.

Peripheral blood samples from 8 healthy individuals and GC cells microdissected from 5

reactive follicles served as controls for this study.
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Table 1. Clinical, morphological and immunohistochemical data and results of FISH analysis of patients with and without BCL2
translocation and expression.

Age Immunohistochemical analysis* FISH
Case No. (Years) Sex Grade
CD20(%) CD10(%) CD21/23 BCL2(%) BCL6(%) Ki67(%) t(14;18) BCL2 split BCL6 split
1 49 male 3A 100 2** + - 90 25 - - -
2 46 female 3A 100 100 + - 30 15 - - not informative
3 60 male 2 100 100 + - 100 10 - - -
4 44 male 3A 100 70 + - 70 10 - - -
5 49 female 3A 100 5x* + - 80 15 - - -
6 74 male 3A 100 100 + - 60 10 - - -
7 33 female 3A 100 100 + - 80 25 - - 40% - 1 split
8 48 female 2 100 100 + - 80 15 - - -
9 65 male 3A 100 100 + - 85 40 - - 55%- 3-4 signals
10 73 female 3A 100 70 + - 60 35 - - -
1 71 male 3A 100 100 + - 40 70 - - 60% - 1 split
12 57 male 3A 100 100 + 100 100 25 + ND -
13 60 female 3A 100 80 + 85 70 40 + ND 60% - 3 signals
14 33 female 3A 100 100 + 100 100 40 + ND ND
15 66 female 3A 100 100 + 50 40 45 + ND -
16 78 female 3A 100 80 + 95 70 20 + ND ND
17 50 male 2 100 100 + 60 60 40 + ND -
18 60 male 2 100 100 + 90 90 30 + ND -

ND, not determined.
* CD21 and CD23 positivity was detected on the follicular dendritic cells, while the other markers stained the tumor cells.
Number values indicate the percentage of cells expressing the marker in each sample.

**Cases 1and 5 were considered CD10 negative.
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2. DNA based analyses

Eighteen fresh frozen lymph node samples of cases of FL were used for DNA
based analyses. A schematic representation of the workflow is given in Figure 11. In case
of IgVy genes PCR amplicons were first cloned, then the appropriate insert of plasmid
DNA was sequenced, while in case of c-MYC, PAX-5 and RhoH genes direct sequencing

was used.
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Figure 11: Schematic representation of DNA analyses workflow. DNA isolation was followed by PCR
amplification. To characterize the SHM activity on IgVy genes PCR amplicons were first cloned, then the
appropriate insert of plasmid DNA was sequenced, while in case of c-MYC, PAX-5 and RhoH genes direct
sequencing was used to determine the ASHM mutational activity. The sequence analysis was performed

using the IMGT/V-QUEST and the NCBI GenBank databases.
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2. 1. DNA isolation

Genomic DNA isolation from tumour tissue specimens was performed according
to the standard salting-out procedure [119]. Tumour tissue was suspended in 3 ml nuclei
lysis buffer (10 mM Tris-HCI, 400 mM NaCl, 2 mM EDTA and 5% SDS). The cell
lysates were digested overnight at 37 °C with 50 ul protease-K (1 mg protease-K in 1%
SDS and 2 mM EDTA). After digestion was complete, 1 ml of saturated NaCl (6M) was
added to each tube and shaken vigorously for 15 seconds, followed by centrifugation at
2500 rpm for 15 minutes. The precipitated protein pellet was left at the bottom of the
tube. The supernatant containing the DNA was transferred to another tube and mixed
with 2 volumes of room temperature absolute ethanol. The tubes were inverted several
times and the precipitated DNA was washed twice in 80% ethanol. Then the DNA
strands were transferred with a sterile needle into a microcentrifuge tube containing 150
ul TE buffer (10 mM Tris-HCI, 2 mM EDTA), allowed to dissolve at 55 °C for 1 hour
and measured in a Gene Quant Il spectrophotometer (Cambridge, UK) at 260 nm

wavelength. The samples were stored at 4 °C until further use.

2. 2. PCR amplification

IgH variable genes are composed of variable (V), diversity (D) and joining (J)
gene segments. In humans, there may be a total of 100 to 200 V gene segments, more
than 30 D segments and 6 functional J segments. Germline V segments can be grouped
into six families (VH1-VHG6) based on nucleotide sequence similarity. Members of the
same VH family are typically more than 80% homologous, while homology between VH
genes from different families is less than 70%. Individual families range in size from one
(VH6) to greater than 28 (VH3) members and pseudo as well as functional genes [120].
Tumour DNA samples in our study were amplified by PCR, using sense IgVy gene
family-specific (VH1-VHG6) leader primers in conjunction with an antisense consensus Jy
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primer in independent reactions [121] (Figure 12 and Table 2). The PCR products
obtained were between 300-400 bp (base pair) long.
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Figure 12: PCR amplification of 1gVy genes. For the PCR amplification sense IgVy gene family-specific
(Vu1-Vy6) leader primers (FR1 region) were used in conjunction with an antisense consensus Jy primer
(FR4 region). The PCR products obtained were between 300-400 bp long.

Table 2. Melting points and primer sequences used in PCR amplification of IgVy
genes.

Gene region Primer sequence Melting point
VH1-FR1 5’-GGC CTC AGT GAA GGT CTC CTG CAA G-3’ 63 °C
VH2-FR1 5’-GTC TGG TCC TAC GCT GGT GAA ACC C-3’ 63 °C
VH3-FR1 5’-CTG GGG GGT CCC TGA GAC TCT CCT G-3° 66 °C
VH4-FR1 5’-CTT CGG AGA CCC TGT CCC TCA CCT G-3’ 65 °C
VH5-FR1 5’-CGG GGA GTC TCT GAAGAT CTCCTG T-3’ 60 °C
VH6-FR1 5’-TCG CAG ACCCTC TCACTC ACC TGT G-3’ 63 °C

Jy consensus | 5'-CTT ACC TGA GGA GAC GGT GAC C-3' 54 °C
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PCR reactions were performed in 25 pl final volumes using reagents as shown in Table 3 in a
PE 2400 Gene Amp (Perkin-Elmer, USA) thermal cycler. Amplification consisted of
35 cycles using PCR conditions as described in Table 4. Annealing temperature was 58
°C for VH1 and VH3 and 55 °C for VH4 for 40 sec with 40 sec denaturation. Annealing
temperature for VH2, VH5 and VH6 was 59 °C for 30 sec with 30 sec denaturation. In all cases

two independent reactions were made.

Table 3. Components of PCR reaction used for
amplification of IgVy genes.

Components guantity/sample
PCR Gold buffer (10x) 2.5 ul
MgCl5 (25 mM) 1.5 pl
dNTP mix (2 mM) 10 ul
Forward primer (10 uM) 1pl
Reverse primer (10 uM) 1ul
AmpliTag Gold polimerase (0.75U/ul) 0.15 pl
DNA template 100 ng
Distilled water up to 25 l

Table 4. PCR conditions for IgVy gene amplification.

Step Temperature  Time

Initial denaturation 95°C 10 min -
Denaturation 95°C 30/40 sec
Annealing 55/58/59 °C  30/40sec 35
Extension 72°C 50 sec

Final extension 72°C 10 min -

36



DOI:10.14753/SE.2012.1744

Mutational analysis of c-MYC, PAX-5 and RhoH genes was performed on selected
regions previously shown to contain more than 90% of the mutations [95]. Primer
sequences used are shown in Table 5. PCR amplification was performed in two
independent reactions using the Phusion™ High-Fidelity DNA Polymerase system
(Finnzymes, Finland) containing a low-error DNA polymerase. c-MYC (exonl and exon
2), PAX-5 and RhoH genes were PCR-amplified as described previously [98]. PCR
reactions were performed in 25 pl final volumes using reagents as shown in Table 6 in a PE
2400 Gene Amp (Perkin-Elmer, USA) thermal cycler. Amplification consisted of 35

cycles using PCR conditions as described in Table 7.

Table 5. Melting points and primer sequences used in PCR amplification of c-MYC,
PAX-5 and RhoH genes.

Gene region Primer sequence Melting point

c-MYC exon-1 5-CAC CGG CCC TTT ATA ATG CG-3 62 °C
5-CGA TTC CAG GAG AAT CGG AC-3 59°C

c-MYC exon-2 5-CTT TGT GTG CCC CGC TCC AG-3° 66 °C
5-GCG CTC AGATCC TGC AGG TA-3 61°C

PAX-5 5-CCC AGA GAC TCG GAG AAG CA-3 60 °C
5-AAG AGC TGA AAT GTC GCC GCC G-3 64 °C

RhoH 5-CCT TAAAAG TATTTCTTT GGT GTC-3 55°C
5-AAC TCT TCAAGCCTG TGC TG-3° 55°C

Table 6. Components of PCR reaction for
c-MYC, PAX-5 and RhoH genes.

Components guantity/sample
High fidelity buffer (10x) 2 ul
dNTP mix (2 mM) 2 ul
Forward primer (10 uM) 1ul
Reverse primer (10 pM) 1pl
Triple Master polimerase (5U/ul) 2ul
DNA template 100 ng
Distilled water up to 25 pl
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In case of c-MYC exon 1, PAX-5 and RhoH genes the annealing temperature was 58 °C,
while in case of c-MYC exon 2 the temperature was 68 °C based on the melting point of
the primers used. Sizes of PCR products obtained were 1300 bp for c-MYC exon 1, 580
bp for c-MYC exon 2, 859 bp for PAX-5 and 844 bp for RhoH.

Table 7. PCR conditions for c-MYC, PAX-5 and
RhoH gene amplification.

Step Temperature Time Cycles
Initial denaturation 94 °C 2 min -
Denaturation 94 °C 30 sec
Annealing 58/68°C  45sec 35
Extension 72°C 50 sec
Final extension 72°C 7 min -

2. 3. Separation, detection and purification of PCR products

Products were electrophoresed (130 V for 45 min) through 2% agarose gels (29
agarose, 100 ml 1x TAE buffer) in 1x TAE buffer (10x TAE buffer: 0.4M Tris, 0.2M
acetic-acid, 0.01M EDTA ) containing ethidium bromide (1 pg/ml). The migrational
pattern was visualized by exposure to UV light and photographed using the Kodak 4400
MM (Eastman Kodak Company, Rochester, NY, USA) gel documentation system.

After PCR, amplified DNA must be separated from excess reaction components
that can interfere with cloning or sequencing. Products were purified using the Montage
PCR Filter Device (Millipore, Billerica, USA) according to the manufacturer’s
recommendations. This process concentrates amplified DNA and removes primers and
unincorporated dNTPs.
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2. 4. Cloning of 1gVy genes

In order to study the presence of ongoing mutational activity and intraclonal
heterogeneity 1gVy amplicons were cloned using the pCR 2.1-TOPO TA Cloning Kit
(Invitrogen Corporation, San Diego, CA, USA). PCR products were ligated in pCR 2.1-
TOPO Vector (Figure 13), then the recombinant vector was transformed using One Shot®
Topl0 E. coli Chemically Competent cells according to the manufacturer’s
recommendations.

The pCR 2.1-TOPO TA Cloning method is adequate for the direct insertion of Tag
polymerase-amplified PCR products into a plasmid vector. Taq polymerase has a
nontemplate-dependent terminal transferase activity that adds a single deoxy-adenosine
d(A) to the 3’ end of PCR products. The vector in this kit is supplied linearized with
single 3’-deoxy-thymidine d(T) overhangs. This allows PCR inserts to ligate efficiently
with the vector.

For each transformation LB agar plates (10g Trypton, 10g NaCl, 5g Yeast Extract, 10g
Bacto agar for 1000 ml deionized water) containing 50 pg/ml kanamycin and 40 mg/ml
X-gal (5-bromo-4-chloro-3-indoyl-f-D-galactopyranosidase) were used. Because the
vector was containing a kanamycin resistance gene, only cells containing the plasmid can
survive. After 24-48 hours incubation period at 37 °C, blue and white colonies were seen
on the plate. If the ligation was successful, the bacterial colony was white; if not, the
colony was blue. The blue/white colony screening is based on the fact that E. coli strains
are having a p-galactosidase (lacZ) gene. When a sequence is inserted into this region,
the reading frame is disrupted, and the cell loses its B-galactosidase activity, and therefore
these colonies remain white. Any colony containing the plasmid without the insert, and
therefore the functioning B-galactosidase gene, turns blue as a result of the enzyme
activity detected with X-gal degradation.
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M13 Reverse Primer

AG GAA ACA GCT ATG ACOATG ATT ACG CCAAGC TTG GTACCG AGC TCG GAT CCACTA

G GG TACTAATGCGGT TCG AAC CAT CGC TCG AGC CTAGGT GAT
BAG GGC GAATTCTGC
TTC CCG CTT AAG ACG

GTAACG GCC GCC AGT GTG CTG GAATTCGCC CTT |
CATTGC CGG CGG TCACAC GAC CTT AAG CGG GAA

AGATAT CCA TCACAC TGG CGG CCG CTC GAG CAT GCATCT AGA GGG CCC AATTCG CCC TAT
TCTATAGGT AGT GTG ACC GCC GGC GAG CTCGTACGT AGATCT CCC GGG TTAAGC GGG ATA

Figure 13: Schematic representation of pCR®2.1-TOPO® Vector. The pCR®2.1-TOPO® Vector is a
linearized vector. The vector contains a kanamycin resistance gene, consequently only cells containing the
plasmid can survive on kanamycin containing media. If the ligation was successful, the bacterial colony is
white because cells lose their B-galactosidase activity by disrupting the lacZ gene; if not, the colony turns
blue. Clonal selection is made by selecting the white colonies and PCR amplifying them with M13 Forward
and M13 Reverse primers (Original source of the figure is the TOPO TA Cloning User Manual,

Invitrogen).

2. 5. Clonal selection

In each sample 30 independent bacterial isolates were analysed. White colonies

were selected for PCR amplification using the M13 forward and M13 reverse primers:

M13 Forward | 5°-CTG GCC GTC GTT TTA C-3’
M13 Reverse | 5°-CAG GAA ACA GCT ATG AC-3°
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PCR conditions were the same as for the VH1-VH6 amplification (Table 3 and Table 4).

2. 6. Sequencing

Automated DNA sequencing relies on the chain termination method by Sanger.
This method is based on the fact that a replicating DNA strand that has incorporated a
modified synthetic nucleotide, known as dideoxy-nucleotide (ddNTP), cannot elongate
beyond that point. Unlike a “normal” deoxy-nucleotide (dNTP), which lacks a hydroxyl
group on its 2” carbon, a dideoxy-nucleotide lacks an additionally hydroxyl group on its
3’ carbon. 3’ hydroxyl groups are mandatory for the phosphodiester linkage which forms
between two consecutive nucleotides. Thus, dideoxy-nucleotides terminate elongation
during DNA replication and differently sized fragments are made. Dye-terminator
sequencing utilizes labelling of the chain terminator ddNTPs (Figure 14). Each of the
four dideoxy-nucleotide chain terminator (ddATP, ddCTP, ddGTP and ddTTP) is
labelled with fluorescent dye, each of which emits light at different wavelength when
excited by an argon ion laser. DNA sequencer machines carry out capillary
electrophoresis for size separation, detection and recording of dye fluorescence, and data
output as fluorescent peak trace chromatograms.

DENATURATION ANNEALING EXTENSION PRODUCTS
Enzyme, dNTPs, ®
— /—-\ dye-labeled terminators A E].
’ : AClC®
» D . ae  p A C ClGlo
v N cle ACCG[Tl®
Te ACCGTA[T®

Figure 14: Schematic representation of one cycle of dye terminator cycle sequencing. With dye
terminator labelling each of the four ddNTPs is tagged with a different fluorescent dye. The growing chain
is simultaneously terminated and labelled with the dye that corresponds to that base. All four colours and
therefore all four bases can be detected in a single capillary injection (Original source of the figure is the

Applied Biosystems teaching material, www.appliedbiosystems.com).
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After IgVy cloning and transformation of competent cells, colonies found to
contain the appropriate insert of plasmid DNA were sequenced. In all samples 20
sequences from independent bacterial isolates were analysed. Direct sequencing of
purified amplicons of c-MYC exon 1 and exon 2, PAX-5 and RhoH genes was carried out
using the same procedure. PCR product sequences were determined in both directions
using the Big Dye Terminator 3.1 (Applied Biosystems) kit. The PCR components and
conditions are summarized in Table 8 and Table 9. The reactions were carried out by the
MiniCycler™ (MJ Research Inc., USA) thermal cycler.

Table 8. Components of the cycle
sequencing reaction.

Components guantity/sample
BigDye Terminator 1pl
BigDye buffer (10x) 1pl
Primer (10 pM) 1ul
PCR sample 2 ul

Table 9. PCR conditions for the sequencing reaction.

Step Temperature Time Cycles
Initial denaturation 95°C 2 min -
Denaturation 95°C 30 sec
Annealing 50°C 15sec 29
Extension 60 °C 4 min

After the sequencing reaction, it is important to remove unincorporated dye terminators
and salts that may compete for capillary electrophoretic injection. Unincorporated
terminators can co-migrate with the sequencing template, resulting in basecalling errors,
and excess salt translates to poor signal-to-noise ratios. Clean-up of sequencing reactions
was done by NucleoSeq® Dye-terminator removal according to the manufacturer’s

recommendations.
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Capillary electrophoresis was carried out with an ABI 310 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions.
Eelectrophoresis data were analysed by the BioEdit (Isis Pharmaceuticals, USA)
Sequence Alignment Editor.

2.7. Sequence analysis

The corresponding germline 1gVy gene sequences were determined, using the
IMGT/V-QUEST (International ImMunoGeneTics Information System,
http://imgt.cines.fr) and the NCBI GenBank databases.

The first exposure to antigen results in recruitment of B-cell clones that bind
antigen as a result of their combinatorial and junctional specificity of their unmutated
surface receptors. Subsequent exposures to antigen lead to accumulation of somatic point
mutations in the antibody V segments and antigen selection of the high-affinity mutated
B-cell clones. Serial rounds of mutation and selection eventually result in restriction of
the response to those B-cells with the best ‘fit” for antigen. The variable (V) genes of
antigen-selected antibodies are known to exhibit a higher frequency of amino acid
replacement mutations in the sequences encoding the antigen-contacting
complementarity-determining regions (CDRs) than in those encoding the ‘structural’
framework regions (FRs). Consequently the CDR sequences have a higher R:S mutation
ratio, whereas FR sequences display a lower inherent R:S mutation ratio values than
would be expected for a random sequence [122, 123].

In the absence of negative or positive selective pressure on the gene product, a
random mutational process would cause an even distribution of nucleotide changes
yielding amino acid replacement (R or replacement mutations) and nucleotide changes
not yielding amino acid replacements (S or silent mutations) throughout the coding
sequence [122].

The binomial distribution model proposed by Chang and Casali (1994) [122] was
used to determine whether the probability of the excess of R mutations in the CDR- and

the scarcity of S mutations in the FR regions resulted from chance alone or were the
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consequence of antigenic selection. The results were then compared with results obtained
by the multinomial distribution model suggested by Lossos et al. (2000), using the JAVA
applet available at http://www-stat.stanford.edu/immunoglobin [123].

The obtained sequences in case of c-MYC exon 1 and exon 2, PAX-5 and RhoH
genes were compared to the corresponding germline gene sequences available in the
NCBI GenBank database. The accession numbers have already been published
previously: c-MYC: X00346, PAX-5: AF386791, RhoH: AF386789 [95]. Previously
reported polymorphisms and mutations appearing more than once in separate cases, thus
considered as polymorphic variants, were excluded from further analyses. Mutation
frequency was calculated on the entire region analysed (n — total number of mutations

found) and mutated cases only, taken into account 2 alleles (N).

n
2N

Mutation frequency / 100 bp = *100

3. RNA based analyses

Analysis of AID expression was carried out in fresh frozen lymph nodes of eight
cases of BCL2-negative FL and seven cases of BCL2-positive FL. Mononuclear cells
from peripheral blood (PB) of eight healthy volunteers were used as negative controls
and GC cells microdissected from five reactive lymph nodes, using a Leica laser
microdissection system (Leica Microsystems, Wetzlar, Germany), were used as positive

controls. A schematic representation of the workflow is given in Figure 15.
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Figure 15: Schematic representation of RNA analyses workflow. RNA was isolated from GC cells, 8

121488700

BCL2-negative FL, 7 BCL2-positive FL and 8 peripheral blood samples. Following reverse transcription

AID expression levels were detected by quantitative real-time PCR assay.

3. 1. Laser microdissection

GC cells microdissected from five reactive lymph nodes, using a Leica laser
microdissection system (Leica Microsystems, Wetzlar, Germany) were used as positive
controls. 8 pm thick sections were made from frozen tissue on special laser
microdissection slides and stained with toluidine-blue (Sigma, St. Louis, USA).
Microdissected cells were collected in Trizol® (Invitrogen, Carlsbad, CA, USA) reagent.
In order to avoid RNA degradation all materials were treated with RNA later (Qiagen,
USA) reagent.

3. 2. RNA isolation

Total RNA was extracted using Trizol® reagent (Invitrogen, Carlsbad, CA, USA)
as recommended by the manufacturer.

In cases of PB lymphocytes were separated using Histopaque® (Sigma-Aldrich,
St. Louis, USA) and density gradient centrifugation. 2 ml of EDTA anticoagulated blood
was applied on 2 ml Histopaque, and then centrifuged on 400g, at 25 °C for 30 min. The
separated mononuclear fraction was transferred to a new tube and homogenized with 5
ml DEPC-PBS (diethyl-pyrocarbonate, phosphate buffer saline), then centrifuged again
on 250g, at 25 °C for 10 min. The supernatant was discarded and the purified
mononuclear cells were resuspended in 1 ml Trizol reagent. In cases of FL 30 um frozen

tissue was cut from each sample and homogenized in 1 ml Trizol. The homogenized
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samples were incubated for 5 min at room temperature to permit complete dissociation of
the nucleoprotein complex. Then 200 ml of chloroform was added and vortexed for 30
sec. After 3 min of incubation at room temperature samples were centrifuged on 10.000g,
at 4 °C for 15 min. The upper aqueous phase containing the RNA was removed to a new
sterile tube and homogenized with 0.5 ml isopropanol. After 10 minutes of incubation at
room temperature tubes were centrifuged on 10.000g, at 4 °C for 10 min. The supernatant
was removed and the RNA pellet was washed with 1 ml 75% ethanol and then
centrifuged at 10.000g, at 4 °C for 10 min. The wash was discarded and the RNA pellet
was air dried, then resuspended in 50 pul DEPC-treated (diethyl-pyrocarbonate) water.
The samples were then incubated in a water-bath at 37 °C for 10 min. The RNA
concentration was measured by spectrophotometer (Gene Quant Il, Cambridge, UK) at
260 nm wave length. The samples were stored at -70 °C until further use.

3. 3. Reverse transcription (RT)

RNA (2.5 pg) was reverse transcribed to cDNA using the High Capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA, USA). The reaction components are

shown in Table 10.

Table 10. Components of the reverse transcription reaction.

Components quantity/sample
Reverse Transcription Buffer (10x) 10 ul
dNTPs (25x) 4 ul
Random Primers (10x) 10 ul
MultiScribe Reverse Transcriptase (50U/ pl) Sul
RNA template 2.5 ug
Nuclease-free water up to 100 pl
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The reverse transcription was made in MiniCycler™ (MJ Research Inc., USA)
thermal cycler with the following temperature profile: 10 min incubation at 25 °C, then
synthesis at 37 °C for 120 min. The cDNA was stored at -20 °C till further use.

3. 4. Quantitative real-time polymerase chain reaction (RT-PCR) analysis of AID

MRNA expression

Analysis of AID expression was carried out on fresh frozen lymph node
specimens in eight cases of BCL2-negative FL and seven cases of BCL2-positive FL, PB
of eight healthy volunteers were used as negative controls and GC cells microdissected
from five reactive lymph nodes were used as positive controls. For amplification of AID
mRNA a TagMan® based Gene Expression Assay (Applied Biosystems) was used. The
AID primers chosen amplified the wild-type and several splice variants of AID. In order
to normalize the AID values, p-actin was amplified using a pre-developed TagMan®
Control Reagent (Applied Biosystems).

The schematic representation of the TagMan® probe chemistry mechanism is
shown in Figure 16. TagMan® probes, also called Double-Dye Oligonucleotides, are 20-
30 bp long sequences. A fluorophore is attached to the 5’ end of the probe, called reporter
(R) and a quencher (Q) to the 3” end. The fluorophore is excited by laser and passes its
energy, via FRET (Fluorescence Resonance Energy Transfer) to the quencher. The
TagMan probe binds to the amplicon during each annealing step of the PCR. When the
Taq polymerase extends from the primer which is bound to the amplicon, it displaces the
5’ end of the probe, which is then degraded by the 5’-3” exonuclease activity of the Taq
polymerase. Cleavage continues until the remaining probe melts off the amplicon. This
process releases the fluorophore and quencher into solution, spatially separating them
(compared to when they were held together by the probe). This leads to an irreversible
increase in fluorescence of the reporter-dye. The increasing fluorescence emission of the
reporter is direct proportional with the increasing quantity of the synthesized PCR

product, and in the long run with the RNA quantity of the sample.
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Figure 16: TagMan® probe chemistry mechanism. The TagMan® principle relies on the 5-3°
exonuclease activity of Taq polymerase to cleave a dual-labelled probe during hybridization to the
complementary target sequence and fluorophore-based detection. The resulting fluorescence signal permits
quantitative measurements of the accumulation of the product during the exponential stages of the PCR. (R:

reporter, Q: quencher, S: sense primer, AS: antisense primer, P: TagMan® probe)

All samples were run in triplicate, in a 20 pl reaction volume that contained

100 ng of cDNA (Table 11).

Table 11. Components of quantitative RT-PCR reaction.

Components quantity/sample
TagMan Universal PCR Master Mix (2x) 10 ul
Assays-on-Demand (AID/ B-actin) (20x) 1yl
cDNA template 100 ng
Nuclease-free water up to 20 pl
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The quantitative real-time PCR assay was performed on an ABI Prism® 7000 Sequence
Detection System (Applied Biosystems, Weiterstadt, Germany) based on conditions

shown in Table 12.

Table 12. Thermal profile of quantitative RT-PCR.

Step Temperature  Time  Cycles
Activation 50 °C 2 min
Initial denaturation 94°C 10 min -
Denaturation 94 °C 15 sec -
Annealing-Extension 60 °C 1 min

Sequence Detection Software version 1.3 (Applied Biosystems) was used to
analyse the data. Results were obtained as threshold cycle (Cy) values. Cy represents the
cycle number at which fluorescence passes a fixed threshold in the exponential phase of
the reaction. The relative quantitation of gene expression was performed by the
comparative Ct method (AACy) (Figure 17). To obtain accurate relative quantitation of an
MRNA target, it is recommended to also evaluate the expression level of an endogenous
control. The levels of AID expression in the samples were normalized with g-actin
expression. All values represent the average of three measurements made in case of each

sample: Cr (ap-tarcem), Ct (aip-controL), Cr g-acTin-TARGET), C1 (B-ACTIN-cONTROL). The

calculations were made using the following formulas:

AC+ (aipy = Ct (aD-TARGET) - CT (AID-CONTROL)
ACr g-acTiny= Ct p-acTIN-TARGET) = CT (3-ACTIN-CONTROL)
AACt= ACy (AID) = ACy (B-ACTIN)
Relative expression (AID/ B-ACTIN) = 244

The expression values represent the fold changes in the target gene (AID) compared to S-
actin expression and relative to the expression at time zero (represents the 1x expression

of the target gene normalized to S-actin).
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Figure 17: Schematic representation of relative quantitation of gene expression performed by the
comparative Ct method (AAC+y). The plot shows the relative fluorescence of the samples versus cycle
number. Results were obtained as threshold cycle (C+) values. C+ represents the cycle number at which
fluorescence passes a fixed threshold in the exponential phase of the reaction (green horizontal line). All
samples were run in triplicate and average values were used. The levels of AID expression in the samples
were normalized with f-actin expression as endogenous control. The expression values represent the fold
changes in the target gene (AID) compared to S-actin expression. In the represented case the AID

expression in the examined sample was 2048 fold higher than in the control case.

4. Protein based analysis

AID antibodies were used to detect the AID protein level in all 18 FL cases on
formalin-fixed paraffin-embedded tissue samples. The 5 um thick sections were dewaxed
in xylene and rehydrated via a series of graded ethanol, finally washed with distilled

water. In order to block the endogenous peroxidase activity slides were immersed in 1%
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H,0, / methanol for 20 min. Then all samples were submitted to heat-induced epitope
retrieval in an AVAIR electric pressure cooker (900 W) in TRS buffer (0.1M, pH=6.1,
DAKO) for 18 minutes. For the immunohistochemistry reaction the NovoLink
(Novocastra) biotin-free, polymer-based detection system was used. The polymer
technology uses compact HRP (horseradish peroxidase) secondary antibody conjugates
linked to a polymer backbone providing high sensitivity without the risk of non-specific
background e.g. from endogenous biotin.

As a first step slides were incubated with the “Protein Block™ at room temperature
for 10 min in order to avoid the non-specific antibody labelling. After being washed in
TBS for 2x5 min, slides were incubated with the primary anti-AID mouse monoclonal
antibody (1:100, Ab clone 7E7, Cell Signaling Technology Inc., Massachusetts, USA) at
4 °C overnight. The next day the samples were washed in TBS for 2x5 min and then
incubated with the “Post Primary Block” at room temperature for 30 min. After another
step of TBS washing for 2x5 min the slides were incubated with the NovoLink Polymer
for 30 min. The immune reactions were visualized with the H,0,/DAB
substrate/chromogen kit. After rinsing with distilled water the slides were counterstained
with haematoxylin, dehydrated in ethanol, cleared in xylene and mounted. The Mirax
Scan (Zeiss, Gottingen, Germany and 3DHistech, Budapest, Hungary) was used to
digitalize the slides, then the Mirax Viewer software to analyse the reaction and for photo

documentation.

5. Ethical considerations

The study was approved by the local Institutional Review Board and was
conducted in accordance with the Helsinki Declaration. All patients provided informed

consent to the analysis of their data.
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V. RESULTS

1. Sequence analysis of 1gV genes

PCR analysis resulted in amplification in 13 cases; in 5 samples (cases 3, 4, 8, 13
and 18) IgVy gene mutations were not analysed because of unsuccessful amplification.
Steps of data analysis are shown in Figures 18, 19, 20 A and 20 B. The closest germline
Vy gene, as well as the sequence homology and mutational frequency of IgVy genes are
detailed in Table 13. The presented sequences were part of the VH3 and VH4 gene
families based on nucleotide sequence similarity. Sequence homology ranged between
71.37% - 97.58%.

IgVh sequence analysis of FL lacking BCL2 translocation and expression revealed
ongoing somatic mutations generating intraclonal heterogeneity of the tumour clones.
The average mutational frequency within the 1gVy region of FL cases without BCL2 gene
rearrangement and expression was 12.76% (range 2.41% to 28.62%) which is similar to
the average 11.9% frequency (range 9.79% to 16.12%) found in FL harbouring the
t(14;18) translocation.

To determine whether the tumour cells of FL had been under pressure for antigen
selection, we analysed the somatic mutations of all IgVy sequences amplified. In all
analysed sequences the binomial distribution model revealed more replacement (R)
mutations in the complementary determining regions (CDR), and in most cases fewer
replacement mutations in the framework region (FR) than could be expected due to
chance alone, with significant (p<0.05) clustering. The results obtained by the
multinomial model revealed statistically significant p values, except in one case (case no.
11). The pattern and distribution of these mutations were highly consistent with antigen

selection.
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Figure 18: Nucleotide sequence analysis of one IgVy clone (1-8757) of case nr. 9. The corresponding

closest germline 1gVy gene sequence (VH3-48*03 — highlighted with grey) was determined using the

IMGT/V-QUEST program. Sequence homology was 89.91%. The examined clone differed in 25 single

nucleotide substitutions compared to the reference sequence. Sequence identity to germline is indicated by

a dash (“-”) and each mutation is indicated by the appropriate nucleotide.
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Figure 19: Nucleotide sequence analysis of one IgVy clone (1-8757) of case nr. 9. The numbering
indicated above the case refers to the codons counted from the beginning of VH. The upper case letters
indicate the amino acid translations: with purple color if mutation has led to a replacement amino acid,

green color if the mutation was a silent mutation with no amino acid replacement.
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Figure 20 A: Sequences of 10 IgVy gene clones out of 20 in case nr. 9. The represented gene region is
highlighted with cyan. The upper sequence highlighted with grey is the closest germline IgVy gene
sequence. Numbers in the beginning of each row identify the clones. Nucleotides highlighted with purple

color represent mutations that have led to amino acid replacement and nucleotides highlighted with green
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gaggtgcagctggtggagtctggggga. . .ggcttggtacagectggggggtccctgaga
........................................... ctggggggtccctgaga
........................................... ctggggggtccctgaga
........................................... ctgggggglccltgaga
........................................... ctggggggtccctgaga
........................................... ctggggggtccctgaga
------------------------------------------- ctggggggfccltgaga
........................................... ctggggggtccctgaga
........................................... ctggggggtccctgaga
........................................... ctggggggtccctgaga
........................................... ctggggggtccctgaga

ctctcctgtgcagecctctggattcaccttcagtagttatgaa. .. ...... ... atgaac
ctctcctgtg@agcctctggattcaccttcagta@ttatgaa. .. ... ... atgaa
ctctcctgtg@agcctctggattcaccttcagta@ttatgaa. ... ... ... atgaa
ctctcctgtg@agcctctggattcaccttcagta@ttatgaa. ... ... ... atgaa
ctctcctgtg@agcctctggattcaccttcagta@ttatgaa. ... ... ... atgaa
ctctcctgtg@agcctctggattcaccttcagta@ttatgaa. .. ..o ... atgaa
ctctcctgtg@agcctctggattcaccttcagta@ttatgaa. .. ..o ... atgaa
ctctcctgtg@agcctctggattcaccttcagta@ttatgaa. .. ..o ... atgaa
ctctcctgtg@agcctctggattcaccttcagta@ttatgaa. ... ... ... atgaa
ctctcctgtg@agcctctggattcaccttcagta@ttatgaa. ... ... ... atgaa
ctctcctgtg@agcctctggattcaccttcagtag@ttatgaa. ... ..o ... atgaa

tgggtccgccaggctccagggaaggggctggagtgggtttcatacattagtagtagtggt

tgggtccg@caggctccagggaaggg@ctgga@tgggt@tca@acat@ag@fotagtggt
tgggtccg@caggctccagggaaggg@ctgga@tgggt@tca@acat@ag@fotagtggt
tgggtccg@caggctccagggaaggg@ctgga@tgggt@tca@acat@ag@otagtggt
tgggtccg@caggctccagggaaggg@ctgga@tgggt@tca@acat@adt gtagtggl
tgggtccg@caggctccagggaaggg@ctgga@tgggt@tca@acat@ag@fotagtggt
tgggtccg@caggctccagggaaggg@ctgga@tgggt@tca@acat@ag@@otagtggt
tgggtccg@caggctccagggaaggg@ctgga@tgggt@tca@acat@ag@fotagtggt
tgggtccg@caggctccagggaaggg@ctgga@tgggt@tca@acat@ag@gotagtggt
tgggtccg@caggctccagggaaggg@ctgga@tgggt@tca@acat@ag@otagtggt
tgggtccg@caggctccagggaaggg@ctgga@tgggt@tca@acat@ag@fotagtggt

color represent silent mutations.
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Z212358.1 agtaccata...... tactacgcagactctgtgaag. . .ggccgattcaccatctccaga
1 - afgBaga...... tactacgcagactctgtgaag...ggccgattcaccatctccaga
S affaga. ..... tactacgcagactctgtgaag...ggccgattcaccatctccaga
6 - affaga. .. ... tactacgcagactctgtgaag...ggccgattcaccatctccaga
8 - afgBaga...... tactacgcagactctgtgaag...ggccgattcaccat@tccaga
11 - afgBaga...... tactacgcagactctgtgaag...ggccgattcaccat@tccaga
14 - afgBaga...... tactacgcagactctgtgaag...ggccgattcaccatctccaga
15 - affaga. ..... tactacgcagactctgtgaag...ggccgattcaccatltccaga
18 - affaga. .. ... tactacgcagactctgtgaag...ggccgattcaccatctccaga
19 - afgBaga...... tactacgcagactctgtgaag...ggccgattcaccatctccaga
20 - afgBaga...... tactacgcagactctgtgaag...ggccgattcaccatctccaga

212358.1 gacaacgccaagaactcactgtatctgcaaatgaacagcctgagagccgaggacacggcet

1 - ga@aac@ccaagaactcactgtat@t@lcaaatgaacagcctgagag@gcgagga@acggct
3 - galaac@ccaagaactcactgtat@t@lcaaatgaacagcctgagag@cgagga@acggct
6 - ga@aac ccaagaaltcactgtat t@lcaaatgaacagcctgagag@cgagga@acggct
8 - ga@aac ccaagaactcaltgtat t@lcaaatgaacagcctgagag@cgagga@acggct
11 - ga@aac@ccaagaactcactgtat@t@lcaaatgaacagcctgagag@gcgagga@acggct
14 - ga@aac ccaagaaltcactgtat t@lcaaatgaacagcctgagag@cgagga@acggct
15 - galaac@ccaagaactcactgtat@t@lcaaatgaacagcctgagagf@cgagga@acggct
18 - galaac@ccaagaactcactgtat@t@lcaaatgaacagcctgagag@cgagga@acggct
19 - ga@aac@ccaagaactcactgtat@t@lcaaatgaacagcctgagag@gcgagga@acggct
20 - ga@aac ccaagaactcactgtlt t@lcaaatgaacagcctgagag@cgagga@acggct
-----------> CDR3-IMGT

212358.1 gtttattactgtgcgaga

1 - ttattactgtgcgagagatgccgcagagggcgcattgtggggctattactacggaatg
3 - ttattactgtgcgagagatgccgcagagggcgcattgtggggctattactacggaatg
6 - ttattactgtgcgagagatgccgcagagggcgcattgtggggctattactacggaatg
8 - ttattactgtgcgagagatgccgcagagggcgcattgtggggctattactacggaatg
11 - ttattactgtgcgagagatgccgcagagggcgcattgtggggctattactacggaatg
14 - ttattactgtgcgagagatgccgcagagggcgcattgtggggctattactacggaatg
15 - ttattactgtgcgagagatgccgcagagggcgcattgtggggctattactacggaatg
18 - ttattactgtgcgagagatgccgcagagggcgcattgtggggctattactacggaatg
19 - ttattactgtgcgagagatgccgcagagggcgcattgtggggctattactacggaatg
20 - ttattactgtgcgagagatgccgcagagggcgcattgtggggctattactacggaatg

Figure 20 B (continued): Sequences of 10 gV}, gene clones out of 20 in case nr. 9. Mutations found in a
single clone only, highlighted with red, were considered Taqg enzyme errors and were left out from further
analysis. Related intraclonal variations can be observed in clone no. 6 and 14, and in clones 8, 11 and 15,

respectively.
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Table 13. Analysis of the distribution of somatic mutations of IgV  genes in follicular lymphoma cases with and without translocation and expression of BCL2

Sequence _ Rangg of Ir?traclonal
Case  Closest homology Mutations mutation  divergence CDR1 and CDR2 FR1, FR2 and FR3 Py
No. germline gene (%) /100 bp** frequency No. of
(% )*** clones R S Pg-value R S Pg-value
1 VH3-30*03 90.73-91.12 9.44 8.46-10.48 6 7(1.16) 2 <0.001* 10-11 (8.01-8.64) 3 0.101-0.127 0.011*-0.17
2 VH4-34*01 86.12-86.53 13.66 13.46-13.87 8 8(1.06) 1 <0.001* 14 (15.23-15.87) 10-11 0.118-0.142 0.004*-0.028*
3 NA - - - - - - - - - - -
4 NA - - - - - - - - - - -
5 VH3-23*01 83.06-88.3 1327  125-16.58 4 9-13(1.51-1.68)  0-3 <0.001* 13-19 (10.39-18.35) 4-11  0.09-0.145 <0.001*-0.074
6 VH3-7*01 92.74-97.58 6.78 2.41-9.67 6 0-2 (0.69) 0-3 <0.001*-0.122 4-10 (3.73-8.11) 2-3  0.081-0.321 <0.001*-0.796
7 VH4-34*01 90.2-90.61 9.73 9.38-9.79 6 7-8 (0.87-0.98) 0 <0.001* 12 (10.1) 4 0.135 0.003*-0.143
8 NA - - - - - - - - - - -
9 VH3-48*03 88.7-89.91 11.04  1048-13.3 7 8(1.33) 2 <0.001* 7-9(9.33-11.28) 89  0.064-0.101 <0.001*-0.017*
10 VH3-33*01 89.87-90.68 9.76 9.27-10.08 7 4(0.81-0.95) 2-3  0.003*-0.007* 9-10(10.65-11.9) 89  0.101-0.154 0.003*-0.378
11 WH3-30%03  71.37-71.77 2841  28.22-28.62 7 13 (2.49) 5 <0.001* 41-42 (31.99-32.61) 11 0.002*-0.003* 0.131-0.338
12 VH4-34*01 89.39-90.2 1004  9.79-10.61 5 3(3.1-4.95) 12 0.138-0.238 10-11 (13.46-14.95) 89  0.046-0.059 0.013*-0.526
13 NA - - - - - - - - - - -
14 VH3-48*02 89.11-89.92 10.8 10.08-10.88 3 11 (3.42-3.56) 2 <0.001* 7-9 (15.63-16.88) 5 <0.001* <0.001*
15  VH3-48*02  86.27-87.12 1241  12.09-13.33 7 9-10(3.79-4.09)  2-3 0.003*-0.006*  16-17 (18.6-20.46) 3-5  0.065-0.09 0.003*-0.214
16 VH3-9*01 89.11-90.32 1056  10.08-11.29 7 10 (3.2-3.59) 1 <0.001* 9-12 (15.47-17.32) 5 0.005%-0.019*  <0.001*-0.023*
17 VH3-9*01 83.87-84.68 15.69 15.32-16.12 4 14 (4.95-5.21) 1 <0.001* 17-18 (23.75-24.82)  6-7 0.011* <0.001*-0.019*
18 NA - - - - - - - - - - -

CDR, complementary determining region; FR, framework region; R, number of observed and (expected) replacement mutations; S, number of detected silent mutations, Pg -value, the
probability that this scarcity occurred by chance, according to the Chang and Casali (1994) binomial distribution model; Py, probability according to the multinomial distribution
model of Lossos et al. (2000); NA, not amplified. Cases 1-11: BCL2-negative FL, cases 12-18: BCL2-positive FL.
*, statistically significant (p<0.05); ** All sequence variants resulted fromsingle nucleotide changes, except for case no. 15. where deletions were also detected, and all of these
mutations seemed to represent functional rearrangements since no stop codons or crippling mutations were found; ***The mutation frequency was obtained by dividing the
number of mutations by the total number of nucleotides examined.
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2. Mutational analysis of c-MYC, PAX-5 and RhoH genes

Eight cases of BCL2-negative FL and seven cases of BCL2-positive FL were
subjected to mutational analysis. The position and type of mutations found are reported in
Table 14, and the mutation frequencies are shown in Table 15. Figure 21 represents two
electropherograms of c-MYC exon 2 sequences, in case no. 7 with a C>A mutation and in

case no. 2 with no mutation in the same position.

Table 14. Distribution and type of mutations found in c-MYC, PAX-5 and RhoH genes
in follicular lymphoma cases with and without translocation and expression of
BCL2. Mutations marked with red represent transitions, mutations marked with blue are
transversions.

Case No. c-MYC exon 1 c-MYC exon 2 PAX-5 RhoH
1 3397 (C>T) - 1087 (C>A) -
2 - - -
3 - - -
4 - -
5 3442 (T>A) - - -
6 3283 (C>T) - - -
7 4658 (C>A) ND -
8 3542 (C ins) - 1070 (G>A) -
9 ND ND ND ND
10 ND ND ND ND
11 ND ND ND ND
12 2406 (A ins) - 1070 (G>C) -
13 - - 1267 (A ins) -
14 - - 1265 (G>A) -
15 - - - -
16 3259 (A>T) - - -
17 - - 1108 (C>G) -
18 - 4539 (T>C) - -

ND, not determined.
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The obtained sequences in case of c-MYC exon 1 and exon 2, PAX-5 and RhoH genes
were compared to the corresponding germline gene sequences available in the NCBI
GenBank database and corresponding positions were used to localize mutations.
Previously reported polymorphisms and mutations appearing more than once in separate
cases, thus considered as polymorphic variants, were excluded from further analyses. The
majority of c-MYC mutations were alternatively distributed on 1,5 — ~0,9 kb long
fragments in the region downstream to the major P1/P2 (exon 1) or the region
downstream to the minor P3 promoter (exon 2). In case of PAX-5 somatic mutations
were identified predominantly around exon 1B, on 1 kb long fragments. No mutations
were found in the examined RhoH genes.

Totally seven mutations were found in BCL2-positive FL and seven mutations in BCL2-
negative FL.

Table 15. Mutational patterns of c-MYC, PAX-5 and RhoH genes in follicular
lymphoma cases with and without translocation and expression of BCL2.

Mutation Single bp Insertions Transitions/

Gene frequency/100b*  substitutions  or deletions  transwversions GHCIAFT RGYW ==
BCL2-negative FL
c-MYCexon 1 0,038 3 1 2/1 2/1 0/3
¢c-MYC exon 2 0,086 1 0 0/1 1/0 0/1
RhoH 0 0 0 0 0 0
PAX-5 0,062 2 0 U1 2/0 172
All genes - 6 1 3/3 5/1 1/6
BCL2- positive FL
c-MYCexon 1 0,038 1 1 0/1 0/1 0/1
c-MYC exon 2 0,086 1 0 1/0 0/1 U1
RhoH 0 0 0 0 0 0
PAX-5 0,062 3 1 12 3/0 2/3
All genes - 5 2 2/3 3/2 3/5

* Mutation frequencies were calculated on the entire region analyzed and on mutated cases only, taking into account 2
alleles; **RGYW shows number of mutations embedded in this mutational motive (R=A, G, Y=C, T; W=A, T).
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The mutation pattern introduced by ASHM corresponds to the specific features of the
SHM process seen in physiologic targets. Mutation distribution was similar in the
examined two groups: single nucleotide substitutions predominated, with only a few
insertions and no deletion. Mutations were distributed in a region spanning up to 2 kb
towards the 3’ end from the transcription initiation site. There was an equal distribution
of transitions (C>T, T>C, G>A) and transversions (T>A, A>T, C>G, G>C, C>A). The
ratio of G+C over A+ T substitution was elevated: 5/1 for BCL2-positive FL and 3/2 in
case of BCL2-negative FL. A preferential distribution within the RGYW motif (R=A/G,
Y=C/T, W=A/T) was observed only in 1 out of 6 single bp substitutions in cases of
BCL2-positive FL and in 3 out of 5 mutations in cases of BCL2-negative FL.

¢GCAGCCCCCG GCGCCCAGCGAGG ATATCT GG AAGAAATT

Case no. 7, c-MYC exon 2, C>A l

Figure 21: Electropherogram of two c-MYC exon 2 sequences. In the first case in addition to the wild
type cytosine (blue) an adenine mutation (green) can also be seen, in case no. 2 only the wild type cytosine

can be observed.
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3. Analysis of AID mRNA expression

To compare the AID expression of BCL2-negative and positive FL, we measured
the levels of expression of AID mRNA in 15 cases of FL (8 BCL2-negative and 7 BCL2-
positive), germinal centre B-cells and peripheral blood (PB) mononuclear cells by
quantitative real-time PCR assay. The data obtained as relative expression values are
shown in Figure 22. These results were calculated as the mean of three independent
measurements using the comparative Ct method (AAC+). The levels of AID mRNA were

defined as a ratio of AID to S-actin expression.

100000

10000

1000 [ S ) M

100 — 1

Relative expression (AID/B-actin)

GC

PB1
PB2
Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7
Case 8
Case 12
Case 13
Case 14
Case 15
Case 16
Case 17
Case 18

Figure 22: Activation-induced cytidine deaminase (AID) mRNA expression in follicular lymphoma
with and without BCL2 translocation and expression. Quantitative real-time PCR analysis of AID and
B-actin was performed on germinal centre B-cells (GC; out of five analysed GC, only one is represented),
peripheral blood (PB) mononuclear cells (out of eight analysed PB samples only PB1 and PB2 are shown),
BCL2-negative FL (Cases 1-8) and BCL2-positive FL (Cases 12-18). Each column represents the average
value of three independent AID/B-actin measurements. The dashed lines represent the average level of the
relative expression values of FL without (Cases 1-8) and with (Cases 12-18) the presence of BCL2. The
difference is not statistically significant (p>0.05).
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Mononuclear cells from peripheral blood (PB) of eight healthy volunteers were used as
negative controls and as expected a low AID expression was detected. In GC cells
microdissected from five reactive lymph nodes, used as positive controls, the measured
AID expression level was high. The difference between the average level of relative
expression values of follicular lymphoma without and with the presence of BCL2 was

statistically not significant (p>0.05).

4. Analysis of AID protein expression

AID protein levels were also detected in all 18 FL cases from formalin-fixed

paraffin-embedded tissue samples. The results are shown in Table 16.

Table 16. Immunohistochemical data of AID protein expression of
patients with and without BCL2 translocation and expression.

Immunohistochemical analysis

Case No. Grade
BCL2(%) AID(%)
1 3A - 15
2 3A - 60
3 2 - 10
4 3A - 40
5 3A - 10
6 3A - 15
7 3A - 40
8 2 - 10
9 3A - 15
10 3A - 50
11 3A - 10
12 3A 100 50
13 3A 85 80
14 3A 100 35
15 3A 50 40
16 3A 95 30
17 2 60 50
18 2 90 80

Number values indicate the percentage of cells expressing the marker in each
sample.

62



DOI:10.14753/SE.2012.1744

There was no significant difference between the protein expression values of FL with and
without the presence of BCL2. The AID protein was predominantly localized in the

cytoplasm of germinal centre B-cells as shown in Figure 23.

Figure 23: Activation-induced cytidine deaminase (AID) protein expression in follicular lymphoma
(FL) with and without BCL2 translocation and expression. A and B: BCL2-positive FL, C and D:

BCL2-negative FL. Insert (400x) showing the predominantly cytoplasmic localization of AID.

No correlation was observed between AID mRNA and protein expression levels as shown
in Figure 24. Furthermore, no correlation has been found between FL grade, the presence
or absence of BCL2 protein and AID expression. Similarly, there was no correlation
between AID mRNA and protein expression levels and ASHM mutations in the c-MYC,
PAX-5 and RhoH genes. However, due to the relative small number of examined cases

we were not able to make major conclusions.
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Figure 24: AID mRNA and protein expression in follicular lymphoma with and without BCL2
translocation and expression. No correlation was observed between AID mRNA and protein expression
levels.
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VI. DISCUSSION

FL are considered to derive from the germinal centre B-cells, based on the
immunophenotype of tumour cells, accumulation of somatic hypermutation (SHM) in
their immunoglobulin genes and expression of activation-induced (cytidine) deaminase
(AID) required for SHM [5, 118].

The t(14,18) translocation and BCL2 overexpression are believed to be strongly
associated with the development of FL [44, 45, 48], hence, the absence of these
abnormalities in B-cell neoplasms may point to a substantially different transformational
pathway and a separate entity.

Several reports suggest that FL without translocation and expression of BCL2
gene have distinct morphological, genetic and molecular characteristics that distinguish
them from the BCL2-positive FL. These BCL2-negative FL are frequently grade 3
lymphomas, however BCL2-negative cases were also observed in lower grade groups
[53, 124-127]. Furthermore, grade 3B cases frequently harbour translocation of the BCL6
gene [128-130], carry trisomy of chromosome 3, and gain of chromosome 18 or 18q
[131]. It is currently unclear whether this lymphoma derives from GC or post-GC B-cells.
Based on the immunophenotype (CD10, MUM1") and frequent BCL6 gene
rearrangement, it has been suggested that these BCL2-negative FL may have a late-stage
GC or post-GC cell origin, and are probably more closely related to the DLBCL [53, 124,
131-133]. However, in a recently published study based on gene expression analysis,
Piccaluga et al. (2008) [134] suggested that grade 3B FL does after all belong to the
group of FL rather than DLBCL. The authors also suggest a possible revision of the
histological grading of FL, with their simple distinction into FL (grade 1-3A) and
FL/large cell (grade 3B) [134].

To characterize a possible homogenous subtype of FL in which overexpression of
BCL2 gene is not involved, we selected FL cases showing neither the t(14;18)
translocation nor the expression of BCL2 protein. Using strict selection criteria, we

excluded those cases where tumour cells carried the t(14;18) translocation, but BCL2
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expression was lost as a result of somatic mutations of the translocated gene, or cases
which lacked the t(14;18) translocation, but BCL2 was overexpressed by different
alternative mechanisms [71, 73]. The GC origin of these lymphomas was supported by a
follicular growth pattern, the BCL6 and CD10 (except in cases 1 and 5) expression of the
tumour cells, and by the presence of CD21 and CD23-positive follicular dendritic
reticulum cells within the neoplastic follicles. Morphological analysis of these BCL2-
negative FL showed two cases of grade 2 and nine cases of grade 3A FL; there were no
cases of grade 3B FL. In our series, only three out of 11 BCL2-negative samples showed
BCLG6 gene alterations, in contrast with previous reports, in which a significant fraction of
FL without t(14;18) translocation harboured alterations of the BCL6 gene [126, 130].
However, many BCL6 breakpoints are localized with several hundreds of kilobases
upstream the major breakpoint region, so they could still have been missed in the present
series [124]. BCL6 alterations were also observed in one BCL2-positive FL from the
control group.

The SHM process of 1g genes is a characteristic feature of FL [135]. IgVy
sequence analysis of FL lacking BCL2 translocation and expression revealed ongoing
somatic mutations generating intraclonal heterogeneity of the tumour clones. The average
mutational frequency within the IgVy region of FL cases without BCL2 gene
rearrangement and expression was 12.76% (range 2.41% to 28.62%) which is similar to
the average 11.9% frequency (range 9.79% to 16.12%) found in FL harbouring the
t(14;18) translocation. The pattern and distribution of these mutations were highly
consistent with antigen selection as calculated by the binomial and the multinomial
distribution models [122, 123]. Taken together, these results indicate that cases of FL
without BCL2 gene rearrangement and expression are derived from GC B-cells, and this
subtype of FL is not distinct from FL carrying t(14;18) translocation based on the
mutational pattern of IgVy.

According to a widely accepted recent hypothesis a multistep model of
tumourgenesis is instrumental in the pathogenesis of FL [48]. The initiating genetic event
is the translocation of t(14;18), causing constitutive expression of the anti-apoptotic

BCL2, but antigenic stimulation and signalling through the antigen receptor is required
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for the neoplastic transformation. Using protein microarray analysis Zha et al. (2004)
[136] showed that BCL-X_ or AKT/BAD pathways may provide an alternative anti-
apoptotic signal in FL in the absence of BCL2 protein, and our study may provide
evidence that GC microenvironment and antigenic selection are also instrumental in the
development of BCL2-negative FL. On this line our research group has recently
presented proof on the critical role of reactive tumour microenvironment, i.e. the
interaction between the malignant tumour cells and bystander immune cells, in
determining FL phenotype and progression including bone marrow involvement [137].
Our data suggest that BCL2-positive and BCL2-negative FL may have different
molecular alterations at the starting point of lymphomagenesis, but in both cases the
immunoglobulin receptor complex may mediate additional signal(s) required for
malignant transformation.

Gene expression analysis of a recent study identified 17 microRNAs that were
differentially expressed between t(14;18)-positive FL and t(14;18)-negative FL. The
down-regulation of miR-16, miR-26a, miR-101, miR-29c, and miR138 in the t(14;18)-
negative FL subset was associated with mRNA expression changes of potential target
genes involving cell cycle control, apoptosis, and B-cell differentiation. A major
checkpoint kinase, CHEKZ1, target of miR-16 showed increased expression on the protein
level in t(14;18)-negative FL. The CHEK1 up-regulation may contribute to the pro-
proliferative phenotype of t(14;18)-negative FL cells and might also confer antiapoptotic
properties in FL cells that lack BCL2 expression. Down-regulation of the GC marker
TCL1 in BCL2-negative FL, which is expressed in naive and GC B-cells and is down-
regulated in post-GC stages of B-cell differentiation was also observed. Thus t(14;18)-
negative FL have distinct microRNA profiles that are associated with an increased
proliferative capacity and a "late™ germinal centre B-cell phenotype [138]. miR-101 was
described as tumour suppressor that targets MCL1, which is an antiapoptotic member of
the BCL2 family. Moreover, miR-101 and miR-26a were described to inhibit the
expression of the polycomb group protein and histone methyl transferase EZH2 in
different tumour entities [138]. Recent studies showed that mutations of the EZH2 are

among the most frequent genetic events observed in GC B-cell malignancies after
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t(14;18). The mutation EZH2 Y641 has been shown to behave in a dominant-negative
fashion in case of FL, but the exact mechanism by which this mutations contributes to
GC lymphomagenesis is yet unknown [139, 140].

SHM occurs during the centroblast stage of B-cell maturation and requires the
presence of AID. AID is highly expressed in BCL2-positive FL and DLBCL, in Burkitt
lymphoma, mediastinal large B-cell lymphoma and MALT lymphoma [93, 97, 101, 116-
118], whereas in healthy B-cell development the expression of AID is highly regulated
and restricted to GC B-cells [5]. The constitutive expression of AID may contribute to
NHL formation. To analyse whether AID expression is associated with the pathogenesis
of BCL2-negative FL, we measured AID mRNA expression in eight cases of BCL2-
negative FL and compared the results to those of seven BCL2-positive FL. AID mRNA
levels were 3 order of magnitude higher in FL than in PB mononuclear cells, they showed
various but similar levels in both BCL2-positive and negative FL, but generally did not
reach the level detected in normal GC cells. AID expression of FL may reflect the GC
origin of the tumour cells as has also been suggested previously by the presence of
somatic mutations of 1gVy genes of the tumour cells. This is consistent with previous
findings showing coincidence of AID expression with ongoing type of SHM of the Ig
genes in FL [118]. The fact that we did not find significant differences in AID mRNA
expression levels between BCL2-positive and negative FL adds further support to the
concept that these two variants of FL belong to the same entity.

SHM and AID activity have also been implicated in the alterations of proto-
oncogenes such as PIM-1, PAX-5, RhoH and c-MYC, which are involved in the
pathogenesis of different types of B-cell lymphomas [5, 48]. SHM has been shown to
malfunction in about 50% of DLBCL [95], in BCL2-positive FL [96], in mediastinal
large B-cell lymphoma [97], in about 20% of AIDS-related NHL [98], in primary central
nervous system DLBCL [99], in primary cutaneous marginal zone B-cell lymphoma
[100] and in MALT lymphoma [101]. ASHM has also been associated with FL and CLL
transformation into higher grade DLBCL [102, 103]. The rates of ASHM we found in
FL without BCL2 rearrangement and expression were lower than previously reported in
DLBCL, [95] but similar to those published by others and found by us for BCL2-positive
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FL [96, 103], suggesting that both BCL2-positive and negative FL are targeted by a low
frequency of ASHM, and BCL2 expression does not influence the incidence of ASHM
in FL.

Although, BCL2 protein overexpression is considered to be a critical pathogenic
event in the development of FL [44, 46], our findings suggest that FL. may develop even
without the involvement of the BCL2 gene. The similarities of morphology,
immunophenotype, mutational pattern and AID expression support the hypothesis that
besides the initial step of tumourgenesis, BCL2-positive and negative FL (grade 1-3A)

represent the same entities with several molecular pathways in common.
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VIl. CONCLUSIONS

Our findings suggest that FL may develop even without the involvement of the
BCL2 gene, although, BCL2 protein overexpression is considered to be a critical
pathogenic event in the development of FL.

Our findings demonstrate that follicular lymphomas without BCL2 gene
rearrangement and expression are associated with ongoing type of somatic
hypermutation (SHM) of the IgVy genes, low activity of aberrant somatic
hypermutation and elevated mRNA and protein expression of activation-induced
cytidine deaminase. These results are in concordance with the results found in the

BCL2-positive follicular lymphoma cases.

These data suggest that BCL2-positive and BCL2-negative FL may have different
molecular alterations at the starting point of lymphomagenesis, but in both cases
the GC microenvironment and the immunoglobulin receptor complex may

provide additional signal(s) required for malignant transformation.

The present data support the hypothesis that BCL2-positive and BCL2-negative
follicular lymphomas (grades 1-3A) after all represent a homogenous group with
different initial but several common additional molecular pathways which lead to
highly similar morphological, immunophenotypic and also molecular features.
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ViIl. SUMMARY

Follicular lymphoma is characterized by the t(14;18) translocation resulting in
constitutive expression of BCL2 protein; however approximately 10-15% of follicular
lymphomas do not express BCL2 protein, and a small fraction of these cases does not
exhibit the translocation of the BCL2 gene either. It is highly debated whether cases of
follicular lymphoma without BCL2 gene rearrangement and expression represent a
separate lymphoma entity with distinct biological characteristics, different from the
BCL2-positive ones. To further characterize follicular lymphomas without BCL2 gene
rearrangement and expression, we analysed and compared the mutational status of IgVy
genes as well as other genes (c-MYC, PAX-5 and RhoH) frequently involved in the
specific type of genomic instability called aberrant somatic hypermutation in 11 cases of
BCL2-negative and 7 cases of BCL2-positive follicular lymphomas. We also determined
the activation-induced cytidine deaminase levels in these cases. The analysed cases were
grade 2 and grade 3A follicular lymphomas. Our findings demonstrate that follicular
lymphomas without BCL2 gene rearrangement and expression are associated with
ongoing type of somatic hypermutation of the IgVy genes, low activity of aberrant
somatic hypermutation and elevated activation-induced cytidine deaminase expression.
These results were in concordance with the results found in the BCL2-positive follicular
lymphoma cases. Although, BCL2 protein overexpression is considered to be a critical
pathogenic event in the development of follicular lymphoma, our findings suggest that
follicular lymphomas with the same morphology, immunophenotype, mutational pattern
and activation-induced cytidine deaminase expression may develop without the
involvement of BCL2 gene. The present data support the hypothesis that BCL2-positive
and BCL2-negative follicular lymphomas (grades 1-3A) represent a homogenous group

with different initial but several common additional molecular pathways.
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IX. OSSZEFOGLALAS

A follicularis  lymphomak  (FL)  klasszikus  jellemzéje a  t(14;18)-as
kromoszématranszlokécid, amelyben a BCL2 fehérje fokozott expresszidja figyelhetd
meg. Irodalmi adatok alapjan azonban a FL-ak 10-15%-ban nem mutathatdo ki BCL2
overexpresszio, es az esetek 2-5%-ban a BCL2 gént érint6 transzlokacié sem
azonosithatd. Ezen esetek leggyakrabban a grade 3-as FL-ak csoportjiba tartoznak,
amelyek eltéré molekularis és genetikai jellemz6ik alapjan elkiiloniilnek a tobbi FL-tol.
Ez okbdl egyes szerz6k a WHO klasszifikacio onallo entitasaként vald besorolasat
javasoljak. Célkitlizésiink, hogy tovabbi adatokat szolgaltassunk ezen entitdsok
patogenezisében szerepet jatsz6 genetikai elvaltozasokrdl. Ennek érdekében
megvizsgaltuk és 6sszehasonlitottuk az aberrans szomatikus hipermutacié (ASHM) altal
érintett PAX-5, RhoH/TTF és c-MYC gének mutacios statusat, az Ig nehézlanc (IgVy)
gének szomatikus hipermutacios mintazatat, valamint az aktivacié-indukalt citidin
deamindz (AID) mRNS és fehérje expresszios szinteket 11 BCL2-negativ és 7 BCL2-
pozitiv folliculéaris lymphomaban. A vizsgalt esetek nagyrészében az ASHM éltal érintett
onkogének mutaciét hordoztak, magas AID expressziot mutattak, ugyanakkor a
tumorsejtek IgVy génjeit ongoing jellegi SHM jellemezte. Kovetkeztetesként
elmondhatjuk, hogy a BCL2-negativ follicularis lymphomakban ugy a SHM mint az
ASHM aktivitasa megfigyelhet6. Ugyanakkor, a t(14;18)-as transzlokéacié és BCL2
overexpresszié sem szilkséges, sem elégséges feltételnek nem tekintheté a FL
patogenezisének szempontjabdl, hiszen hasonl6 morfoldgiaju, immunfenotipusu, azonos
mutécids mintzattal és AID aktivitassal rendelkez6 follicularis lymphomak alakulhatnak
ki a BCL2 gén érintettsége nélkul is. A BCL2-negativ és BCL2-pozitiv follicularis
lymphoma prekurzor-sejteknek egyarant szilkségiik van a nyirokcsomoéi mikrokdrnyezet
ingereire, valamint az lg-receptorkomplex medialta antigén szelekciéra a malignus
transzforméaciohoz. Eredményeink alapjan a BCL2-negativ FL és BCL2-pozitiv FL

(grade 1-3A) egyazon entitas két altipusa.
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