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Abstract

ABSTRACT

BCL6 is a zinc finger transcriptional repressor, which is highly expressed in
germinal centre B-cells, and is essential for germinal centre formation and T-dependent
antibody responses. Deregulated BCL6 expression is associated with certain non-
Hodgkin’s lymphomas. High expression is observed in breast cancer. Tight lineage and
temporal regulation of BCL6 is, therefore, required for normal immunity and abnormal
regulation occurs in cancer. Regulatory mechanisms have been analysed in two
settings. Firstly, BCL6 is strongly induced by the tyrosine kinase inhibitor, Imatinib, in
chronic myeloid leukaemia lymphoid blast crisis cell lines, and this effect was used in
order to study the effects of phospho-protein signalling on BCL6 expression and a major
finding is that p38 MAPK induced BCL6. Also, p38 is, at least in part, responsible for
BCL6 expression in basal conditions in the germinal centre representative Burkitt's
lymphoma cell lines and that qualitatively different CD40 stimuli can either induce or
repress BCL6 expression. Luciferase assays showed that p38 acts at a 300bp sequence
immediately 5’ of exon 1, and probably also at more distal sequences. Overall it appears
that the balance between positive and negative regulatory controls BCL6 expression
with inhibitory signalling pathways being predominant in most circumstances. Focusing
on BCL6 exon 1, a binding site for the multifunctional regulator CTCF was identified.
CTCEF interacts in vitro and in vivo with this sequence. Reduced expression of CTCF in
germinal centre cells caused a moderate reduction of BCL6 expression. Finally,
although no clear differences were observed in the methylation status of the CTCF
binding site on exon 1, a significant enrichment of active histone modifications at this
site was observed in BCL6 expressing cells, suggesting that CTCF may have a role in

the epigenetic regulation of BCLG6.
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Introduction

CHAPTER 1. General introduction

1.1. Outline

Non-Hodgkin's-Lymphomas (NHL) comprise a heterogeneous group of
neoplasms that are derived from lymphocytes. Recent surveys and studies performed in
Europe have reported that despite the improvements in the diagnosis and in the
approaches to treatment, NHL are still an important cause of morbidity and mortality in
the European Union with an increase in the mortality rate during the last two decades to

4.4/100000 in men and 2.8/100000 in women (Bosetti et al., 2008).

There is considerable interest in understanding the mechanisms involved in the
process of lymphomagenesis. Non-random chromosomal translocations are frequently
detected in lymphomas. They commonly place a proto-oncogene under the control of an
immunoglobulin gene enhancer to produce high level and constitutive expression. Many
important proto-oncogenes have been discovered through the analysis of translocations
in lymphomas. For example, c-MYC translocations are characteristic of Burkitt's
lymphomas and, cyclin D1 translocations of mantle cell lymphomas. The long arm of
chromosome 3 band 27 is one of the most frequent targets of genetic alterations in
lymphomas. In 1993, a potent transcriptional repressor named first BCL5 or LAZ3 and
subsequently BCL6 was identified in the 3927 region (Ye et al., 1993). BCL6 has been
shown to play key roles in the development and regulation of the immune system and in
lymphomagenesis. However, many aspects of the biology of this oncogene still remain
unclear, especially the regulation of the gene in normal B-cells and in lymphomas

derived from germinal centre B-cells.

This thesis is concerned with the regulation of the BCL6 and in this introductory

chapter, essential background information on several biological processes relevant for
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the work presented in this thesis will be provided. Firstly, a brief overview of germinal
centres will be presented. These are dynamic structures essential for acquired immunity.
Next, the characteristics and functions of the BCL6 in normal conditions will be
described, followed by its role in lymphomagenesis. Finally, the main biological functions
of the p38 MAPK pathway and of the important regulator CTCF will be summarized,

since this information will be useful for a better understanding of the latter chapters.

1.2. Immune response and germinal centres

The immune system is responsible for defending the organism from pathogenic
agents. The immune system can be separated in three categories: the physical barriers,
innate immunity and the adaptive response. The innate system (Delves and Roitt,
2000a) functions to increase the protection imparted by physical barriers, by detecting
pathogens and initiating an inflammatory response. Among the principal components of
the innate sytem are soluble proteins such as complement proteins or cytokines, cellular
components including leukocytes, and a group of membrane bound receptors and
cytoplasmatic proteins, known as Pattern Recognition Receptors, which either recognize
specific elements usually conserved and shared by many different microorganisms or,
detect cells that have been subject of stresses or damages. Once stimulated, the innate
immune system initiates a non-specific immflamatory response against the intruder, and
will interact and stimulate the adaptive response (Chaplin, 2010; Turvey and Broide,

2010).

The unique features of the adaptive immune response are specificity and
memory. (Bonilla and Oettgen, 2010; Delves and Roitt, 2000b). The adaptive immune
system consists of T and B lymphocytes. The former are “cellular immune effectors”
whereas the B lymphocytes are “antibody producing cells”. The adaptive response is

based on the specific interaction between an antigen and a receptor expressed on T and
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B lymphocytes. In contrast with the germline recognition molecules of the innate system,
the B and T cell receptors generation requires a complex and sophisticated process that
involves the rearrangement of several gene elements that encode for the different
components of the T-cell receptor and the B cell receptor (BCR; Immonoglobulin), as
well as the introduction of random mutations in the region responsible for the recognition

of the antigen (the variable region)(Chaplin, 2010).

The innate and adaptive immune systems work together, the innate system
being responsible for the first line of defense providing a rapid but not long lasting, nor
specific response, whereas the adaptive immune response will contribute after several
days of clonal expansion with a very specific response, and will produce long-lived
memory cells which will be able to recognize the pathogen and will generate a very
specific, rapid and strong response in case of an eventual reexposition to the same

pathogen (Chaplin, 2010; Delves and Roitt, 2000a)

1.3. B-cell development

The characteristic molecular feature of a mature B-cell is the presence of surface
immunoglobulin, and the development of B-cells (Figure 1.1) bearing immunoglobulin
with a large range of specificities is required for normal immunity. B-cells are produced
from bone marrow haematopoietic stem cells, which have undergone several well
characterized stages resulting in immunoglobulin gene rearrangement in order to
generate a surface B cell receptor (Bonilla and Oettgen, 2010). Early B-cells lack
surface or cytoplasmic immunoglobulin (Figure 1.1). Antibody (or immunoglobulin)
genes are encoded in DNA by separate gene segments which are joined by a process
requiring recombination activating genes (RAG1/2) to produce either a heavy (H) chain

or light (L) chain (Figure 1.1).
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Figure 1.1. Stages of B cell differentiation. (a) The development of B-lineage cells can be
defined by the differential expression of cell-surface markers and by the rearrangement status of
immunoglobulin genes. B cell development can be divided into two phases: the antigen
independent and antigen dependent phases. The former takes place in the bone marrow from
neonatal through adult life. Mature cells, which expresses IgM and IgD on its surface move into
the periphery where they can be activated by an antigen (antigen dependent phase). (b) An
antibody is a multi-chain peptide formed with two identical heavy chains and two identical light
chains. Each chain consists of a variable region (V), responsible for the antibody specificity for a
certain antigen, and a constant region (C). The antibodies are the result of a combination of
different V,J and C genes. This combination is essential for the diversification of the antibodies.
(This figure is based on Cambier et al, 2007; Delves et al,2000; Baron, Medical Microbiology
1996)
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A complete antibody molecule requires 2 H chains and 2 L chains. B-cells within
the bone marrow express a diverse primary repertoire of antibodies but they have low
affinity for antigen and only express the y H-chain isotype. B-cells exit the bone marrow
and travel to lymph nodes. On encounter with a T-cell dependent antigen the B-cell
moves to a follicle where it proliferates intensely to form a germinal centre (McHeyzer-
Williams et al., 2001). The germinal centres are therefore dynamic structures within the
lymph nodes, and consist of two histologically well differentiated zones with distinct
functions (Figure 1.2). The dark zone contains centroblasts, and the light zone
centrocytes, T-cells and follicular dendritic cells. It is believed (Vinuesa et al., 2009) that
B-cells proliferate in the dark zone and undergo a process called somatic hypermutation
(SHM). SHM requires the enzyme activation induced deaminase, which is responsible
for introducing mutations into the immunoglobulin genes in order to produce high affinity
antibodies, as well as accomplishing class switch from IgM to IgG or IgA in order to
change the effector function. The B-cells then move to the light zone and are selected
for the production of high affinity antibodies. Those B-cells that fail selection die by
apoptosis whereas those producing high affinity antibodies either return to the dark zone
for a further round of SHM, or exit the germinal centre. They leave the germinal centre

either as an antibody producing cell (plasma cell) or as a memory B-cell.

Germinal centres, therefore, contain highly proliferating B-cells that are
undergoing mutations and for these reasons are predisposed to the formation of
malignancies. Indeed, a significant number of B cell ymphomas emerge from these
areas (Kuppers et al., 1999) and, the pathogenesis of many autoimmune responses has

been lately related to abnormal germinal centre responses (Vinuesa et al., 2009).

Studies using mice bearing homozygous gene disruptions have demonstrated
that several B-cell molecules e.g BCL6 (Fukuda et al., 1997) or CD19 (Barrington et al.,
2009; Fehr et al.,, 1998), as well as T-cell e.g. CD40 ligand (Foy et al., 1994) and
dendritic cell e.g. lymphotoxin alpha (Matsumoto et al., 1996), are required for germinal

centre development.
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Figure 1.2. Germinal centre reaction. This figure illustrates biological processes of the germinal
centres (GC). Naive B cells, when activated by an antigen, are recruited into the follicles within
the lymph nodes were they start proliferating to form the germinal centre region. Two areas can
be differentiated within the GC: the dark and the light zones. The dark zone is formed with
hyperproliferative activated B cells, that are going through the somatic hypermutation process in
the immunoglobulin variable genes. These cells are known as centroblasts. The light zone,
consists of a number of follicular dendritic cells that have the immunizing antigen on their surface.
The B cells within this area, which are known as centrocytes, stop proliferating and are positively
selected based on their ability to interact with the antigen presented by the Follicular Dendritic
Cells (FDC). Once selected, these cells can differentiate either into plasmatic cells or memory
cells. Those cells not capable of interacting or that recognize self antigens undergo apoptosis.
(This figure is based on Vinuesa et al, 2009 and Delves et al 2000)
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1.4. BCL6 is a master transcription factor in germinal centre development and the

immune response

1.4.1. Discovery of BCL6

The observation that the 3q27 region was frequently disrupted by translocations
in a number of patients with non-Hodgkin lymphomas, and that in isolated cases that
abnormality was the only cytogenetic finding on the karyotypes, strongly suggested the
possibility of a cancer gene being located in that region. Indeed, subsequent subcloning
and sequence analysis of that region lead to the identification of the LAZ3 (now known

as BCL6) in that region in 1993 (Kerckaert et al., 1993).

1.4.2. BCL6 expression

BCL6 protein is expressed at high levels in normal lymphoid germinal centre
centroblast B cells, in almost all centrocytes cells (Cattoretti et al., 1995), in follicular
helper T cells (Tth) (Bi and Ye, 2010; Mondal et al., 2010) and, although there is less
evidence, it seems also be expressed in other T-cells subtypes (Cattoretti et al., 1995)
and in macrophages (Mondal et al., 2010). BCL6 protein is also detected in almost all
lymphomas with a germinal centre origin (Cattoretti et al., 2005; Onizuka et al., 1995)
such as a subgroup of diffuse large cell lymphoma, Burkitt's lymphoma, follicular
lymphoma and lymphocyte predominant Hodgkin’s lymphoma (Reljic et al., 2000). BCL6
is tightly expressed, and although BCL6 m-RNA is detectable in naive B cells (Allman et
al., 1996), BCL6 protein is not found in naive B-cells or post germinal centre B cells

including immunoblasts and normal plasma cells (Cattoretti et al., 1995).
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1.4.3. Characteristics of BCL6 protein

BCL6 is a 706 amino acid, 95 kDa phospho-protein (Figure 1.3) member of the
POZ/POK family of transcription factors, which play important roles in normal

development and in cancer (Costoya, 2007; Kawamata et al., 1994).
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Figure 1.3. Scheme of BCL6 protein domains and protein interacting partners The human

1

BCL6 protein, which belongs to the “POK family proteins”, consists of (a) a POZ (BTB) domain
(amino acids 1 to 130) at the N-terminal region, which is essential for protein-protein interactions,
including several corepressors such as SMRT, NcoR and BcoR (b) a central portion domain with
a subdomain spanning from amino acids 370-380 that has been shown to be also important for
the repression activity. The central portion has several PEST sequences, that when
phosphorylated by the MAPK pathway triggers the BCL6 protein for degradation via the ubiquitin-
proteasome pathway. BCL6 KKYK motif (aminoacids 376-379), which is necessary for the
acetylation by p300, is located within the PEST sequences region. (c) a C-terminus domain that
has six zinc fingers, required for the interaction with the DNA (consensus sequence:
TTCCTT(A/C)GAA). The BCL6 partners that interact with known BCL6 domains are shown with

the same coloured code (Figure based on Albagli-Curiel, 2003)
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These transcription factors characteristically have a number of zinc fingers, six in BCL6,
at the C-terminal end that recognize specific regulatory DNA sequences. At the N-
terminal end they have a POZ(BTB) domain that is required for protein/protein
interaction (Figure 1.3). This later domain interacts with a number of co-repressors such
as the nuclear receptor corepressor (NCoR), BCL6 corepressor (BcoR) or the silencing
mediator of the retinoid and thyroid hormone receptors (SMRT), to recruit histone
deacetylase and accomplish transcriptional repression (Melnick et al., 2002; Mendez et
al., 2008; Zhang et al., 2001). BCL6 repression of genes involved in cell proliferation and
survival, such as ATR, p53 and cyclin-dependent kinase inhibitor 1A (CDKN1A),
depends on the BCL6 interaction with NCor, SMRT or BCoR (Mendez et al., 2008;
Parekh et al., 2008). The POZ(BTB) domain also mediates homo-dimerization, and
associates with other proteins such as PLZF or LRF (Ahmad et al., 2003; Albagli-Curiel,
2003).

BCL6 contains a central region that interacts with histone deacetylase (HDAC)
and the co-repressor MTA3 in an acetylation-sensitive manner (Mendez et al., 2008;
Zhang et al., 2001). In fact, BCL6-MTA3 interaction is required for inhibition of plasma
cell differentiation (Mendez et al., 2008). The mid portion of BCL6 also has several

PEST sequences that mediate BCL6 degradation (see section 1.4.5) (Niu et al., 1998)

1.4.4. Mechanism of action of BCL6

BCL6 knockout mice have normal early B-lymphoid development but lack
germinal centres and do not have T-cell dependent antibody responses (Cao et al.,
1997). Experiments designed to investigate the specific function of BCL6 in B-cell
terminal differentiation showed that BCL6 is required to differentiate follicular B cells into
germinal centre B cells and to maintain these cells in this state (Baron et al., 2002; Cao

et al., 1997; Reljic et al., 2000) .

Previous work (Avantaggiati et al., 1997; Hancock et al., 2005; Harris et al.,
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1999; Reljic et al., 2000) suggested that BCL6 binds to STAT (signal transducers and
activators of transcription) binding sites and modulates transcription driven by the STAT
family of factors, particularly interleukins. An overview of the function of BCLG6 is that it
modulates the effects of interleukins in order to allow proliferation and prevent
differentiation (Avantaggiati et al., 1997; Fearon et al., 2001; Reljic et al., 2000),

although the full picture is likely to be more complicated.

Gene expression profiling arrays (Shaffer et al., 2000), genome wide chromatin
immunoprecipitation studies together with integrated biochemical and computational
approaches (Basso et al.,, 2010) have led to the identification of a broad spectrum of
BCLG6 target genes responsible for the control of a number of pathways involved in the

normal germinal centre reaction (Figure 1.4).

Ny N
' BCL6
-

BCR T cell Apoptosis DNA INFR/ILR .
and CD40 mediated damage Signaling r-:z!;ItI;? Si;g:IiBng Sig‘:\r’\:;li-ng
signalling activation Caspase Response Signaling

DISC

NF-KB complex TP53 JAK MAPK

NF-AT CD80 TNFRs ATR STAT NE-KB

MAPK CD274 and ATM INF-Rs

ligands CHEKA1 IL-Rs

Figure 1.4. Scheme of several pathways regulated by BCL6. BCL6 modulates several genes
with a variety of functions. In this figure the more representative pathways regulated by BCL6
gene are depicted. Repression of BCL6 by BCR and CD40 signaling pathway and by the DNA

damage response is also illustrated. (Figure based on Basso et al, 2010)
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These BCLG6 target genes were found to be involved in cell cycle arrest, such as
the CDKN1A7p21, in apoptosis like BCL2 and also in differentiation such as the TGF
receptor signalling or the WNT signalling. BCL6 also inhibitis the Positive Regulatory
Domain 1 (PRDM1) gene, also called BLIMP1. This is a zinc finger protein that is
essential for the terminal differentiation of B-cells to plasma cells (Crotty et al., 2010;
Tunyaplin et al., 2004) (Tunyaplin et al., 2004). Also, BCL6 is capable of suppressing
signalling pathways known to downregulate its own expression such as the CD40 or the
BCR pathway. Finally, BCL6 directly represses genes required for detecting and
responding to DNA damage like p53 (Phan and Dalla-Favera, 2004) or ATR (ataxia-
telangiectasia and Rad3 related) (Ranuncolo et al., 2007), allowing therefore the SHM
process, required for the high affinity maturation of the antibody. Clearly, BCL6
suppresses important cellular pathways necessary for B cell activation, differentiation
and survival in order to protect germinal centre cells from apoptosis and from signals
causing a premature exit from the germinal centre before they have completed the

antibody high affinity maturation process (Basso et al., 2010).

It has also been suggested that BCL6 might be required to maintain memory B
cells in a self- renewing state (Fearon et al., 2001), although the opposite has also been
reported (Crotty et al., 2010). Therefore, BCL6 and BLIMP-1 appear to form a system to
regulate B-cell terminal differentiation (Crotty et al., 2010). BCL6 is associated with

proliferation and BLIMP1 with differentiation.

Mice lacking BCL6 develop a characteristic T systemic inflammatory response
suggesting that BCL6 might have a role on T cell regulation (Cao et al., 1997). Indeed,
recent studies have shown that BCL6 is both necessary and sufficient to induce CD4+
cells differentiation towards Tfh cells, which are essential for the germinal centre
reaction (Bi and Ye, 2010). In contrast, BCL6 appears to inhibit the differentiation of T
cells into the other CD4+ T cells subtypes (Tn2, Ty1 and Ty17), which are not directly
involved in the germinal centre formation (Crotty et al., 2010). Also, limited evidence

suggests that BCL6 favours the formation of both long term memory CD4+ (lchii et al.,
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2007) and central CD8+ memory T cells (D'Cruz et al., 2009; Yoshida et al., 2006).

Preliminary studies indicated that apart from the germinal centre B and T cells,
other several tissues, namely skeletal muscle, testicular germ cells and skin epithelium
express BCL6 (Bajalica-Lagercrantz et al., 1998). Although the significance of BCL6
expression in cells other than germinal centre B cells is yet not completely clear, it has
been proposed that BCL6 might also be important in the terminal differentiation stage in
many of these tissues (Bajalica-Lagercrantz et al., 1998). For instance BCL6 was
apparently important for the maintenance of a terminally differentiated phenotype in
myoblasts, spermatids and keratinocytes. BCL6 seems also to have a protective role
from apoptosis due to specific stresses in myoblasts and spermatocytes (Kojima et al.,
2001; Kumagai et al., 1999; Yoshida et al., 1996). BCL6 expression was detected in the
mammary epithelium, where it has been shown to act as an anti-apoptotic factor and
aberrant over-expression was detected in 68% of patients with histologically high-grade

ductal breast carcinomas (Logarajah et al., 2003).

Therefore, the role of BCL6 in proliferation and apoptosis remains controversial.
BCL6 has been shown to favour proliferation and block apoptosis in some cell types,
whereas it seems to induce apoptosis in others (Baron et al., 2002; Hancock et al.,
2005; Yamochi et al.,, 1999). A possible explanation would be that BCL6 can either
induce or repress apoptosis depending on the cell type (Albagli-Curiel, 2003; Fukuda et
al., 1997; Zhang et al., 2001).

1.4.5. Transcriptional and post-transcriptional regulation of BCL6

Despite the importance of BCL6 expression for the germinal centre formation,
little is known about BCL6 transcriptional regulation. The BCL6 gene is composed of 10
exons spread over 26 kb of genomic DNA (Figure 1.5). Two different mRNA splicing
variants have been reported depending on content or not of the exon 2. The translation

start site has been identified in exon 3 (Kawamata et al., 1994).
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Figure 1.5. BCL6 gene. This figure shows the genomic organization of the BCL6 gene. Protein
coding exons are represented in green, whilst the non coding ones appear in blue. Two different
mRNA isoforms, with different transcription start site, which encode for identical BCL6 protein,
and a third variant with absence of exon 7 have been reported. The functional meaning of this
third variant is still unknown. The major Translocation Cluster (MTC) is indicated. The Major
Mutations Cluster, according to Migliazza et al 1995 is also illustrated. (This figure was based on
NCBI Entrez Gene; Shen et al, 2008; Bernardin et al; 1997)

Previous studies have reported that the BCL6 promoter spans a 1.5 kb region
(Fukuda et al., 1995) and contains different putative response elements, a TATA binding
protein site and also BCL6 binding sites (Fukuda et al., 1995). However, the BCL6
regulatory region has been incompletely characterized. The first intron-exon boundary
contains BCL6 regulatory elements which have been demonstrated to play important
roles in the transcriptional regulation of BCL6. One of these regions, named the ES
region, located within exon 1, contains two consensus nucleotides sequence (BSA1A
and BSA1B) for BCL6 and it has been confirmed that BCL6 binds to these regions
repressing its own transcription (Kikuchi et al., 2000). The effect of occupancy of BCL6
binding sites within exon 1 by BCLG6, therefore, defines a negative autoregulatory circuit.
These BCL6 binding sites are mutated in some cases of diffuse large cell ymphoma and
the mutations disrupt the negative autoregulatory circuit thereby allowing prolonged
BCL6 expression, which is likely to promote lymphomagenesis (Gaidano et al., 2003).
Clearly there must be additional control mechanisms that allow sustained BCL6

expression.
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BLIMP-1, an essential regulator of plasma cell differentiation, directly represses
BCL6 transcription, allowing differentiation into plasmatic cells (Cimmino et al., 2008).
BCLG6 transcription is also repressed by the CD40/NF-kB/IRF4 pathway. This regulatory
mechanism is disrupted due to chromosomal translocations and point mutations in a
subset of Diffuse Large B cell Lymphomas (Saito et al.,, 2007). Additionally, our
laboratory has recently identified a DNase | hypersensitive site located 4.4Kb upstream
the transcriptional initiation site of the BCL6 gene, that binds a repressive complex
formed with the ZEB1 (zinc finger E-box-binding homeobox 1) and the corepressor CtBP
(C-terminal binding protein). As ZEB1 protein expression is relatively low in germinal
centres cells, it is likely that ZEB1 expression is necessary for repressing BCLG6

expression in naive B-cells (Papadopoulou et al., 2010).

Growth factors activate the STAT family of latent transcription factors. BCL6
transcription is driven by STAT5 in tonsillar B-cells (Scheeren et al., 2005). STAT3 has

also been shown to drive BCL6 in germinal centre cells (Arguni et al., 2006).

A variety of post-translational modifications of BCL6 have been described. In the
B-cell line, Ramos, activation of the B-cell receptor induces mitogen-activated protein
(MAP) kinase mediated phosphorylation of the BCL6 PEST sequences, which in turn,
targets BCL6 for rapid degradation by the ubiquitin-proteasome pathway (Niu et al.,
1998). Additionally, BCL6 is inhibited through p300-mediated acetylation (Bereshchenko
et al, 2002). Finally, it has been recently reported that BCL6 can be post-
transcriptionally inhibited by the microRNA miR-127 (Saito et al., 2006).

1.4.6. BCL6 deregulation and lymphomas

BCL6 is a frequent target of chromosomal translocations with many different
partners, the immunoglobulin (Ig) heavy chain locus being the most common. These
translocations often cluster in a 4 kb region on the BCL6 gene known as the major

breakpoint region (MBR) or major translocation cluster (MTC) (Figure 1.5), spanning the
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promoter, the first non-coding exon and the 5’ part of the first intron (Albagli-Curiel,
2003). As a result of these rearrangements transcription of the unaltered BCL6 coding
region is controlled by the regulatory sequences of the partner gene (promoter
substitution), leading to deregulated BCL6 expression (Akasaka et al., 2000). Despite
repeated efforts it has not been possible to determine whether the partner involved in
BCL6 translocations determine the clinical outcome (Ohno, 2006). However, it has been
suggested that those lymphomas with non-IgH/BCL6 translocationas have a worse

outcome than those with IgH/BCLG6 translocations (Ohno, 2006).

The BCL6 locus, in common with the immunoglobulin and with some other non-
immunoglobulin loci, is targeted by activation induced deaminase (AID), which is
required for the somatic hypermutation (SHM) process. It has been proposed that the
SHM machinery is involved in the generation of both non-lgG and IgG/BCL6
translocations (Ohno, 2006). Also, as a result of the AID action, the BCL6 locus acquires
point mutations (Capello et al., 2000; Chen et al., 1998; Jardin and Sahota, 2005; Mateo
et al., 2001; Migliazza et al., 1995; Pasqualucci et al., 1998; Szereday et al., 2000; Vitolo
et al.,, 2002). Mutations spanning the first non-coding exon and clustering in the 5°
region of the first intron have been found in about 10% of diffuse large B-cell
lymphomas. Analysis of the region surrounding exon 1 showed a negative
autoregulatory circuit: BCL6 bound to a high affinity site in exon 1 that caused its own
transcription to be switched off (Pasqualucci et al., 2003; Wang et al., 2002). BCL6 gene
mutations affecting the BCL6 binding site in exon1 have been found frequently among
diffuse large cell ymphoma (DLBCL)-derived alleles but not in normal germinal centre
B-cells (Pasqualucci et al., 2003). Thus, the finding of mutations within the BCL6 binding
sites within exon 1 (BSE 1) mutations (see above) specifically restricted to DLBCL
suggests selection of these mutations in lymphomas probably due to disruption of the
negative autoregulatory circuit (Capello et al., 2000; Gaidano et al., 2003; Szereday et

al., 2000; Wagner and Kaeda, 2005).
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BCL6 expression is a prognostic marker in DLBCL. DLBCL can be classified
attending to the cell origen in two subtypes: the Germinal Centre B (GCB) like type, and
the Activated B Cell like (ABC) type. The former one shows a germinal centre gene
expression pattern showing therefore high levels of BCL6 expression, and has been
shown to have long survival compared to the ABC ones. Moreover, patients with DLBCL
expressing high levels of BCL6 mRNA and protein, have a favourable outcome when
compared with those that do not express it (Lossos et al., 2004; Lossos et al., 2001;
Ohno, 2006; Rosenwald et al., 2002), and this difference is maintained with modern
treatments that include the anti-CD20 monoclonal antibody, Rituximab (Lenz et al.,
2008). Although the molecular mechanisms underlying the causes of the different
behaviour of these two subtypes of lymphomas are not completely understood yet, it has
been recently proposed that different modulation of signalling pathways and their target

genes might exlain these differences (Sarosiek et al., 2009).

This thesis analyses the regulation of BCL6. Our work led me to focus on two
mechanisms: p38 mitogen activated protein kinase (MAPK) signalling and the DNA
binding factor CTCF. These are very different but both centre their effects on exon 1 of
BCL6. In the following sections scientific background of BCR-ABL, p38 MAPK and
CTCF will be outlined.

1.5. BCR-ABL involvement in BCL6 requlation

The BCR-ABL oncogene is the result of a balanced translocation between
chromosomes 9 and 22 {(9;22), that gives rise to the Philadelphia chromosome (Ph).
Attending to the breakpoint on the BCR gene on chromosome 22, three different
isoforms of the BCR-ABL have been identified, which encode a p190, p210 or p230

fusion proteins. Almost all patients with chronic myeloid leukemia and around 20% of
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patients with Ph+ acute lymphoblastic leukemia have the p210 isoform, whereas the
p190 is detected in the rest of Ph+ ALL and may also be detected, at a low levels, in

patients with CML (Hazlehurst et all; 2009).

The BCR-ABL oncoprotein plays key roles in the pathogenesis of the CML, and
most of its effects are performed through the stimulation of pre-existing signalling
pathways such as the RAS/RAF/MEK, JAK/STAT and PI3K/AKT signaling pathways
(Steelman et al., 2004) (Figure 1.6). Hyperactivation of these pathways by BCR-ABL,

leads to an hyperproliferative state.

ettt ittt tttttttttttete il Llldldld

STAT
NI XTI x| ¢ X1 | X Transcription

0~
0_

Figure 1.6. BCR-ABL signaling pathways. This figure shows a simplified diagram of the
principle signaling pathways downstream BCR-ABL, including the PI3K/AKT(grey),
JAK/STAT(pink) or the Ras/MEK/MAPK (deep red) pathways. (This figure was based on
Steelman et al, 2004 and Deininger et al, 2000)
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The BCR-ABL oncoprotein activity can be successfully inhibited by the signal
transduction inhibitor Imatinib mesylate (STI571), by directly binding to the site of

tyrosine kinase activity, and preventing its activity (O'Brien and Deininger, 2003).

Expression profiling studies of genes transcriptionally regulated by BCR-ABL
using differential display to compare the mRNA profile of the lymphoblastic CML cell line
BV173 treated with Imatinib with that of untreated control cells (Deininger et al., 2000b),
showed for the first time that BCL6 mRNA and protein were upregulated upon inhibition
of BCR-ABL tyrosine kinase in these cells. In agreement with these results, Mattos et al
(Fernandez de Mattos et al., 2004) have also demonstrated that BCL6 is upregulated in

BV173 cell line on treatment with imatinib.

There is one implication of these works for the biology of BCL6: the BV173 cell
line cultured in the presence and absence of imatinib might be a good model system for

analysing the regulation of BCL6.

1.6. MAPK involvement in BCL6 requlation

Signalling pathways are required for the co-ordination of a vast number of
biological processes, including cellular proliferation, differentiation and death. Mitogen
activated protein kinases (MAPK) constitute a family of complex signal transduction
pathways that plays key roles in a number of biological systems, including the
haematopoietic and the immune system (Geest and Coffer, 2009; Huang et al., 2009;
Wagner and Nebreda, 2009). Deregulation of these pathways have been observed in a
number of diseases comprising several autoimmune diseases, like rheumatoid arthritis
(Lin et al., 2009; Mbalaviele et al., 2006), systemic lupus erythematosus (Wong et al.,
2009) and in different kinds of cancers such as breast cancer (Chen et al., 2009),
pancreatic cancer (Adachi et al., 2010), hepatocellular carcinoma (Hsieh et al., 2007) or

hematologic malignancies (Feng et al., 2009; Platanias, 2003).
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1.6.1. MAPK family

Six different subfamilies of MAPK have been identified: the extracellular signal-
regulated kinases (ERK 1 and 2), c-Jun NH,-terminal kinases (JNK 1, 2 and 3), p38 (p38
a, B, y and 8), ERK3, ERK5 and ERKY (Geest and Coffer, 2009). The JNK and the p38
pathway constitute the stress-activated pathways, since both are frequently activated by
cellular stresses such as, ultraviolet irradiation, cytokines, heat shock proteins, or
osmotic shock protein (Nebreda and Porras, 2000) (Figure 1.7). Parallel co-activation of
the JNK and p38 pathway induced by the same stimuli has been reported in many

cases.

Four different isoforms of p38 have been identified; the p38a, p38B, p38y and
p38d each encoded by different genes; MAPK14, MAPK 11, MAPK 12 and MAPK 13,
respectively. These p38 isoforms share only 60% identity and are differently expressed
in the body. p38a is highly and ubiquitously expressed, and most of the p38 functions
described in the literature refer to this isoform. p38 can also be detected in a number of
cell types, but usually at low levels, and its specific role is not well understood. In
contrast, the y and the & isoforms are only expressed in certain cell types where they

perform very specific functions (Ono and Han, 2000; Wagner and Nebreda, 2009).

1.6.2. p38 functions in normal and cancer cells

Once activated, each MAPK phosphorylates different target proteins, usually in a
cell type and context dependent manner, including transcription factors, tyrosine kinases
and even components of the translational machinery, leading to a complex and
sophisticated signalling network with important functions in different biological processes

(Figure 1.7).

Some of the important transcription factor targets of p38 are p53, ETS like gene
1 (ELK1), the myocyte-specific enhancer factor 2 (MEF2), STAT 1 and 3, and C/EBP.
(Cuenda and Rousseau, 2007; Nebreda and Porras, 2000; Ono and Han, 2000; Wagner
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and Nebreda, 2009; Xu et al.,, 2003) Many protein kinases such as the p38-
Regulated/Activated Kinase (PRAK) or certain MAPK-activated protein kinases or MAP
kinase-interacting serine/threonine kinase 1 and 2 (MNK1 and MNK2) are also activated
by p38 phosphorylation. In addition p38 has other targets substrates like the heat shock
proteins (Cuenda and Rousseau, 2007; Nebreda and Porras, 2000; Ono and Han, 2000;
Wagner and Nebreda, 2009; Xu et al., 2003) (Figures 1.7 and 1.8).
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Figure 1.7. Stress MAPK signalling pathways. A number of different inflammatory cytokines,
growth factors and environmental stresses, including genotoxic agents, toxins, ultraviolet
irradiation among others, are responsible for the activation of the stress-MAPK signalling
pathway. This figure illustrates the main MAP2K and MAP3K upstream activators of the p38 and
JNK pathways. Also, some of the principal p38 and JNK targets are depicted. (This figure is
based on Wagner et al, 2009 and Zhong et al, 2007)
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p38 can either induce or inhibit cell proliferation and these opposing effects are
likely to be tissue and context specific, and may also depend on both the level of kinase
activity and interaction with co-stimulatory pathways (Wagner and Nebreda, 2009).
Thus, p38 antiproliferative effects were demonstrated in a number of different cell types
such as cardiomyocytes, hepatocytes, lung cells, fibroblasts but, on the other hand a
p38 mediated proliferative effect has been shown in certain haematopoietic and cancer

cells (Platanias, 2003; Wagner and Nebreda, 2009).

Interestingly, p38MAPK was shown to modulate cell cycle checkpoint controls,
and it is therefore possible that deficient p38 function might lead to a hyperproliferative
status (Bulavin et al., 2004). In fact, p38 was shown to inhibit cyclin D in different cell
types (Lavoie et al., 1996). p38 is also capable of inducing apoptosis in a variety of
models, but it can also be anti-apoptotic. The various p38 effects might, at least in some
cases, be mediated through different p38 isoforms, since the p38B form seems to
preferentially inhibit apoptosis whereas the p38a form has been shown to have strong
pro-apoptotic effects in different model systems (Kaiser et al., 2004; Nemoto et al.,

1998; Silva et al., 2006).

1.6.3. p38 and the immune system

p38 plays key roles in the immune system (Huang et al.,, 2009). On the one
hand, the activation of the germinal centre kinase GCK/p38-JNK pathways seems to be
crucial for an adequate systemic inflammatory response (SIRS) (Zhong et al., 2009).
The SIRS is a body response, frequently triggered by infections, characterized by organ
failure and systemic immflamation, which is due to a massive release of proinflamatory
cytokines. Pattern recognition receptors (PRR), which play a pivotal role in the innate
immune response, are responsible for identifying invading pathogens, through their
expression of molecular motifs called pathogen-associated molecular patterns (PAMPs).
Stimulation of the PRR receptors initiates the SIRS response, through the activation of

several signalling cascades.

49



50

Inflamatory
Cytokines
FasL

DNA
damage

TAO 123 TAK1 MLK2-3 DLK ASK1/2 MEKK1-4 MAP3Ks (MAPKKK)

@ /\ MAP2Ks (MAPKK)
“Te |— P38 MAPK —» M

Translation * / Cytokine induce

mRNA stability

TNFa biosynthesis

M NUCLEUS
< — Y

A oy P38 MAPK

Proliferation, apoptosis,
differentiation, survival,
efc

Figure 1.8. p38 MAPKsignaling pathway. p38 MAPKs are implicated in a wide variety of biological
processes including physiological responses to stress and inflammation, regulation of proliferation and
differentiation. Studies performed in animal models have revealed that those functions are performed in a
cell type and cell context dependent manner. A number of different inflammatory cytokines, growth factors
and environmental stresses, including genotoxic agents, toxins, ultraviolet irradiation among others, are
responsible for the activation of this pathway. This figure illustrates the principal p38 targets. (This figure is

based on Wagner et al, 2009 ; Zhong et al, 2007; Cuadrado and Nebreda; 2010; Cell signaling)
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Germinal Centre Kinase (GCK) is the best characterized member of a group of
protein kinases, the GCKs, that has been implicated in a wide range of cellular functions
such as proliferation, apoptosis and inflammation. GCK can be activated by certain
PAMPs like the LPS, PGN or the bacterila flagellin. Once stiulated, the GCK recruits the
MLK2 and MLK3, which in turn activates the JNK and p38 signaling pathway (Zhong
and Kyriakis, 2007) (Figure 1.8), that contribute to the induction of cytokines, which play

key roles in the systemic inflammatory response (Zhong et al., 2009)

The JNK and the p38 pathway were implicated in the production of several
cytokines, such as INF-y, which is important for Th1 differentiation (Chi et al., 2004) or
TNFa, IL-1 and IL-6, which are important mediators of the angiogenic and inflammatory
response (Kumar et al., 2003). p38 regulation of the inflammatory response also
involves other mechanisms, such as modulation of the NF-xB pathway (Wagner and
Nebreda, 2009). Recently, p38 was also shown to be required for germinal centre
formation, as mice bearing homozygous disruptions of the p38 activator MEKK1 have
defective germinal centre formation and, as a consequence, deficient production of

antibodies (Gallagher et al., 2007).

1.6.4. p38 and cancer

p38 has an uncertain role in cancer pathogenesis; on the one hand it has been
reported to act as a tumour suppressor, since it is able to induce apoptosis and stop
proliferation in some models, but it is also involved in important oncogenic processes
such as angiogenesis. It is becoming clear that the p38 role in cancer is completely

depends on the tumour type (Wagner and Nebreda, 2009).

p38 role in angiogenesis and metastasis has been widely studied. p38 seems to
be necessary for the invasiveness of different cell cancer types, such as the human
hepatocellular carcinoma (Hsieh et al., 2007), head and neck squamus cell carcinoma

(Junttila et al., 2007), glioma (Demuth et al., 2007) and lung (Matsuo et al., 2006). Matrix
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restructuration by cancer cells can be induced by p38 through induction of different

metalloproteinases (Kumar et al., 2010; Zhou et al., 2007).

In contrast, p38 tumour suppressor activity has been demonstrated in both mice
models and human cell experiments. Overexpression of the p38 inhibitor protein
phosphatase 1D (PPM1D) led to an increased sensitivity to tumourigenesis, and this
effect was reversed by enforced expression of a constitutively active form of p38 MAPK.
In agreement, inhibition of mammary gland proliferation is observed upon PPM1D
genetic silencing (Bulavin et al., 2004). Another line of evidence that supports a tumour
suppressor function for p38, is based on a decrease in apoptosis and senescence
processes, after inhibition of Gadd45a/MEKK4, which is an upstream activator pathway
of JNK and p38 MAPK (Tront et al., 2006). Also, loss of function studies performed in
mice, have shown that the p38a has a protective effect against Kras-associated lung
carcinogenesis (Ventura et al., 2007). Finally, p38 can inhibit cell growth by controlling
the expression of cyclins (Lavoie et al., 1996), or can induce a G2/M checkpoint by
phosphorylating p53 (Bulavin et al., 1999; Huang et al., 1999; She et al., 2000), or by

phosphorylating and inhibiting the phosphatase Cdc25B (Bulavin et al., 2001).

1.6.5. p38 and haematological malignacies

p38MAPK has been involved in the pathogenesis of different haematological
malignancies including leukemias myelodysplastic syndromes and several
lymphoproliferative diseases (Feng et al., 2009). Constitutive activation of the p38
targets, c-Jun and JunB has been reported in Hodking lymphoma cells, and might be
responsible for the proliferation of those cells (Mathas et al., 2002). P38 appears to be
required for the TNFa mediated proliferation of non-Hodgkin lymphoma cells (Kotlyarov
et al.,, 1999). Also, p38MAPK pathway has been shown to play key roles in the
transformation of follicular lymphomas to the more aggressive diffuse large B cell

lymphoma, and indeed, inhibition of this pathway led to apoptosis and inhibition of cell
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growth in a subset of t(14;18) cell lines. Moreover, lymphoma proliferation was also
arrested in NOD-SCID mice upon treatment with p38 inhibitors (Elenitoba-Johnson et

al., 2003; Lin et al., 2004).

p38 MAPK seems also to be involved in the proliferation of multiple myeloma
cells induced by growth factors secreted by the marrow microenviroment, such as IL-6,
IL-10, insulin-like growth factor 1 and granulocytic colony-stimulating factor (Nguyen et
al., 2006). In fact, inhibition of p38 MAPK synergizes with the anti-myeloma effect of PS-

341 (the proteasome inhibitor also called Bortezomib) (Hideshima et al., 2004).

p38MAPK has been shown to be inactivated in a certain lymphoma cell lines
upon treatment with the monoclonal antibody anti-CD20 Rituximab, and in fact, inhibition
of the p38 MAPK in those cells mimicked the Rituximab effect inducing apoptosis
(Bonavida, 2007). On the contrary, the apoptosis induced by Rituximab in chronic
lymphocytic leukemic cells requires activation of the p38MAPK pathway (Pedersen et

al., 2002).

Many p38 MAPK inhibitors have been developed and even tested in phase |
clinical trials. Unfortunately these drugs have severe side effects (Yong et al., 2009).
Also, as p38 has been shown to have ambivalent roles in carcinogenesis, it is still a
matter of concern whether the use of these drugs might be beneficial for some cancer

types, but not for others (Wagner and Nebreda, 2009).

1.7. CTCF as a potential requlator of BCL6

The CCCTC-binding factor (CTCF) has been implicated in various regulatory
functions. It is a well established chromatin regulator that plays key roles in inducing and
supporting chromatin interactions. Over the last decade a substantial amount of

information related to the CTCF functions have been gathered together (Ohlsson et al.,
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2010b; Phillips and Corces, 2009). It is involved in epigenetic regulation, which is not
only crucial for normal cell development but is also implicated in many cancer
processes. The features and functions of CTCF will be summarized in the following
sections, paying special attention to its involvement in lymphoid cell regulation, since we

have found that CTCF is a potential regulator of the BCL6 gene.

1.7.1. CTCF structural and functional domains

The CTCF protein consists of several domains: the N-terminal domain, a central
DNA binding domain composed of eleven zinc fingers, and a C-terminal domain (Figure

1.9.).
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Figure 1.9. CTCF structural domains and interacting partners. The figure shows the N-
terminal domain (spanning from amino acid 1 to 265), the central domain, which consists of 11
zinc fingers (amino acids 268 to 580) and the C-terminal domain (580-727). The main post-
translational modifications are also depicted including, phosphorylation, SUMOylation and
poly(ADP-ribosyl)ation. The CTCF partners that interact with known CTCF domains are shown
with the same coloured code. Other interacting proteins are shown in mauve, as the interacting

domains are not mapped on the CTCF protein (This figure is based on Ohlsson et al, 2010b)
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The central zinc finger domain is responsible for the recognition and interaction
with DNA. In fact, different combinations of individual zinc fingers enable CTCF to bind
to many different DNA sequences (Filippova et al., 1996; Jothi et al., 2008). This
particular characteristic may explain why CTCF has been implicated in a number of
different functions such as cell proliferation, differentiation, apoptosis, transcriptional
repression/activation, chromatin insulation, imprinting and chromosome X inactivation
(Ohlsson et al., 2010b). The CTCF zinc finger domain interacts with DNA, but it also
interacts with other nuclear proteins (Ohlsson et al.,, 2001). The zinc finger domain
together with sequences located on both the N and C terminal domains are considered
to be essential for CTCF transcriptional repression (Lutz et al., 2000). The N- and C-
terminal regions do not share significant similarity to any other protein and do not form

classical domains but unstructured regions (Martinez and Miranda, 2010).

1.7.2. CTCF postranslational modifications and interacting partners

CTCF functions are known to be modulated through several post-translational

modifications and by the interaction with different proteins (Figure 1.9).

The (S(604)KKEDS(609)S(610)DS(612)E (SKKEDSSDSE) motif located at the
CTCF C-terminal domain is known to be phosphorylated at serine-residues, and this
modification has been related to reduced transcriptional repression by CTCF (Klenova et
al., 2001). Furthermore, mutations of these serines overcome CTCF mediated growth
arrest. Phosphorylation of these residues has been attributed to the protein kinase CK2
(formerly casein kinase Il) (Klenova et al., 2001), and this kinase has been reported to

be regulated by the p38 MAPK (Sayed et al., 2000).

Another relevant CTCF modification is SUMOylation, which occurs at both the N
and C-terminus of CTCF. This modification does not affect CTCF DNA binding ability but
has been shown to be important for CTCF repressive function at the c-MYC promoter

(MacPherson et al., 2009).
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One of the most interesting modifications that the CTCF protein undergoes is
poly(ADP-ribosyl)ation by poly(ADP-ribose) polymerase 1 (PARP1) (Farrar et al., 2010;
Klenova and Ohlsson, 2005; Yu et al., 2004). This enzyme plays a key role in different
cell processes such as DNA repair, cell proliferation, and genomic instability. CTCF has
been shown to directly interact with, and possibly activate, PARP-1 (Farrar et al., 2010;
Guastafierro et al.,, 2008). Poly(ADP-ribosyl)ation regulates CTCF insulator and
chromatin barrier functions (Yu et al 2004; Witcher and Emerson 2009) (see below for

further details).

CTCF is known to interact with a great number of proteins involved in many
different functions, such as transcription enzymes (RNA polymerase |l large subunit),
transcriptional regulatory factors (Oct4, YY1, etc), genome integrity mediators (PARP-1),
nuclear architectural proteins (cohesins, nucleophosmin/B23, etc.) and chromatin
constituents, like the variant histone H2A.Z (for review see (Ohlsson et al., 2010b;

Zlatanova and Caiafa, 2009b). CTCF interaction partners are depicted in Figure 1.9.

1.7.3. CTCF intracellular localization and expression

CTCEF is a transcriptional regulator that is highly conserved from Drosophila to

human and ubiquitously expressed (Filippova et al., 1998; Klenova et al., 1993).

CTCF is located in the nucleus (Klenova et al., 1993) and its distribution during
the cell cycle is dynamic (Burke et al., 2005; Klenova et al., 1998). The different CTCF
functions seem to depend on specific localization in different nuclear compartments,
such as the nuclear matrix (Dunn et al., 2003), nucleolar periphery (Yusufzai and
Felsenfeld, 2004; Yusufzai et al., 2004) , nucleolus (Torrano et al., 2006) and nuclear

membrane (Guelen et al., 2008).

Studies performed on hematopoietic models have shown that in the myeloid
lineage CTCF expression progressively decreases during the differentiation process

(Delgado et al., 1999). Work in our laboratory demonstrated the CTCF nucleolar
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localization in several experimental model systems. In myeloid cells, localization of
CTCF to the nucleolus was associated with cell growth inhibition and differentiation
(Torrano et al., 2006). Expression of CTCF has also been shown to vary during normal
murine T- cell differentiation, with the highest levels being found in immature single

positive T cells (Heath et al., 2008).

1.7.4. CTCF molecular functions

CTCEF is an important regulator that plays key roles in global chromatin structure
and, therefore, in the organization of the entire genome (Ohlsson et al., 2010b). Over
the past two decades progress has been made in our knowledge of precise
mechanisms through which CTCF regulates chromatin structure and molecular
interactions. CTCF can either function as a transcriptional repressor or activator and is
capable of acting as an enhancer blocking protein or as a barrier element. These

molecular functions are summarized below.

a. Transcriptional repression or activation

The first function described for CTCF was the transcriptional repression of the
oncogene c-MYC both in humans and in chicken (Filippova et al., 1996; Klenova et al.,
1993; Lobanenkov et al., 1990) (Figure 1.10). Since then, a number of other genes with
different functions have been also shown to be repressed by CTCF (Filippova, 2008),
such as the chicken lysozime gene (Burcin et al., 1997), the proximal exonic region of
the hTERT gene (Renaud et al., 2005) or a silencer region in the HLA-DRB1 gene
(Arnold et al., 2000). However, CTCF has also been involved in the transcriptional
upregulation of different genes like the amyloid precursor protein (APP) gene (Vostrov

and Quitschke, 1997; Yang et al., 1999) (Figure 1.10).
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Figure 1.10. CTCF as a “classical” transcriptional factor. CTCF has been shown to mediate
both repression and activation of transcription of a number of genes. Left panel shows some
genes negatively regulated by CTCF including the cMYC, the Ch-lysozime and the hTERT. The
right panel, depicts some genes activated by CTCF, such as APP( and p19ARF

CTCF has been found to regulate transcription of several genes implicated in the cell
cycle control including p19”°7F, the human retinoblastoma (RB) gene, PIM1, the Polo-
Kinase, p16™¥* p27""" among others (De La Rosa-Velazquez et al., 2007; Filippova,

2008; Klenova et al., 2002; Recillas-Targa et al., 2006) .

b. Chromatin insulation

Chromatin insulators can be defined as DNA regulatory sequences that
establish boundaries between genes. They control gene interactions and prevent
inappropriate regulatory influences between neighboring genes. Insulators may act
either as enhancer blockers or as barrier elements (Gaszner and Felsenfeld, 2006;
Wallace and Felsenfeld, 2007). The enhancer blocking elements are usually located
between promoters and enhancers, limiting the interactions between them and,

therefore restricting the enhancer’'s activity. The barrier elements act mainly as
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Figure 1.11. CTCF insulator activity. DNA insulators are represented by grey cylinders,.
Nucleosomes are shown as blue circles. The enhancer blocking function is illustrated in the top
panel. Enhancer blockers are usually located between promoters and enhancers. The bottom
panel depicts the CTCF barrier function. The barrier elements inhibit the spreading of inactive
chromatin (heterochromatin). CTCF is the only insulator binding protein described so far in

vertebrates.

boundaries impairing the spreading of heterochromatin into euchromatin, or sometimes
restraining the advance of the methylation front. Insulators may harbor both properties

(Gaszner and Felsenfeld, 2006; Recillas-Targa et al., 2006).

Several lines of evidence have shown that CTCF is required for both enhancer
blocking and barrier function (Figure 1.11). Studies performed on the chicken beta-
globin cluster demonstrated the enhancer blocking activity of CTCF. Other insulator
regions at the mouse and human beta globin locus were later on identified (Bell et al.,
1999; Farrell et al., 2002; Saitoh et al., 2000). Subsequently, CTCF was found to
mediate enhancer blocking activity at the Igf2/H19 locus. Moreover, CTCF plays key
roles in the epigenetic modifications that are required for the genomic imprinting of that
locus (Bell and Felsenfeld, 2000; Hark et al., 2000; Kanduri et al., 2000) reviewed in
(Filippova, 2008). This function is regulated through DNA methylation which interferes
with CTCF binding, eliminating CTCF-mediated enhancer blocking activity. More
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recently, genome wide studies showed a global insulation role for CTCF (reviewed in

(Ohlsson et al., 2010a; Phillips and Corces, 2009)).

CTCF has been shown to interact with different chromatin barrier regions, acting
as a physical boundary and leading to a variety of effects which are mainly context-
dependent. CTCF delimits chromatin domains with opposite functions. In support for this
notion, a comparison between the CTCF binding sites (CTS) of CD4", HeLa and Jurkatt
T cells showed that CTCF was preferentially bound to boundary regions between active
and repressive chromatin domains, marked by histone H2A lysine acetylation and
histone H3 lysine 27 trimethylation (Cuddapah et al., 2009). Also, the variant histone
H2A.Z was shown to co-localize with CTCF genome wide (Barski et al., 2007). Thus,
CTCF seems to be acting as a physical barrier controlling the histone modifications and
therefore the chromatin status, and this is made in a cell-dependent manner (Barski et
al., 2007; Bartkuhn and Renkawitz, 2008; Cuddapah et al., 2009). Finally, CTCF was
also shown to prevent spreading of DNA methylation (Figure 1.12) and maintain DNA
methylation free zones. By this mechanism, CTCF protects promoters from epigenetic

silencing (Filippova, 2008; Recillas-Targa et al., 2006).
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Figure 1.12. CTCF regulation of CpG methylation. In some genes, CpG methylation
prevents CTCF binding (top panel). CTCF has been demonstrated to block the
progression of the CpG methylation front, sustaining methylation free zones (bottom
panel). Black circles indicate methylated CpGs , whereas black bars show unmethylated
CpGs (Modified from Recillas-Targa et al, 2006 and Filippova et al, 2008)
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The study of the CTCF functions has provided new insights on the mechanisms
that control the genomic organization. CTCF seems to be essential in the long distance
chromosomal interactions some times even between different chromosomes, through
the formation and maybe stabilization of loops and hubs These structures will then
control the access of the transcription machinery (Figure 1.13) (Kurukuti et al., 2006;

Phillips and Corces, 2009; Splinter et al., 2006; Yoon et al., 2007; Zlatanova and Caiafa,
2009a)
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Figure 1.13. CTCF insulation via formation of chromatin loops. This figure shows three
examples of how CTCF intervenes in the genomic organization by the formation of loops/hubs.
CTCF is capable of inducing loop domains that isolate genes from the effects of other close
genes (left figure). CTCF is also able to induce the formation of a chromatin hub, where
regulatory elements or coregulated genes are brought close together (middle figure). CTCF
appears to mediate interchromosomal interactions by bringing nearer genes or/and regulatory

regions located on different chromosomes (right panel) (Modified from Williams and Flavell;
2008)
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1.7.5. CTCF role in cell proliferation, differentiation and apoptosis

Several lines of evidence indicate that CTCF blocks cell proliferation, probably
through the regulation of genes involved in cell cycle control (Rasko et al., 2001).
Indeed, in a variety of cell model systems including the Burkitt lymphoma cell line Raiji,
enforced CTCF expression lead on a substantial inhibition of the cell proliferation rate
(Rasko et al., 2001; Torrano et al., 2005). It is interesting that CTCF effect on
proliferation does not depend on the stage of the cell cycle, being able to arrest cells at
any stage of cell cycle (Rasko et al., 2001). This anti-proliferative function is known to be
dependent on the phosphorylation of CTCF at the C-terminal domains (El-Kady and
Klenova, 2005; Klenova et al., 2001). In lymphoid cells CTCF is also involved in the
regulation of cell cycle progression. Cell growth inhibition induced by BCR stimulation in
the WEHI-231 mouse B-cell line was mediated through CTCF (Qi et al., 2003). In fact,
enhanced expression on CTCF in these cells reproduced the effects of the BCR
stimulation (Qi et al., 2003). There may also be a T-cell role for CTCF. Studies
performed in mice have shown that CTCF is essential for the proliferation of alpha-beta
T cells (Heath et al., 2008). Thymocytes from CTCF knockout mice were smaller than
those of wild-type animals and blocked in the cell cycle. Thus CTCF is a crucial positive
regulator of cell growth and proliferation in alpha-beta T cells (Heath et al., 2008). These
data on T cells are opposite to those described in B cells which reinforce the idea that

CTCEF function is context dependent.

Several studies have underlined the importance of CTCF on the differentiation
processes of different cell types. Our group has demonstrated that CTCF specifically
induce the erythroid differentiation in a pluripotent cell line (Torrano et al., 2005). CTCF
is also essential for the T cells differentiation in the thymus (Heath et al., 2008; Ribeiro
de Almeida et al., 2009), and in contrast enforced expression of CTCF has been
associated to an impaired differentiation process of dendritic cells (Koesters et al.,
2007). CTCF therefore, seems able to both enhance and inhibit proliferation depending

on the cellular context.
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CTCF also has cell context dependent effects on apoptosis. CTCF was shown to
cause apoptosis in the WEHI-231 B cell line (Qi et al., 2003) and also in a subset of
dendritic cells (Koesters et al., 2007). However, decreased expression of CTCF was
followed by apoptosis, and high levels of CTCF in breast cancer cells and tumours were

found associated with resistance to apoptosis (Docquier et al., 2005)

1.7.6. Genome wide analysis of CTCF binding sites.

Different approaches that included chromatin immunoprecipitation, combined
with microarray hybridization (ChIP-chip), high throughput sequencing (ChIP-seq) and
computational analysis have made it possible to identify between ~14,000 to ~ 40,000
CTCF binding sites (CTS), depending on both the cell type and the organism analyzed
(Barski et al., 2007; Boyle et al., 2008; Cuddapah et al., 2009; Chen et al., 2008; Jothi et
al., 2008; Kim et al., 2007; Xi et al., 2007; Xie et al., 2007). Remarkably, CTCF binding
sites are not only located promoter regions (20%) but also in introns (22%), exons (12%)
and in intergenic regions (46%) (Kim et al., 2007) (Figure 1.14.). As a result of these
studies, consensus motifs for the CTS have been identified in a variety of organisms

(Figure 1.14.) (recently reviewed in (Ohlsson et al., 2010b; Phillips and Corces, 2009)

Over the last few decades, it has become clear that CTCF plays key roles in the
distribution, organization and regulation of the entire genome. In agreement with this
idea, CTS have been found across the human genome linker regions between
nucleosomes (Fu et al.,, 2008). Linker regions are known to be involved in the
positioning of the nucleosomes, suggesting a role for CTCF in nucleosome repositioning
(reviewed in (Ohlsson et al., 2010b). The exact role of CTCF in this regard is not
completely understood yet, but one possibility is that CTCF modulates nucleosome
movement through its interaction with chromatin remodelers such as CHDS8 (Ishihara et

al., 2006).
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Figure 1.14. Genome wide analysis of CTCF binding sites. (a) lllustration of a CTCF
consensus sequence binding motif generated from ChIP on chip analysis (Kim et al, 2007). The
size of each letter illustrates the relative frequency of a specific nucleotide at each position.
Other CTCF consensus sequences from ChIP seq data are reviewed in Ohlsson et al, 2010b. (b)
The pie chart shows the frequency of location of the CTCF binding sites within exons, introns,
promoters (within 2.5 Kb of transcriptional start sites) as well as in intergenic regions. (This figure
is based on Kim et al, 2007)

Complexes with other proteins are required for the three dimensional organization
of the genome mediated by CTCF (Ohlsson et al., 2010b). It is known that the location
of each gene within chromosome territories in the nucleus is not random, and this is
important for gene regulation and function (Takizawa et al., 2008). Various studies
(Kurukuti et al., 2006; Splinter et al., 2006) have suggested that these interactions might
be stabilized through CTCF-cohesin complexes. Cohesin is a multisubunit protein
complex that mediates sister chromatid cohesion during mitosis, facilitates the repair of
damaged DNA and has important, but not well established functions in the control of
gene expression (Peters et al., 2008). In several independent studies cohesin proteins
were found to co-localize extensively with CTCF (Parelho et al., 2008; Rubio et al.,
2008; Stedman et al., 2008; Wendt et al., 2008) (reviewed in (Wendt and Peters, 2009).
About 1,800 cohesin/CTCF sites were identified in immature lymphocytes (B3 pre-B
cells) and thymocytes (Parelho et al., 2008).
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CTCF- cohesin complexes have been proposed to play a regulatory role in CTCF-
mediated loop formation in the immunoglobulin heavy chain (Igh) locus, and this process
is believed to be necessary for V(D)J gene recombination to produce immunoglobulin
H- and L-chains. CTCF in vivo binding to the 3’ regulatory region of the IgH locus was
demonstrated in B cells at different stages of differentiation (Garrett et al., 2005). By
ChIP-chip analysis it was found more than 50 CTCF-binding sites throughout Igh locus
in pro-B and pre-B cells (Degner et al., 2009). In contrast, certain cohesin subunits
colocalized with CTCF through the IgH locus preferentially in pro-B cells. Lineage and
stage-specific cohesin subunits recruitment to CTCF sites during B lymphocyte
development was found, suggesting that the differential binding of cohesins to CTCF
sites may promote multiple loop formation and thus effective V(D)J recombination within

the locus (Degner et al., 2009).

1.7.7. CTCF in human cancer

Over the last decade a number of mechanisms explaining the CTCF participation

in malignant cell transformation have been considered.

Firstly, the human CTCF gene is located on the long arm of chromosome 16
(16g22.1), a chromosomal region frequently associated with loss of heterozygosity in
breast and prostate cancer and Wilm’s tumor (Klenova et al., 2002). Interestingly, CTCF
has been considered essential for the control of numerous cancer associated genes
such as c-myc, p53, p16, RB, p19 ARF, BRCA-1, TERT, and IGF2 (De La Rosa-
Velazquez et al., 2007; Filippova, 2008; Klenova et al., 2002; Renaud et al., 2005; Soto-
Reyes and Recillas-Targa, 2010; Witcher and Emerson, 2009). Loss of CTCF binding to
the regulatory regions of certain tumour suppressor genes such as RB or the p16 genes
has been shown to induce an aberrant methylation and cause reduced expression of

those genes essential for the control of the cell cycle and proliferation (De La Rosa-
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Velazquez et al.,, 2007; Witcher and Emerson, 2009). CTCF involvement in the
epigenetic regulation of the human p53 gene has been recently reported. In this case
CTCF has the ability to maintain the p53 promoter in a local chromatin conformation by
protecting this region against suppressor histone marks (Soto-Reyes and Recillas-
Targa, 2010). There are other mechanisms altering CTCF function. Several point
mutations at the zinc finger domain of CTCF have been identified in breast, prostate and
Wilm’s tumours, which interfere with the recognition of specific DNA targets. For
example, the H345R substitution was predominately found in prostate cancer whereas
the R448Q mutation was detected in Wilm’s tumor (Filippova et al., 2002; Klenova et al.,
2002). Also, loss of imprinting due to aberrant methylation of CTS in the IGF2/H19 locus
has been implicated in Wilm’s tumour and colorectal cancer (Filippova, 2008). Mutations
of the target sequence can impede CTCF binding. A single mutation at one of the CTCF
binding sites at the H19 ICR locus was sufficient for interfering with CTCF function,
despite the presence of other CTS at the same locus (Pant et al., 2004). This mutation
might explain why the H19ICR locus has an aberrant methylation pattern in a variety of

cancers (Tycko, 1999).

Abnormal CTCF localization in the cytoplasm might be another mechanism of
tumorigenesis. Cytoplasmic CTCF was detected on an elevated percentage of patients
with breast cancer (Rakha et al.,, 2004). It is not yet known how the abnormal
localization of CTCF might be implicated in the tumor progression or development, but it
may be associated with abnormal regulation of tumor suppressor genes (Recillas-Targa

et al., 2006).

Two different CTCF forms can be identified depending on the poly(ADP-
ribosyl)ation status; CTCF-180 kDa is poly(ADP-ribosyl)ated and is the predominant
form detected in normal breast tissues (Docquier et al., 2009). In the contrary the CTCF-
130 kDa was the only form identified in breast tumor tissues. The CTCF-130 kDa form

was predominantly detected in proliferating cells (S-Phase) and CTCF-180 kDa in non-
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proliferanting cells. In fact the poly(ADP-ribosyl)ated form of CTCF was directly

demonstrated to be impeding cell division (Docquier et al., 2009; Farrar et al., 2010).
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1.8. Aims

The signalling pathways regulating BCL6 are not known in detail, but are very
important because tight control of BCL6 expression is required for normal immunity.
Deregulated expression occurs in a subgroup of lymphomas despite the presence of an
unrearranged BCL6 locus and one cause of this is disruption of cis-acting control
elements in exon 1. The main goal of this project was to find out how signalling
pathways controlling BCL6 expression are integrated. For this purpose we established

the following aims:

1. To investigate BCL6 requlation in lymphoid Ph+ cell lines. Professor Melo’s

group at the Hammersmith Hospital whilst investigating the effects of the tyrosine kinase
inhibitor, Imatinib, in chronic myeloid leukaemia found that BCL-6 mRNA and protein
were upregulated upon inhibition of Bcr-Abl tyrosine kinase in different lymphoid blast
crisis cell lines. Therefore, we will use these lymphoid blast crisis cell lines cultured in

the presence and absence of imatinib to investigate the regulation of BCL6.

2. To extend our results on BCL6 regulation to Burkitt ymphoma cell. In order to

demonstrate relevance to the germinal centre biology, we will use human Burkitt
lymphoma cell lines (Ramos and DG75), which are representative of the germinal centre
stage of development, to confirm and extend our findings with the BCR-ABL expressing

lymphoid cell lines.

3. To explore the BCL6 requlation by MAPK and BCR signalling pathways. We will

also investigate how the MAPK signalling pathways which have been shown to be
important for the regulation of BCL6 are modulated by the CD40 and the BCR signalling

pathways, which are known to play essential roles in the germinal centre reaction.
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4. To determine the involvement of CTCF in BCL6 regulation. Using

bioinformatics we discovered a CTCF binding site in BCL6 exon 1. In order to determine
the biological relevance of CTCF in the BCL6 regulation we will investigate CTCF in vitro
and in vivo binding to BCL6 in several BCL6 positive and negative cell lines. We will also
characterize the pattern of expression of CTCF in human lymphoma cell lines .As CTCF
has been implicated in the epigenetic regulation of several genes we will finally study the

epigenetic regulation of BCL6 by CTCF.
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Material and Methods

CHAPTER 2. Material and methods

2.1. Cell culture methods

2.1.1 Cell lines culture

Cell lines were grown in either RPMI-1640 or DMEM (Lonza) supplemented with
10 to 20% fetal calf serum (Lonza), 2% L-glutamine and 5% penicillin/streptomycin and
maintained at 37° C in a humidified 5% CO, atmosphere. Cells were either purchased or
donated by groups within the Department of Haematology. Table 2.1 provides a list of
cell lines used in this study. Cells were maintained at the appropriate density (see table

2.1)

2.1.2 Primary cells

Frozen mononuclear cells from a patient with lymphoid blast crisis of chronic
myeloid leukaemia (CML) were kindly donated by Hospital Marques de Valdecilla
(Haematology Department; Santander; Spain). Cells were thawed out using a thawing
solution (DMEM medium with DNase | (Calbiochem) and preservative free heparin
(Monoparin, CP Pharmaceutical Ltd)). 10" cells were cultured in 1 ml of FCS-free-
medium (Iscove’s Modified Dulbecco’s medium (Sigma, St Louis, MO), 1% penicillin-
streptomycin-I-glutamine and serum substitute (BIT:Stem Cell technologies)) and kept in

culture overnight before performing the experiment (Hamilton et al., 2006).

2.1.3. Cell counting, cell cycle and viability.

Cell counting was performed using a haemocytometer. For ChiP assays, where

a very accurate measure was required in order to obtain reproducible results, we used
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the Countess® Automated Cell Counter (Invitrogen) following the manufacturer’s

instructions.

Cell viability was assessed by the dye exclusion test with Trypan Blue staining

(Sigma).

Cell cycle: Cell cycle measurement was carried out using propidium iodide
staining. 1x1 0° cells were harvested, and resuspended in buffer (0,1%NP-40; 0,5mg/ml
RNase A; PBS) and incubated at room temperature for 30 minutes. Propidium lodide
(0,05 x mg/ml) was added and cells were immediately analyzed by flow cytometry using
the FACs Canto Il. The analysis was performed in linear scale for cell cycle

experiments.

2.2. Purification of primary lymphoma cells using a FAC-Sorter

Lymph nodes biopsies of patients with lymphomas were provided by the
Haematology Department of the Hospital Universitario Marqués de Valdecilla after
diagnosis was made. Informed consent was obtained from every patient and approval to
perform this study was obtained from the local research ethics committee. Single cell
suspensions were obtained from the lymph node by physical disruption using a 20
gauge (0.9mm) needle attached to a sterile plastic syringe. These cells were then
separated in the FACSAria (BD) using the FCS/SSC parameters and two to four specific
monoclonal antibodies against surface markers specific of each type of lymphoma. The

separated cells were then used to obtain genomic DNA.
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Table 2.1.Phenotype, culture conditions, source and references of cell lines used in this study.

CELL CULTURE
LINE PHENOTYPE SOURCE REFERENCES
NAME MEDIUM
RAMOS Huma_n Burkitt's Lymphoma VEB RPMI-10F Ben Bassat et al,
negative 1997
e Gasperini et al , 2005
DG75 Humzta_n Burkitt's Lymphoma VEB RPMI-10F
negative Martinez et al, 1993
BJAB Human Burkitt's Lymphoma VEB | ppy qoF Klein et al, 1975
negative
RAJI Humgn Burkitt's Lymphoma VEB RPMI-10F Pr. Leon U. Cantabria Epste!n et al, 1966;
positive Epstein et al, 1965
MUTU Il Huma_n Burkitt's Lymphoma VEB RPMI-10F Dr. _ Noémi _ Nagy (MTC) Nagy et al, 2000
negative Karolinska Institute.
TOLEDO DLBCL RPMI-20F Dr. A Piris CNIO (Madrid) Martinez et al, 1993
LYO3 DLBCL RPMI-20F Dr. A Piris CNIO (Madrid) Martinez et al, 1993
CML Erythroleukaemia BC (p210 Pr. JV Melo University of | Koeffler et al, 1980;
K562 BCR-ABL) RPMI-0F | Adelaide Klein et al. 1976
BV173 CML Lymphoid BC (p210 BCR-ABL) RPMI-10F Pr. JV Melo U of Adelaide Pegoraro et al, 1983
Nalm-1 CML Lymphoid BC (p210 BCR-ABL) | RPMI-20F
Z119 PRE-B-ALL Ph+ (p190 BCR-ABL) RPMI-20F Pr. JV Melo U of Adelaide Estrov et al, 1996
Z-33 PRE-B-ALL Ph+ (p190 BCR-ABL) RPMI-20F Pr. JV Melo U of Adelaide
TOM-1 PRE-B-ALL Ph+(p190 BCR-ABL) RPMI-20F Pr. JV Melo U of Adelaide Blood et al, 1987
; ; _ ; Pr. JV Melo
Mv(4;11) | Dpfenotypic | B-myelomonocytic | gy 1o Lange et al, 1987
eukemia with t(4,1 1) U of Adelaide
HEK293T Human EmbrYonic Kidney DMEM-10F | * Pear et al; 1993

*These cell lines were already in the laboratory.

Abbreviatures:

F: Fetal Calf serum

EVB: Epstein Barr Virus

Burkitt's: Lymphoma:B cell Lymphoma
DLBCL: Diffusse Large B Cell Lymphoma
BC CML: Blast Crisis of Chronic Myeloid Leukaemia

ALL Ph+: Acute Lymphoblastic Leukaemia with Philadelphia chromosome (which is the result of a balanced

translocation between chromosomes 9 and 22)
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2.3. Fluorescence In Situ Hybridization (FISH)

Cultured cell lines or primary cell lines were firstly washed with PBS. The pellet is
then carefully resuspended by vortexing adding drop by drop up to 8 ml of pre-warmed
0,075 M KCI. Samples were incubated for 30 minutes at 37°C, centrifuged and carefully
resuspended by vortexing and adding drop by drop up to 8 ml of cold Carnoy’s solution
(75% methanol and 25% of glacial acetic acid(45%)). Between two and five additional
washes with Carnoy’s were performed in order to clear all debris. Samples were then
incubated on ice for 10 minutes and a drop of the sample was placed on a slide and
allowed to air dry. Five ul of a prediluted- probe (LSI BCL6 (3g27) 32-191016; VYSIS)
was put directly on the slide and covered with a cover-slide. The slide was placed in a
block at 85°C for 3 minutes, covered with parafilm and inserted on a humid box that was
placed on an incubator at 37°C for 18 hours. The day after, the parafiim was removed,
the cover slip was carefully removed by incubating it for 4 minutes in a Coplin Jar
containing prewarmed (72°C) hybridization solution (2XSSC (NaCl 3M y NaHCO03
0.3M)/0.3% NP-40). The slide was then placed in another Coplin Jar containing
hybridization solution and washed for 4 minutes. Slides were then allowed to air dry
completely. 10 pl of Vectashield (Vector Laboratories) were added and a cover slip was
placed on top. Fluorescence signal was analyzed using a Fluorescent Microscope

(Nikon Eclipse 50i).

2.4. Drug treatments

2.4.1. Signaling pathways inhibitors

The BCR-ABL cell lines, Z119 and BV173, and the germinal centre cell lines,

Ramos and DG75, and primary cells were incubated with inhibitors of either the
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MEK/MAPK or of the PIBK/AKT pathways at the concentrations and for the lengths of

time indicated (Table 2.2). The ERK 1/2 pathway was inhibited using the MEK1/2

inhibitors U0126 or/and PD98059 (Calbiochem). SB 202190 (Calbiochem) was used to

inhibit the p38 MAPK pathway., LY294002 (Calbiochem) and Rapamycin (Cell Signalling

Technology) were used to respectively inhibit the PI3K and the m-TOR pathways.

Where indicated, Imatinib (0.5-5uM; kindly provided by Professor Junia Melo) was

included in the cell suspension. Stock solutions of the inhibitors were prepared with

either DMSO or PBS. The final concentration of DMSO in all the experiments was below

0.8%.

Table 2.2. Signalling pathways inhibitors and stimulators utilized in this study

MEK 1/2 uo126 Calbiochem 10-100 uM Favata et al, 1998
Promega Notes
MEK 1/2 PD98059 Calbiochem 10-100 uM Han et al,2001
Promega Notes
P38MAPK SB202190 Calbiochem 10-50 uM Nemoto et al ,1998
Gauduchon et al; 2005
JNK JNK inhibitor I Calbiochem 5-20 uM Han et al, 2001
Bennet et al, 2001
PI3K LY294002 Calbiochem 10-50 uM Paunescu et al, 2000
Ireton et al, 1996
mTOR Rapamycin Cell Signaling | 5-50 nM Sin et al, 2006

BCR Anti-IgM Southern 10 pg/ml Niu et al, 1998
Biotech

CD40 Receptor Soluble CD40 Biovision 0.1-20 ng/ml Biovision

P38MAPK Anysomicin Sigma 50-100 ng/ml Hong et al, 2007
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2.4.2. CD40 and BCR stimulation

Ramos cells were preincubated with different inhibitors of the MEK/MAPK
pathway and/or treated afterwards with anti-IgM (Southern Biotech; 10 pg/ml) as

indicated.

For the CD40 experiments, Ramos cells were treated with CD40 ligand
(Biovision; 0.1-20ng/ml.) or cultured on a mono-layer (80-90% confluent and 30Gy
irradiated) of a mouse fibroblast cell line either stable transfected with human CD40

ligand (mCD 40L), or non transfected for up to 24 hours.

2.4.3. Anisomycin and Cycloheximide

To assess the phospho-p38 effect on the BCL6 promoter activity, 1 ug/ml of anysomicin
(Sigma) was added to the medium 2 hours before obtaining the lysates. To determine
whether the p38 effect required de novo protein synthesis or was mediated by
phosphorylation of an existing pathway, the protein synthesis inhibitor of cycloheximide

(20pg/ml) was added 2 hours before the anisomycin.

2.4.4. Demethylation treatment

In order to study the effects of different epigenetic modifications, cells were
treated with 5-aza-2'-deoxycytidine (5-azadC) and, in some cases with Trichostatin A
(TSA) .Two and a half million cells were seeded on 10 ml R10F and incubated with or
without 1uM freshly made 5-azadC (stock diluted in DMSO and stored at -80°C; Sigma)
for 72 hours. For 5-azadC and TSA co-treatments, cells were treated with 1uM 5-azadC
for 72 hours after which TSA (300 nM) was added for another 72 hours. Cell pellets

were used for RNA analysis.
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2.5. Construction of plasmid vectors

All constructs used in this study were verified by DNA sequencing and/or

restriction enzyme digestion

2.5.1. Dominant negative STAT5. The pORSVI plasmid containing dominant
negative Stat 5 (DN STAT5)(694F) was a kind gift from Professor Junia Melo

2.5.2. Luciferase Reporter Vectors

The pGL3 basic and the pRL null vectors were purchased from Promega. The (-
1296)BCL6pGL3 reporter vector containing a section of the BCL6 proximal promoter
region were donated by Professor Eric Lam (Hammersmith Hospital) (Fernandez de
Mattos et al., 2004). The BCL6(-4.9/+0.5)pGL3, BCL6(-4.9/+0.2)pGL3, BCL6(-4.3/+0.5)
and the BCL6(-4.3/+0.2)pGL3 reporter vectors were generated by Dr. Vasiliki
Papadopoulou (Department of Haematology, Hammersmith Hospital) (Papadopoulou et

al., 2010).

The BCL6 Exon-1pGL3 and BCL6AExon 1pGL3, -4.9/A+0.2pGL3 were
generated as follows. The BCL6 gene regions spanning from -4904 to the +239 (in
relation to the BCL6 transcription start site) were amplified using a Expand Long
Template PCR System (Roche) in a final reaction volume of 50 yl (30 ng of genomic
DNA, 300 nM of each primer, 200 nM of each dNTP and 0.4l of the DNA Polymerase),
in a thermocycler using a “Long template program” (95°C 2min; [94° 20 s; 62°C 30 s;
68°C 10min] 10 cycles; [94° 20 sec;62°C 40 s; 68°C 10 min-increasing 20 sec per cycle]
25 cycles; 68°C 9 min).

The BCL6 gene regions spanning from +239 to +533 were amplified using
Phusion® High Fidelity Tag on a final volume of 50 pl containing 200 ng of genomic
DNA, 300 nM of each primer, 200 nM ofeach dNTP and 1X Phusion Buffer and 0.06
units of Phusion Taq. PCR conditions were 98°C 45s followed of 40 cycles (98°C 5s; 2-
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step 72°C 45 s) and 72°C 10 min. Restriction enzyme recognition sites were added to

the primers for subsequent sub-cloning.

The PCR products were mixed with loading buffer [0.005% (w:v) bromophenol
blue 2% and 30% (v:v) glycerol 100%) and separated on a 1 to 1.5% agarose gels with
0.5 pg/ml of ethidium bromide in TBE buffer for 1 hour at 100V. 1 Kb DNA ladder and
100 bp ladder (Invitrogen) were used as weight markers. The insert fragments were then
purified using the QIAquick Gel Extraction Kit (Qiagen) following the producer’s protocol,
and digested overnight with an excess of restriction enzymes. Hind Il and Xho | (New
England Biolabs) were used to digest the 270 bp Exon 1 WT and mutant BCL6
fragments and Nhel and Bgl Il (New England Biolabs) for the digestion of the (-
4904/+533) mutant BCL6 fragment.

The pGL3 Basic vector was digested overnight with the same restriction
enzymes and purified, using the QlAquick Gel Extraction Kit. In order to avoid self-
ligation, 5’phosphates of the linearized vector were removed using 10 Units of Shrimp
Alkaline Phosphatase per ug of vector, incubating at 37°C for 15 minutes. Then heat
inactivation was performed for 15 additional minutes at 37°C. In order to calculate the
concentrations of both the insert and the vector, a small amount of both components
were run on a 1% agarose gel. Then, vector and insert were ligated using T4 DNA
ligase at 16°C O/N. Three different molar ratios were used (1:1; 1:3 and 1:5). The ligated
material was transformed into competent E. Coli. Briefly, 1 vial of competent E.Coli cells
(One Shot TOP10 Chemical competent E Coli cells; Invitrogen) was thawed on ice. 2 pl
of the ligated material was added into one vial of competent bacterial cells and mixed
gently. The vial was incubated on ice for 30 minutes, and then incubated at 42°C for 30
sec. After incubating the vial for two minutes on ice, 250 ul of SOC medium was added
to the vial, and then the vial was placed on a 37° incubator with horizontal shaking for an
hour. 100 ul of each transformation was then plated on an a pre-warmed ampicillin-agar

plate and left on an 37°C incubator O/N. Plasmids were then isolated from grown
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colonies using Wizard Plus SV minipreps DNA purification system and screened by

restriction digestion.

Plasmids, were then purified using the PureLink™ HiPure Plasmid DNA

Purification Ki (Invitrogen), following manufacturer’s instructions recommendations.

2.5.3. CTCF vectors

CTCF expression vectors used were: pCDNA-CTCF (Torrano et al., 2005),
kindly provided by Dr Klenova (Essex University, UK) and three different pEGFP-CTCF
constructs (pEGFP-CTCF-Full Length, pEGFP-CTCF-Zinc Finger, pEGFP-CTCF-C
Terminal) (Burke et al., 2005; Torrano et al., 2006), kindly provided by Dr R. Renkawitz
(Justus-Lieby University, Germany). For silencing CTCF expression the pRS-CTCF
containing a shRNA CTCF on the pRETRO Super vector (Brummelkamp et al., 2002)

(Figure 2.1), generated by Veronica Torrano, was used.

Puromycine PGK H1
ALTR marker Promoter promoter jeg LTR

s o == e R

from R. Bernards)

Bglll  Hindlll

/' \
(Bglll) Target sequence:sense

(Hairpin) Target sequence:antisense

5 GATCCGTGTCTAAAGAGGECCTTGT TCAAGAGACAAGGCCCTCTTTAGACACTTTTTTGGARA 3°
3'GCACAGATTTCTCCCGGAACAAGTTCTC TGTTCCGEGAGAAATCTGTGARAARACCTTTTCGA 5
(Hindlll)

AAGU
UUCUCCCGGAAC U
GUGUCUAAAGAGGGCCUUG Uc u c

\

UUCUCCCGGAAC CTCF-siRNA
GUGUCUAAAGAGGGCCUUG

Figure 2.1. Scheme depicting the pRS-CTCF vector used for silencing CTCF expression.
CTCEF target sequencing was described in Ishihara et al, 2006.
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2.5.4. pGMT- vector

For subclonning the bisulfite treated DNA sequences the pGEM-T easy vector
(Promega) was used. For ligation 2 yl of the PCR product, 0.5 yl (25 ng) of vector, 1 pl
of T4 DNA Ligase (3 Weiss Units/pl) and 5 pl of 2X Rapid ligation buffer, and 2.5 pl of
distilled autoclaved water were used. Ligation reaction was performed at room
temperature for 1:30 h. Transformation was carried out using DH5a Competent cells
(Invitrogen). Minipreps of 10-30 colonies of each condition were carried out. The
restriction enzyme Pvu | (Fermentas) was used to verify the insertion of the PCR
fragment on the vector. Five to ten minipreps were then submitted for sequencing using

the SP6 primer.

Table 2.3. Plasmids used in this study

PLASMID NAME PLASMID TYPE REFERENCE ORIGIN

pORSVI DN STAT5(694F) Expression Sonoyama et al, 2002 Pr. JV Melo

Mig p210 BCR-ABL plasmid Expression Quackenbush et al, 2000 Pr. JV Melo

Mig R1 Expression Quackenbush et al, 2000 Pr. JV Melo

pGL3 Basic Reporter Promega Commercial

pRL Null Reporter Promega Commercial
-1296BCL6pGL3 Reporter Mattos et al Pr. E Lam
BCL6(-4.9/+0.5)pGL3 Reporter Papadopoulou et al, 2010 Dr. SD Wagner
BCL6(-4.9/+0.2)pGL3 Reporter Papadopoulou et al, 2010 Dr. SD Wagner
BCL6(-4.3/+0.5)pGL3 Reporter Papadopoulou et al, 2010 Dr. SD Wagner
BCL6(-4.3/+0.2)pGL3 Reporter Papadopoulou et al, 2010 Dr. SD Wagner
BCL6(-4.3/A+0.2)pGL3 Reporter Batlle et al , 2009

BCL6(+5/+0.2)pGL3 Reporter Batlle et al , 2009

BCL6(+5/A+0.2)pGL3 Reporter Batlle et al , 2009

pcDNA3 Expression Invitorgen Commercial
pcDNA-hCTCF Expression Torrano et al , 2005 Dr. E Klenova
pEGFP-C2 Expression Clontech Commercial
pEGFP-CTCF-FL Expression Torrano et al, 2006 Dr. R. Renkawitz
pEGFP-CTCF-ZF Expression Torrano et al, 2006 Dr. R. Renkawitz
pEGFP-CTCF-CT Expression Torrano et al, 2006 Dr. R. Renkawitz
pGEM T-Easy vector Promega Commercial
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2.6. Transfections

2.6.1. DG75, MUTU Ill, BV173 and Z119 cells transfections: 2 to 10x105cells
were transfected by Nucleofection (Amaxa Gmbh, Cologne, Germany) following the
company’s recommendations. Briefly, after centrifugation, cells were resuspended in
100ul of specific transfection buffer (solution T for BV173; solution L for Z119; solution V
for MUTU Ill and DG75). Two to ten ug of plasmid are added and then nucleofected with
specific electrical setting (T-16 program for BV173 and Z119 cells; 0-006 program for
DG75 and MUTU Il cells). 0.5 ug of the GFP (Green fluorescent protein)-Max vector
was cotransfected to monitor transfection efficiency. After Nucleofection, cells were
immediately transferred into pre-warmed complete RPMI 1640 medium, left overnight
and analyzed the day after for transfection efficiency by flow cytometry. Cells were left in

culture up to 72 hours.

Figure 2.2. K562 and DG75 are efficiently transfected (a,b,c and d) K562 cells and (e,f) Dg75

48 hours after transfection with an empty vector (a,b) or a GFP-max vector (c,d,e and f). GFP
expression was analyzed by an inverted immunofluorescence microscope . GFP expression was

used to assess transfection efficiency
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2.6.2. K562 cells transfections: Ten million cells were also transfected by
nucleofection (Amaxa Gmbh, Cologne, Germany) as describe above but instead of
using the Amaxa Nucleofector solution buffer, we used 100 pl of MIRUS Reagent
(Ingenio Elecroporation solution). Six pyg of plasmids were used per nine million cells.
The T-16 program was used for nucleofection. Transfection efficiency was examined

using an immunofluorescence microscope.

2.6.3. 293T cells transfections:

For luciferase assays, 293T cells were transfected using Lipofectamine 2000
(Invitrogen), following producer’s instructions. One day before transfection 800000 cells
were plated on 6 well plates. Before transfection normal medium was replaced with
medium without antibiotics. Five pl of Lipofectamine 2000 were resuspended in 250 pl
of RPMI without FCS or antibiotics on an eppendorf tube and on a different eppendorf 4
Mg plasmids were resupended in 250 ul RPMI. After 5 minutes at room temperature,
diluted DNA and diluted lipofectamine were combined and incubated for 20 minutes at
room temperature. The resultant mixture was added to the cells. Four hours later normal

medium was added, and cells were incubated for 20 additional hours.

For Electrophoretic Mobility asays, 293T cells were transfected using jetPEI
(Genycell Biotech). One day before transfection 800000 cells were plated on 6 well
plates. Ten pl of jetPEIl were resuspended in 250 pl of NaCl 150mM on an eppendorf
tube and 5 pg of the pEGFP vector or the pEGFP-CTCF plasmid were resupended in
250 pl of NaCl 150 mM on a different tube. Both tubes were vortexed and incubated for
5 minutes at room temperature. Then diluted DNA and diluted lipofectamine were
combined and incubated for 20 additional minutes at room temperature. The resultant
mixture was added to the cells. Two hours later normal medium was added, and cells
were incubated for 36 additional hours. Cells were then harvested and washed with cold

PBS. Transfection efficiency was analyzed by immunofluorescence microscopy, based
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on the GFP expression.

2.7. Luciferase reporter assays

2.71. In DG75, Z119 and BV173 cells: 4 ug of the pGL3 basic vector
(Promega) or equimolar concentrations of any of the different BCL6pGL3 constructs,
were cotransfected together with 7 ug of either the dnSTATS plasmid, or the CTCF
vectors and 0.6ug of the pRL reporter vector (Promega) into ten million cells using the
Amaxa Nucleofector system as described above. pRL was used as a transfection
control. Cells were then washed with phosphate-buffered saline (PBS), resuspended in
50-100ul of 1X passive lysis buffer (promega) and further lysis was performed by
several freeze-thaw cycles. Then samples were centrifuged (12000 rpm, 15 min at 4°C)
and 20 pl of the supernatants were assayed for luciferase activity using the Dual-Glo

Luciferase Reporter System following the manufacturer instructions (Promega).

2.7.2. K562 cells: K562 cells were co-transfected with 0.5 ug of the pRL-Null
transfection control vector (Promega) and with either 4 ug of the pGL3 basic vector
(Promega) or with equimolar concentrations of different BCL6pGL3 constructs, and with
7 ug of different CTCF constructs using the nucleofector Amaxa Nucleofector system as
described earlier. After 52 hours of transfection cells were harvested, washed using PBS
and resupended in 120 ul of 1X passive lysis buffer and further lysis was performed by
several freeze-thaw cycles. Five pl of the lysates were used to assess luciferase activity
using the Dual-Glo Luciferase Reporter System in a Luminometer TD 20/20 Turner

Designs.

2.7.3. 293T cells: 293T cells were transfected with 0.4 pg of PRL vector and,
with either 3.5 pg of the PGL3 basic vector or equimolar concentrations of any of the
different BCL6pGL3 constructs. Cells were harvested 18-24 hours later and lysed on

120 pl of 1X passive lysis buffer and by three freeze-thaw cycles. Twenty to 50 pl of the
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lysates were used to measure the luciferase activity as described above.

2.8. Protein analysis

2.8.1. Western blot analysis

Cells (2 to 10x 10°) were centrifuged at 1500 rpm for 5 minutes, washed once in
cold PBS and resuspended in RIPA lysis buffer (1% nonidet NP-40,100 mM NaCl, 20
mM Tris-HCI (pH 7.4), 10mM NaF, 1mM orthovanadate and complete protease and
phosphatase inhibitors cocktail (Sigma)). Lysates were then incubated on ice for 30
minutes and centrifuged (12000rpm, 20 minutes at 4°C). The supernatant was placed on
a new tube and frozen at -70°C. One to 10 pl of the lysates were used for protein
concentration by either Bradford method or Bicinchoninic acid (BCA) kit (Sigma). 3X WB
Loading buffer (100 mM Tris pH 6.8; 4% SDS; 30% glycerol; 200mm DTT, 0.03% bromo
phenol blue (BPB) were mixed with 25 to 100 ug of protein in a final volume of 30ul,
boiled for 4 minutes and separated by vertical electrophoresis (MiniProtean cubette,
BioRad) on a 1XTGS buffer (25mM Trizma; 192 mM glycine and 1% (w:v) SDS. The
percentages of the SDS- Polyacrylamide geles varied from 7.5 to 10%, attending to the
weight of the protein to be analyzed. Proteins were transferred onto either a PVDF
membrane (Immobilon-P, Millpore, Bedford, MA) or a nitrocellulose membrane
(Schleicher and Schuell) for 1 hour at 175V using the humid Mini-Protean IITM system

(Biorad) on transfer buffer (25mM Trizma base; 192mM glycine and 20% methanol).

The membrane was blocked, either in 2-5% skimmed milk or 2-5% BSA, in
1XTBS (Tris-Borate acid-SDS) buffer pH 7.4 for an hour at RT on a shaker, and then
incubated O/N with the primary antibody (table 2.4) diluted on either 2-5% skimmed milk
or 2-5% BSA 1XTBS buffer. The day after, the membranes were sequentially washed
three times for 10 minutes at RT using wash Buffer (1XTBS-T), followed by incubation

for an additional hour at RT with the secondary antibodies (table 2.5), conjugated either
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with HRP or with infrared dyes, on a 1XTBS-1%SDS solution. Specific bands were
visualized either using the enhanced chemiluminescence system (ECL, GE
Healthcare)/developer or the Odyssey imaging system (LI-COR) which detects infrared

fluorescence.

In order to re-incubate with additional antibodies, membranes were washed with
wash buffer for 5 minutes, incubated with Restore Plus Stripping buffer (Pierce) for 10-
20 minutes at 37°C and for 5 extra minutes at RT and washed three times for 5 minutes

with wash buffer.

For protein loading control, the blots were restained with either anti-GAPDH,
anti-ABL or anti-Actin antibody. Specifications and dilutions used of the different

antibodies included in this study are shown in table 2.5.

Comercial positive controls for JNK and phospho-p38 were purchased from
Santa Cruz Biotechnology. Anti-IgM treated Ramos was used as a positive control for

Erk1/2.

2.8.2. Immunofluorescence assays.

A suspension of 5x10° cells was centrifuged at 1.500 rpm, resuspended in 10 pl
of PBS, placed on a micro-slide (Thermo-Scientific) and allowed to dry. Cells were then
fixed with either cold methanol for 10 minutes at -20°C or 3.7% paraformaldehyde in
PBS for 10 minutes at RT and, in some cases, permeabilized with 0.5% triton X-100.
Slides were washed 3 times for 5 minutes in cold 1%FCS-PBS, incubated with the
primary antibody for 1 hour at RT, washed 3 times for 5 minutes in cold 1%FCS-PBS
and incubated with the second antibody for 1h at room temperature. Following further
washing slides were mounted with the anti-fading Vectashield medium (Vector
Laboratories) with DAPI to visualize the nucleus. Cells were analyzed on

immunoflurescence microscope (Zeiss).
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Table 2.4. Primary antibodies used in this study

PRIMARY ANTIBODY | TYPE COMPANY Aplication || CATALOG | ) 10N
NUMBER
Anti-BCL6 N-3 Rabbit polyclonal Santa Cruz Biotechnology WB sc-858 1:100
Anti-STATS (c-17) Rabbit polyclonal Santa Cruz Biotechnology WB sc-835 1:250
Anti-Phospho- . . . WB i
STAT5(Tyr694) Rabbit polyclonal Cell Signalling Technology #9351 1:500
Anti-phospho p38 MAPK . . . WB .
(Tyr180/Tyr182) Rabbit Monoclonal Cell Signalling Technology #9215 1:1000
Anti-p38 MAPK Rabbit Polyclonal Cell Signalling Technology | WB #9212 1:1000
Anti-Phospho-SAPK/JNK . . . WB .
(Thr183/Tyr185) (81E11) Rabbit Monoclonal Cell Signalling Technology #4668 1:1000
Anti-SAPK/JNK Rabbit Polyclonal Cell Signalling Technology | WB #9252 1:1000
Anti-Phospho-p44/42 WB
MAPK (Erk1/2) | Rabbit Polyclonal Cell Signalling Technology #9101 1:1000
(Thr202/Tyr204)
anti-pa2/44 MAPK | Rabbit Polyclonal Cell Signalling Technology | VB #9102 1:1000
(ERK1/2)
Anti-phospho-c-Abl . . . WB .
(Tyra12) (247C7) Rabbit Monoclonal Cell Signalling Technology #2865 1:1000
Anti-c-Abl (24-11) Mouse Monoclonal Santa Cruz Biotechnology WB Sc-23 1:100
Anti-IRF4 Rabbit Monoclonal Cell Signalling Technology | WB #4964 1:1000
Anti-BCL-xL (54H6) Rabbit Monoclonal Cell Signalling Technology | WB #2764 1:1000
wB
Anti-CTCF Mouse Monoclonal BD Biosciences 612148 1:250
EMSA
Anti-CTCF ; ; CHIP
Mixture of 9 . d|fferent Pugacheva et al, 2005 1:20
monoclonal antibodies
wB
anti-Actin (1-19) Mouse Polyclonal Santa Cruz Biotechnology EMSA sc-1616 1:1000
Anti-GAPDH Rabbit Monoclonal Cell Signalling Technology | WB #2118 1:2000
Anti-H3 AC Rabbit Polyclonal Millpore CHIP 06-599 1:20
Anti H3K4me2 Rabitt Polyclonal Abcam CHIP 32356 1:20
Anti H2A.Z Rabbit Polyclonal Abcam CHIP 4147 1:20
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Table 2.5. Table of secondary antibodies used in this study

CATALOG
SECONDARY ANTIBODY COMPANY NUMBER DILUTION
Anti  mouse IgG HRP-linked . . .
secondary antibody Cell Signalling Technology | #7076 1:2000
Anti-Rabbit HRP-linked secondary | oo gignalling Technology | #7074 1:2000
antibody
Moy BONSHT sl ATINENS ||| oom Eamsmners 926-32210 | 1:1000
Secondary Antibody
Moy EROCH Dol ey AHMISS | | ) aom Erassmness 926-32222 | 1:10000
Secondary Antibody
INopp el BEmey AMCREN | eem prsemmses 926-32223 | 1:10000
Secondary Antibody
INoye €00 Sl ANRRESEN ||| o2 stmemiess 926-32213 | 1:10000
Secondary Antibody
Goat Anti-Mouse IgG (H+L), - )
DyLight 680 Conjugated Thermo Scientific 35518 1:10000
Goat Anti-Mouse IgG (H+L), - .
DyLight 800 Conjugated Thermo Scientific 35521 1:10000
Goat Anti-Rabbit 1gG  (H+L), s .
DyLight 680 Conjugated Thermo Scientific 35568 1:10000
Goat Anti-Rabbit IgG  (H+L), S— .
DyLight 800 Conjugated Thermo Scientific 35571 1:10000

2.9. RNA analysis by reverse transcription (RT) and real-time PCR

Total RNA was isolated by using the RNeasy kit (Qiagen) and DNase | treated
(Invitrogen). 2 ug RNA were mixed with a master-mix solution containing 1XBuffer RT,
0.5mM of each dNTPs, Oligo dT-Primer 1 uM, RNase inhibitor 10 Units/20 ul reaction,
RNase free water and reverse transcribed by 4U/20 ul reaction of the omniscript reverse
transcriptase (Qiagen) at 37°C for 1h. cDNA samples were stored at -20°C. The cDNA
obtained was then used in real time quantitative PCR analysis using either Tagman or

SYBR-Green approaches.

Tagman: Primers (Table 2.6) and probes mixtures were purchased from

Applied Biosystems. Amplifications were performed on an ABI Prism 7700 Sequence
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Detector (Applied Biosystems) for 10 minutes at 95°C, 2 minutes at 50°C, followed by 40
cycles of 15 seconds at 95°C and 1 min at 60°C. Single reactions contained 12.5 ul of
Tagman buffer 2X; 1.25 ul of Primer-Probe mix; 4ul of cDNA and 7.25 pl of water.

Triplicates of all conditions were performed.

SYBR green: Primers were designed using the primer 3 program according to
PCR standard guidelines (length 18 to 25 bp; GC content 40 to 65%; no G at a 5" end,;
avoiding secondary structures; Tm: 50 to 65°C) and properly tested using a pool control
cDNA sample. A PCR mix was prepared (44 pl final volume, used for two duplicate
reactions) containing 22 pl of 2X SYBR® Green RT-PCR Reaction Mix, 0.3 uM of
specific primers, 2 yl of cDNA and 17.4 pl of destilled water. Twenty ul per well were
loaded on a 96 well plate. PCR was performed on a Bio-Rad iCycler (Bio-Rad)
thermocycler as follows: 95°C 10 min; [95°C 5 min; 55-65°C 30 s] 40 cycles; 95°C 1 min;
55°C 1 min; for melting curve [55°C 10 s decreasing by half a degree each cycle] 80

cycles.
Results were analyzed and expressed by comparative DeltaDeltaCt (AACt) method:

*deltaCT; = CT (target condition 1) - CT (normalizer condition 1; S14 or HRTP1).
deltaCT, = CT (target condition 2) - CT (normalizer condition 2; S14 or HRTP1).

** delta delta CT: delta Ct;-delta Ct,

-AACT

*k%

comparative expression level = 2

****Standard deviation= \(SD; *+SD, ?)
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Table 2.6. Primers used in this study.

Name Primers RS Aplication
MveN | 5-ACAAGGAGGTGGCTGGAAAC-3 chiP
y 3".GCGTTCAGGTTTGCGAAAG-5"
H.1 5'-CAACGCAACACAGGATATGG-3"
Gombert | 3-TTCCCCTCCTGGCTTTTAGT-5' CHIP
cTCE 5'-GGACCTGAAGCCAAAGAACA-3’ chiP
| 3AAGTTTCGGACTCCTCCACA-5" EMSA
5'-GGACCTGAAGCCAAAGAACA-3’
CTCF: | 3 AAGTTTCGGACTCCTCCACA-5' RT-PCR
BCL6 | 5-GCTAGCCAGCTCCTTTCCACTCCTCTCG-3 Nhet | Clonning
49to | 5-TCAGATCTAGTGTCCGGCCTTTCCTAGAAACTTTGCGTATAGCCAC3 | gl | luciferase vector
+A0.5
BCL6 | 5-GCCCCTCGAGCCTCGAACCGG-3’ Xhol’ ?Jgﬂg'r';ge vector
+2/+0.5 | 5-GATCAAGCTTAGTGTCCGGCCTTTCCTAGAAACTTCTTGCATCACC-3" | Hindlll
BCL6 | 5-GCCCCTCGAGCCTCGAACCGG-3’ Xhol CI'OE}”L”Q vestor
+2/A+0.5 | 5-TCAAGCTTAGTGTCCGGCCTTTCCTAGAAACTTTGCGTATAGCCAC-3 Hindlll | ‘Uctierase vecto
BCL6 . .
(Tagman) (Hs00153368_m1)Applied Byosistems RT-PCR
BCL6 | 5-AGAGCCCATAAAACGGTCCT-3" RT-PCR
(E3-E4) | 3-AGTGTCCACAACATGCTCCA-5'
(1I:IaRq1r-:e;:|) (hs99999909 m1)Applied Byosistems RT-PCR
) 5'-TCACCGCCCTACACATCAAACT-3
RPS14 | 3 CTGCGAGTGCTGTCAGAGG-5 RT-PCR
5'-AGTTGAGGGGACTTTCCCAGGC-3’
NFKB | 5 GCCTGGGAAAGTCCCCTCAACT-3' EMSA
BUA 5'-GCTGCTTCTGGTCCAAACAT-3" ohip
' 3'-CCCTCCTACTCATCCCTGAA-5’
bU.2 5'-CTGCACTGCAATTGCCTTTA-3’ chip
' 3".GCACTACACGCAGCACAGTC-5
b3 5'-CACTTCAGCAAAAGTCCAAGG-3’ ohip
' 3".CGTGCCTTTTCTTTCCCTATC5'
PU4 5"-AACCTCTCGCTCCCTTTTGT-3’ P
' 3".TGACATAAGAGGGGGAGTGC-5
Bsps | 5-GGAGGGAGAGTTATTTTTAGGT-3 Bisulfte assay

5-ACAACAACAACAATAATCACCT-3"
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2.10. Chromatin Immunoprecipitation (ChlP) assays

ChIP assays were performed using a modified version of the Upstate
Biotecnology protocol. Briefly, between 5 x10” to 10°® cells (Niu et al., 2003) were
harvested, resuspended in 1%formaldehide/ PBS and incubated for 10 minutes in
agitation. Glycine was added to a final concentration of 0.125 mM and incubated for 10
additional minutes. Cells were centrifuged, washed twice with cold PBS and resupended
in 200 pl of lysis buffer (10mM EDTA, 50mM Tris-Cl pH 8 and 1% SDS) containing
protease inhibitors cocktail (1:100; Roche), homogeneizated by passing the lysate 5
times through a blunt 20 gauge needle and incubated 10 minutes on ice. Lysates were
then sonicated using a Bioruptor (Diagenode) at the maximum setting for 10 minutes (30
seconds on-30 seconds off) for three times on ice cold water, leading to fragments
between 250-1000 bp. Lyates where then centrifuged for 10 minutes at 10000 rpm and
supernatant was afterwards diluted 10 times with the dilution buffer (2mM EDTA,
150mM NaCl, 20mM Tris-HCI pH 8, 1% Triton X 100, 0.01% SDS and protease
inhibitors cocktail). Ten percent of this solution was used as INPUT control. Antibodies
were added to the diluted lysates and incubated for 18 hours with rotation at 4°C. A
mixture of 9 different monoclonal antibodies (Pugacheva et al., 2005) was used to
immunoprecipitate CTCF. Characteristics of all antibodies employed in this study are
detailed in Table 2.4. In every experiment one sample without antibody was
incorporated as a negative control. Seventy five ul of “Dynabeads® Protein G” were
mixed with 35 ul of Sperm DNA salmon (Upstate), incubated 1 h at 4°C, added to the
antibody-chromatin mix solution and incubated for 4 additional hours at 4°C with
rotation. Afterwards beads were sequentially washed for 5 minutes with rotation using 1
ml of Low salt wash Buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 1% Triton X-100,
20 mM Tris-HCI pH 8 and 150 mM NacCl), High salt wash Buffer (0.1% SDS, 1% Triton
X-100, 2mM EDTA, 1% Triton X-100, 20 mM Tris-HCI pH 8 and 500 mM NaCl), LiCl
wash Buffer (0.25M LiCl, 1% NP-40,1%NaDOC, 1mM EDTA, 10mM Tris-HCI pH 8) and
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two washes with 1 X TE buffer. Protein-DNA complexes where then eluted using freshly
prepared elution buffer (1% SDS and 0.1 M NaHCO3) for 30 minutes at 65° and then
cross link was reverted by addition of 5M NaCl to the elutes and incubation at 65°C
overnight. Beads were removed using a magnet and lysates were treated with
proteinase K at 45°C for 3 hours. DNA was purified using “Wizard® SV PCR Clean-Up

system” (Promega), using 120 pl of H,O for elution.

Eluted DNA was then analyzed by real time-PCR. PCR was performed in
duplicates with equal amounts of specific antibody immunoprecipitated sample, control
(sample with no antibody) and Input. The CTCF target site oligonucleotides used were
firstly optimized using genomic DNA as template. The primer sequences utilized are
detailed in Table 2.6. The -5.9 Kb upstream region (H1site) on the c-myc gene (Gombert
et al., 2003) was used as a negative control. The Myc N CTCF Binding site was used as
a positive control (Ohlsson et al., 2001). The comparative cycle threshold approach was
used for the data analysis as described above (Fitzpatrick et al., 2007). The relative
enrichment of a particular sequence was obtained using the following formula:

2(CT Input- CT immunoprecipitated sample)

where CT is the number of cycles needed to rise the threshold. Fluorescent levels
obtained by amplification of the “non-antibody sample” were used to normalize the

fluorescent levels of the rest of the samples.

2.11. Electrophoretic mobility shift assay (EMSA)

2.11.1. Preparation of radiollabelled probes

T4 method: Oligonucleotides were storaged at a 100 uM stock solution. 1 pl of
each oligonucleotide stock solution was mixed with 98 ul of annealing buffer (10mMTris;

TmMEDTA; 50mM NaCl pH 8), and boiled for 5 minutes letting cold down at room
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temperature for 8 hours. In order to radiolabel the probe 10 ul of the template DNA was
mixed with 1 pl of T4 polynucleotide kinase (PNK), 2 pl of 10X T4 PNK buffer and 2 ul of
the radio-isotope **P, and incubated for 30 minutes at 37°C. To eliminate labelled
nucleotides not incorporated to the DNA probe the reaction was passed through a
lllustra Probe Quant column (GE Healthcare) following manufacturer’s instructions. 1 pl
of the elution was diluted with 19 pl of TE buffer, and of this 1 pl was used for a 20 ul
final EMSA volume reaction, so the final amount used per reaction was 0.05 pmole of

the 3*P-labelled probe.

PCR method: A 198 bp radioactive labelled probe was obtained by PCR from
genomic DNA. Primers sequences are detailed on table 2.6. PCR was performed in a
final volume of 50 pl containing 3 pl of the [a-**P]JdCTP (Hartman Analytic), 200 ng of
genomic DNA, 0.2 mM each dNTP, 0.5 pyM of each primer and 1 U of DFS-Tag DNA
Polymerase (Bioron) with the following PCR conditions: 95°C for 2 min,40 cycles (95°C
30s, 65°C 30s and 72°C 30s) and 72°C 1min. The efficiency and quality of the PCR was
assesed by running on a gel the product of a PCR which didn’t contain radioisotope that
was performed in parallel with the radioactive one. The PCR fragments were purified

using “Wizard® SV PCR Clean-Up system” and eluted with 50 pl of distilled water.

2.11.2. Nuclear extracts: Nuclear extracts were obtained from transfected
HEK293T cells as described earlier. Cells were resuspended with Buffer 1 (HEPES
10mM; KCI 10mM; EDTA pH8 0.25mM, EGTA-K pH 8 0.125M, Spermidine 0.5 mM,
NP40 0.1%, DTT 1mM and protease inhibitors 1:100) vortex and incubated 10 minutes
on ice. Cells were then centrifuged 5 min at 1500 rpm. Supernatant was removed and
pellet was resupended in 50 pl of buffer 2 (HEPES 20mM; NaCl 0.4M; EDTA 0.25 mM,
MgCl; 1.5mM, DTT 0.5 mM and proteinase inhibitors 1: 100) and incubated 1 hour with
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rotation at 4°C. Samples were afterwards centrifuged for 20 minutes at 15000 rpm.

Supernatant was then placed on a clean tube and frozen at -70°C until used.

2.11.3. EMSA reaction: Binding reactions were performed by mixing 1 pl of the
nuclear extract with EMSA buffer (1.5 pg of poli-didC, 20 mM HEPES pH 7.5, 50 mM
KCL, 5% Glycerol, 0.175mM EDTA) and with either water or cold competitor or 1 pl of
anti-CTCF antibody (Table 2.4), or 1 pl of the anti-Actin antibody (Table 2.5) and
incubated on ice for 10 minutes. Later 1 ul of the probe was added to each condition and
the resulting mixture was incubated for 30 additional minutes. Samples were
electrophoresed on a vertical non-denaturing 4% poly-acrylamide gel (160V for 2 hours)
in 0.5X Tris-borate-EDTA (TBE) buffer. Gels were fixed using 10% acetic buffer for 10
minutes and then dried for 30 minutes (BioRad). Bands were obtained by exposing an

X-ray film for 18-24 hours.

2.11.4. Preparation of methylated probes

Probes were methylated using the Sss | methyltransferase (New Engaind
Biolabs) as follows: Five pl of the purified probe were incubated with 3 ul of NEB buffer
2, 3 pl (12U) of Sssl (3 ul of H,O in the case of the control probe), 1 pl of SAM (S-
adenosylmethionine; 1 pl of H,O in the case of the control probe) 32mM and18 ul of
distilled water for 4 hours at 37°. After this process 3 ul of NEB buffer 2, 3 pl (12U) of the
Sssl (3 upl of H,O in the case of the control probe), 1 uyl of SAM 32mM (S-
adenosylmethionine; 1 pl of H,O in the case of the control probe) and 23 ul of distilled
water were additionally added and incubated for 4 hours at 37°C. This process was
repeated again after 4 hours. The reaction was ended by heating at 65°C for 20 minutes.
Probes were afterwards purified using the Wizard® SV PCR Clean-Up system”, eluting

with 50 pl of H,O. The New Englanb Bioloab Program (http://tools.neb.com/NEBcutter2)

was used to find which CpG methylation sensitive enzymes were adequate to verify the
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methylation status of both the control and Sss-I treated probe. Digestions with 1,5 U of
Smal or HinP1l or (Hin6l) and Pmll (Eco71l) and 5 pul of the purified probe were left
overnight and run on a vertical non-denaturing 8% poly-acrylamide gel for 2:30h in 0.5X

TBE buffer.

2.12. Bisulfite Genomic Sequencing

Genomic DNA was obtained from lymphoma cell lines and samples from
lymphoma patients (Figure 2.3) using the DNeasy Blood & Tissue Kit (Qiagen; ref:
69506). Bisulfite conversion was performed using the commercial kit EZ DNA
Methylation-Gold Kit Zymo Research Cat No D5005 following manufacturers instructions

(Figure 2.3).

Lymphoma cell lines with Samples from patients
different BCL6 expression with lymphoma

N\ /

Genomic DNA purification

l?

—1 - ~1 -6 —

Bisulfite conversion
v
—{1 -6 {1 {&)-c—

PCR

\4
—T-T-6-T-Cc-6—

—(A—~A-c—-A-ec-c—

/ N\

Direct Clonning of PCR fragments
sequencing on the pGEM-T vactor and
sequencing

Figure 2.3. Algorithm used for the bisulfite methylation analysis.
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Briefly 500 ng of genomic DNA were mixed on a PCR tube with 130 pl of CT
conversion reagent. Tubes were placed on a thermal cycler and the following sequential
steps were followed: 98°C 10 minutes, 64°C 2.5h. The resulting product was loaded on
a Zymo-Spin™ |C Column containing 600 pl of M-Binding Buffer. After inversion of the
tube samples were centrifuged for 10 minutes and then 100 ul of M-Wash Buffer were
added to the column. After centrifuging, samples were incubated for 20 minutes at room
temperature with 200 pl of M-Desulphonation Buffer. Columns were washed twice using
the M-wash buffer. Ten pl of M-Elution Buffer were used to elute the bisulfite treated

DNA. These samples were kept at -70° until used.

BSP primers were designed using the methyl primer express software (Applied
Byosistems). The specific oligonucleotides were optimized using bisulfite treated
genomic DNA from K562 cell line. The sequences of the oligonucleotides are specified
on Table 2.6. Five pl of the bisulfite modified DNA was amplified using the Expand High
Fidelity PCR System (Roche; ref: 11 732 650 001). PCR conditions were as follows:
95°C for 2 min, 40 cycles (95°C 30s, 59°C 30s and 72°C 30s) and 72°C 1 min. PCR
products were in some cases sent for direct sequence. In other cases the PCR products

were cloned into the pGEM-T easy vector as described earlier.
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CHAPTER 3. CML lymphoid blast crisis cell lines as model
systems to define the effects of BCR-ABL mediated signalling

on BCL6 expression.

3.1. INTRODUCTION

The BCR-ABL oncogene is the result of a balanced translocation between
chromosomes 9 and 22 1(9;22), that gives rise to a BCR-ABL fusion oncoprotein with
constitutive tyrosin kinase activity Professor Melo’s group at the Hammersmith Hospital,
whilst investigating the effects of the BCR-ABL tyrosine kinase inhibitor, Imatinib in
BCR-ABL positive cells have unexpectedly found a relationship between BCL6 and
BCR-ABL. This was derived from expression profiling of genes transcriptionally
regulated by BCR-ABL using differential display to compare the mRNA profile of the
lymphoblastic CML cell line BV173 treated with Imatinib, with that of untreated control
cells (Deininger et al., 2000a). As a result, BCL6 mRNA and protein were found to be
up-regulated upon inhibition of BCR-ABL tyrosine kinase in these cells. On the basis of
this result, they investigated whether the pattern of BCL6 mRNA up-regulation was
restricted to BV173 cells. They tested 14 CML or Ph-positive ALL cell lines exposed or
not to 1uM imatinib for 24 hours by northern blotting. BCL6 was found to be consistently
upregulated in 7 out of 8 Ph-positive lymphoid lines tested upon BCR-ABL inhibition
(Figure 3.1.). The only exception was SD1, a cell line previously shown to be resistant to
Imatinib. In contrast, BCL6 repression by BCR-ABL was confirmed when Imatinib was
withdrawn. Furthermore, when BCL6 expression was tested in the imatinib-resistant

subline BV173-r8 its expression was found not to be up-regulated.

In confirmation of these preliminary results, Walker et al, (Walker et al., 2007)

and Mattos et al (Fernandez de Mattos et al., 2004) have also demonstrated that BCL6

101



is upregulated in BV173 cell line on treatment with Imatinib appears to be, therefore a

suitable model system for analysing the regulation of BCL6 expression.

Figure 3.1. BCL6 is induced in lymphoid blast crisis of CML by Imatinib. Northern showing
BCL6 mRNA expression (upper panel) in contrast to a control gene (lower panel) in seven BCR-
ABL positive cell lines (BV173, Nalm1, Tom1, MIK/ALL, My,SD1 and CML-T1) and two BCR-ABL
negative (REH and 697) when treated (+) or non treated (-) with 1uM Imatinib1 for 24h. This is a

result from the thesis of Sara de Almeida Deus Vieira.

For this reason, we used the BV173 cell line and other lymphoid BCR-ABL
expressing cell lines, in the presence and absence of Imatinib, to investigate the
signalling pathways involved in the regulation of BCL6 and to determine how the

patways controlling BCL6 expression are integrated.
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3.2. RESULTS

3.2.1. Imatinib induces BCL6 expression in CML lymphoid blast crisis cell

lines and primary cells

In order to find out if the results of (Deininger et al., 2000b) and (Fernandez de

Mattos et al., 2004) could be extended various cell lines were treated with different

concentrations of Imatinib for different lengths of time. All BCR-ABL lymphoid blast crisis

cell lines tested showed induction of BCL6 protein expression on treatment with 0.5 yM

of Imatinib (Figure 3.2.a), and this was largely due to increases in BCL6 transcription

(Figure 3.2.b). The BCR-ABL myeloid cell lines tested showed no induction of BCL6.

a
Imatinib (uM) 0 05 1 2 5
T — e W | BV173
— T — Nalm-1
T —— 710
BCL6
|’ -—--q-—---l Z-33
.-----_q TOM-1
| | K562
| | MV4;11
GAPDH | |

BCL6 mRNA relative expression

10 -

7,5

4

Time(h)

24

Figure 3.2. Imatinib induces BCL6 expression in CML lymphoid blast crisis cell lines (a) BCL6

expression in two lymphoid blast crisis of CML Ph+ cell lines with a p210 BCR-ABL transcript (BV173,

Nalm-1), three acute lymphoblastic leukemia Ph+ cell lines with a p190 BCR-ABL transcript (Z-33, 2119,

Tom-1), 1 erythroid blast crisis of CML cell line (K562) and 1 acute myelogenous leukemia Ph negative

(MV4;11) after treatment with the indicated amounts of Imatinib for 24 hours. BCL6 expression was
analyzed by Western blot. GAPDH was used as loading control (b) RT-gPCR analysis for the BCL6 was

performed on BV173 cells after treatment with 1uM of Imatinib for different lengths of time as indicated.

Values are expressed as BCL6/HPRT ratios. Triplicates of all conditions were performed.
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To examine whether this phenomenon was restricted, or not, to cell lines, primary
cells from a patient with lymphoid blast crisis of CML were investigated. These cells
were predicted to have normal sensitivity to Imatinib because sequencing showed that
there were no mutations on the BCR-ABL kinase domain. Sequencing was carried out
by Natalie Rossi (Department of Haematology; Hammersmith Hospital). These cells also
demonstrated increased BCL6 expression on treatment with Imatinib, demonstrating
that the effects | observed were not simply a feature of transformed cell lines (See below

Figure 3.6.c).

BV173 and Z119 cell lines were selected to carry out further work. Both cell lines
represent different diseases and express different BCR-ABL transcrips: BV173 derives
from a lymphoid blast crisis of CML and expresses a p210 BCR-ABL transcript
(Pegoraro et al., 1983) whilst Z119 is an acute lymphoblastic leukaemia cell line that
displays a p190 transcript (Estrov et al., 1996). BV173 has low basal BCL6 expression
but Z119 has intermediate BCL6 basal expression (Figure 3.2.a).

3.2.2. BCR-ABL downstream pathways as potential regulators of BCL6

The PI3K/Akt/FoxO3a pathway has already been implicated in BCL6 regulation
in the BV173 cell line (Fernandez de Mattos et al., 2004). Other important targets of
BCR-ABL such as ERK1/2 or STATS have been previously associated with the
regulation of BCL6 in other cell lines (Niu et al., 1998; Scheeren et al., 2005; Walker et
al., 2007) and, therefore, other major BCR-ABL signaling pathways might also contribute

to the regulation of BCL6 in lymphoid blast crisis cells.

Several downstream BCR-ABL pathways, including the Ras/Raf/MEK, the
PIBK/AKT/mTOR and the JAK/STATS, have been widely investigated (Steelman et al.,
2004). In order to investigate candidate molecules regulating BCL6, these major BCR-
ABL pathways were analyzed (Figure 3.3). In agreement with previous results (Parmar

et al., 2004; Steelman et al., 2004), we found that Imatinib reduced phosphorylation of
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STATS and AKT, but that p38 MAPK was relatively resistant to the effects of this drug
(Figure 3.3). In BV173 and Z119, despite BCR-ABL, there was no detectable phosho-
ERK1/2 or phospho-JNK. This is surprising because the ERK1/2 pathway has been
implicated in BCR-ABL mediated transformation (Cortez et al., 1997). However, there is
also evidence that ERK1/2 is not active in primary cells from CML patients (Platanias,
2003; Towatari et al., 1997). Therefore, the effects of STAT5S, PIBK/AKT/mTOR and p38

MAPK on BCL6 expression were investigated in more detail.

Imatinib -+ -4
- BCL-6 I:I pERK1/2
| GAPDH E ERK1/2
=== = "
pSTAT5 ot S pAKT
S | STATS EI AKT
—_— P38

Figure 3.3. Inhibition of BCR-ABL signalling pathways by Imatinib. Activation of BCR-ABL, STAT5,
P38, ERK1/2, JNK1/JNK2 and AKT on BV173 cells in basal conditions and after 6h of treatment with 1

MM Imatinib were analyzed by western blot using specific phospho-antibodies.

3.2.3. STAT 5 upregulates BCL6 in CML Lymphoid blast crisis cell lines.

STATS upregulates BCL6 in primary tonsilar B-cells (Scheeren et al., 2005) but it
appears that it downregulates BCL6 in cell lines (Walker et al., 2007). It is known that
BCR-ABL phosphorylates STATS (Steelman et al., 2004) and consistent with this finding

western analysis showed that Imatinib led to dephosphorylation of STATS (Figure 3.4.a).
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Figure 3.4. STAT 5 induces BCL6 in CML lymphoid blast crisis cell lines (a) Effect of Imatinib on BCL6 and
pSTATS expression in BV173 cells when exposed to 5 yM Imatinib for the indicated lengths of time (b) BCL6
protein expression in Z119 cells after transfection of the indicated amounts of a truncated form of STAT5
analyzed by western blot. (c) RT-gPCR showing BCL6 mRNA expression normalised to HPRT after
transfection of 6 pg of a dominant negative STAT5 at different time-points (Column 1: untransfected; Column 2:
transfected with GFP-max control plasmid; Columns 3,4 and 5: harvested at 4, 8 and 12 hours respectively) (d)
Reporter activity in Z119 cells after co-transfection with -1296Bcl6Pgl3 (BCL6 promoter reporter construct) and
different amounts of a dominant negative form of STAT5 (Upper Bar :-1296Bcl6Pgl3 vector alone; The rest of
the bars show -1296Bcl6Pgl3 vector together with 3, 6 and 9 pg of the dominant STAT5 plasmid respectively).

These results raise the possibility that induction of BCL6 expression by Imatinib
occurs through dephosphorylation of STAT5 in these cells. In order to pursue this idea,
Z119 cells, which have detectable basal expression of BCL6, were transiently
transfected with a mammalian expression vector encoding a dominant negative mutant
of STATS. Interestingly, both mRNA and protein levels of BCL6 were constantly
downregulated by the dominant negative STAT5 (Figures 3.4.c and 3.4.b). Moreover

reporter assays using a construct containing the BCL6 promoter region (-
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1296BCL6pGL3), which includes several STAT5 binding sites (Scheeren et al., 2005),
showed a remarkable decrease in the promoter activity when Z119 cells transfected with

the dominant negative STAT5 (Figure 3.4.d).

In conclusion, these results suggest that the BCL6 increased expression
observed in Lymphoid Ph+ cell lines after treatement with Imatinib is not due to the
STATS5 pathway, since STAT5 becomes dephosphorylated and therefore inactive upon
treatment with imatinib. Also, the fact that BCL6 is not expressed in BCR-ABL cells in
basal conditions despite the constitutive activation of STAT5, which induces BCL6 in
basal conditions, shows that additional strong repressive pathways must be inhibiting

BCL6 expression in these cells.

3.2.4. m-Tor represses BCL6 expression in Z119 cells.

The Phosphatidylinositol 3-kinase (PI3K) pathway is another major pathway
downstream BCR-ABL. Aberrant activation of this pathway has been detected in several
cancers, and has been demonstrated to be involved in cell growth and survival of cancer
cells (Engelman, 2009). The LY294002 is a highly specific PI3K inhibitor. In order to
investigate whether the PI3K pathway was mediating the Imatinib effect on BCL6
expression, the LY294002 inhibitor was employed in the Z119 cell line. Western analysis
showed a transient increase of BCL6 protein expression after 30 minutes of treatment in

Z119 cells (Figure 3.5.a).

The mammalian target of rapamycin (mTOR) is one of the principal targets
downstream the PI3K/AKT pathway (Engelman, Nat reviews; 2009). For this reason we
aimed to examine whether the Imatinib effect on BCL6 expression was performed
through the PISK/AKT/mTOR pathway. Z119 cells were treated with rapamycin, and
once again these cells showed a transient upregulation of BCL6 expression after 4

hours of treatment (Figure 3.5.b). Therefore, inhibition of MTOR can in part mimic the
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effects of Imatinib, implying that phosphorylated mTOR contributes to inhibit BCL6

expression.
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Figure 3.5. m-Tor represses BCL6 expression in Z119 cells (a) Western displaying BCL6 expression in
Z119 cells basal conditions (Lane 1), after treatment with 1 yM Imatinib for 4 hours (Lane 2) or with 50 uM
LY294002 for different lengths of time (Lanes 3 to 8). GAPDH was used as loading control (b) BCL6
expression in Z119 cells in basal conditions and after treatment with 50nM Rapamycin for the indicated
lengths of time, were analyzed by western blot. ABL was used as a loading control (c) BCL6 expresion in
BV173 cells in basal conditions (lane 1), after treatment with 1uM Imatinib for 4 hours (lane 2) and with 50uM
of LY294002 at different time points. GAPDH or ABL were used as loading control

Unfortunately, such effect on BCL6 expression was not observed when the
BV173 cell line was treated with any of the PI3K Inhibitor (Figure 3.5.c). Since the Z119
and BV173 cell lines represent two different diseases (Ph+ Acute Lymphoblastic
Leukemia and lymphoid blast crisis of CML respectively), further studies will be required
to determine whether the PI3BK/mTOR outcome is specific of a the Z119 cell line, or is

an effect observed in other Ph+ ALL cell lines.
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3.2.5. p38 MAPK induces BCL6 in CML lymphoid blast crisis cell lines

We reasoned that, because p38 MAPK failed to be dephosphorylated by
Imatinib, it was a candidate protein responsible for the Imatinib effect on BCL6
expression. Utilising Z119, a cell line showing basal expression of BCL6, we found that
a specific inhibitor of p38 MAPK, SB202190, reduced BCL6 expression (Figure 3.6.a)
under basal conditions, supporting this idea. A prediction derived from this finding is that

Imatinib and SB202190 will have opposing effects on BCL6 expression.
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Imatinib(4h) T - Imatinib (4 h) -+ o+ + o+ o+ o+ o+
SB202190(h) - - 02505 1 2 4 6 $B202190 (h) - - 02505 1 2 4 6
|“-;—— 'ﬂ| BCLG [ e o ot ot ot o | BCLG
| pog IGAPDH | | GAPDH
4
Z119 Z119
2,5 -
C  sB02190 - - - d §
Imatinib -t ‘Lu; )
) g ]
Time (h) 0 8 16 8 16 g
[}
Il | eBCRABL 2 15
©
°
| st s s st | BCR-ABL R
2
E = omem. = | BCLs %
0,5 4
|~| GAPDH 9
@)
@0 -
Primary cells
SB202190 - - + C- C+
IMATINIB - + +

Figure 3.6. p38 MAPK induces BCL6 in CML lymphoid blast crisis cell lines(a and b) BCL6 expression
analyzed by western blot in Z119 cells after treatment with 10 yM SB202190 for different lengths of time (a)
and after treatment with SB202190 for the same lengths of time in combination with 1 uM of Imatinib for 4
hours (b). GAPDH was used as a loading control (c) Cells from a patient with lymphoid blast crisis of CML
were analyzed for BCL6 expression and phospho BCR-ABL activity by western blotting in basal conditions
after treatment with Imatinib for 8 and 16 hours, and after co-treatment with SB202190 and Imatinib for 8
hours and 16 hours (d) RT-gPCR showing BCL6 mRNA expression normalised to HPRT in primary CML cells
in basal conditions (Column 1), after 4 hours of Imatinib (Column 2), and after treatment with SB202190 for 6
hours and 1uyM Imatinib for 4 hours (Column 3). Column 4 and 5 show BCL6 relative expression in the non

BCL6 expressing cell line 293T (C-) and in the BCL6 expressing cell line Ramos (C+), respectively.
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In addition because SB202190 acts downstream of Imatinib in the signalling
pathway from BCR-ABL, it will reduce or abolish the Imatinib effect. When Z119 was
treated with Imatinib and SB202190 for varying lengths of time, BCL6 expression was
again reduced (Figure 3.6.b) and this effect was also observed in BV173 (not shown)
and primary lymphoid blast crisis cells (Figure 3.6.c and 3.6.b) confirming the view that
p38 acts to induce BCL6 expression under both basal conditions and in the presence of

Imatinib.

3.2.6. Ectopic expression of BCR-ABL leads to BCL6 down-regulation

BCL6 has important roles in normal germinal centre B-cells and the germinal
centre derived non-Hodgkin’s lymphomas. To find out if the findings in CML lymphoid
blast crisis cell lines could be transferred to germinal centre cells human Burkitt
lymphoma cell lines, Ramos and DG75 were utilised. Both cell lines have been widely

used by many researchers and have high expression of BCL6.
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Figure 3.7. Ectopic expression of BCR-ABL leads to BCL6 down-regulation. DG75 cells were
transiently transfected with different amounts of Mig BCR-ABL p210 plasmid. Cells were harvested 24 hours

after transfection and western analysis for BCR-ABL, BCL6 and GAPDH was carried out.

BCR-ABL was ectopically expressed in DG75 cells, with a Mig p210 BCR-ABL
plasmid. Western analysis revealed that BCL6 expression was down-regulated in

DG75/BCR-ABL cells (Figure 3.7) by p210. This result suggests not only that BCL6
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repression in Ph+ cells is a direct effect of BCR-ABL but also that the same signalling
pathways that operate in the BCR-ABL cell lines might also be active in the germinal
centre cells. Next the effects of manipulating STAT5 and p38 in Ramos or DG75

lymphoma cells were investigated.

3.2.7. STATS5 also regulates BCL6 in germinal centre cells.

To examine the STATS contribution to BCL6 expression in germinal centre cell
lines we decided to inhibit STAT5 function using a dominant negative form of STATS in
Ramos and DG75 cells. Transfection efficiency assessed by FACS was between 20-
30% in Ramos cells and 70-90% in DG75 cells after 8 hours of transfection (Figure

3.8.a).
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Figure 3.8. STATS also regulates BCL6 in germinal centre cells (a, b) Flow cytometry analysis of GFP
expression after 18 hours of transfection with a GPF-Max vector in DG75 and Ramos cells respectively. The
number in the top left quadrant indicate the percentage of cells expressing GFP (c) Plot showing GFP
expression in untransfected DG75 cells. (d) BCL6 expression in two different Burkitt cell lines, DG75 (Left
panel) and Ramos (Right panel) was analyzed by western after transfection co-transfection with GFP-max

and with various doses of a truncated form of STAT5 as indicated.
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Western blots showed that BCL6 downregulation could be induced by dnSTATS
in both DG75 and Ramos cell lines (Figure 3.8.b). All results - in CML and B-cell lines -
are consistent with previous reports (Scheeren et al., 2005) that STATS contributes to

inducing BCLG6 in germinal centre cells.

3.2.8. p38 is important for BCL6 regulation in germinal centre cells.

To find out the effects of manipulating p38 on basal BCL6 expression in the
germinal centre cells the p38 inhibitor SB202190 was employed. BCL6 protein
downregulation was observed in both DG75 and Ramos cells after treatment with this
inhibitor (Figure 3.9), indicating that the p38MAPK pathway is also implicated in the

BCLG6 regulation in germinal center cells.
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Figure 3.9. p38 upregulates BCL6 in germinal centre cells (a) BCL6 expression in DG75 cells after
treatment with 20 uM SB202190 for different lengths of time. (b) Western analysis for BCL6, phospho p38
and p38 were carried out in Ramos cells after treatment for 6 hours with increasing concentrations of the the
p38 inhibitor SB202190 (Lane 1: untreated: Lane 2: 10 uM; Lane 3: 20 uM and Lane 4: 50 uyM).
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As previously reported SB202190 increased p38 phosphorylation (Oster et al.,
2008; Wang et al.,, 2000), maybe because this inhibitor inhibits p38 inhibition but

phosphorylation by proteins in the MAPK signalling cascade continues.

3.3. DISCUSSION

Much remains to be discovered about the signalling pathways regulating BCLG,
and they are likely to be very important in determining entry and exit from germinal

centres and also in the causation of germinal centre derived lymphomas.

BCL6 has been shown to be upregulated in the CML lymphoid blast crisis cell
line BV173 when treated with the BCR-ABL tyrosine kinase inhibitor Imatinib mesylate
(STI571). We and others have shown that BCL6 upregulation is not only observed in
lymphoid blast crisis of CML but it is also induced in Ph+ acute leukaemia cell lines
(Figure 3.2.a), indicating that BCL6 expression induced by Imatinib is a general

phenomenon of BCR-ABL cells bearing a lymphoid phenotype.

Collectively the data suggests that these different BCR-ABL lymphoid cell lines
cultured in the presence and absence of Imatinib could be used as inducible systems for
analysing the regulation of BCL6 transcription.

Among the signalling pathways downstream of BCR-ABL are MAPK, JNK/STAT
and the PI3K pathways. The individual effects of each of these pathways can be
analyzed by using commercial available specific inhibitors (Figure 3 10). Dissection  of
these pathways demonstrated that in CML lymphoid blast crisis and ALL Ph + cell lines,
BCL6 regulation is the result of the concerted action of a number of different signalling
pathways. STAT5 was shown to be a strong BCL6 up-regulator. However, given that
STATS is inhibited by Imatinib, STAT5 can not be responsible for the increase in

expression observed as a consequence of Imatinib treatment. Here the function of the

113



p38 MAPK pathway in driving BCL6 expression in ALL and CML BCR-ABL positive cells

upon treatment with Imatinib was shown for the first time.
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Figure 3.10. lllustration to show the inhibitors used to study the BCR-ABL signaling

pathways

Transfection of a BCR-ABL p210 vector produced a significantly decrease in the
BCL6 protein expression in germinal centre cells. Consequently, one prediction would
be that the same pathways running in the CML cells might be also mediating the BCL6
regulation in the germinal centre cells. Once again, both STAT5 and p38 were shown to
be inducers of BCL6 in the germinal representative cell line, Ramos. However, they act
under different circumstances. The effect of STATS appears to be overwhelmed by
negative pathways in CML cells, and in addition it is effectively dephosphorylated by
Imatinib demonstrating that it cannot mediate the Imatinib effect that prompted this line
of research. Phosphorylated p38, on the other hand, also causes induction of BCLG, but
in distinction to other signalling molecules downstream of BCR-ABL, it is not
dephosphorylated by Imatinib, and is thus available to induce BCL6. Our major
conclusion is that p38 is an important and previously unrecognised inducer of BCL6. We
will investigate mechanisms of regulation of p38 in germinal centre B-cell lines in the

next chapter.
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CHAPTER 4
CD40 and B-cell receptor signalling
induce MAPK family members that

can either induce or repress BCL6

expression
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CHAPTER 4. CD40 and B-Cell receptor signalling induce MAPK
family members that can either induce or repress BCL6

expression

4.1. INTRODUCTION

The regulation of BCLG6 is still not completely understood but is of great interest,
because disruption of normal BCL6 regulation is an important mechanism in
lymphomagenesis. Using BCR-ABL positive lymphoid cells as model system, it was
demonstrated in Chapter 3 that different pathways seem to be working in a co-ordinated
way to regulate BCL6. Among these pathways, p38 MAPK was an important enhancer

of BCL6 expression.

B-cell receptor (BCR) stimulation in germinal centre cells is known to induce
BCL6 protein degradation by a mechanism involving the ERK1/2 MAPK signalling
pathway (Niu et al., 1998). On the other hand, activation of the CD40 signalling leads to
a decrease in BCL6 expression by activation of the NF-«xB/IRF4 pathway. Therefore,
different pathways are involved in BCL6 regulation, and in this chapter the effects of

these stimuli on MAPK signalling and BCL6 expression was characterised.

4.2. RESULTS
4.2.1. Multiple MAPKs, including p38, are induced by anti-lgM in Ramos

BCL6 regulation in geminal centre cells was analyzed in the Ramos cell line
which is derived from a human Burkitt's lymphoma, a lymphoma originated from the
germinal centre. Ramos cell line is EBV negative, does not have rearranged the BCL6

locus and express the IgM on its surface (Benjamin et al., 1982). Altogether, these
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characteristics indicate that Ramos cells are representative of the GC and appropiate for

studying the BCL6 regulation and function.

Westerns to find out how BCR signalling alters phosphorylation of MAPK
proteins showed increased p38 phosphorylation as well as ERK1/2 phosphorylation
(Figure 4.1.a). It, therefore, appeared that BCR signalling activated pathways that both
induce and repress BCL6. In order to test this in more detail | used the specific p38
inhibitor, SB202190, together with anti-IgM antibody and found that this combination

reduced BCL6 expression further (Figure 4.1.b).
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Figure 4.1. Multiple MAPKSs, including p38, are induced by anti-lgM in Ramos (a) Ramos cells were
exposed to 10 pg/ml of anti-IgM for different lengths of time.. (b) BCL6 expression on Ramos cells was
analyzed by western blott in basal conditions (Lane 1), after treatment with 10 pg/ml of anti —IgM for 6
hours (Lane 2) or after treatment with 10 pug/ml of anti —IgM for 6 hours after 30 minutes of pre-incubation
with increasing concentrations of either the MEK1/2 inhibitor U0126 (right panel) or the p38 inhibitor,
SB202190 (Lane 3:10 um; Lane 4: 20 ym; Lane 5: 50 uym) (left panel).
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Others (Niu et al., 1998) have found that MEK1/2 inhibition by PD98059 prevents
the reduction of BCL6 protein expression caused by anti-IgM (Niu et al., 1998) but
surprisingly U0126, which is also a MEK1/2 inhibitor and would be anticipated to have
the same effects as PD98059, caused only a minor reversal of the effect of IgM (Figure
4.1.b), and that increase in U0126 concentration from 10 to 75uM (whilst abolishing

ERK1/2 phosphorylation) reduced BCL6 expression to that found with anti-lgM alone.

In order to pursue the cause of this discrepancy we directly compared U0126
and PD98059 (Figure 4.2). As anticipated both inhibitors abrogated ERK1/2
phosphorylation, but they differed in their effects on p38: whereas UO126 abolished p38
phosphorylation, PD98059 had no effect. U0126 is a potent MEK1/2 inhibitor but, at
higher concentrations, inhibits other pathways including p38 MAPK (Duncia et al., 1998).
A differential effect on p38 phosphorylation is, therefore, the cause of the observed
difference in the effects of U0126 and PD98059. BCL6 expression, therefore, integrates
positive and negative factors. ERK1/2 is a powerful negative regulator of BCL6 and, in
this system, appears to overwhelm the positive effects of p38, which we identify as a

positive regulator.
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Figure 4.2. Regulation of BCL6 by different MAPK. Ramos cells were either treated (+) or not (-) with 10
MM of U0126 (Left panel) or 50 uM of PD98059 (Right panel). 30 minutes later 10 ug/ml of anti-IgM were
added in some cases (+) to the cell culture for 6 additional hours. Whole lysates were analyzed with the

indicated antibodies.
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Activated ERK1/2 regulates BCL6 at a post-translational level, and the inhibitor
PD98059 has been shown not to affect BCL6 transcription (Niu et al., 1998). We
measured changes in BCL6 mRNA in order to investigate the mechanism of action of
p38 MAPK (Figure 4.3). SB202190 and U0126 reduced BCL6 mRNA expression in the
absence of anti-lgM; a situation in which ERK1/2 are not activated and U0126 is
predicted to be exerting its effects through p38. SB202190 produced a similar decrease
in mMRNA in the presence of BCR cross-linking (when ERK1/2 are activated),
demonstrating that although BCL6 protein expression is reduced the major effect of p38

is to induce BCL6 mRNA transcription.
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Figure 4.3. p38 induces BCL6 expression. Expression of BCL6 mRNA in Ramos cells after treatment
time with (a) 75 uM of the ERK inhibitor U0126 or with (b) 50 uM of the P38 Inhibitor SB202190 for different
lengths of time (c) or after preincubation with 50 uM of the P38 inhibitor SB202190 for 30 minutes and then
treatment with IgM for different lengths of time. BCL6 mRNA expression was analyzed by RT-gPCR and

BCL6 mRNA relative expression

normalized to the level of HPRT

120



Results

4.2.2. Soluble CD40 ligand induces BCLG6 through inducing p38

CD40/CD40L interaction is important for GC formation and B-cell survival,.(Foy
et al., 1994; Nonoyama et al., 1993) These two processes would imply BCL6
upregulated expression and contrarily previous reports showed that CD40 receptor
stimulation with membrane bound CD40 ligand (mCD40) ligand leads to downregulation
of BCL6 (Saito et al., 2007). Different groups using CD40 ligands from a variety of
sources obtained either stimulation or inhibition of the NFKB pathway in Ramos cells
(Wang et al., 2008; Zarnegar et al., 2004). Also, stimulation of specific Cd40 epitopes
resulted in the activation of different signalling pathways and in diverse B cell responses
(Sakata et al., 2000). Thus, it might be possible that different CD40 stimulus lead to
produce different signalling outcomes. For this reason we investigated the effects of
CD40 stimulation on BCL6 expression using CD40 ligands from two different sources.
Ramos cells were ftreated with a commercial soluble CD40 ligand (Biovision;
proteolytically cleaved 18 kDa soluble protein containing 149 aminoacid residues
comprising the receptor binding TNF-like domain of CDE40L) or cultured on an mono-
layer mouse fibroblast cell line stable transfected with human CD40 ligand

(mCD40L)(Wang et al., 2008; Zarnegar et al., 2004).

CD40 stimulation by mCD40L has been reported to reduce BCL6 protein
expression due to NF-kB induced IRF4 activity (Saito et al., 2007). mCD40L on MAPK
proteins was investigated and showed that ERK1/2, p38 and JNK1/2 MAPK were all
phosphorylated (Figure 4.4.e). The strong inhibitory effects of phosphorylated ERK1/2
might, therefore, contribute to the effects of IRF4. Surprisingly, on using the alternative
soluble CD40L (sCD40L) we found a strong induction of BCL6 protein (Figure 4.4.a),
rather than the repression seen with mCD40L. This effect was observed over a
concentration range of 0.1 to 20 pg/ml of sCD40L. sCD40L caused phosphorylation of
p38 without activating ERK1/2, JNK1/2 or inducing IRF4. We conclude that p38 is an
important inducer of BCL6, but as with cross-linking of the BCR by anti-IgM, its effects

are strongly counter-acted by repressors — ERK1/2 and IRF4. In confirmation of this, the
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addition of the p38 inhibitor, SB202190, to sCD40L completely abolished induction of
BCL6 (Figure 4.4.b).
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Figure 4.4. Soluble CD40 ligand induces BCL6 through inducing p38. Soluble CD40 ligand and membrane
bound CD40 ligand differ in their effects on BCL6 expression. Ramos cells were treated with soluble CD40
(sCD40) (a) or with Soluble CD40 after 30 minutes of preincubation with 10 uM of the P38 inhinbitor SB 202190
(b) or cocultured with normal non transfected fibroblasts (NTL) (c) or with non transfected fibroblast after 30
minutes of preincubation with the ERK inhibitor PD98059 (d) or with fibroblasts expressing CD40 ligand
(Mcd40)(e) for the indicated lengths of time. Whole cell lysates were analyzed by western blot using the
indicated antibodies. ABL was used as loading control for BCL6 and IR4. (f).EMSA to show the effect of
sCD40L and mCD40L on NF-kB activation. A commercial probe obtained from Promega, known to bind the NF-
KB subunit p50, a processed product of the p105 precursor, that forms a transcriptionally active heterodimer
with the NF-kB subunit p65. Lane 1: no cell lysate. Lane 2: unestimulated Ramos cells; Lane 3: 4h with sCD40;
Lane 4; 8h with sCD40; Lane 5: 4h with mCD40L; Lane 6: 8h with mCD40. The shifted band is indicated by the

arrow.
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mCD40L is expressed on the surface of the mouse fibroblast, L-cells. | reasoned
that interactions of the B-cell line with adhesion molecules on the surface of fibroblasts
may be important and, therefore, sought effects of this line alone on BCL6 (Figure
4.4.c). There was a transient decrease in p38 phosphorylation (lane 2; figure 4.4.c), with
induction of ERK1/2 phosphorylation, without either JNK1/2 or IRF4 induction. Overall
there was a reduction in BCL6 expression, which was likely to be due to the effects of
ERK1/2 as BCL6 expression was restored by the ERK1/2 inhibitor, PD98059 (Figure
4.4.d). ERK1/2 phosphorylation is, therefore, caused, not only by IgM cross-linking (as
previously reported (Niu et al., 1998), but also by interactions with fibroblast surface
proteins. However, interactions between the B-cell line and the fibroblast does not

induce IRF4, which appears to be a specific mCD40L effect.

IRF4 is activated by the NF-kB pathway (Saito et al.,, 2007). In order to
distinguish effects of mCD40L and sCD40L on NF-kB, NF-xB activation was measured
following incubation with sCD40L or mCD40L using gel shift assays (Figure 4.4.f). Whilst
both ligands increased NF-kB activation, this was greater with the mCD40L.Taken
together, these results suggest that IRF4 is induced when NF-kB activity is above a

certain threshold level.

Next to find out if the effects of sCD40L were transcriptional BCL6 mRNA was
measured. sCD40L causes an increase in BCL6 mRNA expression (Figure 4.5.a).
Ramos expresses BCL6 at high level under basal conditions and, therefore, a 2-fold
induction represents a significant increase in mRNA. The fibroblast layer alone produced
no significant change in BCL6 mRNA (Figure 4.5.b) and mCD40L reduced mRNA
expression as anticipated (Lossos, 2007) from the induction of IRF4 (Figure 4.5.c).
Therefore, the effect of sCD40L is transcriptional and largely operates through

phosphorylation of p38.
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Figure 4.5. CD40L effects on BCL6 transcription. Ramos cells were treated with (a) soluble CD40 (b) or
cocultured with normal non transfected fibroblasts or (c) with fibroblasts expressing CD40 ligand for different
lengths of time. BCL6/HPRT mRNA relative expression was analyzed by RT-qPCR. The fourth column in all
panels represents the BCL6/HPRT mRNA ratio of the BCL6 non-expressing cell line 293T.

124



Results

4.2.3. Expression of phosphorylated p38 in tonsil

In order to find out the relationship between BCL6 and phosphorylated p38 in
primary germinal centres immunocytochemistry of human tonsil (Figure 4.6) was
performed with the help of the Department of Histopathology at the Hammersmith

Hospital.

Figure 4.6. Immunocytochemistry showing phosphorylated p38 and BCL6 expression in GC. (a)
Staining with anti-phospho p38(x10). Expression occurs mainly in the centrocytes. MZ stands for mantle
zone and GC for germinal centre. (b) Double staining with anti-phospho p38 (red) and anti-CD20 (brown)
(x10) (c) Higher power view of germinal centres stained with anti-phospho p38 (red) and surface CD20, a
pan B marker, (brown) (x60). (d) Staining of the mantle zone with nuclear phospho p38 (red) and surface
CD20 (brown). (e) double staining with anti-BCL6 (red) and anti phospho p38 (brown)(x10) (f) further high
power view (x100) from the germinal centre/mantle border stained with anti-phospho p38 (brown) and anti-
BCL6 (red). Cells staining for both proteins are illustrated by black arrowheads. Photographs were taken by

Professor Kikkeri Naresh
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There are scattered phosphorylated p38 expressing cells present within germinal
centres (Figure 4.6.a, 4.6.b and 4.6.c). In contrast, the majority of the cells of the mantle
zone, a corone of variable thickness which surrondes the germinal centre and
composed of small recirculating B lymphocytes, cells express phospho-38 MAPK
protein. Cells that are morphologically centroblasts are negative and there are increased
numbers of phosphorylated p38 expressing cells within the light zone of the germinal
centre. Double staining with anti-BCL6 and anti-phosphorylated p38 (Figure 4.6.e, and
4.6.f) shows that a minor population of BCL6 expressing cells (~10%) express
phosphorylated p38. It is therefore possible to suggest that activation of the p38MAPK
pathway in B lymphocytes within the mantle zone might be responsible for turning on

BCL6 expression.

4.2.4. Site of action of p38 target genes at the BCL6 promoter

The p38MAPK signalling pathway is known to phosphorylate and activate a
number of transcription factors. In order to determine which regions whitin the BCL6
promoter might be influenced due to the p38MAPK luciferase reporter assays were
carried out. Assays for transcriptional activity of the BCL6 promoter in BCL6 expressing
cell lines are associated with specific difficulties. It has been recognised that
transcriptional activity of the BCL6 promoter is lower in BCL6 expressing cell lines than
in non-expressing cell lines (Arguni et al., 2006) due to the presence of the negative
autoregulatory BCL6 binding site in exon 1(Wang et al., 2002). Therefore, both BCL6
non-expressing HEK293T and the BCL6 expressing Burkitt's lymphoma cell line, DG75

were used.

In order to mimic p38 activity the compound anisomycin which is known to be a
p38 activator but is also a protein synthesis inhibitor (Geiger et al., 2005; Hong et al.,

2007; Torocsik and Szeberenyi, 2000) was employed. HEK293T cells were a suitable
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cell line for these experiments because anisomycin increased the levels of

phosphorylated p38 MAPK (Figure 4.7 .a).

Luciferase reporter assays examining 5 kb of the BCL6 promoter region from the
DNase | hypersensitive site 4.4 kb upstream of the transcription start site (HSS-4.4) to
exon 1, which is about 500 bp downstream of the transcription start site were carried
out. The activity due to the whole promoter was tested and the effects of deletions of

either HSS-4.4 or exon 1 or both together were also examined.

Constructs with exon 1 had 3-fold greater transcriptional activity than those
lacking this region. Addition of anisomycin, a p38 activator (Figure 4.7.a), induced a 30%
increase (**Paired tests; p= 0.0012) in luciferase in those constructs containing both the
DNase | hypersensitive site and exon 1 (Figure 4.7.c).and, as anisomycin acts as well
as a protein synthesis inhibitor, we concluded that this effect was mediated through p38
activity and not due to a general reduction in protein synthesis. Although it was not
statistically significant, inhibition of p38 with the inhibitor, SB202190, decreased the
luciferase activity below basal levels, suggesting that there may be a small amount of
resting p38 activity. Despite maintaining a high basal transcriptional activity, those
constructs without the DNase | hypersensitive site, did not show a significant
enhancement after addition of anisomycin. On the other hand, deletion of exon 1
sequence from the 3' portion of the promoter construct (-4904 to +239) caused
transcription to fall by >60%, making direct comparison with constructs retaining exon 1
difficult. It was however possible to see that anisomycin had little effect on the
transcriptional activity of those constructs lacking exon1. Finally constructs containing

only the exon1 region had no detectable transcriptional activity.

These experiments are difficult to interpret for the reasons given, but one
conclusion is that the p38 effect on BCL6 transcription seems to require both the DNase
| hypersensitive site and the 5'region of the BCL6 exon1. A binding site for a known
target of p38, C/EBP, within exon 1 very close to the known negative autoregulatory

binding site for BCL6 was noted (Pasqualucci et al., 2003; Wang et al., 2002) (Figure
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4.7.b). Binding sites for PU.1 and CTCF, two other putative p38 targets, are also located

within the exon 1 region. As PU.1 and C/EBPB are not expressed in 293T cells, we

speculated that p38 may operate through an effect on CTCF, but this requires further

work to substantiate.
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Figure 4.7. p38 efffect on BCL6 promoter activity. (a) 293T cells were treated with 1ug/ml of anisomycin

for different lengths of time. Whole cell lysates were analyzed for pP38 expression. GAPDH was used as a

loading control. (b) Schematic representation of the BCL6 gene and regulatory region (c) Luciferase assays

to show the effects of anisomycin and a p38inhibitor on BCL6 transcription. 293T cells were transiently

transfected with 4ug of different BCL6pGL3 reporter constructs (the constructs used are indicated on the left)

and treated the day after with anisomycin for 2 hours (+ indicates treated with anisomycin whereas —

indicates untreated). Means +/- SEM are shown. Each experiment was carried out 6 to 10 times with the

exception of the p38 inhibitor+full length construct (2 times) and the exon-1 construct +/- anisomycin (2

times).** Indicates paired-test; p=0,0012.HSS: Hipersensitivity site.
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4.3. DISCUSSION

In this study the effects of BCR and CD40 stimulation on the B-cell line Ramos, a
germinal centre representative cell line were examined. Cross linking of the BCR
receptor or stimulation with mCD40L activated various MAPKs, some of which
repressed (ERK1/2) whilst others induced (p38) BCL6. In most experimental situations
the repressive signals were stronger than the inductive. By contrast, sCD40L activated
p38 but not ERK1/2 or JNK1/2, and this caused an increase in BCL6 expression. One
explanation is that sCD40L and mCD40L may be causing different amounts of CD40
cross-linking. Also the possibility that mCD40L and sCD40L have different kinetics of
ligand-receptor association cannot be discounted. These hypotheses are supported by
previous reports that have shown that different degrees of CD40 signalling can result in
different biological outcomes. In macrophages strong CD40 signalling resulted in
activation of p38 whilst weak signals led to ERK1/2 activation, and both have

antagonistic effects (Mathur et al., 2004).

Activation of the ERK1/2 pathway is not only produced by IgM cross linking, but
also by culture with untransfected mouse fibroblasts cells, suggesting that the ERK1/2

phosphorylation is not a specific BCR mediated effect as had been previously thought.

Thus, the major B cell stimuli, BCR cross linking and CD40 stimulation, could
both activate p38. However, both also strongly activated pathways repressing BCL6:
BCR activated ERK1/2 and mCD40L activated IRF4. The overall effect of BCR
signalling and mCD40L was to reduce BCL6 expression, whereas sCD40L activated
p38, without inducing signals repressing BCL6. It is very likely that these different
signalling pathways are therefore integrated to regulate BCL6 through the different

phases of the germinal centre reaction.

p38 was shown in this study to be expressed in almost all mantle zone B-cells.

Although it is very likely that p38 is not sufficient for BCL6 expression, and might co-
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operate with other factors e.g. STAT5 (Scheeren et al., 2005), activation of the
p38MAPK pathway might be essential for inducing BCL6 expression in B cells whitin the
follicule. Interestingly, it has been shown that p38 expression is detected in DLBCL
arising from follicular lymphomas (Elenitoba-Johnson et al., 2003), suggesting that an
abnormal activation of this pathway might contribute to the transformation of these
lymphomas. If this were to be the case, p38 might have a role in the treatment of

patients with this type of lymphomas.

Further work will elucidate which p38 targets are directly responsible for the
effect on BCL6 expression. Preliminary results suggest, that p38 might require both the
BCL6 distal promoter, which contains a recent identified hypersensitivity site
(Papadopoulou et al., 2010) and the proximal region of the first non coding exon 1 to
perform, its effect. It should be noticed that within the studied BCL6 exon 1 region,
binding sites for several p38 putative targets were identified, including a binding site for

the multivalent regulator CTCF.
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CTCF involvement in BCL6 regulation
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CHAPTER 5. CTCF involvement in BCL6 regulation

5.1.- INTRODUCTION.

Chapters 3 and 4 of this thesis suggested that there is a relatively short region
on the BCLG6 first non-coding exon 1, spanning from +1 to +533, which is associated with
both high level transcriptional activity in reporter assays and high transcription factors

binding sites density, making it a likely region to be involved in the BCL6 regulation.

Using a bioinformatic approach, a putative binding site for the multivalent
CTCF regulator was found at this BCL6 gene region. CTCF is a highly conserved
protein, which can potentially bind to thousands of sites in the genome. It is capable of
interacting with various proteins that are known to be essential for genome regulation
and organization (see general introduction). Besides its insulator function, CTCF has
also been shown to act as both a transcriptional repressor and an activator. In the
present study we aimed to investigate a potential role for CTCF as a BCL6 regulator and

to establish the functional relevance of that regulation.

5.2.- RESULTS

5.2.1. A putative CTCF binding site on the BCL6 exon 1

Whilst investigating potential p38 targets binding sites at the exon 1 of the
BCL6 gene, a putative binding site for the CTCF transcriptional regulator was found. A

“CTCF binding sites database” (http://insulatordb.utmem.edu) (Bao et al.,, 2008)

constructed from CTCF binding sites identified by genome-wide screens, has been

widely used to estimate the probability of CTCF binding to putative sites (Bao et al.,
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2008). We, therefore, analysed 5,6 kb of the BCL6 gene resulting in the prediction of a
CTCF binding site in the BCL6 gene exon1 regulatory region, with a very high score
(Matrix1: 18.0907; Matrix 2: 8.47517; Matrix3: 14.3321; Matrix 4 10.0761. Average:

12.75) (Figure 5.1).
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Figure 5.1. Putative CTCF binding site on the BCL6 exon 1. (a) Analysis of putative CTCF binding sites
on the BCL6 gene was carried out using a “CTCF binding site database” for characterization of vertebrate
genomic insulators (Bao et al, 2008), which uses four different matrices to perform the analysis (b)
Schematic view of the BCL6 regulatory region on exon 1, where the predicted CTCF binding site is located.

The human BCL6 transcription start site is indicted as +1 (Bernardin et al, 1997).
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5.2.2. CTCF binds in vitro to the BCL6 exon1 regulatory region

In order to investigate CTCF binding to the BCL6 exon-1 regulatory region,
electrophoretic mobility shift assays (EMSA) were carried out. A 130 bp radio-labelled
probe, containing the CTCF BS (Figure 5.2.a), was generated by PCR amplification.

TCAAMATACAGAMACCAAAAATCCCAAGCCACCACACCAGAMME AAMAMMACCCAGAACAACAGCAMMAACCCCTE

TCOTAAMTAAMAATAAAGCAAATEAMCCCACCGAAAACTECTTGGCAMTATTTTTCTCG TGE TECCTAATATTCTAS
TTGGAMGAGCTGTGATGTTTATTTTATTTTATT TTTCTCTTACTCGOCTCTCTAACCCTACTATATATATAAGATACTT
T CAGTGGTTCAMACCTCTCGCTCCCTTTTETGCATT TAGCTCGATCTECTEACTTT R
SRR OO C CGG G AAAG CAMAGCGCACTCCCCCTCTTATGTCACCGAATAGCAAATTAGTTCTCAGAATT

CCAGAGGCCGAGCTTTECTACAGCG AMS GCGCCGACG TCACAGAG CAGCAGCCCACG TEATGETEGCEEAGCA

GGCCATACCATCGTCTTGGGOCCG CEGACC AR EEEEE T C6 AS CCTCRAMC CGGAM.CTCCA
AATCCGAGACGCTCTRCTTATGAGGACCTCGAATATGCCGECCACTGAMMAATCTTETGGCTTTGAGGGCTTTT

GGTTGECCAGEGELAS TAMAATCTCGEAGASCTGACACCAAGTCCTCCCCTECCACGTAG c_angE%%Eqmmcc
GAAGCTCAMTTCCRAGAATTGASCTCTETTGATTCTTAGAACTG GGG TTCTTAGAAG TGS TG NI
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Figure 5.2. EMSA to analyze in vitro binding of CTCF to BCL6 exon 1 (a) BCL6 exon 1 sequence that
includes the CTCF binding site (orange) and the primers used for the EMSA (underlined) (b, c) 32P labelled
PCR fragments of MYC-N (positive control, b) and BCL6 exon 1 (c) were used as probes. Nuclear extracts
were obtained from mock transfected 293T or from 293T cells transfected with either a pEGFP-CTCF N
terminal or a pEGFP-CTCEF full length expression vectors. CTCF shift bands are shown by red arrows. For
supershift experiments an anti-CTCF monoclonal antibody was added. The supershift bands are indicated

by a red star. To assess the specificity of the supershift, an anti-actin antibody was used.
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This method has been previously used to generate DNA probes when
investigating CTCF binding capacity (Chau et al., 2006; Filippova et al., 1996; Fitzpatrick
et al., 2007; Renaud et al., 2005; Renaud et al., 2007; Vatolin et al., 2005; Vetchinova et
al., 2006; Yoon et al., 2005). The resulting radio-labeled probe was then incubated with
nuclear extracts obtained from HEK293T cells that had been previously transfected,
either with a CTCF expressing vector (pEGFP-CTCF), or with the empty vector. Band-
shifts were optimized using a known CTCF binding site (MYC-N) (Ohlsson et al., 2001)
as a positive control (Figure 5.2.b). Nuclear extracts obtained from cells transfected with
CTCF, showed binding to the BCL6 probe compared to extract from mock-transfected
cells or cells transfected with the CTCF N-terminal vector (Figure 5.2.c lanes 1 to 3).
The binding specificity was shown by incubating the nuclear extracts with a specific anti-
CTCF antibody. A clear supershifted band was observed when this antibody was used
(Figure 5.2.c lane 4) while no supershift was observed with an anti-actin antibody
(Figure 5.2.c lane 5). CTCF, therefore, interacts in vitro with the predicted binding site at

the BCL6 exon 1.

5.2.3. Methylation of BCL6 exon 1 does not alter BCL6 binding.

Although CTCF binding to the DNA has been shown to be methylation
dependent in many cases (Fitzpatrick et al., 2007; Hark et al., 2000; Kanduri et al.,
2000; Kim et al., 2006; Renaud et al., 2007; Yoon et al., 2005), DNA methylation did not
alter CTCF binding in several other examples (Hong et al., 2005; Kim et al., 2009;
Renaud et al., 2007; Vatolin et al., 2005). Could the CTCF binding to the BCL6 gene be
methylation sensitive or not? To address this question, additional electrophoretic
mobility shift assays were performed using probes that were fully methylated due to the
enzyme Sssl methyl transferase, or unmethylated. (Figure 5.3.a) To verify that the Sssl-
treated-probe was completely methylated several digestions employing CpG-
methylation sensitive restriction enzymes were carried out. Those enzymes are known

to cut when the restriction site is non methylated, and consistently, only the non

136



Results

methylated probe was cut by Smal, HinP1l, (Hin6l) and Pmll (Eco71l) methylation-

sensitive enzymes (Figure 5.3.b).
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Figure 5.3. CTCF binds BCL6 exon1 in a methylation insensitive manner. (a) Schematic
illustration of the Sssl-untreated (left) and treated (right) probes. CTCF BS is indicated in red. (b)
lllustration of the probe showing the relative positions of several methylation sensitive (red) and
non sensitive (blue) restriction enzymes. To assess complete methylation control probe (lanes 1-
5) and Sssl treated probe (6-10), were uncut or digested with the indicated restriction enzymes
and run on an 8% polyacrilamide gel. (c) EMSA experiment using a control probe and a Sssl-
treated probe. Nuclear extracts were obtained from mock transfected 293T cells or from 293T
cells transfected with the expression vector pEGFP-CTCF (lanes 2 to 6 and 8 to 12). The CTCF
shift bands are shown by a red arrow. Unlabelled probe (cold) was used as a competitor. For
supershift experiments an anti-CTCF monoclonal antibody was added. The supershift band is

indicated by a red star. To assess the specificity of the supershift, an anti-actin antibody was
used.

137



On the contrary, both probes were efficiently cut with the non-methylation
dependent restriction enzyme Eco-RI. These results show that methylation of the probe

after Sssl treatment was close to 100%.

We then made a comparison of CTCF binding capacity to both the control and
the methylated probe. The methylation of the probe neither impeded nor reduced CTCF
binding (Figure 5.3.c). Therefore, CTCF showed methylation insensitive binding to the
BCL6 exon1 site.

5.2.4. BCL6 and CTCF expression in different ymphoma cell lines

In order to investigate a correlation between BCL6 and CTCF expression,
western blots were carried out on a number of different lymphoma derived cell lines.
BCL6 protein expression was clearly different among the different cell lines and was
consistent with the expression pattern observed previously by other authors. No
detectable differences were observed in CTCF protein expression in the different B cell
lines (Figure 5.4.a). This was not surprising, since CTCF normally shows ubiquitous

expression.

If CTCF is regulating BCL6 expression, this effect might depend on CTCF
binding to BCL6 gene in a cell type specific manner. Therefore, it might be possible to
observe different patterns of CTCF occupancy in lymphoma cell lines with different
BCL6 expression pattern. The BCL6 gene is very often disrupted by chromosomal
translocations involving the BCL6 exon1 region (see introduction). Thus, in order to find
a possible correlation between BCL6 protein expression profile and CTCF occupancy at
the BCL6 locus, BCL6 gene rearrangements were investigated in cell lines and also in
patients included in this study by fluorescence in situ hybridization (FISH), utilizing a

commercial probe widely used for diagnostic purposes (Figure 5.4.b).
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Figure 5.4. BCL6 and CTCF expression in lymphoma cell lines. (a) Western blot showing
CTCF and BCL6 protein expression in several lymphoma cell lines. Coomassie blue stain of the
gel was used as loading control. Cell lines showed high (red), intermediate (blue) and
undetectable (green) BCL6 protein expression. (b) A schematic illustration of the LS| BCL6 break
apart probe used for FISH analysis. (c) Hybridising with the LS| BCL6 in a normal nucleus results
in two fusion signals (red-green or yellow) (top panel). The same probe hybridised on a nucleus
with BCL6 locus rearrangement results in one fusion signal (representing the normal allele), one
green signal and one red signal. (d, e and f) FISH using the LSI BCL6 break apart probe of
LY03, Toledo and MUTU Ill lymphoma cell lines.
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When BCL6 is not rearranged two yellow fusion signals are observed on a
single nucleus, whilst those cells with a BCL6 translocation will normally show one red
signal, one green and one yellow signal (Figures 5.4.b-c). None of the cell lines utilized
on this study showed rearrangement of the BCL6 gene. It is noteworthy that several of
the cell lines showed more than three yellow fusion signals, sometimes up to five
(Figure 5.4.d-f), suggesting hyperploidy or amplification of the BCL6 gene. Lymphomas
often show hyperploidy, but this result is intriguing because amplification of the BCL6
gene was found in cell lines, such as MUTUIIl or Toledo, where BCL6 protein

expression was undetectable (see western in figure 5.4.a).

5.2.5. CTCF interacts in vivo with the BCL6 exon 1 regulatory region

Chromatin immunoprecipitation (ChlP) experiments were performed in order
firstly to investigate the CTCF in vivo occupancy of the BCL6 exon 1 region by CTCF,
and secondly to study whether this occupancy was modified in cell lines with different

levels of BCL6 expression.

ChIP assays were initially carried out in two cell lines: K562, a myeloid cell line
which does not express BCL6, and Ramos, a germinal centre derived cell line
expressing high levels of BCL6. The immunoprecipitation experiments were performed
with and without CTCF-specific antibodies. In all experiments the well established -5.9
Kb upstream region (H1 site) on the c-MYC gene (Gombert et al., 2003) was used as a
negative control. To determine the reproducibility and efficiency of the technique the
MYC-N CTCF BS was amplified simultaneously with the BCL6 target sequence and
used as a positive control (Figure 5.5.a). ChIP analysis revealed occupancy of CTCF at
the BCL6 exon 1 region. Strong in vivo binding was demonstrated in Ramos whilst the
CTCF enrichment was much lower in K562 cells (Figure 5.5.a), suggesting that CTCF

binds to the BCL6 exon-1 regulatory region preferentially in BCL6 expressing cells.
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Figure 5.5. CTCF interacts in vivo with BCL6 (a) ChIP analysis on the BCL6 gene. Chromatin
was prepared from K562 cells (undetectable BCL6 expression) and Ramos cells (high BCL6
expression). Chromatin was immunoprecipitated with a mixture of different anti-CTCF antibodies
and analyzed by real time PCR with the indicated primer sets. Fold enrichment was calculated as
described in Material and Methods section. CTCF Myc-N and Myc-H1 target sites were used as
positive and negative controls, respectively. Values are means and SD of duplicate
determinations from three independent ChIP experiments. (b) ChIP examining the relative fold
enrichment of the CTCF binding site on the BCL6 exon1 in LYO3, Toledo and MUTU llI

lymphoma cell lines.

Additional ChlP assays were then carried out, utilizing a variety of cell lines
with different levels of BCL6 expression. As anticipated from the results described

above, CTCF binding in the BCL6 low expressing cell lines, was almost undetectable
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(Figure 5.5.b). These results suggest that CTCF is preferentially bound to BCL6 exon1

in cells where BCLG is highly expressed.

To further investigate whether CTCF binding to the BCL6 gene was specific to
the exon1 site several amplicons at the BCL6 regulatory region were analyzed by ChIP
in Ramos cells (Figure 5.6.a). A region spanning =1500 bp was explored using three
different sets of primers. As shown in figure 5.6.b. high CTCF enrichment was observed

only with the primers covering the predicted CTCF BS in exon 1.

The variant histone H2A.Z has been reported to be a CTCF cofactor (Yusufzai
et al., 2004) and to colocalize with CTCF genome wide (Barski et al., 2007). H2A.Z
incorporation alters the stability of nucleosomes and is frequently detected in promoters
of active genes or genes poised for activation (Sharma et al., 2010). We therefore asked
whether H2A.Z binding was detected in the BCL6 exon 1 regulatory region in Ramos
cells. ChlIP analysis revealed specific accumulation of H2A.Z at CTCF binding site of

BCL6 (Figure 5.6.c).

All together these results show specific interaction of CTCF with the predicted

site on BCL6 gene exon 1 regulatory region.

5.2.6. CTCF effects on BCL6 promoter activity

What could the function of CTCF at the BCL6 promoter be? Luciferase assays
were carried out to determine whether CTCF had any effect on the activity of the BCL6
promoter. The effects of enforced and reduced CTCF expression on the BCL6 promoter-
exon-1 activity were examined in both DG75, a BCL6 expressing cell line, and in K562,
a BCL6 negative cell line. These cell lines were selected because they can be very
efficiently transfected (see Figure 2.2 in Material and Methods section). CTCF was
efficiently silenced using plamid encoding for a shRNA against CTCF (see below figure
5.8 b and c). Overexpression of CTCF was achieved by transfecting both cell lines with

a GFP-CTCF plamid (see figure 5.8.d).

142



Results

+80
+257
1485 |
+515

5
______1..:::E: '] 3°UTR
e}
N
¥
|

gy 8 ¥
11 N N T B
17
HSS PU.1 (1) PU.1(2) PU.1(3) CTCFSTATQ/EBPB
+—>
BCL6
_ 5.5 Kb -
25
2 20
[0]
£
s 1y 2 NoAb
c
5 101 o CTCF
©
L
5 B
0 1
MYC-H1 PU.1 (1) PU.1(2) PU.1 (3) BCL6 exon 1
25 -
20 -
5
% 15 m No Ab
= o CTCF
(0]
- 101 mHAZ
(o]
w
5 i
0 i
BCL6 exon1

Figure 5.6. Occupancy of the BCL6 exon1 by CTCF and H2A.Z (a) Scheme of the BCL6
regulatory region, showing the relative position of several binding sites for different transcription
factors that have been implicated in the BCL6 regulation (b) ChIP assays were performed on the
BCL6 regulatory region in Ramos cells. Chromatin was immunoprecipitated with or without CTCF
antibodies and subjected to quantitative PCR for the indicated amplicons. The fold enrichment
was calculated as described in the Material and Methods section. Values are the mean and SD of
duplicate determinations from two independent experiments. (c) Binding of CTCF and histone

variant H2A.Z to BCL6 exon1. ChIP analysis was performed in Ramos cells as in b.
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To perform these reporter assays, four different pGL3 reporter constructs
containing various BCL6 gene fragments were used (Figure 5.7). To investigate whether
a recently discovered 5’upstream DNAse | hypersensitive site (Papadopoulou et al.,
2010) was influencing the CTCF effect two further constructs containing this

hypersensitivite site, were employed.

Reporter constructs were co-transfected with either a vector (pRS-CTCF)
containing a CTCF-shRNA, which resulted in a significantly CTCF reduced expression
or with CTCF expression vectors (pcDNA-CTCF or pEGFP-CTCF). Consistent with our
earlier studies on non-expressing BCL6 cells, the basal activity of the reporter constructs
that contained the proximal exon1 region, was significantly higher when compared to the
ones that lacked that region in K652 cells. Reduced expression of CTCF resulted in a
dramatic increase in the reporter activity of the exon 1-BCL6 constructs (figure 5.7.b).
The rise in the reporter activity was not observed in those constructs that did not contain
the CTCF BS. The DNAse | hypersensitivite site (HSS-4.4) seems to have little impact
on the CTCF effects (figure 5.7.b).

Transfections were also carried out in the BCL6 expressing cell line DG75.
Compared to the K562 cells the plasmids containing the exon 1 region showed little
basal reporter activity on the DG75 cells. This was not surprising, since the exon-1
region also contains an important autoregulatory BCL6 binding site, that has previously
been shown to reduce expression from the gene (Pasqualucci et al.,, 2003).
Interestingly, CTCF silencing did not significantly modify the reporter activity in DG75
cells, suggesting, that BCL6 binding to its own promoter has a stronger effect that the
induced by the CTCF silencing (Figure 5.7.c). On the contrary, the reporter activity on
the DG75 cells rose as a result of overexpressing CTCF using two different expressing
vectors (Figure 5.7.d,e). This effect required the full length-CTCF protein, as
cotransfections with individual CTCF domains (ZF or C-term domains) had no significant

effect on the reporter gene activity.
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Figure 5.7. CTCF effect on the transcriptional activity of the BCL6 promoter (a) Schematic
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duplicates from 2 to 5 independent experiments are indicated. (d, e) Luciferase assays showing
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Unfortunately, despite repeated efforts, it was no possible to over-express
CTCF in K562 cells, since the cells rapidly stopped growing, presumably due to the
CTCF negative effect on the cell proliferation as previously reported (Rasko et al., 2001;

Torrano et al., 2005).

5.2.7. CTCF effect on BCL6 expression

The effects of transient CTCF reduction and enforced expression on BCL6
mRNA and protein levels (figure 5.8.) were examined to determine further the CTCF

regulatory effect on BCL6 expression,

CTCEF silencing was achieved 48 hours after transfection with the pRS-CTCF
vector and this effect was maintained until, at least, 96 hours (Figures 5.8.a to c). CTCF
silencing in DG75 cells resulted in a small but reproducible down-regulation on both
BCL6 mRNA (figure 5.8.a) and protein expression (Figure 5.8. b). As expected, after
effectively silencing CTCF there was no effect on BCL6 protein expression in K562 cells

(Figure 5.8.c).

Ectopic expression of CTCF was observed as soon as 48 hours after
transfection (Figure 5.8.d). The CTCF exogenous protein was easily differentiated from
the endogenous one on a western blot, because the exogenous CTCF was fused to the
EGFP protein, and therefore migrated more slowly than the endogenous one. Over-
expression of CTCF in DG75 cells showed no impact on BCL6 expression (Figure

5.8.d).

In summary, the effects of CTCF differ depending on whether BCL6 is
expressed. It appears to restrain BCL6 transcriptional activity in cell lines that lack BCL6
protein expression. However, in BCL6 expressing cell lines reduction in CTCF caused a

small reduction in BCL6 mRNA expression.
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Figure 5.8. Silencing CTCF effects on BCL6 expression (a) RT-PCR showing silencing of CTCF and
decreased BCL6 mRNA expression. DG75 cells were transfected with either an empty vector or pRS-CTCF
plasmid. CTCF (left panel) and BCL6 (right panel) relative mRNA expression were analyzed at the indicated
times. (b,c) Western showing CTCF and BCL6 expression on DG75 (b) and K562 (c) cells after silencing
CTCF. Arrow indicates BCL6 protein as shown by the BCL6 positive control (Ramos cell lysate) The upper
band in c is a non specific band (d) BCL6 and CTCF expression in DG75 cells transfected with a pEGFP empty
vector or with a pEGFP-CTCF plasmid.

5.2.8. CTCF effects on the cell cycle of BCL6 positive and negative cell

lines

CTCF has important roles on cell cycle regulation as well as apoptosis.

Interestingly, regulation of cell proliferation and apoptosis is crucial in germinal centre
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cells, although not completely understood. We therefore wished to determine whether
CTCF might be involved in cell cycle regulation of germinal centre cells. For this reason
we transiently transfected either a CTCF expression vector or a pRS-CTCF vector into
DG75 and MUTU Il cell lines which are, respectively, BCL6 expressing and non-
expressing lymphoma cell lines (Figure 5.9.). In both cell lines silencing of CTCF had
very little effect on the cell cycle (Figure 5.9.a.). Conversely, enforced expression of
CTCF induced significant cell cycle arrest and this effect was stronger in the BCL6
negative cells (MUTUIII) than in the positive ones (DG75) (Figure 5.9.b). It is not clear
from these experiments whether the BCL6 exon 1 CTCF binding site is required for

these effects and further experiments are required to elucidate its exact role.

5.3. DISCUSSION

Based on the previous reporter assays results, a 300 bp region located on the
5°region of exon-1 was shown to have important basal transcriptional activity and has a
high concentration of transcription factor binding sites. Thus, this small region is
probably required for an adequate BCL6 regulation.Upon investigation of potential
transcriptional regulator binding sites in this area, a binding site for CTCF, a multivalent

DNA binding factor was identified.

EMSA experiments revealed that in vitro CTCF binding to the BCL6 exon 1
region was specific and not methylation dependent. The latter result was expected as
the predicted CTCF binding site had no CpG dinucleotides. However, since the CTCF
BS was identified inside a CpG island (see chapter 6), the analysis of its possible
methylation sensitivity binding was considered necessary. ChIP assays confirmed that
CTCEF interacts in vivo with the BCL6 regulatory region. Moreover, CTCF occupancy

was associated with high BCL6 protein expression.
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Figure 5.9. CTCF effect on the cell cycle in lymphoma cell lines. (a) CTCF knockdown. DG75 (upper
panels) and MUTU Il cells (lower panels) were cotransfected with GFPmax vector and with either a pRS
vector (left panel) and a pRS CTCF plasmid (right panels). After 48 hours of transfection cells were separated
using a FACS-SORTER ARIA |l based on the GFP fluorescence expression. GFP positive cells were then
allowed to recover for 24 hours and stained with propidium iodide for cell cycle analysis. (b) CTCF
overexpression. DG75 (upper panels) and MUTU Il cells (lower panels) were transfected with either a pEGFP
empty vector (left panels) or with a EGFP-CTCF plasmid (right panels). After 48 hours cells were separated
using a FACS-SORTER ARIA |l based on the GFP fluorescence expression. GFP positive cells were then
allowed to recover for 24 hours and stained with propidium iodide for cell cycle analysis
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To provide insights into how CTCF was regulating BCL6 expression, we
transiently transfected reporter gene constructs containing the CTCF binding site, with
either CTCF expressing vectors or vectors encoding for a shRNA against CTCF into
BCL6 non expressing K562 cells, or expressing DG75 cells. In line with my previous
results, basal activity of those constructs composed of the 5’extreme of the BCL6 exon
1 was significantly higher in BCL6 non-expressing cells than in BCL6 positive ones
probably because of the exon1 BCL6 binding site that is known to serve as a potent
negative autoregulatory domain. Surprisingly, CTCF silencing on K562 cells significantly
increased the reporter activity of those constructs containg the CTCF BS. Although
these results seem to contradict our ChlP results, the discrepancy might be explained by
the existence of CTCF indirect effects that might be contributing to the inhibition of BCL6
expression on those cells. Indeed, CTCF binding was almost undetectable in cell lines
with BCL6 low expression supporting the idea that the BCL6 potential downregulation in
these cell lines is probable mediated by CTCF indirect effects. It is also noteworthy that
overcoming CTCF inhibitory effect is not sufficient for inducing BCL6 expression in K562

cells.

In contrast to K562 cells, silencing of CTCF in the BCL6 positive cell line,
DG75, did not produce a significant change on the reporter activity. As discussed above,
the BCL6 autoregulatory domain might have an overall effect on the reporter activity
stronger than the induced by the CTCF silencing. Thus, the BCL6 interfering effect on
the reporter assays make these two models, BCL6 positive and negative cell lines, not
suitable for comparison. It is interesting that enforced expression of CTCF, using
different CTCF expressing vectors, led to a reproducible increase in the reporter activity,
suggesting that in BCL6 expressing cells CTCF might be acting as a transcriptional
activator. In support to this conclusion, CTCF silencing led to a moderate but consistent
reduction in both BCL6 mRNA and protein levels and also, ChIP assays showed that
BCL6 expressing cells had considerable higher CTCF occupancy rates compared to

those BCL6 negative cell lines. On the contrary, CTCF over-expression did not induce a
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measurable change on BCL6 expression. This latter effect might be due to the strength
of the endogenous CTCF effect, since these cells were shown to have high basal levels
of CTCF protein. Indeed it has been suggested that CTCF alone has minimal effect on

reporter gene expression (Phillips and Corces, 2009).

Several additional hypotheses emerge from these experiments. CTCF may
have a role in the regulation of BCL6 but whether the CTCF effect on BCL6 regulation
differs in BCL6 positive and negative cell lines, as suggested by our preliminary reporter
assays, requires further investigation. Another prediction is that CTCF could be
recruiting different protein complexes in a cell-type specific manner that could potentially
have opposing functions. Another possibility would be that CTCF induces different
epigenetic modifications at the BCL6 regulatory region or/and maybe CTCF could be
responsible for long- distance interactions inducing the formation of loops or hubs (see

general introduction). Some of these possibilities will be addressed in the next chapter.
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CHAPTER 6
Epigenetic modifications and

the regulation of BCL6 gene
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CHAPTER 6. Epigenetic modifications and the regulation of
BCL6 gene

6.1. INTRODUCTION

In normal conditions BCL6 is highly expressed in B-cell within the germinal
centre, suggesting that BCL6 expression relies on an exquisite and tight regulatory
mechanism. In lymphomas BCL6 expression is variable. Constitutive over-expression of
BCL6 can be accomplished by chromosomal translocations and promoter substitution
whereas in other cases point mutations at the BCL6 binding site in exon 1 are
responsible. However, there are cases in which abnormal expression of BCL6 cannot be
explained by any of these mechanisms. This uncertainty opens a question, is there a
role for the epigenetic modifications in the BCL6 regulation?. CTCF has been involved in
the epigenetic regulation of several genes (Filippova, 2008; Klenova and Ohlsson, 2005;
Recillas-Targa et al., 2006) and in the previous chapter a potential role of CTCF in the
regulation of BCL6 was demonstrated, and the involvement of CTCF in such regulation

of BCL6 was tested.

Epigenetic modifications include DNA-methylation, histone post-translational
modifications and chromatin remodelling (Esteller, 2008; Jones and Baylin, 2007).
These modifications play crucial roles in the control of gene expression and nuclear
architecture. Epigenetic modifications and their potential role in diagnosis and treatment
of cancer are active areas of research (Esteller, 2008; Sharma et al., 2010). Since the
epigenetic status of the BCL6 gene has not been investigated previously, in this study
the epigenetic influence on BCL6 expression in lymphoma cells lines and in primary

lymphoma cells was explored.
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6.2. RESULTS

6.2.1. BCL6 expression is modulated by epigenetic modifications

Could BCL6 expression be modulated through epigenetic mechanisms such
as DNA methylation and histone deacetylation? To assess this possibility a variety of
different BCL6 positive and negative cell lines were treated with 5-aza-2"-deoxycytidine
(5-azadC), a methyltransferase inhibitor that impedes de novo methylation, as well as
with Trichostatin A (TSA), a histone deacetylase (HDAC) inhibitor. As TSA treatment
alone has been previously been shown not to be sufficient to up-regulate genes with
methylated promoters (Rodriguez et al., 2008 and references therein), we decided to
combine TSA with 5-aza-dC. BCLG6 relative mRNA levels were measured by RT-PCR to
study the effect of these drugs on BCL6 expression (Figure 6.1).
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Figure.6.1. Treatment with demethylating agents and HDAC inhibitor agents induces BCL6
expression. RT-PCR analysis showing relative mRNA levels of BCL6 in cells untreated or treated with 5-
azadC for three days or with 5-azadC for three days and TSA for three additional days as indicated. The
experiments were performed in K562, Toledo, MUTU Il cell lines with undetectable BCL6 expression
(a),and in DG75 and Ramos BCL6 expressing cell lines (b). Values are means of duplicate

determinations.
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Treatment of different BCL6 negative cell lines with 5-azadC for three days
resulted in a significantly increase on the BCL6 mRNA levels. Furthermore, BCL6
mRNA expression was dramatically increased when TSA was added to the medium for
three additional days (Figure 6.1.a). In contrast, the BCL6 mRNA levels after treatment
with 5-azadC showed either non significant difference or even a decrease, on the two
BCL6 positive cell lines evaluated (Figure 6.1.b). In conclusion, results with these
different chromatin modifying agents indicates a role of DNA methylation and histone

modification in BLC6 gene regulation.

6.2.2. Methylation status of the BCL6 regulatory region

The above results suggest a role for epigenetics in the regulation of BCL6
gene expression. A search was carried out for possible CpG islands within the BCL6
exon 1 region because the 5  regulatory regions of genes are usually rich in CpG
dinucleotides. The BCL6 gene sequence NG_007149.1. (NCBI website) was used. It
should be noticed that the transcription start site was defined attending to the Bernardin
et al work (Bernardin et al., 1997). 20 kb of the BCL6 regulatory region were searched in
the Methyl Primer Express software (Applied Biosystems) and the parameters used to
find CpG islands were set as follows: minimum length of the island: 300bp; maximum

length of island: 2000bp; C+Gs/Total bases > 50%; CpG observed/CpG expected >0.6.

Several intermediate-small CpG islands were found in the sequence, and
interestingly, the BCL6 exon 1 region containing the CTCF BS, is located within the first
predicted CpG island (Figure 6.2.a). We therefore speculated that CTCF might be
regulating the methylation pattern of BCL6 gene regulation maybe controlling and
impeding methylation progression, as it has been shown previously in other genes (De
La Rosa-Velazquez et al., 2007; Renaud et al., 2005; Soto-Reyes and Recillas-Targa,
2010).
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Figure 6.2. Methylation status of BCL6 exon1 regulatory region (a) Schematic view of the BCL6 gene,
BCL6 proximal regulatory region and CpG islands. The CTCF binding site on the BCL6 exon1 is indicated. (b)
DNA methylation status of the BCL6 gene was investigated by sequencing of bisulfite-modified genomic DNA
of three cell lines with undetectable expression of BCL6 protein (b) K562 (c) MUTU IIl (d) Toledo, of three
BCL6 expressing cell lines (e) LYO03 (f) Ramos (g) DG75 and of (h-i) two diffuse large B cell ymphoma patient
(DLBCL) samples (j-k) two follicular lymphoma lymphoma patientes (I) one mantle lymphoma (m) one acute
lymphoblastic leukemia patient sample. (n) one Burkitt ymphoma patient. Unmethylated CpG dinucleotides

are indicated as open circles.
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For this purpose “Bisulfite modification Primers” (BSP) were designed using the
Methyl Primer Express program, so that we could investigate the methylation status of
the 10 CpG dinucleotides located upstream and the 7 downstream, of the CTCF binding
site (Figure 6.2.a). Sodium bisulfite treated genomic DNA from three BCL6 expressing
and three non-expressing cell lines were employed for PCR utilizing the BSP specific
primers. The PCR product was then directly sequenced. Since in some cases the results
of the direct sequencing were not clear enough, presumably due to the coexistence of
methylated and non methylated sequences within a PCR product, we cloned the PCR
products into the pGEM-T easy vector. Five to ten different clones of each cell line were
thereafter sequenced. In all the cell lines evaluated the 17 CpG dinucleotides analyzed

were unmethylated (Figure 6.2.b to f).

To further investigate the methylation status of that region, sodium bisulfite
treated genomic DNA from seven patients suffering from a variety of B neoplasms (2
diffuse large B cell lymphoma (DLBCL); 2 follicular lymphoma (FL); 1 mantle lymphoma
(ML); 1 Burkitt lymphoma (BL); 1 acute lymphoblastic leukaemia (ALL), were PCR
amplified, cloned and sequenced. Again, none of the CpG dinucleotides studied were
methylated in any of the patients (Figure 6.2.h to n). All together, these results indicate
that differential methylation of the BCL6 exon1 regulatory region including the CTCF BS,

is not associated with regulation of BCL6 expression.

6.2.3. Histone marks present at BCL6 exon 1 region

Histone functions are modulated through a variety of post-translational covalent
modifications. The histone marks are truly epigenetic events that work by modifying the
accessibility of chromatin or by recruiting different protein complexes involved in the
regulation of the transcription (Sharma et al., 2010). The HDAC inhibitor TSA altered
BCL6 expression (see Figure 6.1) suggesting a potential role for histone acetylation in

regulating BCL6. For this reason, the presence of modified histones at exon1 in the
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BCL6 positive cell line, Ramos, and in the non expressing BCL6 cell line, K562 was

tested. (Figure 6.3.).
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Figure.6.3. Binding of modified and variant histones to the BCL6 exon1 regulatory region. Chromatin
was prepared from Ramos (a) and K562 cells (b). Protein-DNA complexes were immunoprecipitated with
antibodies against CTCF, H2A.Z, H3K4me2 and H3ac, as indicated. ChIP analysis shows specific binding
to the BCL6 exon1 region.

Ramos cells showed a prominent enrichment of active chromatin marks, such as
histone H3 lysine 4 dimethylated (H3K4me2) or histone H3 acetylated (H3ac) as well as
variant histone H2A.Z, and those levels were much higher than those observed in the
K562 cells (Figure 6.3.). Collectively these results show a clear association between
CTCF binding, presence of active histone marks at BCL6 exon 1 regulatory region and
BCL6 expression. It is therefore, tempting to speculate that the BCL6 exon 1 region,
which seems to be an important regulatory region, might be modulated through changes
in chromatin conformation. CTCF may be playing a crucial role in such BCL6 gene

regulation.
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6.3. DISCUSSION

BCL6 regulation is crucial for a normal adaptive immune response.
Deregulated expression of BCL6 occurs in many lymphoproliferative diseases, but the

exact mechanisms of BCL6 regulation are unknown.

The aim of this section of the thesis was to determine whether BCL6
expression was regulated by epigenetic modifications, such as DNA methylation and
histone modifications. The rearrangement status of the BCL6 gene in several BCL6
positive and negative cell lines was investigated, because those cell lines without
translocations involving the BCL6 gene could be used for further studies. It was very
interesting to discover that several copies of the BCL6 gene with no sign of
rearrangement were found even in BCL6 non expressing cell lines. This result
suggested that other regulating mechanism such as epigenetic modifications might be

crucial for the regulation of this gene.

It has been previously demonstrated that HDAC inhibitors are only capable of
activating those genes with unmethylated promoters and that combination of both HDAC
inhibitors and de-methylating agents act in a synergistic manner (Cameron et al., 1999;
Meng et al., 2007; Saito et al., 2006) and maybe required for a complete gene
reactivation. Therefore, as an initial approach we studied the effects of the de-
methylating agent 5-azadC and of the HDAC inhibitor TSA on BCL6 expression. An
impressive increase in BCL6 mMRNA levels was observed in different cell lines with
undetectable BCL6 expression. This finding suggested that epigenetic modifications
might be crucial for the regulation of this oncogene although the effects of 5-azadC on
BCL6 expression could be indirect. The epigenetic pattern of the BCL6 gene has not
previously been investigated but the methylation status of the BCL6 gene might be

responsible for BCL6 regulation in normal and malignant germinal centre cells.
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Moreover, controlling the methylation status of the promoter and regulatory
regions of a gene appears to be a very appealing way of tightly regulating gene
expression. It is known that CTCF is involved in the regulation of DNA methylation
(Filippova, 2008; Recillas-Targa et al., 2006). This multivalent transcriptional regulator
binds to the BCL6 exon 1 region, therefore, and to find out whether CTCF may have a
role in the methylation status of the BCL6 gene further experiments were carried out.
Thus, the first hypothesis was that CTCF might be acting as an insulator, blocking
propagation of the methylation front. Although it is probably necessary to examine the
DNA methylation status in a larger genomic area, we found lack of methylation of the 17
CpG dinucleotides around the CTCF binding site (that is itself within a CpG island)
regardless of the pattern of BCLG6 expression. This result was not completely
unexpected since, with some exceptions such us CpG islands within the promoters of
imprinted genes or in some somatic tissue-specific genes, most CpG islands remain

unmethylated during differentiation (Sharma et al., 2010).

Also, islands with low even intermediate content of CpG dinucleotides, often
found in the control regions of tissue specific genes, are not usually regulated through
DNA methylation but by covalent histone modifications (Kondo et al., 2008; Meissner et
al., 2008; Soto-Reyes and Recillas-Targa, 2010; Weber et al., 2007). Indeed, ChIP
assays support this idea, since the enrichment of H3K4me2 and of H3Ac observed in
the BCL6 expressing cell line Ramos was significantly higher than in the BCL6 negative
cell line, K562. Along with these active chromatine marks we found a notable
enrichment of CTCF in Ramos, together with the H2A.Z, a histone variant often co-
imunoprecipitated with CTCF and frequently detected in promoters of active genes
(Sharma et al., 2010). In comparison, K562 enrichment of the H2A.Z was considerably
lower. It is tempting to speculate that CTCF might be responsible for protecting the
BCL6 exon 1 regulatory region against repressive covalent histone modifications. Such
a mechanism has been recently described for the CTCF regulation of the p53 promoter

(Soto-Reyes and Recillas-Targa, 2010). In addition, a similar mechanism related to the
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loss of repressive histone modifications has also been proposed for the activation of the
cancer-promoting gene CLDN3 in ovarian cancer (Kwon et al., 2010). In order to confirm
this hypothesis ChlIP assays in BCL6 expressing cells after effectively silencing CTCF

should be performed.
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CHAPTER 7 GENERAL DISCUSSION

7.1. Biological importance of BCL6

BCL6 is an important transcriptional repressor that is essential for the
development and regulation of the immune system. It has well-established functions in
B-cells (Dent et al., 1997; Ye et al., 1997) and has more recently been shown to have
essential roles in follicular helper T-cell development (Yu et al.; Nurieva et al.; Johnston
et al.). BCL6 expression, therefore, has to be tightly regulated in B- and T-cell lineages.
In addition aberrant expression is associated with the development of B-cell lymphomas

(Cattoretti et al., 2005)

BCL6 expression is regulated at several levels. It is post-translationally
regulated by phosphorylation and acetylation, and important cis-acting control
mechanisms have been discovered. There is a negative autoregulatory mechanism that
involves a BCL6 binding site in exon 1. Binding of BCL6 to this site in association with
the co-repressor CtBP (Mendez et al., 2008) reduces BCL6 transcription. However, to
allow full expression of BCL6 this mechanism must be suppressed. Our laboratory. has
recently added to this story by suggesting that elements at a DNase | hypersensitive site
4.4 kb upstream of the transcription start site (HSS-4.4) bind a protein complex also
involving CtBP (Papadopoulou et al., 2010). A speculative model suggests that the
transcription factor ZEB1 (binding at HSS-4.4) forms a repressive complex with BCL6
(binding at exon 1) and CtBP to shut down BCL6 transcription and when this complex is
disrupted (by reduction in ZEB1 expression) BCL6 transcription takes place. Other cis-
acting control sequences have also been identified: The repressive transcription factor
IRF4 binds in intron 1 (Saito et al., 2007) and STATS, which is an activating factor in
primary cells (Scheeren et al., 2005) , binds in exon 1. Other factors have also been
demonstrated to bind at the BCL6 promoter e.g. FoxO3a and PU.1, but their roles in

lymphocytes have not been defined in detail.
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Much remains to be discovered about the lineage and temporal control of
BCL6 expression. Following the discovery by others that BCL6 is induced in CML
lymphoid blast crisis cell lines (Deininger et al., 2000a; Fernandez de Mattos et al.,
2004), these cells were chosen to study the effects of BCR-ABL signalling pathways on

BCL6 expression.

Dissection of three major BCR-ABL pathways the Ras/Raf/MEK, the
PI3BK/AKT/mTOR and the JAK/STATS5 as described here, showed that BCL6 regulation
is not due to a single transcription factor but to the cooperation of many different
signalling pathways. In this study and in agreement with Scheeren et al (Scheeren et al.,
2005) STATS, was also shown to upregulate BCL6 in BCR-ABL+ cells. However, STAT5
can not be responsible for the upregulation of BCL6 due to Imatinib since STATS
becomes inactive in the presence of this drug. In this thesis it is shown that p38 MAPK,

was responsible for driving BCL6 expression upon treatment with Imatinib.

The fact that BCL6 is not expressed in BCR-ABL cells in basal conditions
despite the constitutive activation of p38 MAPK and STAT5 shows that additional strong
repressive pathways must be inhibiting BCL6 expression in these cells. We
demonstrated that mTOR, is one of the repressive pathways in the Z119 cell line, since
its repression by Rapamycin led to a transient but significant increase in BCL6
expression. However, since we failed to achive the same effect in other cell lines, the
conclusion is that there must be other repressive pathways implicated in the BCL6
repression, which remain to be defined. A model for BCL6 regulation by BCR-ABL is

depicted in Figure 7.1.

7.2. BCL6 regulation by Imatinib

The biological relevance of BCL6 upregulation in lymphoid BCR-ABL+ cells
when treated with Imatinib is not clear. It has been shown that BCL6 upregulation in

BV173 cells leads to downregulation of cyclin D2 (Deininger et al., 2001; Fernandez de
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Mattos et al., 2004), which is known to be essential for proliferation. Therefore it is
possible that BCR-ABL inhibits BCL6 expression to allow uncontrolled proliferation.
BCL6 could also be involved in the apoptotic process induced by Imatinib in these cells.
Accordingly, BCL6 has been reported to induce apoptosis in some cell types including a
pro-B cell line (Albagli-Curiel, 2003).
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Figure 7.1. A proposed model for BCL6 regulation by BCR-ABL in lymphoid cells. (a) BCR-
ABL can activate many signaling pathways including Stat5, Akt and P38MAPK. In basal conditions
the BCR-ABL downstream signalling pathways JAK/STAT5 and p38MAPK induce BCL6
expression, and despite these strong positive signals, no BCL6 protein expression is detected,
suggesting that additional strong repressive pathways must be inhibiting BCL6 expression in these
cells (upper panel). Upon treatment with Imatinib (lower panel), BCR-ABL tyrosin kinase activity is
inhibited and as a result the signalling pathways downstream BCR-ABL become inactive.
P38MAPK remains active in these cells, supporting the idea of p38 being regulated by BCR-ABL
dependent and independent mechanisms (Sanchez Arevalo Lobo et al, 2005). In BCR-ABL
inactive cells (b) both the p38 MAPK and Fox03a pathways induce BCL6 expression.
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Also, BCR-ABL could be represssing BCL6 expression in order to block the
differentiation process (Duy et al., 2007). In this regard it has been shown that pre-B
cells require BCL6 expression to differentiate and for the immunoglobulin (Ig) light chain
gene recombination (Duy et al., 2010). Moreover, abnormal low expression of BCL6
combined with an increased expression of the protoncogene c-MYC was associated
with a differentiation arrest in a number of acute lymphoblastic leukaemia cells, including
the Ph+ lymphoid leukaemia (Duy et al., 2007). This, however, does not explain why
mice lacking BCL6 have normal B cell development at the bone marrow stage. One
possible explanation is that different redundant pathways are regulating the same

processes.

7.3. BCL6 and lymphomagenesis

BCL6 is known to be essential for the generation of germinal centres (Cao et
al., 1997). Germinal centres are areas within lymphoid nodes that are crucial for the
generation of mature T cell dependent responses. Intense B proliferation together with
somatic hypermutation are processes required for the production of high affinity
antibodies, but these features also make a good environment for the generation of

malignancy, and, in fact, over 50% of lymphomas have a germinal centre derivation.

Deregulated expression of BCL6 due to rearrangements, mutations of the
negative autoregulatory BCL6 binding site in exon 1, and other aberrations, have been
detected in a number of human lymphoproliferative processes with a germinal centre

origin.
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7.4. Biological Roles of p38 MAPK

Here it has been shown for the first time that p38 MAPK induced BCL6
expression. The p38 MAPK pathway, can be activated by genotoxic and environmental
stresses or cytokines, and has been involved in a wide range of processes. Thus it is
known to mediate cellular stress responses inducing apoptosis and cell growth arrest,
but it also plays key roles in the proliferation, differentiation and even cell survival
processes in a number of cell types (Dong et al., 2002; Nebreda and Porras, 2000;
Raman et al., 2007; Wagner and Nebreda, 2009). It is also interesting that constitutive
activation of p38 can promote tumorogenesis (Greenberg et al., 2002) and even favour

metastatic spread of cancers (Ito et al., 2006).

Interestingly there are some previous reports suggesting that p38 might also be
regulating BCL6 in other cell types. Both p38 and BCL6 were upregulated in
differentiating C2C12 myoblasts, a cell line which undergoes differentiation when
cultured in serum-free medium (Kumagai et al., 1999; Nebreda and Porras, 2000) and
both proteins were required to induce growth arrest and differentiation of those cells.
Similarly, high concentrations of calcium induces differentiation in keratinocytes and,
after calcium stimulation both BCL6 and p38 are activated (Efimova et al., 2002;

Yoshida et al., 1996).

7.5. p38 MAPK and germinal centres

Transfection of a BCR-ABL p210 vector produced a significantly decrease in
the BCL6 protein expression in Burkitt's lymphoma cell lines, which are representative of
germinal centre B-cells. Thus, the same pathways that operate in CML lymphoid blast
crisis cell lines might also be important for BCL6 regulation in germinal centre cells. Both
STATS and p38 were shown to be enhancers of BCL6 in these cells. Although STATS
was previously shown to upregulate BCL6 in primary B tonsillar cells (Scheeren et al.,

2005), the p38 effect on the BCL6 regulation in germinal centre cells has not been
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reported before.

Interestingly, mice with homozygous disruptions of the locus of the MAPK
kinase kinase, MEKK1, have a very similar phenotype to that of mice lacking BCL6.
Thus, these animals have defects in germinal centre formation with abnormal T-
dependent antibody responses and also have an increased production of Th2 cytokines.
The normal effects of MEKK1 were shown to be dependent on the activation of the JNK
and p38 pathways (Gallagher et al., 2007). Therefore we speculate that the B-cell
phenotype of MEKK1 deficient mice is due to reduced or absent induction of BCL6 by

p38MAPK, and this remains to be proved in future work.

7.6. p38 MAPK, BCL6 and germinal centre derived lymphomas

Burkitt's lymphoma is an example of a germinal centre derived non-Hodgkin's
lymphoma. It is highly proliferative and shows surface IgM expression. The
immunoglobulin genes show somatic hypermutations and this process is on-going in at
least one Burkitt's lymphoma cell line, Ramos (Sale and Neuberger, 1998). One of the
defining characteristics of Burkitt's lymphoma according to the WHO classification is the
expression of BCL6, without chromosomal translocations involving the BCL6 locus. It is
worth mentioning that constitutive activation of p38 in several Burkitt's lymphoma cell
lines has been previously demonstrated (Horie et al., 2007; Vockerodt et al., 2001).
Work reported here suggested that p38 is important for the induction and/or
maintenance of BCL6 expression in germinal centre cells. Although the over-expression
of the c-MYC oncogene in Burkitt’s lymphoma is required and of undoubted importance
in terms of proliferation and cell survival, inhibition of BCL6 using specific peptides to
inhibit function, was able to produce apoptosis and cell cycle arrest in these cells
(Capelson and Corces, 2004). It has also been demonstrated that p38 inhibition in
Burkitt’s lymphoma cell lines is able to induce growth arrest (Horie et al., 2007), which

may link to its role in BCL6 expression.
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Expression of phosphorylated p38 MAPK is detected in diffuse large B-cell
lymphoma (DLBCL) and it has been implicated in the transformation of another type of
non-Hodgkin's lymphoma, follicular lymphoma, into DLBCL. Inhibition of the p38
signalling pathway induced growth arrest and apoptosis of follicular transformed cells
(Elenitoba-Johnson et al., 2003). Several Burkitt's lymphoma cell lines show constitutive
activation of p38 and inhibition of p38 induces growth arrest. Expression of
phosphorylated p38 MAPK is detected in DLBCL and it has been implicated in the
transformation of follicular lymphoma into diffuse large cell lymphoma. Inhibition of the
p38 signalling pathway induced growth arrest and apoptosis of follicular transformed

cells (Elenitoba-Johnson et al., 2003).

As shown previously, abnormal regulation of BCL6 has also been implicated in
the pathogenesis of DLBCL and although there is less evidence it might be implicated in
the pathogenesis of follicular lymphoma (Gollub et al., 2009). Abrogation of BCL6
function leads to the death of Burkitt's lymphoma cell lines and, therefore, routes to
inhibit p38 may critically reduce BCL6 expression contributing to lymphoma cell death.

p38 inhibitors are under investigation for the treatment of several diseases
(Coulthard et al., 2009; Munoz and Ammit, ; Navas et al., 2006; Yong et al., 2009).
Furthermore, specific p38 inhibitors have been employed as anti-inflammatory targets in
clinical trials with promising results (Kumar et al., 2003). These drugs might have
application in Burkitt's lymphomas and maybe in other BCL6 expressing lymphomas.

BCL6 expression defines a specific subtype of DLBCL (Alizadeh et al., 2000;
Polo et al., 2007). Early studies (Offit et al., 1994) showed that DLBCL with BCL6
translocations had a better clinical outcome than those without. Relative BCL6 mRNA
expression also proved to be a marker of good prognosis (lgbal et al., 2007) and
extension of this work to immunocytochemistry confirmed the usefulness of BCL6 for
this purpose (Hans et al., 2004). The treatment of DLBCL has been dramatically
improved recently by the addition of the anti-CD20 monoclonal antibody Rituximab to

the CHOP (cyclophosphamide, daunorubicin, vincristine and prednisolone)
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chemotherapy regime. However, there is currently uncertainty about whether this new
combination alters the status of BCL6 translocations as a prognostic marker (Shustik et
al., 2010). One large series of patients demonstrated that BCL6 expressing cells are
relatively resistant (Winter et al., 2006) to the effects of Rituximab, whereas another
(Rimsza et al., 2008) showed that BCL6 continues to be a marker of good prognosis
when this antibody is included in the treatment.

Whilst lymphoma cells coated with antibody will be removed and killed by the
reticulo-endothelial system, signalling through CD20 has also been reported. Rituximab
inhibits several pro-survival and anti-apoptotic pathways - AKT, NF-kB, ERK1/2, p38 -
(Bonavida, 2007). Pathways that are modified by Rituximab have been directly or
indirectly implicated in the regulation of BCL6 (Niu et al., 1998; Saito et al., 2007).

Taken together, these results might suggest that CD20 signalling modifies
BCL6 expression through p38 MAPK. Further work will investigate how CD20 signalling
modifies BCL6 expression through p38 MAPK in B-cell lines and primary lymphoma
cells and will define the role of p38 inhibitors in synergising with anti-CD20 monoclonal
antibodies in the treatment of DLBCL.

Rituximab is the first developed anti-CD20 antibody but more recently a group
of antibodies binding to different CD20 epitopes has been developed. These class Il
antibodies, of which GA101 (Roche) is one, are believed to have enhanced ADCC and
superior caspase-independent apoptosis induction in comparison to Rituximab. The
signalling pathways involved in the GA101 effect have not yet been thoroughly

analysed.

7.7. BCR and CD40 signalling effects on BCL6 expression

Both the B-cell antigen receptor (BCR) and CD40 play key roles in the
regulation of germinal centre processes. The former is necessary for antigen/B cells
specific interactions while the latter mediates interactions with the CD40 ligand

expressed in T CD4+ cells (Hollenbaugh et al., 1992). Both receptors have been shown
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to negatively regulate BCL6 expression. The ERK1/2 pathway mediates IgM induced
BCL6 protein degradation (Niu et al., 1998) and CD40 stimulation leads to BCL6
transcriptional down-regulation through the NF-kB/IRF4 pathway (Lossos, 2007).
However, it is also known that both receptors significantly activate the p38 pathway
(Sutherland et al., 1996). We ought to find out the role of p38 MAPK on the BCL6
regulation after stimulation of the BCR and CD40 receptors. In agreement with previous
results we found that BCR cross-linking simultaneously activated pathways that
repressed (ERK1/2) and induced (p38, STAT5) BCL6. However, we showed by utilizing
inhibitors of single pathways that repressive signals were stronger than the inductive.
BCL6 repressive pathways (ERK1/2 and IRF4) were also stronger than the activating
pathways (p38 MAPK) when Burkitt's lymphoma cell lines were stimulated with
membrane bound CD40 ligand (mCD40L). The only situation in which BCL6 was further
up-regulated was on stimulation with sCD40 and this was mainly due to the activation of
the p38 pathway since SB202190, a p38 MAPK inhibitor antagonised this effect.
Remarkably, none of the known BCL6 inhibitory pathways including the NF-kB/IRF4
pathway were activated by sCD40.

Collectively, these results show that, despite p38 and ERK1/2 signalling
pathways belonging to the same MAPK super-family, they have opposing effects on
BCL6 expression. There are precedents for such dichotomy. In macrophages activation

of p38 or ERK1/2 MAPK leads to antagonistic immune responses (Mathur et al., 2004).

CD40/CD40L interaction is required for B-cell survival, antibody isotype
switching and memory B cell formation (Aruffo et al.,, 1993; Foy et al., 1994). CD40
stimulation is also important for germinal centre formation and more controversially
prevents B cell terminal differentiation (Randall et al., 1998). An interesting aspect of this
work is that qualitatively different CD40 stimuli defined by responses to sCD40L and
mCD40L in my experiments, produce different signalling outcomes corresponding,
speculatively, to the early and late phases of CD40 signalling (Basso et al., 2004). There

are several previous findings that support this idea. First, it has been shown that strong
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and weak CD40 signalling in macrophages activates p38 or ERK1/2 signalling pathways
respectively and the outcome is the production of different spectrum of cytokines
(Mathur et al., 2004). Second, stimulation of specific CD40 epitopes resulted in the
activation of different signalling pathways and in diverse B cell responses (Sakata et al.,
2000). Third, different groups of researchers using CD40 ligands from a variety of
sources obtained either stimulation or inhibition of the NF-kB pathway in Ramos cells
(Cai et al., 2008; Zarnegar et al., 2004). Fourth, our hypothesis also has some bearing
on observations by others that transient or prolonged B-cell/T-cell contact produce
different effects on BCL6 expression, and as a result diverse cellular outcomes.
Transient CD40 signalling may be compatible with continued residence within germinal
centre whilst prolonged CD40 signalling could be associated with germinal centre exit

(Cerchietti et al., 2008).

Whether the different effects on BCL6 expression produced by mCD40L and
sCD40L are due to different amounts or quality of CD40 cross-linking or, to differences

in the kinetics of the ligand-receptor interaction remain to be determined.

7.8. Non-lymphoid cell/B-cell interactions may also regulate BCL6

CD40 signalling activates many signalling pathways including p38 and ERK1/2
in different cell lines. Correspondingly interaction of CD40 with mCD40L not only
induced p38 activation but also ERK1/2. However, we demonstrated that co-culture of
Ramos with untransfected mouse fibroblasts cells also showed phosphorylation of this
MAPK family member, and it cannot, therefore, be a specific CD40 mediated effect.
Moreover, Ramos interaction with fibroblasts alone also produced a reduction of BCL6
and this effect was mediated by the ERK1/2 pathway since it was abrogated by the
PD98059 Inhibitor. Consequently ERK1/2 may be activated, in vivo, in germinal centre
cells by cell contact mediated by receptor- ligand pairs that are not unique to lymphoid

cells. For instance, integrin signalling which lowers the threshold for early activation cells
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may also have a role in the later stages of germinal centre reaction (Batista et al., 2007).

7.9. p38 targets and BCL6

There are several p38 targets that could mediate the p38 transcriptional
regulation of BCL6. The Ccaat enhancer box binding proteins (C/EBP) family members
play key roles in terms of cell differentiation and proliferation and control genes involved
in inflammatory and immune responses (Chen et al., 1997). My preliminary reporter
assays results showed that a small region at the beginning of the first exon of BCL6
might be important for the p38 transcriptional regulation. It is interesting that within the

exon 1 region there is a binding site for the polyvalent transcriptional regulator CTCF .

7.10. CTCF regulation of BCL6

One consequence of my p38 work was that specific regions of the BCL6
promoter, including exon 1, will be the subject of further work. A previously
unrecognised CTCF binding site was discovered and CTCF is a genomic regulator
implicated in a number of functions including insulator activity, transcriptional activation

and repression, and regulation of the cell cycle and cell proliferation.

CTCF functions are modulated through post-translational modifications.
Phosphorylation of the CTCF C-terminal serine residues by CKIl interferes with CTCF
regulatory function (Klenova et al., 2001) and interestingly, this phosphorylation may be
dependent on the p38 MAPK pathway (Sayed et al., 2000). Therefore, it is tempting to
speculate that p38 might be regulating BCL6 expression by controlling CTCF regulatory
function. It has been reported a CTCF functional role in insulin-stimulated cell
proliferation through ERK and AKT signalling pathways (Gao et al., 2007). Furthermore,
EGF induced activation of ERK cascades resulted in increased CTCF expression in

corneal epithelial cells (Li and Lu, 2005). The NFkB pathway was involved in this CTCF
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upregulation (Lu et al., 2010). Thus CTCF seems to be a downstream target protein of
growth factor-induced pathways. However there are no reports on the possible
regulation of CTCF by the p38 MAPK pathway. We will address this issue in the future

(see below future work)

In this study, CTCF was shown to bind in vitro to BCL6 exon 1 and occupancy
of this site in vivo was selectively detected in BCL6 expressing cells. This suggested
that CTCF might be involved in the transcriptional up-regulation of BCL6, and
accordingly several reporter assays using constructs consisting of the CTCF BS and
performed in BCL6 expressing cells showed a consistent increase in the reporter activity
when those cells were transfected with two different CTCF expressing vectors. Also,
CTCEF silencing in germinal centre BCL6 expressing cell lines led to a moderate but very
reproducible reduction on the BCL6 protein expression. Although no significant effect
was observed in the reporter activity of the constructs containing the CTCF BS after
CTCEF silencing in DG75 cells, the basal activity of this constructs is low probably due to
the very potent negative autoregulatory BCL6 domain. In fact, it is known that the BCL6
positive expressing cell lines might not be adequate models for studding the reporter

activity of this region.

CTCF enforced expression in the BCL6 negative cell line K562 led to cell arrest
within less than 24 hours, and thus, it was not possible to study the effect of the CTCF
over-expression on the reporter activity of the BCL6. However, it was possible to silence
effectively CTCF in K562 cells which caused a large increase in the reporter activity of
these constructs. Although this result seems to contradict our previous findings, the
discrepancy might be explained by CTCF having opposing effects in different cell types.
CTCF might be acting through direct and indirect effects which might be regulated in a
cell type dependent way. Speculatively CTCF could be recruiting different protein
complexes in BCL6 positive and negative cell lines. However, this latter possibility is
less probable since ChIP assays revealed no significant occupancy by CTCF in BCL6

negative cell lines. An alternative explanation could be that different post-translational
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modifications might be responsible for the antagonistic functions and, in fact, there are
precedents for such a dichotomy. Two different CTCF forms with opposite roles in
breast normal and cancer cells can be identified attending to their poly(ADP-ribosyl)ation

status (Docquier et al., 2009).

Finally, specific mutations of CTCF have been shown to interfere with CTCF
function in certain tumors (see introduction). Point mutations of the CTCF binding site at
the H19 ICR locus interfered with CTCF binding and function (Pant et al., 2004).
Surprisingly, no other specific mutations on the other CTCF s targets binding sites have
been reported yet. Our preliminary results suggest that such mechanism might be
operating in the BCL6 gene, since different point mutations on the CTCF BS were found
in several BCL6 non-expressing cell lines. Further studies should be conducted to study
the potential repercussions of such mutations in terms of interference with CTCF binding

and with BCL6 expression.

7.11. Epigenetics and BCL6

Epigenetic changes are heritable variants in gene expression that are not due
to any alteration in the DNA sequence. They include DNA methylation, histone
modifications and chromatin remodelling (Esteller, 2008; Jones and Baylin, 2007). One
of the most well known mechanisms of silencing DNA is through DNA methylation. The
methylation pattern of the whole genome in certain tumours has been extensively
investigated by several groups. Generally, in cancer, it is frequent to observe a
predominant hypomethylation pattern of the genome with a few genes being aberrantly
hypermethylated. Investigating the methylation status of specific genes can in some
circunstances lead to their use as biomarkers (Nakayama et al., 2004). The methylation
status of different tumor suppressor genes has been examined by a number of research
groups. However, the potential role of the different epigenetic modifications of

oncogenes in differentiation and in cancer is less well understood. In particular the
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epigenetic influence in the BCL6 gene regulation in normal conditions and in

lymphomagenesis has not been thoroughly investigated.

FISH studies revealed that some BCL6-non-expressing lymphoma cell lines
showed three or more copies of the BCL6 gene with no sign of rearrangement. It could
be possible that, despite there being extra copies of the BCL6 gene, the BCL6
expression is silenced in those cases through epigenetic mechanisms. Moreover,
different epigenetic modifications might explain the variability on the BCL6 expression
found in different lymphoma samples, regardless sharing a common genotype. In this

study the epigenetic influence on BCL6 expression was explored.

The BCL6 gene contains several CpG islands in the region from the promoter
to the first intron. and CTCF is essential for the regulation of CpG methylation of a
number of genes. (see introduction). While this Thesis was in progress, several CTCF
binding sites within the BCL6 intron 1 were described (Lai et al., 2010). At these sites,
CTCF binds in a methylation dependent manner, with higher methylation (and less
CTCF binding) being found in cell lines in which the BCL6 locus was transcriptionally
active. Accordingly, administration of a methyl transferase inhbitor increased CTCF
binding in BCL6 the Burkitt cell line Raji, whereas silencing of CTCF caused an increase

in BCL6 mRNA in a plasma cell line (Lai et al., 2010).

CTCF binding to the described CTCF BS within the BCL6 exon-1 is not
dependent on methylation, despite being at a CpG island. Moreover, and in agreement
with previous studies (Ramachandrareddy et al., 2010), no methylation was observed at
that region, despite having different levels of BCL6 protein expression. Also, in contrast
to the intronic sites, CTCF binding at the exon1A site is highest in BCL6 expressing cell
lines. The exon1A CTCF site is close (250 bp) downstream of the major transcription
start site in a region that has previously been implicated in the regulation of BCL6
(Arguni et al., 2006; Papadopoulou et al., 2010). It is likely that a complex, repressing
BCL6 transcription, involving BCL6 itself and CtBP assembles at exon1A based on a

BCL6 binding site. We speculated that the repressive complex involved the two-handed
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zinc finger transcription factor ZEB1, which also requires CtBP as a co-repressor,
binding to a DNase | hypersensitive site 4.4 kb upstream of the transcription start site.
The location of the exon1A CTCF site suggests that it may be important in the regulation
of BCL6, and data presented here demonstrates that CTCF binding is associated with
high level expression of BCL6. Silencing of CTCF in BCL6 positive DG75 lymphoma
cells (this work), but apparently not the plasma cell line NCI-H929 (Lai et al., 2010), is
associated with reduction in BCL6. Speculatively dismissal of CTCF from its exon1A
binding site may be one of the early events switching off the BCL6 locus and allowing
assembly of the repressive complex. A similar model has been previously shown within
the p53 locus (Soto-Reyes and Recillas-Targa, 2010). We have found association of
CTCF with active histone marks in the BCL6 expressing cell line Ramos. Others have
found RNApolll enrichment near the CTCF binding site at exon1 (Lai et al., 2010). Lack
of CTCF could lead to reduced binding of RNA polymerase I, active histone marks and
of the variant histone H2A.Z near the BCL6 transcription start site eventually and to lead
to the incorporation of repressive histone marks, We will addressed all these issues in
the future (see next section). A proposed model for BCL6 regulation by CTCF at exon1

based in our current results is depicted in (Figure 7.2).

There are many other possible mechanisms whereby CTCF may cause
epigenetic changes to alter BCL6 expression. Poly(ADP-ribosyl)ation modulates CTCF
functions (Klenova and Ohlsson, 2005; Yu et al.,, 2004) and this post-translational
modification might be interfering with CTCF binding to the BCL6 exon 1, leading to an
epigenetic silencing of BCL6. This mechanism has been previously described (Soto-
Reyes and Recillas-Targa, 2010; Witcher and Emerson, 2009). Alternatively, CTCF
binding to the BCL6 regulatory region might be required to protect against
heterochromatin spreading, and binding to DNA might be dependent on poly(ADP-
ribosyl)ation as shown for the p16 (INK4a) gene (Witcher and Emerson, 2009). It is
interesting that a PARP-1 binding site has been found by our group, relatively close to

the CTCF binding site (Ambrose et al., 2007).
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Figure 7.2. A proposed model of BCL6 regulation by CTCF. The CTCF binding site is
included within a CpG island of the BCL6 exon 1. However, DNA methylation of this region is not
directly involved in BCL6 silencing in lymphoma cells (upper panels). CTCF and H2A.Z bind to
BCL6 exon 1, favouring the incorporation of active histone modificatios. BCL6 silencing is

associated to lack of CTCF, H2A.Z and active histone marks binding (lower panels).

7.12. Summary and future work

1. BCL6 has been shown to be upregulated in lymphoid blast crisis cells upon
treatment with Imatinib. Although it has been suggested that BCR-ABL represses BCL6
expression in order to block the differentiation process (Duy et al., 2007), the biological
relevance of BCL6 upregulation in those cells after treatment with Imatinib is yet not
clear and requires further investigation. Combination of Imatinib with specific peptide
inhibitors against BCL6 might provide new insights in the biological relevance of BCL6

modulation in those cells.

2. It has been impossible using a variety of growth factors and other signals to
induce BCL6 in cultured B cells and one reason for this may be that signals repressing
and inducing BCL6 are produced by the same stimuli: the repressive ones being
dominant. There might only be restricted circumstances in vivo in which positive signals

predominate to cause BCLG6 activation. A minority of germinal centre B-cells (~10%)
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General discussion

(Figure 5.7) expresses phosphorylated p38 MAPK and it may be possible that this
population represents cells in which BCL6 expression is being switched on. Others
(Basso et al., 2004) have shown that a minority of germinal centre cells express
activated NF-xB, and a similar argument has been made that this is the population in

which BCL6 is being down-regulated prior to exit from the germinal centre

Collectively these results reveal, for the first time, that the p38 pathway has an
important role in the regulation of BCL6 in germinal centre cells. It was demonstrated
that BCL6 regulation is due to cooperation between different signalling pathways and
the findings suggest that the relative impact of the negative pathways is stronger than
the positive ones. We have reported that sCD40L seems to activate only p38 and

induces BCL6 expression.

p38 inhibitors are under investigation for the treatment of several diseases
(Guo et al., 2000). Furthermore, specific p38 inhibitors have been employed as anti-
inflammatory targets in clinical trials with promising results (Mihara et al., 2008). Our
results suggest that these drugs might have applications in Burkitt's lymphomas and

maybe in other BCL6 expressing lymphomas.

3. The important transcriptional regulator, CTCF was also shown to have a role
in the regulation of BCLG6, although a precise mechanism of action has not been defined.
One appealing hypothesis is that CTCF might be locally organizing chromatin at the
BCL6 exon1 and may be required to protect the BCL6 transcriptional start site against
repressive histone marks. ChlP assays for repressive histone marks in basal conditions
in Ramos cells as well as ChIP assays for active and repressive histone marks and for
the RNAPol Il in Ramos cells upon silencing of CTCF will be performed in order to verify
this hypothesis. Also, as our major interest is to validate our findings utilising primary
lymphoma cells. CTCF occupancy in primary cells from patients with BCL6 expressing

lymphomas and myeloma (BCL6 negative) will be analyzed.
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TSA combined with 5-azadC led to increased BCL6 expression in the BCL6 non-
expressing cell lines Toledo and K562. The effects of TSA alone will now be tested. If
TSA is effective as a single agent, it is possible that TSA administration will cause
increased acetylation of histone H3, leading to CTCF binding at BCL6 exon1.
Altogether, these results might help to validate our hypothetical model of BCL6
regulation by CTCF shown in Figure 7.2.

Finally, this work has shown that both p38 MAPK and CTCF modulate BCL6
expression through BCL6 exon-1. As CTCF function can be modulated through MAPK-
mediated phosphorylation, it might be possible that CTCF regulation of BCL6 depends
on the p38 MAPK signalling pathway. Future challenge will be to validate this hypothesis
and to further investigate this possibility differential CTCF phosphorylation in a variety of
B-cell lines after treatment with p38 inhibitors will be analyzed. Also CTCF occupancy of
BCL6 exon 1 and the pattern oh histone marks after treatment with p38 inhibitors will be

explored.

184



CHAPTER 8

Bibliography

185



186



Bibliography

CHAPTER 8. Bibliography

Adachi, S., Yasuda, ., Nakashima, M., Yamauchi, T., Yamauchi, J., Natsume, H., Moriwaki, H. and
Kozawa, O. (2010) . HSP9O0 inhibitors induce desensitization of EGF receptor via p38 MAPK-
mediated phosphorylation at Ser1046/1047 in human pancreatic cancer cells. Oncol Rep 23, 1709-
14.

Ahmad, K. F., Melnick, A., Lax, S., Bouchard, D., Liu, J., Kiang, C. L., Mayer, S., Takahashi, S., Licht, J. D.
and Prive, G. G. (2003) . Mechanism of SMRT corepressor recruitment by the BCL6 BTB
domain. Mol Cel/12, 1551-64.

Akasaka, H., Akasaka, T., Kurata, M., Ueda, C., Shimizu, A., Uchiyama, T. and Ohno, H. (2000) .
Molecular anatomy of BCL6 translocations revealed by long-distance polymerase chain reaction-
based assays. Cancer Res 60, 2335-41.

Albagli-Curiel, O. (2003 ) . Ambivalent role of BCL6 in cell survival and transformation. Oncogene 22, 507-
16.

Alizadeh, A. A., Eisen, M. B., Davis, R. E., Ma, C., Lossos, I. S., Rosenwald, A., Boldrick, J. C., Sabet, H.,
Tran, T., Yu, X., Powell, J. I., Yang, L., Marti, G. E., Moore, T., Hudson, J., Jr., Lu, L., Lewis, D. B.,
Tibshirani, R., Sherlock, G., Chan, W. C., Greiner, T. C., Weisenburger, D. D., Armitage, J. O.,
Warnke, R., Levy, R., Wilson, W., Grever, M. R., Byrd, J. C., Botstein, D., Brown, P. O. and Staudt,
L. M. (000) . Distinct types of diffuse large B-cell lymphoma identified by gene expression
profiling. Nature 403, 503-11.

Allman, D., Jain, A., Dent, A., Maile, R. R., Selvaggi, T., Kehry, M. R. and Staudt, L. M. (1996 ) . BCL-6
expression during B-cell activation. Blood 87, 5257-68.

Ambrose, H. E., Papadopoulou, V., Beswick, R. W. and Wagner, S. D. (2007 ) . Poly- (ADP-ribose )
polymerase-1 (Parp-1) binds in a sequence-specific manner at the Bcl-6 locus and contributes
to the regulation of Bcl-6 transcription. Oncogene 26, 6244-52.

Arguni, E., Arima, M., Tsuruoka, N., Sakamoto, A., Hatano, M. and Tokuhisa, T. (2006 ) . JunD/AP-1 and
STATS3 are the major enhancer molecules for high Bcl6 expression in germinal center B cells. /nt
Immunol 18, 1079-89.

Arnold, R., Maueler, W., Bassili, G., Lutz, M., Burke, L., Epplen, T. J. and Renkawitz, R. (2000) . The
insulator protein CTCF represses transcription on binding to the (@t) @2) (@a) (15)
microsatellite in intron 2 of the HLA-DRB1 (*) 0401 gene. Gene 253, 209-14.

Aruffo, A., Farrington, M., Hollenbaugh, D., Li, X., Milatovich, A., Nonoyama, S., Bajorath, J., Grosmaire, L.
S., Stenkamp, R., Neubauer, M. and et al. (1993) . The CD40 ligand, gp39, is defective in
activated T cells from patients with X-linked hyper-IgM syndrome. Ce//72, 291-300.

Avantaggiati, M. L., Ogryzko, V., Gardner, K., Giordano, A., Levine, A. S. and Kelly, K. (1997) .
Recruitment of p300/CBP in p53-dependent signal pathways. Ce//89, 1175-84.

Bajalica-Lagercrantz, S., Piehl, F., Farnebo, F., Larsson, C. and Lagercrantz, J. (1998) . Expression of the
BCLG6 gene in the pre- and postnatal mouse. Biochem Biophys Res Commun 247, 357-60.

187



Bao, L., Zhou, M. and Cui, Y. (008) . CTCFBSDB: a CTCF-binding site database for characterization of
vertebrate genomic insulators. Nucleic Acids Res 36, D83-7.

Baron, B. W., Anastasi, J., Thirman, M. J., Furukawa, Y., Fears, S., Kim, D. C., Simone, F., Birkenbach, M.,
Montag, A., Sadhu, A., Zeleznik-Le, N. and McKeithan, T. W. (2002) . The human programmed
cell death-2 (PDCD2) gene is a target of BCL6 repression: implications for a role of BCL6 in the
down-regulation of apoptosis. Proc Natl Acad Sci U S A 99, 2860-5.

Barrington, R. A., Schneider, T. J., Pitcher, L. A., Mempel, T. R., Ma, M., Barteneva, N. S. and Carroll, M. C.

(2009) . Uncoupling CD21 and CD19 of the B-cell coreceptor. Proc Nafl Acad Sci U S A 106,

14490-5.
Barski, A., Cuddapah, S., Cui, K., Roh, T. Y., Schones, D. E., Wang, Z., Wei, G., Chepelev, I. and Zhao, K.
(2007 ) . High-resolution profiling of histone methylations in the human genome. Ce//129, 823-37.

Bartkuhn, M. and Renkawitz, R. (2008 ) . Long range chromatin interactions involved in gene regulation.
Biochim Biophys Acta 1783, 2161-6.

Basso, K., Klein, U., Niu, H., Stolovitzky, G. A., Tu, Y., Califano, A., Cattoretti, G. and Dalla-Favera, R.

(2004 ) . Tracking CD40 signaling during germinal center development. Blood 104, 4088-96.

Basso, K., Saito, M., Sumazin, P., Margolin, A. A., Wang, K., Lim, W. K., Kitagawa, Y., Schneider, C.,
Alvarez, M. J., Califano, A. and Dalla-Favera, R. (2010) . Integrated biochemical and
computational approach identifies BCL6 direct target genes controlling multiple pathways in normal
germinal center B cells. Blood 115, 975-84.

Batista, F. D., Arana, E., Barral, P., Carrasco, Y. R., Depoil, D., Eckl-Dorna, J., Fleire, S., Howe, K., Vehlow,
A., Weber, M. and Treanor, B. (2007 ). The role of integrins and coreceptors in refining
thresholds for B-cell responses. /mmuno/ Rev 218, 197-213.

Bell, A. C. and Felsenfeld, G. (2000) . Methylation of a CTCF-dependent boundary controls imprinted
expression of the 1gf2 gene [see comments]. Nature 405, 482-5.

Bell, A. C., West, A. G. and Felsenfeld, G. (1999) . The protein CTCF is required for the enhancer
blocking activity of vertebrate insulators. Ce//98, 387-96.

Benjamin, D., Magrath, I. T., Maguire, R., Janus, C., Todd, H. D. and Parsons, R. G. (1982).
Immunoglobulin secretion by cell lines derived from African and American undifferentiated
lymphomas of Burkitt's and non-Burkitt's type. J /mmuno/ 129, 1336-42.

Bereshchenko, O. R., Gu, W. and Dalla-Favera, R. (2002) . Acetylation inactivates the transcriptional
repressor BCL6. Nat Genet 32, 606-13.

Bernardin, F., Collyn-d'Hooghe, M., Quief, S., Bastard, C., Leprince, D. and Kerckaert, J. P. (1997 ) . Small
deletions occur in highly conserved regions of the LAZ3/BCL6 major translocation cluster in one
case of non-Hodgkin's lymphoma without 3g27 translocation. Oncogene 14, 849-55.

Bi, E. and Ye, B. H.  (2010) . An expanding job description for bcl6. J Mol Cell Biol 2, 5-7.

Bonavida, B. (2007 ) . Rituximab-induced inhibition of antiapoptotic cell survival pathways: implications in
chemo/immunoresistance, rituximab unresponsiveness, prognostic and novel therapeutic
interventions. Oncogene 26, 3629-36.

Bonilla, F. A. and Oettgen, H. C. (2010 ) . Adaptive immunity. J Allergy Clin Immunol/ 125, S33-40.

Bosetti, C., Levi, F., Ferlay, J., Lucchini, F., Negri, E. and La Vecchia, C. (2008) . Incidence and mortality
from non-Hodgkin lymphoma in Europe: the end of an epidemic? /nf J Cancer123, 1917-23.

188



Bibliography

Boyle, A. P., Davis, S., Shulha, H. P., Meltzer, P., Margulies, E. H., Weng, Z., Furey, T. S. and Crawford, G.
E. (2008) . High-resolution mapping and characterization of open chromatin across the genome.
Cell132, 311-22.

Brummelkamp, T. R., Bernards, R. and Agami, R. (2002 ) . Stable suppression of tumorigenicity by virus-
mediated RNA interference. Cancer Cell2, 243-7.

Bulavin, D. V., Higashimoto, Y., Popoff, I. J., Gaarde, W. A., Basrur, V., Potapova, O., Appella, E. and
Fornace, A. J., Jr. (2001) . Initiation of a G2/M checkpoint after ultraviolet radiation requires p38
kinase. Nafure 411, 102-7.

Bulavin, D. V., Phillips, C., Nannenga, B., Timofeev, O., Donehower, L. A., Anderson, C. W., Appella, E. and
Fornace, A. J., Jr.  (2004) . Inactivation of the Wip1 phosphatase inhibits mammary tumorigenesis
through p38 MAPK-mediated activation of the p16 (Inkd4a) -p19 (Arf) pathway. Nat Genet 36,
343-50.

Bulavin, D. V., Saito, S., Hollander, M. C., Sakaguchi, K., Anderson, C. W., Appella, E. and Fornace, A. J.,
Jr.  (1999) . Phosphorylation of human p53 by p38 kinase coordinates N-terminal phosphorylation
and apoptosis in response to UV radiation. EMBO J18, 6845-54.

Burcin, M., Arnold, R., Lutz, M., Kaiser, B., Runge, D., Lottspeich, F., Filippova, G. N., Lobanenkov, V. V.
and Renkawitz, R. (1997) . Negative protein 1, which is required for function of the chicken
lysozyme gene silencer in conjunction with hormone receptors, is identical to the multivalent zinc
finger repressor CTCF. Mo/ Cell Bio/ 17, 1281-8.

Burke, L. J., Zhang, R., Bartkuhn, M., Tiwari, V. K., Tavoosidana, G., Kurukuti, S., Weth, C., Leers, J.,
Galjart, N., Ohisson, R. and Renkawitz, R. (005) . CTCF binding and higher order chromatin
structure of the H19 locus are maintained in mitotic chromatin. EMBO J24, 3291-300.

Cai, D. H., Wang, D., Keefer, J., Yeamans, C., Hensley, K. and Friedman, A. D. (2008) . C/EBP alpha:AP-
1 leucine zipper heterodimers bind novel DNA elements, activate the PU.1 promoter and direct
monocyte lineage commitment more potently than C/EBP alpha homodimers or AP-1. Oncogene
27, 2772-9.

Cameron, E. E., Bachman, K. E., Myohanen, S., Herman, J. G. and Baylin, S. B. (1999) . Synergy of
demethylation and histone deacetylase inhibition in the re-expression of genes silenced in cancer.
Nat Genet21, 103-7.

Cao, W., Britos-Bray, M., Claxton, D. F., Kelley, C. A, Speck, N. A. and Liu, P. P. (1997) . CBF[betal-
SMMHC, expressed in M4eo AML, reduced CBF DNA-binding and inhibited the G1 to S cell cycle
transition at the restriction point in myeloid and lymphoid cells. Oncogene 15, 1315-1327.

Capelson, M. and Corces, V. G. (2004 ) . Boundary elements and nuclear organization. Blo/ Cell/ 96, 617-
29.

Capello, D., Vitolo, U., Pasqualucci, L., Quattrone, S., Migliaretti, G., Fassone, L., Ariatti, C., Vivenza, D.,
Gloghini, A., Pastore, C., Lanza, C., Nomdedeu, J., Botto, B., Freilone, R., Buonaiuto, D., Zagonel,
V., Gallo, E., Palestro, G., Saglio, G., Dalla-Favera, R., Carbone, A. and Gaidano, G. (2000) .
Distribution and pattern of BCL-6 mutations throughout the spectrum of B-cell neoplasia. Blood 95,
651-9.

189



Cattoretti, G., Chang, C. C., Cechova, K., Zhang, J., Ye, B. H., Falini, B., Louie, D. C., Offit, K., Chaganti, R.
S. and Dalla-Favera, R. (1995) . BCL-6 protein is expressed in germinal-center B cells. Blood 86,
45-53.

Cattoretti, G., Pasqualucci, L., Ballon, G., Tam, W., Nandula, S. V., Shen, Q., Mo, T., Murty, V. V. and Dalla-
Favera, R. (2005) . Deregulated BCL6 expression recapitulates the pathogenesis of human
diffuse large B cell ymphomas in mice. Cancer Cel/ 7, 445-55.

Cerchietti, L. C., Yang, S. N., Shaknovich, R., Hatzi, K., Polo, J. M., Chadburn, A., Dowdy, S. F. and
Melnick, A. (2008 ) . A peptomimetic inhibitor of BCL6 with potent anti-lymphoma effects in vitro
and in vivo. Blood.

Cimmino, L., Martins, G. A, Liao, J., Magnusdottir, E., Grunig, G., Perez, R. K. and Calame, K. L. (2008 ) .
Blimp-1 attenuates Th1 differentiation by repression of ifng, tbx21, and bcl6 gene expression. J
Immunol/ 181, 2338-47.

Cortez, D., Reuther, G. and Pendergast, A. M. (1997 ) . The Bcr-Abl tyrosine kinase activates mitogenic
signaling pathways and stimulates G1-to-S phase transition in hematopoietic cells. Oncogene 15,
2333-42.

Costoya, J. A. (2007) . Functional analysis of the role of POK transcriptional repressors. Brief Funct
Genomic Proteomic 6, 8-18.

Coulthard, L. R., White, D. E., Jones, D. L., McDermott, M. F. and Burchill, S. A. (2009) . p38 (MAPK) :
stress responses from molecular mechanisms to therapeutics. 7rends Mol Med 15, 369-79.

Crotty, S., Johnston, R. J. and Schoenberger, S. P. (2010) . Effectors and memories: Bcl-6 and Blimp-1 in
T and B lymphocyte differentiation. Nat /mmunol/ 11, 114-20.

Cuddapah, S., Jothi, R., Schones, D. E., Roh, T. Y., Cui, K. and Zhao, K. (009) . Global analysis of the
insulator binding protein CTCF in chromatin barrier regions reveals demarcation of active and
repressive domains. Genome Res 19, 24-32.

Cuenda, A. and Rousseau, S. (2007 ) . p38 MAP-kinases pathway regulation, function and role in human
diseases. Biochim Biophys Acta 1773, 1358-75.

Chaplin, D. D. (2010) . Overview of the immune response. J Allergy Clin Immunol/ 125, S3-23.

Chau, C. M., Zhang, X. Y., McMahon, S. B. and Lieberman, P. M. (2006 ) . Regulation of Epstein-Barr
virus latency type by the chromatin boundary factor CTCF. J Viro/80, 5723-32.

Chen, L., Mayer, J. A,, Krisko, T. ., Speers, C. W., Wang, T., Hilsenbeck, S. G. and Brown, P. H. (2009) .
Inhibition of the p38 kinase suppresses the proliferation of human ER-negative breast cancer cells.
Carncer Res 69, 8853-61.

Chen, W., Butler, M., Rao, P. H., Chaganti, S. R., Louie, D. C., Dalla-Favera, R. and Chaganti, R. S.

(1998). The t @;3) (@21;927) translocation in non-Hodgkin's lymphoma displays BCL6
mutations in the 5' regulatory region and chromosomal breakpoints distant from the gene.
Oncogene 17, 1717-22.

Chen, X., Liu, W., Ambrosino, C., Ruocco, M. R., Poli, V., Romani, L., Quinto, |., Barbieri, S., Holmes, K. L.,
Venuta, S. and Scala, G. (1997) . Impaired generation of bone marrow B lymphocytes in mice
deficient in C/EBPbeta. Blood 90, 156-64.

190



Bibliography

Chen, X., Xu, H., Yuan, P., Fang, F., Huss, M., Vega, V. B., Wong, E., Orlov, Y. L., Zhang, W., Jiang, J.,
Loh, Y. H., Yeo, H. C., Yeo, Z. X, Narang, V., Govindarajan, K. R., Leong, B., Shahab, A., Ruan,
Y., Bourque, G., Sung, W. K., Clarke, N. D., Wei, C. L. and Ng, H. H. (2008) . Integration of
external signaling pathways with the core transcriptional network in embryonic stem cells. Ce// 133,
1106-17.

Chi, H., Lu, B., Takekawa, M., Davis, R. J. and Flavell, R. A. (2004 ) . GADD45beta/GADD45gamma and
MEKK4 comprise a genetic pathway mediating STAT4-independent IFNgamma production in T
cells. EMBO J23, 1576-86.

D'Cruz, L. M., Rubinstein, M. P. and Goldrath, A. W. (2009 ) . Surviving the crash: transitioning from
effector to memory CD8+ T cell. Semin Immunol/21, 92-8.

De La Rosa-Velazquez, |. A., Rincon-Arano, H., Benitez-Bribiesca, L. and Recillas-Targa, F. (2007) .
Epigenetic regulation of the human retinoblastoma tumor suppressor gene promoter by CTCF.
Cancer Res 67, 2577-85.

Degner, S. C., Wong, T. P., Jankevicius, G. and Feeney, A. J. (2009) . Cutting edge: developmental
stage-specific recruitment of cohesin to CTCF sites throughout immunoglobulin loci during B
lymphocyte development. J /mmuno/ 182, 44-8.

Deininger, M. W., Goldman, J. M. and Melo, J. V. (2000a) . The molecular biology of chronic myeloid
leukemia. Blood 96, 3343-56.

Deininger, M. W., Vieira, S., Mendiola, R., Schultheis, B., Goldman, J. M. and Melo, J. V. (2000b) . BCR-
ABL tyrosine kinase activity regulates the expression of multiple genes implicated in the
pathogenesis of chronic myeloid leukemia. Cancer Res 60, 2049-55.

Deininger, M. W., Vieira, S. A., Parada, Y., Banerji, L., Lam, E. W., Peters, G., Mahon, F. X., Kohler, T.,
Goldman, J. M. and Melo, J. V. (2001) . Direct relation between BCR-ABL tyrosine kinase activity
and cyclin D2 expression in lymphoblasts. Cancer Res 61, 8005-13.

Delgado, M. D., Chernukhin, I. V., Bigas, A., Klenova, E. M. and Leon, J. (1999 ) . Differential expression
and phosphorylation of CTCF, a c-myc transcriptional regulator, during differentiation of human
myeloid cells. FEBS Lett444, 5-10.

Delves, P. J. and Roitt, . M. (2000a ) . The immune system. First of two parts. N Eng/ J Med 343, 37-49.

Delves, P. J. and Roitt, I. M.  (2000b ) . The immune system. Second of two parts. N Eng/ J Med 343, 108-
17.

Demuth, T., Reavie, L. B., Rennert, J. L., Nakada, M., Nakada, S., Hoelzinger, D. B., Beaudry, C. E,,
Henrichs, A. N., Anderson, E. M. and Berens, M. E. (2007 ) . MAP-ing glioma invasion: mitogen-
activated protein kinase kinase 3 and p38 drive glioma invasion and progression and predict
patient survival. Mo/ Cancer Ther 6, 1212-22.

Dent, A. L., Shaffer, A. L., Yu, X, Allman, D. and Staudt, L. M. (1997 ) . Control of inflammation, cytokine
expression, and germinal center formation by BCL-6. Science 276, 589-92.

Docquier, F., Farrar, D., D'Arcy, V., Chernukhin, I., Robinson, A. F., Loukinov, D., Vatolin, S., Pack, S.,
Mackay, A., Harris, R. A., Dorricott, H., O'Hare, M. J., Lobanenkov, V. and Klenova, E. (2005) .
Heightened expression of CTCF in breast cancer cells is associated with resistance to apoptosis.
Cancer Res 65, 5112-22.

191



Docquier, F., Kita, G. X., Farrar, D., Jat, P., O'Hare, M., Chernukhin, I., Gretton, S., Mandal, A., Alldridge, L.
and Klenova, E. (2009 ) . Decreased poly (ADP-ribosyl ) ation of CTCF, a transcription factor, is
associated with breast cancer phenotype and cell proliferation. Clin Cancer Res 15, 5762-71.

Dong, C., Davis, R. J. and Flavell, R. A. (002) . MAP kinases in the immune response. Annu Rev
Immunol 20, 55-72.

Duncia, J. V., Santella, J. B., 3rd, Higley, C. A., Pitts, W. J., Wityak, J., Frietze, W. E., Rankin, F. W., Sun, J.
H., Earl, R. A., Tabaka, A. C., Teleha, C. A., Blom, K. F., Favata, M. F., Manos, E. J., Daulerio, A.
J., Stradley, D. A., Horiuchi, K., Copeland, R. A., Scherle, P. A., Trzaskos, J. M., Magolda, R. L.,
Trainor, G. L., Wexler, R. R., Hobbs, F. W. and Olson, R. E. (1998) . MEK inhibitors: the
chemistry and biological activity of U0126, its analogs, and cyclization products. Bioorg Med Chem
Lett8, 2839-44.

Dunn, K. L., Zhao, H. and Davie, J. R. (2003) . The insulator binding protein CTCF associates with the
nuclear matrix. Exp Cell Res 288, 218-23.

Duy, C., de Alboran, I. M., Jumaa, H. and Muschen, M. (2007 ) . The Balance between Myc and Bcl6
Determines Self-Renewal or Differentiation of Pre-B Cells. ASH Annual Meeting Abstracts 110,
797-.

Duy, C., Yu, J. J., Nahar, R., Swaminathan, S., Kweon, S. M., Polo, J. M., Valls, E., Klemm, L., Shojaee, S.,
Cerchietti, L., Schuh, W., Jack, H. M., Hurtz, C., Ramezani-Rad, P., Herzog, S., Jumaa, H.,
Koeffler, H. P., de Alboran, I. M., Melnick, A. M., Ye, B. H. and Muschen, M. (2010) . BCL6 is
critical for the development of a diverse primary B cell repertoire. J Exp Med 207, 1209-21.

Efimova, T., Deucher, A., Kuroki, T., Ohba, M. and Eckert, R. L. (2002 ) . Novel protein kinase C isoforms
regulate human keratinocyte differentiation by activating a p38 delta mitogen-activated protein
kinase cascade that targets CCAAT/enhancer-binding protein alpha. J Bio/ Chem 277, 31753-60.

El-Kady, A. and Klenova, E. (2005 ) . Regulation of the transcription factor, CTCF, by phosphorylation with
protein kinase CK2. FEBS Left579, 1424-34.

Elenitoba-Johnson, K. S., Jenson, S. D., Abbott, R. T., Palais, R. A., Bohling, S. D., Lin, Z., Tripp, S., Shami,
P. J., Wang, L. Y., Coupland, R. W., Buckstein, R., Perez-Ordonez, B., Perkins, S. L., Dube, I. D.
and Lim, M. S. (2003) . Involvement of multiple signaling pathways in follicular lymphoma
transformation: p38-mitogen-activated protein kinase as a target for therapy. Proc Nat/ Acad Sci U
S A 100, 7259-64.

Engelman, J. A. (2009 ) . Targeting PI3K signalling in cancer: opportunities, challenges and limitations. Naf
Rev Cancer9, 550-62.

Esteller, M. (2008 ) . Epigenetics in cancer. N Eng/ J Med 358, 1148-59.

Estrov, Z., Talpaz, M., Zipf, T. F., Kantarjian, H. M., Ku, S., Ouspenskaia, M. V., Hirsch-Ginsberg, C., Huh,
Y., Yee, G. and Kurzrock, R. (1996 ) . Role of granulocyte-macrophage colony-stimulating factor
in Philadelphia (Ph1) -positive acute lymphoblastic leukemia: studies on two newly established
Ph1-positive acute lymphoblastic leukemia cell lines (Z-119 and Z-181) . J Cell Physiol 166, 618-
30.

192



Bibliography

Farrar, D., Rai, S., Chernukhin, I., Jagodic, M., Ito, Y., Yammine, S., Ohlsson, R., Murrell, A. and Klenova,
E. (@010) . Mutational analysis of the poly (ADP-ribosyl) ation sites of the transcription factor
CTCF provides an insight into the mechanism of its regulation by poly (ADP-ribosyl) ation. Mo/
Cell Biol 30, 1199-216.

Farrell, C. M., West, A. G. and Felsenfeld, G. (2002) . Conserved CTCF insulator elements flank the
mouse and human beta-globin loci. Mo/ Cell Bio/ 22, 3820-31.

Fearon, D. T., Manders, P. and Wagner, S. D. (2001 ) . Arrested differentiation, the self-renewing memory
lymphocyte, and vaccination. Science 293, 248-50.

Fehr, T., Rickert, R. C., Odermatt, B., Roes, J., Rajewsky, K., Hengartner, H. and Zinkernagel, R. M.

(1998) . Antiviral protection and germinal center formation, but impaired B cell memory in the
absence of CD19. J Exp Med 188, 145-55.

Feng, Y., Wen, J. and Chang, C. C. (2009) . p38 Mitogen-activated protein kinase and hematologic
malignancies. Arch Pathol Lab Med 133, 1850-6.

Fernandez de Mattos, S., Essafi, A., Soeiro, l., Pietersen, A. M., Birkenkamp, K. U., Edwards, C. S,,
Martino, A., Nelson, B. H., Francis, J. M., Jones, M. C., Brosens, J. J., Coffer, P. J. and Lam, E. W.

(2004) . FoxO3a and BCR-ABL regulate cyclin D2 transcription through a STAT5/BCL6-
dependent mechanism. Mo/ Cell Bio/ 24, 10058-71.

Filippova, G. N. (2008 ) . Genetics and epigenetics of the multifunctional protein CTCF. Curr Top Dev Biol
80, 337-60.

Filippova, G. N., Fagerlie, S., Klenova, E. M., Myers, C., Dehner, Y., Goodwin, G., Neiman, P. E., Collins, S.
J. and Lobanenkov, V. V. (1996) . An exceptionally conserved transcriptional repressor, CTCF,
employs different combinations of zinc fingers to bind diverged promoter sequences of avian and
mammalian c-myc oncogenes. Mo/ Cell Bio/ 16, 2802-13.

Filippova, G. N., Lindblom, A., Meincke, L. J., Klenova, E. M., Neiman, P. E., Collins, S. J., Doggett, N. A.
and Lobanenkov, V. V. (1998). A widely expressed transcription factor with multiple DNA
sequence specificity, CTCF, is localized at chromosome segment 16g22.1 within one of the
smallest regions of overlap for common deletions in breast and prostate cancers. Genes
Chromosomes Cancer22, 26-36.

Filippova, G. N., Qj, C. F., Ulmer, J. E., Moore, J. M., Ward, M. D., Hu, Y. J., Loukinov, D. I., Pugacheva, E.
M., Klenova, E. M., Grundy, P. E., Feinberg, A. P., Cleton-Jansen, A. M., Moerland, E. W.,
Cornelisse, C. J., Suzuki, H., Komiya, A., Lindblom, A., Dorion-Bonnet, F., Neiman, P. E., Morse,
H. C., 3rd, Collins, S. J. and Lobanenkov, V. V. (2002 ) . Tumor-associated zinc finger mutations
in the CTCF transcription factor selectively alter tts DNA-binding specificity. Cancer Res 62, 48-52.

Fitzpatrick, G. V., Pugacheva, E. M., Shin, J. Y., Abdullaev, Z., Yang, Y., Khatod, K., Lobanenkov, V. V. and
Higgins, M. J. (2007 ) . Allele-specific binding of CTCF to the multipartite imprinting control region
KvDMR1. Mol Cell Biol 27, 2636-47.

Foy, T. M., Laman, J. D., Ledbetter, J. A., Aruffo, A., Claassen, E. and Noelle, R. J. (1994 ) . gp39-CD40
interactions are essential for germinal center formation and the development of B cell memory. J
Exp Med 180, 157-63.

Fu, Y., Sinha, M., Peterson, C. L. and Weng, Z. (2008 ) . The insulator binding protein CTCF positions 20

nucleosomes around its binding sites across the human genome. PLoS Genet4, e1000138.

193



Fukuda, T., Miki, T., Yoshida, T., Hatano, M., Ohashi, K., Hirosawa, S. and Tokuhisa, T. (1995) . The
murine BCL6 gene is induced in activated lymphocytes as an immediate early gene. Oncogene 11,
1657-63.

Fukuda, T., Yoshida, T., Okada, S., Hatano, M., Miki, T., Ishibashi, K., Okabe, S., Koseki, H., Hirosawa, S.,
Taniguchi, M., Miyasaka, N. and Tokuhisa, T. (1997 ) . Disruption of the Bcl6 gene results in an
impaired germinal center formation. J Exp Med 186, 439-48.

Gaidano, G., Pasqualucci, L., Capello, D., Berra, E., Deambrogi, C., Rossi, D., Maria Larocca, L., Gloghini,
A., Carbone, A. and Dalla-Favera, R. (003) . Aberrant somatic hypermutation in multiple
subtypes of AIDS-associated non-Hodgkin lymphoma. Blood 102, 1833-41.

Gallagher, E., Enzler, T., Matsuzawa, A., Anzelon-Mills, A., Otero, D., Holzer, R., Janssen, E., Gao, M. and
Karin, M. k. (2007 ) . Kinase MEKK1 is required for CD40-dependent activation of the kinases Jnk
and p38, germinal center formation, B cell proliferation and antibody production. Nat /mmunol 8,
57-63.

Gao, J., Li, T. and Lu, L. (007 ) . Functional role of CCCTC binding factor in insulin-stimulated cell
proliferation. Cell Prolif40, 795-808.

Garrett, F. E., Emelyanov, A. V., Sepulveda, M. A., Flanagan, P., Volpi, S., Li, F., Loukinov, D., Eckhardt, L.
A., Lobanenkov, V. V. and Birshtein, B. K. (2005 ) . Chromatin architecture near a potential 3' end
of the igh locus involves modular regulation of histone modifications during B-Cell development
and in vivo occupancy at CTCF sites. Mo/ Cell Biol/ 25, 1511-25.

Gaszner, M. and Felsenfeld, G. (2006 ) . Insulators: exploiting transcriptional and epigenetic mechanisms.
Nat Rev Genet 7, 703-13.

Geest, C. R. and Coffer, P. J. (2009) . MAPK signaling pathways in the regulation of hematopoiesis. J
Leukoc Biol 86, 237-50.

Geiger, P. C., Wright, D. C., Han, D. H. and Holloszy, J. O. (005) . Activation of p38 MAP kinase
enhances sensitivity of muscle glucose transport to insulin. Am J Physiol Endocrinol Metab 288,
E782-8.

Gollub, W., Stassek, B., Huckhagel, T., Bernd, H. W., Krokowski, M., Merz, H., Feller, A. C. and Thorns, C.

(2009 ) . BCL6-translocations affect the phenotype of follicular lymphomas only in the absence of
t (14;18) IgH/BCL2. Anticancer Res 29, 4649-55.
Gombert, W. M., Farris, S. D., Rubio, E. D., Morey-Rosler, K. M., Schubach, W. H. and Krumm, A.
(2003) . The c-myc Insulator Element and Matrix Attachment Regions Define the c-myc
Chromosomal Domain. Mo/ Cell Biol 23, 9338-9348.

Greenberg, A. K, Basu, S., Hu, J., Yie, T. A,, Tchou-Wong, K. M., Rom, W. N. and Lee, T. C. (2002) .
Selective p38 activation in human non-small cell lung cancer. Am J Respir Cell Mol Biol 26, 558-
64.

Guastafierro, T., Cecchinelli, B., Zampieri, M., Reale, A., Riggio, G., Sthandier, O., Zupi, G., Calabrese, L.
and Caiafa, P. (2008) . CCCTC-binding factor activates PARP-1 affecting DNA methylation
machinery. J Biol Chem 283, 21873-80.

194



Bibliography

Guelen, L., Pagie, L., Brasset, E., Meuleman, W., Faza, M. B., Talhout, W., Eussen, B. H., de Klein, A,,
Wessels, L., de Laat, W. and van Steensel, B. (2008) . Domain organization of human
chromosomes revealed by mapping of nuclear lamina interactions. Nature 453, 948-51.

Guo, Q. M,, Malek, R. L., Kim, S., Chiao, C., He, M., Ruffy, M., Sanka, K., Lee, N. H., Dang, C. V. and Liu,
E. T. (2000) . Identification of c-myc responsive genes using rat cDNA microarray. Cancer Res
60, 5922-8.

Hamilton, A., Elrick, L., Myssina, S., Copland, M., Jorgensen, H., Melo, J. V. and Holyoake, T. (2006) .
BCR-ABL activity and its response to drugs can be determined in CD34+ CML stem cells by CrkL
phosphorylation status using flow cytometry. Leukemia 20, 1035-9.

Hancock, C. N., Macias, A., Lee, E. K,, Yu, S. Y., Mackerell, A. D., Jr. and Shapiro, P. (2005) .
Identification of novel extracellular signal-regulated kinase docking domain inhibitors. J Med Chem
48, 4586-95.

Hans, C. P., Weisenburger, D. D., Greiner, T. C., Gascoyne, R. D., Delabie, J., Ott, G., Muller-Hermelink, H.
K., Campo, E., Braziel, R. M., Jaffe, E. S., Pan, Z., Farinha, P., Smith, L. M., Falini, B., Banham, A.
H., Rosenwald, A., Staudt, L. M., Connors, J. M., Armitage, J. O. and Chan, W. C. (2004) .
Confirmation of the molecular classification of diffuse large B-cell lymphoma by
immunohistochemistry using a tissue microarray. Blood 103, 275-82.

Hark, A. T., Schoenherr, C. J., Katz, D. J., Ingram, R. S., Levorse, J. M. and Tilghman, S. M. (2000) .
CTCF mediates methylation-sensitive enhancer-blocking activity at the H19/Igf2 locus [see
comments]. Nature 405, 486-9.

Harris, M. B., Chang, C. C., Berton, M. T., Danial, N. N., Zhang, J., Kuehner, D., Ye, B. H., Kvatyuk, M.,
Pandolfi, P. P., Cattoretti, G., Dalla-Favera, R. and Rothman, P. B. (1999) . Transcriptional
repression of Stat6-dependent interleukin-4-induced genes by BCL-6: specific regulation of iepsilon
transcription and immunoglobulin E switching. Mo/ Cell Biol 19, 7264-75.

Heath, H., Ribeiro de Almeida, C., Sleutels, F., Dingjan, G., van de Nobelen, S., Jonkers, I., Ling, K. W.,
Gribnau, J., Renkawitz, R., Grosveld, F., Hendriks, R. W. and Galjart, N. (2008). CTCF
regulates cell cycle progression of alphabeta T cells in the thymus. EMBO J27, 2839-50.

Hideshima, T., Podar, K., Chauhan, D., Ishitsuka, K., Mitsiades, C., Tai, Y. T., Hamasaki, M., Raje, N.,
Hideshima, H., Schreiner, G., Nguyen, A. N., Navas, T., Munshi, N. C., Richardson, P. G., Higgins,
L. S. and Anderson, K. C. (2004) . p38 MAPK inhibition enhances PS-341 (bortezomib) -
induced cytotoxicity against multiple myeloma cells. Oncogene 23, 8766-76.

Hollenbaugh, D., Grosmaire, L. S., Kullas, C. D., Chalupny, N. J., Braesch-Andersen, S., Noelle, R. J.,
Stamenkovic, |., Ledbetter, J. A. and Aruffo, A. (1992). The human T cell antigen gp39, a
member of the TNF gene family, is a ligand for the CD40 receptor: expression of a soluble form of
gp39 with B cell co-stimulatory activity. EMBO J 11, 4313-21.

Hong, J. A, Kang, Y., Abdullaev, Z., Flanagan, P. T., Pack, S. D., Fischette, M. R., Adnani, M. T., Loukinov,
D. I, Vatolin, S., Risinger, J. I., Custer, M., Chen, G. A., Zhao, M., Nguyen, D. M., Barrett, J. C.,
Lobanenkov, V. V. and Schrump, D. S. (2005) . Reciprocal binding of CTCF and BORIS to the
NY-ESO-1 promoter coincides with derepression of this cancer-testis gene in lung cancer cells.
Cancer Res 65, 7763-74.

195



Hong, S. S., Qian, H., Zhao, P., Bazzy-Asaad, A. and Xia, Y. (2007) . Anisomycin protects cortical
neurons from prolonged hypoxia with differential regulation of p38 and ERK. Brain Res 1149, 76-
86.

Horie, K., Ohashi, M., Satoh, Y. and Sairenji, T. (2007 ) . The role of p38 mitogen-activated protein kinase
in regulating interleukin-10 gene expression in Burkitt's lymphoma cell lines. Microbiol/ Immunol 51,
149-61.

Hsieh, Y. H., Wu, T. T., Huang, C. Y., Hsieh, Y. S., Hwang, J. M. and Liu, J. Y. (2007 ) . p38 mitogen-
activated protein kinase pathway is involved in protein kinase Calpha-regulated invasion in human
hepatocellular carcinoma cells. Cancer Res 67, 4320-7.

Huang, C., Ma, W. Y., Maxiner, A., Sun, Y. and Dong, Z. (1999) . p38 kinase mediates UV-induced
phosphorylation of p53 protein at serine 389. J Bio/l Chem 274, 12229-35.

Huang, G., Shi, L. Z. and Chi, H. (2009 ) . Regulation of JNK and p38 MAPK in the immune system: signal
integration, propagation and termination. Cytokine 48, 161-9.

Ichii, H., Sakamoto, A., Arima, M., Hatano, M., Kuroda, Y. and Tokuhisa, T. (2007 ) . Bcl6 is essential for
the generation of long-term memory CD4+ T cells. /nf Immuno/ 19, 427-33.

Igbal, J., Greiner, T. C., Patel, K., Dave, B. J., Smith, L., Ji, J., Wright, G., Sanger, W. G., Pickering, D. L.,
Jain, 8., Horsman, D. E., Shen, Y., Fu, K., Weisenburger, D. D., Hans, C. P., Campo, E.,
Gascoyne, R. D., Rosenwald, A., Jaffe, E. S., Delabie, J., Rimsza, L., Ott, G., Muller-Hermelink, H.
K., Connors, J. M., Vose, J. M., McKeithan, T., Staudt, L. M. and Chan, W. C. (2007 ) . Distinctive
patterns of BCL6 molecular alterations and their functional consequences in different subgroups of
diffuse large B-cell lymphoma. Leukemia 21, 2332-43.

Ishihara, K., Oshimura, M. and Nakao, M. (006) . CTCF-dependent chromatin insulator is linked to
epigenetic remodeling. Mo/ Cell23, 733-42.

Ito, K., Hirao, A., Arai, F., Takubo, K., Matsuoka, S., Miyamoto, K., Ohmura, M., Naka, K., Hosokawa, K.,
lkeda, Y. and Suda, T. (2006) . Reactive oxygen species act through p38 MAPK to limit the
lifespan of hematopoietic stem cells. Nat Med 12, 446-51.

Jardin, F. and Sahota, S. S. (2005) . Targeted somatic mutation of the BCL6 proto-oncogene and its
impact on lymphomagenesis. Hematology 10, 115-29.

Jones, P. A. and Baylin, S. B. (2007 ) . The epigenomics of cancer. Ce// 128, 683-92.

Jothi, R., Cuddapah, S., Barski, A., Cui, K. and Zhao, K. (2008 ) . Genome-wide identification of in vivo
protein-DNA binding sites from ChlP-Seq data. NMucleic Acids Res 36, 5221-31.

Junttila, M. R., Ala-Aho, R., Jokilehto, T., Peltonen, J., Kallajoki, M., Grenman, R., Jaakkola, P.,
Westermarck, J. and Kahari, V. M. (2007 ) . p38alpha and p38delta mitogen-activated protein
kinase isoforms regulate invasion and growth of head and neck squamous carcinoma cells.
Oncogene 26, 5267-79.

Kaiser, R. A., Bueno, O. F., Lips, D. J., Doevendans, P. A., Jones, F., Kimball, T. F. and Molkentin, J. D.

(2004 ) . Targeted inhibition of p38 mitogen-activated protein kinase antagonizes cardiac injury

and cell death following ischemia-reperfusion in vivo. J Bio/ Chem 279, 15524-30.

196



Bibliography

Kanduri, C., Pant, V., Loukinov, D., Pugacheva, E., Qi, C. F., Wolffe, A., Ohlsson, R. and Lobanenkov, V. V.
(2000) . Functional association of CTCF with the insulator upstream of the H19 gene is parent of
origin-specific and methylation-sensitive. Curr Bio/10, 853-6.

Kawamata, N., Miki, T., Fukuda, T., Hirosawa, S. and Aoki, N. (1994 ) . The organization of the BCL6
gene. Leukemia 8, 1327-30.

Kerckaert, J. P., Deweindt, C., Tilly, H., Quief, S., Lecocq, G. and Bastard, C. (1993) . LAZ3, a novel zinc-
finger encoding gene, is disrupted by recurring chromosome 3g27 translocations in human
lymphomas. Nat Genet5, 66-70.

Kikuchi, M., Miki, T., Kumagai, T., Fukuda, T., Kamiyama, R., Miyasaka, N. and Hirosawa, S. (2000) .
Identification of negative regulatory regions within the first exon and intron of the BCL6 gene.
Oncogene 19, 4941-5.

Kim, J. H., Ebersole, T., Kouprina, N., Noskov, V. N., Ohzeki, J., Masumoto, H., Mravinac, B., Sullivan, B.
A., Pavlicek, A., Dovat, S., Pack, S. D., Kwon, Y. W., Flanagan, P. T., Loukinov, D., Lobanenkov,
V. and Larionov, V. (2009) . Human gamma-satellite DNA maintains open chromatin structure
and protects a transgene from epigenetic silencing. Genome Res 19, 533-44.

Kim, M., Li, D., Cui, Y., Mueller, K., Chears, W. C. and Dedong, J. (2006 ) . Regulatory factor interactions
and somatic silencing of the germ cell-specific ALF gene. J Bio/l Chem 281, 34288-98.

Kim, T. H., Abdullaev, Z. K., Smith, A. D., Ching, K. A., Loukinov, D. I., Green, R. D., Zhang, M. Q.,
Lobanenkov, V. V. and Ren, B. (2007 ) . Analysis of the vertebrate insulator protein CTCF-binding
sites in the human genome. Ce//128, 1231-45.

Klenova, E. and Ohlsson, R. (2005) . Poly (ADP-ribosyl) ation and Epigenetics: Is CTCF PARt of the
Plot? Cell Cycle 4, 96-101.

Klenova, E. M., Chernukhin, I. V., El-Kady, A., Lee, R. E., Pugacheva, E. M., Loukinov, D. I., Goodwin, G.
H., Delgado, D., Filippova, G. N., Leon, J., Morse, H. C., 3rd, Neiman, P. E. and Lobanenkov, V. V.

(2001) . Functional phosphorylation sites in the C-terminal region of the multivalent
multifunctional transcriptional factor CTCF. Mo/ Cell Bio/ 21, 2221-34.

Klenova, E. M., Fagerlie, S., Filippova, G. N., Kretzner, L., Goodwin, G. H., Loring, G., Neiman, P. E. and
Lobanenkov, V. V. (1998) . Characterization of the chicken CTCF genomic locus, and initial
study of the cell cycle-regulated promoter of the gene. J Bio/ Chem 273, 26571-9.

Klenova, E. M., Morse, H. C., 3rd, Ohlsson, R. and Lobanenkov, V. V. (2002) . The novel BORIS + CTCF
gene family is uniquely involved in the epigenetics of normal biology and cancer. Semin Cancer
Biol/12, 399-414.

Klenova, E. M., Nicolas, R. H., Paterson, H. F., Carne, A. F., Heath, C. M., Goodwin, G. H., Neiman, P. E.
and Lobanenkov, V. V. (1993). CTCF, a conserved nuclear factor required for optimal
transcriptional activity of the chicken c-myc gene, is an 11-Zn-finger protein differentially expressed
in multiple forms. Mol Cell Bio/ 13, 7612-24.

Koesters, C., Unger, B., Bilic, I., Schmidt, U., Bluml, S., Lichtenberger, B., Schreiber, M., Stockl, J. and
Elimeier, W. (2007 ) . Regulation of dendritic cell differentiation and subset distribution by the zinc
finger protein CTCF. /mmunol Lett 109, 165-74.

197



Kojima, S., Hatano, M., Okada, S., Fukuda, T., Toyama, Y., Yuasa, S., lto, H. and Tokuhisa, T. (2001) .
Testicular germ cell apoptosis in Bcl6-deficient mice. Development 128, 57-65.

Kondo, Y., Shen, L., Cheng, A. S., Ahmed, S., Boumber, Y., Charo, C., Yamochi, T., Urano, T., Furukawa,
K., Kwabi-Addo, B., Gold, D. L., Sekido, Y., Huang, T. H. and Issa, J. P. (2008 ) . Gene silencing
in cancer by histone H3 lysine 27 trimethylation independent of promoter DNA methylation. Nat
Genet 40, 741-50.

Kotlyarov, A., Neininger, A., Schubert, C., Eckert, R., Birchmeier, C., Volk, H. D. and Gaestel, M. (1999) .
MAPKAP kinase 2 is essential for LPS-induced TNF-alpha biosynthesis. Nat Cell Bio/1, 94-7.

Kumagai, T., Miki, T., Kikuchi, M., Fukuda, T., Miyasaka, N., Kamiyama, R. and Hirosawa, S. (1999) . The
proto-oncogene Bc16 inhibits apoptotic cell death in differentiation-induced mouse myogenic cells.
Oncogene 18, 467-75.

Kumar, B., Koul, S., Petersen, J., Khandrika, L., Hwa, J. S., Meacham, R. B., Wilson, S. and Koul, H. K.

(2010) . p38 mitogen-activated protein kinase-driven MAPKAPK2 regulates invasion of bladder
cancer by modulation of MMP-2 and MMP-9 activity. Cancer Res 70, 832-41.

Kumar, S., Boehm, J. and Lee, J. C. (2003 ) . p38 MAP kinases: key signalling molecules as therapeutic
targets for inflammatory diseases. Naf Rev Drug Discov 2, 717-26.

Kuppers, R., Klein, U., Hansmann, M. L. and Rajewsky, K. (1999) . Cellular origin of human B-cell
lymphomas. N Engl J Med 341, 1520-9.

Kurukuti, S., Tiwari, V. K., Tavoosidana, G., Pugacheva, E., Murrell, A., Zhao, Z., Lobanenkov, V., Reik, W.
and Ohlsson, R. (2006 ) . CTCF binding at the H19 imprinting control region mediates maternally
inherited higher-order chromatin conformation to restrict enhancer access to I1gf2. Proc Nat/ Acad
Sci U S A103, 10684-9.

Kwon, M. J., Kim, S. S., Choi, Y. L., Jung, H. S., Balch, C., Kim, S. H., Song, Y. S., Marquez, V. E.,
Nephew, K. P. and Shin, Y. K. (2010) . Derepression of CLDN3 and CLDN4 during Ovarian
Tumorigenesis Is Associated with Loss of Repressive Histone Modifications. Carcinogenesis.

Lai, A. Y., Fatemi, M., Dhasarathy, A., Malone, C., Sobol, S. E., Geigerman, C., Jaye, D. L., Mav, D., Shah,
R., Li, L. and Wade, P. A. (2010) . DNA methylation prevents CTCF-mediated silencing of the
oncogene BCL6 in B cell ymphomas. J Exp Med 207, 1939-50.

Lavoie, J. N., L'Allemain, G., Brunet, A., Muller, R. and Pouyssegur, J. (1996) . Cyclin D1 expression is
regulated positively by the p42/p44MAPK and negatively by the p38/HOGMAPK pathway. J Bio/
Chem 271, 20608-16.

Lenz, G., Wright, G., Dave, S. S., Xiao, W., Powell, J., Zhao, H., Xu, W., Tan, B., Goldschmidt, N., Igbal, J.,
Vose, J., Bast, M., Fu, K., Weisenburger, D. D., Greiner, T. C., Armitage, J. O., Kyle, A., May, L.,
Gascoyne, R. D., Connors, J. M., Troen, G., Holte, H., Kvaloy, S., Dierickx, D., Verhoef, G.,
Delabie, J., Smeland, E. B., Jares, P., Martinez, A., Lopez-Guillermo, A., Montserrat, E., Campo,
E., Braziel, R. M., Miller, T. P., Rimsza, L. M., Cook, J. R., Pohiman, B., Sweetenham, J., Tubbs,
R. R, Fisher, R. I., Hartmann, E., Rosenwald, A., Ott, G., Muller-Hermelink, H. K., Wrench, D.,
Lister, T. A., Jaffe, E. S., Wilson, W. H., Chan, W. C. and Staudt, L. M. (2008 ) . Stromal gene
signatures in large-B-cell ymphomas. N Eng/ J Med 359, 2313-23.

198



Bibliography

Li, T.and Lu, L. (2005) . Epidermal growth factor-induced proliferation requires down-regulation of Pax6 in
corneal epithelial cells. J Bio/ Chem 280, 12988-95.

Lin, Y. P., Su, C. C., Huang, J. Y., Lin, H. C., Cheng, Y. J., Liu, M. F. and Yang, B. C. (2009) . Aberrant
integrin activation induces p38 MAPK phosphorylation resulting in suppressed Fas-mediated
apoptosis in T cells: implications for rheumatoid arthritis. Mo/ Immuno/ 46, 3328-35.

Lin, Z., Crockett, D. K., Jenson, S. D., Lim, M. S. and Elenitoba-Johnson, K. S. (2004 ) . Quantitative
proteomic and transcriptional analysis of the response to the p38 mitogen-activated protein kinase
inhibitor SB203580 in transformed follicular lymphoma cells. Mo/ Cell Proteornics 3, 820-33.

Lobanenkov, V. V., Nicolas, R. H., Adler, V. V., Paterson, H., Klenova, E. M., Polotskaja, A. V. and
Goodwin, G. H.  (1990) . A novel sequence-specific DNA binding protein which interacts with
three regularly spaced direct repeats of the CCCTC-motif in the 5'-flanking sequence of the
chicken c-myc gene. Oncogene 5, 1743-53.

Logarajah, S., Hunter, P., Kraman, M., Steele, D., Lakhani, S., Bobrow, L., Venkitaraman, A. and Wagner,
S. (2003) . BCL-6 is expressed in breast cancer and prevents mammary epithelial differentiation.
Oncogene 22, 5572-8.

Lossos, I. S. (2007) . The endless complexity of lymphocyte differentiation and lymphomagenesis: IRF-4
downregulates BCL6 expression. Cancer Cell12, 189-91.

Lossos, I. S., Czerwinski, D. K., Alizadeh, A. A., Wechser, M. A., Tibshirani, R., Botstein, D. and Levy, R.

(2004 ) . Prediction of survival in diffuse large-B-cell lymphoma based on the expression of six
genes. N Eng/ J Med 350, 1828-37.
Lossos, I. S., Jones, C. D., Warnke, R., Natkunam, Y., Kaizer, H., Zehnder, J. L., Tibshirani, R. and Levy, R.
(2001) . Expression of a single gene, BCL-6, strongly predicts survival in patients with diffuse
large B-cell lymphoma. Blood 98, 945-51.

Lu, L., Wang, L., Li, T. and Wang, J. (2010) . NF-kappaB subtypes regulate CCCTC binding factor
affecting corneal epithelial cell fate. J Bio/ Cherm 285, 9373-82.

Lutz, M., Burke, L. J., Barreto, G., Goeman, F., Greb, H., Arnold, R., Schultheiss, H., Brehm, A.,
Kouzarides, T., Lobanenkov, V. and Renkawitz, R. (2000) . Transcriptional repression by the
insulator protein CTCF involves histone deacetylases. Nucleic Acids Res 28, 1707-13.

MacPherson, M. J., Beatty, L. G., Zhou, W., Du, M. and Sadowski, P. D. (2009) . The CTCF insulator
protein is posttranslationally modified by SUMO. Mo/ Cell Bio/ 29, 714-25.

Martinez, S. R. and Miranda, J. L. (010) . CTCF terminal segments are unstructured. Protein Sci.

Mateo, M. S., Mollejo, M., Villuendas, R., Algara, P., Sanchez-Beato, M., Martinez, P. and Piris, M. A.

(2001 ) . Molecular heterogeneity of splenic marginal zone lymphomas: analysis of mutations in
the 5' non-coding region of the bcl-6 gene. Leukemia 15, 628-34.

Mathas, S., Hinz, M., Anagnostopoulos, I., Krappmann, D., Lietz, A., Jundt, F., Bommert, K., Mechta-
Grigoriou, F., Stein, H., Dorken, B. and Scheidereit, C. (2002 ) . Aberrantly expressed c-Jun and
JunB are a hallmark of Hodgkin lymphoma cells, stimulate proliferation and synergize with NF-
kappa B. EMBO J21, 4104-13.

199



Mathur, R. K., Awasthi, A., Wadhone, P., Ramanamurthy, B. and Saha, B. k. (2004 ) . Reciprocal CD40
signals through p38MAPK and ERK-1/2 induce counteracting immune responses. Naf Med 10,
540-4.

Matsumoto, M., Lo, S. F., Carruthers, C. J., Min, J., Mariathasan, S., Huang, G., Plas, D. R., Martin, S. M.,
Geha, R. S., Nahm, M. H. and Chaplin, D. D. (1996) . Affinity maturation without germinal
centres in lymphotoxin-alpha-deficient mice. Nafure 382, 462-6.

Matsuo, Y., Amano, S., Furuya, M., Namiki, K., Sakurai, K., Nishiyama, M., Sudo, T., Tatsumi, K., Kuriyama,
T., Kimura, S. and Kasuya, Y. (2006) . Involvement of p38alpha mitogen-activated protein kinase
in lung metastasis of tumor cells. J Bio/ Chem 281, 36767-75.

Mbalaviele, G., Anderson, G., Jones, A., De Ciechi, P., Settle, S., Mnich, S., Thiede, M., Abu-Amer, Y.,
Portanova, J. and Monahan, J. (2006) . Inhibition of p38 mitogen-activated protein kinase
prevents inflammatory bone destruction. J Pharmacol Exp Ther 317, 1044-53.

McHeyzer-Williams, L. J., Driver, D. J. and McHeyzer-Williams, M. G. (001) . Germinal center reaction.
Curr Opin Hematol 8, 52-9.

Meissner, A., Mikkelsen, T. S., Gu, H., Wernig, M., Hanna, J., Sivachenko, A., Zhang, X., Bernstein, B. E.,
Nusbaum, C., Jaffe, D. B., Gnirke, A., Jaenisch, R. and Lander, E. S. (008) . Genome-scale
DNA methylation maps of pluripotent and differentiated cells. Nature 454, 766-70.

Melnick, A., Carlile, G., Ahmad, K. F., Kiang, C. L., Corcoran, C., Bardwell, V., Prive, G. G. and Licht, J. D.

(2002) . Critical residues within the BTB domain of PLZF and Bcl-6 modulate interaction with
corepressors. Mol Cell Bio/22, 1804-18.

Mendez, L. M., Polo, J. M., Yu, J. J., Krupski, M., Ding, B. B., Melnick, A. and Ye, B. H. (2008) . CtBP is
an essential corepressor for BCL6 autoregulation. Mo/ Cell Bio/ 28, 2175-86.

Meng, C. F., Zhu, X. J., Peng, G. and Dai, D. Q. (2007 ) . Re-expression of methylation-induced tumor
suppressor gene silencing is associated with the state of histone modification in gastric cancer cell
lines. World J Gastroentero/13, 6166-71.

Migliazza, A., Martinotti, S., Chen, W., Fusco, C., Ye, B. H., Knowles, D. M., Offit, K., Chaganti, R. S. and
Dalla-Favera, R. (1995) . Frequent somatic hypermutation of the 5' noncoding region of the BCL6
gene in B-cell lymphoma. Proc Nat/ Acad Sci U S A 92, 12520-4.

Mihara, K., Almansa, C., Smeets, R. L., Loomans, E. E., Dulos, J., Vink, P. M., Rooseboom, M., Kreutzer,
H., Cavalcanti, F., Boots, A. M. and Nelissen, R. L. (2008) . A potent and selective p38 inhibitor
protects against bone damage in murine collagen-induced arthritis: a comparison with
neutralization of mouse TNFalpha. BrJ Pharmacol/ 154, 153-64.

Mondal, A., Sawant, D. and Dent, A. L. (2010) . Transcriptional repressor BCL6 controls Th17 responses
by controlling gene expression in both T cells and macrophages. J /mmuno/ 184, 4123-32.

Munoz, L. and Ammit, A. J. Targeting p38 MAPK pathway for the treatment of Alzheimer's disease.
Neuropharmacology 58, 561-8.

Nakayama, M., Gonzalgo, M. L., Yegnasubramanian, S., Lin, X., De Marzo, A. M. and Nelson, W. G.

(2004 ) . GSTP1 CpG island hypermethylation as a molecular biomarker for prostate cancer. J
Cell Biochem 91, 540-52.

200



Bibliography

Navas, T. A., Mohindru, M., Estes, M., Ma, J. Y., Sokol, L., Pahanish, P., Parmar, S., Haghnazari, E., Zhou,
L., Collins, R., Kerr, I., Nguyen, A. N., Xu, Y., Platanias, L. C., List, A. A., Higgins, L. S. and Verma,
A. (2006) . Inhibition of overactivated p38 MAPK can restore hematopoiesis in myelodysplastic
syndrome progenitors. Blood 108, 4170-7.

Nebreda, A. R. and Porras, A. (2000) . p38 MAP kinases: beyond the stress response. Trends Biochem
Sci25, 257-60.

Nemoto, S., Xiang, J., Huang, S. and Lin, A. (1998) . Induction of apoptosis by SB202190 through
inhibition of p38beta mitogen-activated protein kinase. J Bio/ Chem 273, 16415-20.

Nguyen, A. N., Stebbins, E. G., Henson, M., O'Young, G., Choi, S. J., Quon, D., Damm, D., Reddy, M., Ma,
J. Y., Haghnazari, E., Kapoun, A. M., Medicherla, S., Protter, A., Schreiner, G. F., Kurihara, N.,
Anderson, J., Roodman, G. D., Navas, T. A. and Higgins, L. S. (2006 ) . Normalizing the bone
marrow microenvironment with p38 inhibitor reduces multiple myeloma cell proliferation and
adhesion and suppresses osteoclast formation. Exp Cell Res 312, 1909-23.

Niu, H., Cattoretti, G. and Dalla-Favera, R. (2003) . BCL6 controls the expression of the B7-1/CD80
costimulatory receptor in germinal center B cells. J Exp Med 198, 211-21.

Niu, H., Ye, B. H. and Dalla-Favera, R. k. (1998) . Antigen receptor signaling induces MAP kinase-
mediated phosphorylation and degradation of the BCL-6 transcription factor. Genes Dev 12, 1953-
61.

Nonoyama, S., Hollenbaugh, D., Aruffo, A., Ledbetter, J. A. and Ochs, H. D. (1993) . B cell activation via
CD40 is required for specific antibody production by antigen-stimulated human B cells. J Exp Med
178, 1097-102.

O'Brien, S. G. and Deininger, M. W. (2003 ) . Imatinib in patients with newly diagnosed chronic-phase
chronic myeloid leukemia. Semin Hemato/ 40, 26-30.

Offit, K., Lo Coco, F., Louie, D. C., Parsa, N. Z., Leung, D., Portlock, C., Ye, B. H., Lista, F., Filippa, D. A,
Rosenbaum, A. and et al. (1994 ) . Rearrangement of the bcl-6 gene as a prognostic marker in
diffuse large-cell ymphoma. N Eng/ J Med 331, 74-80.

Ohlsson, R., Bartkuhn, M. and Renkawitz, R. (2010a) . CTCF shapes chromatin by multiple mechanisms:
the impact of 20 years of CTCF research on understanding the workings of chromatin.
Chromosoma.

Ohisson, R., Lobanenkov, V. and Klenova, E. (2010b). Does CTCF mediate between nuclear
organization and gene expression? Bjoessays 32, 37-50.

Ohlsson, R., Renkawitz, R. and Lobanenkov, V. (2001) . CTCF is a uniquely versatile transcription
regulator linked to epigenetics and disease. 7rends Genet 17, 520-7.

Ohno, H.  (2006) . Pathogenetic and clinical implications of non-immunoglobulin ; BCL6 translocations in
B-cell non-Hodgkin's lymphoma. J Clin Exp Hematop 46, 43-53.

Onizuka, T., Moriyama, M., Yamochi, T., Kuroda, T., Kazama, A., Kanazawa, N., Sato, K., Kato, T., Ota, H.
and Mori, S. (1995) . BCL-6 gene product, a 92- to 98-kD nuclear phosphoprotein, is highly
expressed in germinal center B cells and their neoplastic counterparts. Blood 86, 28-37.

Ono, K. and Han, J. (2000 ) . The p38 signal transduction pathway: activation and function. Cell Signa/12,
1-13.

201



Oster, B., Bundgaard, B., Hupp, T. R. and Hollsberg, P. (2008). Human herpesvirus 6B induces
phosphorylation of p53 in its regulatory domain by a CK2- and p38-independent pathway. J Gen
Viro/ 89, 87-96.

Pant, V., Kurukuti, S., Pugacheva, E., Shamsuddin, S., Mariano, P., Renkawitz, R., Klenova, E.,
Lobanenkov, V. and Ohlsson, R. (2004 ) . Mutation of a single CTCF target site within the H19
imprinting control region leads to loss of Igf2 imprinting and complex patterns of de novo
methylation upon maternal inheritance. Mo/ Cell Bio/ 24, 3497-504.

Papadopoulou, V., Postigo, A., Sanchez-Tillo, E., Porter, A. C. and Wagner, S. D. (010) . ZEB1 and
CtBP form a repressive complex at a distal promoter element of the BCL6 locus. Biochem J 427,
541-50.

Parekh, S., Prive, G. and Melnick, A. (2008) . Therapeutic targeting of the BCL6 oncogene for diffuse
large B-cell ymphomas. Leuk Lymphoma 49, 874-82.

Parelho, V., Hadjur, S., Spivakov, M., Leleu, M., Sauer, S., Gregson, H. C., Jarmuz, A., Canzonetta, C.,
Webster, Z., Nesterova, T., Cobb, B. S., Yokomori, K., Dillon, N., Aragon, L., Fisher, A. G. and
Merkenschlager, M. (2008 ) . Cohesins functionally associate with CTCF on mammalian
chromosome arms. Cel/132, 422-33.

Parmar, S., Katsoulidis, E., Verma, A., Li, Y., Sassano, A., Lal, L., Majchrzak, B., Ravandi, F., Tallman, M.
S., Fish, E. N. and Platanias, L. C. (2004 ) . Role of the p38 mitogen-activated protein kinase
pathway in the generation of the effects of imatinib mesylate (STI571) in BCR-ABL-expressing
cells. J Biol Chemn 279, 25345-52.

Pasqualucci, L., Migliazza, A., Basso, K., Houldsworth, J., Chaganti, R. S. and Dalla-Favera, R. (2003) .
Mutations of the BCL6 proto-oncogene disrupt its negative autoregulation in diffuse large B-cell
lymphoma. Blood 101, 2914-23.

Pasqualucci, L., Migliazza, A., Fracchiolla, N., William, C., Neri, A., Baldini, L., Chaganti, R. S., Klein, U.,
Kuppers, R., Rajewsky, K. and Dalla-Favera, R. (1998) . BCL-6 mutations in normal germinal
center B cells: evidence of somatic hypermutation acting outside Ig loci. Proc Nat/ Acad Sci U S A
95, 11816-21.

Pedersen, I. M., Buhl, A. M., Klausen, P., Geisler, C. H. and Jurlander, J. (2002) . The chimeric anti-CD20
antibody rituximab induces apoptosis in B-cell chronic lymphocytic leukemia cells through a p38
mitogen activated protein-kinase-dependent mechanism. Blood 99, 1314-9.

Pegoraro, L., Matera, L., Ritz, J., Levis, A., Palumbo, A. and Biagini, G. (1983) . Establishment of a Ph1-
positive human cell line BV173) . J Nat/ Cancer Inst 70, 447-53.

Peters, J. M., Tedeschi, A. and Schmitz, J. (@2008) . The cohesin complex and its roles in chromosome
biology. Genes Dev 22, 3089-114.

Phan, R. T. and Dalla-Favera, R. (2004 ). The BCL6 proto-oncogene suppresses p53 expression in
germinal-centre B cells. Nafure 432, 635-9.

Phillips, J. E. and Corces, V. G. (2009 ) . CTCF: master weaver of the genome. Ce//137, 1194-211.

Platanias, L. C. (2003 ) . Map kinase signaling pathways and hematologic malignancies. Blood 101, 4667-
79.

202



Bibliography

Polo, J. M., Juszczynski, P., Monti, S., Cerchietti, L., Ye, K., Greally, J. M., Shipp, M. and Melnick, A.
(2007 ) . Transcriptional signature with differential expression of BCL6 target genes accurately
identifies BCL6-dependent diffuse large B cell ymphomas. Proc Natl Acad Sci U S A 104, 3207-12.

Pugacheva, E. M., Tiwari, V. K., Abdullaev, Z., Vostrov, A. A., Flanagan, P. T., Quitschke, W. W., Loukinov,
D. I., Ohlsson, R. and Lobanenkov, V. V. (005) . Familial cases of point mutations in the XIST
promoter reveal a correlation between CTCF binding and pre-emptive choices of X chromosome
inactivation. Hum Mol Genet 14, 953-65.

Qi, C. F., Martensson, A., Mattioli, M., Dalla-Favera, R., Lobanenkov, V. V. and Morse, H. C., 3rd. (2003) .
CTCF functions as a critical regulator of cell-cycle arrest and death after ligation of the B cell
receptor on immature B cells. Proc Nafl Acad Sci U S A 100, 633-8.

Rakha, E. A., Pinder, S. E., Paish, C. E. and Ellis, . O. (2004 ) . Expression of the transcription factor
CTCEF in invasive breast cancer: a candidate gene located at 16922.1. Br J Cancer91, 1591-6.

Ramachandrareddy, H., Bouska, A., Shen, Y., Ji, M., Rizzino, A., Chan, W. C. and McKeithan, T. W.

(2010) . BCL6 promoter interacts with far upstream sequences with greatly enhanced activating
histone modifications in germinal center B cells. Proc Nat/ Acad Sci U S A 107, 11930-5.

Raman, M., Chen, W. and Cobb, M. H. (2007 ) . Differential regulation and properties of MAPKs.
Oncogene 26, 3100-12.

Randall, T. D., Heath, A. W., Santos-Argumedo, L., Howard, M. C., Weissman, I. L. and Lund, F. E.

(1998) . Arrest of B lymphocyte terminal differentiation by CD40 signaling: mechanism for lack of
antibody-secreting cells in germinal centers. /mmunity 8, 733-42.

Ranuncolo, S. M., Polo, J. M., Dierov, J., Singer, M., Kuo, T., Greally, J., Green, R., Carroll, M. and Melnick,
A. (007) . Bcl-6 mediates the germinal center B cell phenotype and lymphomagenesis through
transcriptional repression of the DNA-damage sensor ATR. Nat /mmunol/8, 705-14.

Rasko, J. E., Klenova, E. M., Leon, J., Filippova, G. N., Loukinov, D. I., Vatolin, S., Robinson, A. F., Hu, Y.
J., Ulmer, J., Ward, M. D., Pugacheva, E. M., Neiman, P. E., Morse, H. C., 3rd, Collins, S. J. and
Lobanenkov, V. V. (2001) . Cell growth inhibition by the multifunctional multivalent zinc-finger
factor CTCF. Cancer Res 61, 6002-7.

Recillas-Targa, F., De La Rosa-Velazquez, |. A., Soto-Reyes, E. and Benitez-Bribiesca, L. (2006) .
Epigenetic boundaries of tumour suppressor gene promoters: the CTCF connection and its role in
carcinogenesis. J Cell Mol Med 10, 554-68.

Reljic, R., Wagner, S. D., Peakman, L. J. and Fearon, D. T. (2000 ) . Suppression of signal transducer and
activator of transcription 3-dependent B lymphocyte terminal differentiation by BCL-6. J Exp Med
192, 1841-8.

Renaud, S., Loukinov, D., Bosman, F. T., Lobanenkov, V. and Benhattar, J. (2005) . CTCF binds the
proximal exonic region of hTERT and inhibits its transcription. Mucleic Acids Res 33, 6850-60.

Renaud, S., Pugacheva, E. M., Delgado, M. D., Braunschweig, R., Abdullaev, Z., Loukinov, D., Benhattar, J.
and Lobanenkov, V. (2007 ) . Expression of the CTCF-paralogous cancer-testis gene, brother of
the regulator of imprinted sites BORIS) , is regulated by three alternative promoters modulated
by CpG methylation and by CTCF and p53 transcription factors. Mucleic Acids Res 35, 7372-88.

203



Ribeiro de Almeida, C., Heath, H., Krpic, S., Dingjan, G. M., van Hamburg, J. P., Bergen, l., van de
Nobelen, S., Sleutels, F., Grosveld, F., Galjart, N. and Hendriks, R. W. (2009 ) . Critical role for
the transcription regulator CCCTC-binding factor in the control of Th2 cytokine expression. J
/mmunol 182, 999-1010.

Rimsza, L. M., Leblanc, M. L., Unger, J. M., Miller, T. P., Grogan, T. M., Persky, D. O., Martel, R. R,,
Sabalos, C. M., Seligmann, B., Braziel, R. M., Campo, E., Rosenwald, A., Connors, J. M., Sehn, L.
H., Johnson, N. and Gascoyne, R. D. (2008) . Gene expression predicts overall survival in
paraffin-embedded tissues of diffuse large B-cell lymphoma treated with R-CHOP. Blood 112,
3425-33.

Rodriguez, J., Munoz, M., Vives, L., Frangou, C. G., Groudine, M. and Peinado, M. A. (2008 ) . Bivalent
domains enforce transcriptional memory of DNA methylated genes in cancer cells. Proc Nat/ Acad
Sci U S A105, 19809-14.

Rosenwald, A., Wright, G., Chan, W. C., Connors, J. M., Campo, E., Fisher, R. |., Gascoyne, R. D., Muller-
Hermelink, H. K., Smeland, E. B., Giltnane, J. M., Hurt, E. M., Zhao, H., Averett, L., Yang, L.,
Wilson, W. H., Jaffe, E. S., Simon, R., Klausner, R. D., Powell, J., Duffey, P. L., Longo, D. L.,
Greiner, T. C., Weisenburger, D. D., Sanger, W. G., Dave, B. J., Lynch, J. C., Vose, J., Armitage,
J. O., Montserrat, E., Lopez-Guillermo, A., Grogan, T. M., Miller, T. P., LeBlanc, M., Ott, G.,
Kvaloy, S., Delabie, J., Holte, H., Krajci, P., Stokke, T. and Staudt, L. M. (2002) . The use of
molecular profiling to predict survival after chemotherapy for diffuse large-B-cell lymphoma. N Eng/
J Med 346, 1937-47.

Rubio, E. D., Reiss, D. J., Welcsh, P. L., Disteche, C. M., Filippova, G. N., Baliga, N. S., Aebersold, R.,
Ranish, J. A. and Krumm, A. (2008 ) . CTCF physically links cohesin to chromatin. Proc Nat/ Acad
Sci U S A105, 8309-14.

Saito, M., Gao, J., Basso, K., Kitagawa, Y., Smith, P. M., Bhagat, G., Pernis, A., Pasqualucci, L. and Dalla-
Favera, R. (2007) . A signaling pathway mediating downregulation of BCL6 in germinal center B
cells is blocked by BCL6 gene alterations in B cell ymphoma. Cancer Cel/12, 280-92.

Saito, Y., Liang, G., Egger, G., Friedman, J. M., Chuang, J. C., Coetzee, G. A. and Jones, P. A. (2006) .
Specific activation of microRNA-127 with downregulation of the proto-oncogene BCL6 by
chromatin-modifying drugs in human cancer cells. Cancer Cell9, 435-43.

Saitoh, N., Bell, A. C., Recillas-Targa, F., West, A. G., Simpson, M., Pikaart, M. and Felsenfeld, G.

(2000) . Structural and functional conservation at the boundaries of the chicken beta-globin
domain. EMBO J19, 2315-22.

Sakata, N., Hamelmann, E., Siadak, A. W., Terada, N., Gerwins, P., Aruffo, A., Johnson, G. L. and Gelfand,
E. W. (000) . Differential regulation of CD40-mediated human B cell responses by antibodies
directed against different CD40 epitopes. Cel/ Immuno/201, 109-23.

Sarosiek, K. A., Nechushtan, H., Lu, X., Rosenblatt, J. D. and Lossos, I. S. (2009) . Interleukin-4
distinctively modifies responses of germinal centre-like and activated B-cell-like diffuse large B-cell
lymphomas to immuno-chemotherapy. Br J Haemafo/ 147, 308-18.

Sayed, M., Kim, S. O., Salh, B. S, Issinger, O. G. and Pelech, S. L. (2000) . Stress-induced activation of
protein kinase CK2 by direct interaction with p38 mitogen-activated protein kinase. J Bio/l Chem
275, 16569-73.

204



Bibliography

Scheeren, F. A., Naspetti, M., Diehl, S., Schotte, R., Nagasawa, M., Wijnands, E., Gimeno, R., Vyth-Dreese,
F. A, Blom, B. and Spits, H. (2005) . STAT5 regulates the self-renewal capacity and
differentiation of human memory B cells and controls Bcl-6 expression. Nat /mmunol 6, 303-13.

Shaffer, A. L., Yu, X., He, Y., Boldrick, J., Chan, E. P. and Staudt, L. M. (2000) . BCL-6 represses genes
that function in lymphocyte differentiation, inflammation, and cell cycle control. /mmunity 13, 199-
212.

Sharma, S., Kelly, T. K. and Jones, P. A. (2010) . Epigenetics in cancer. Carcinogenesis 31, 27-36.

She, Q. B., Chen, N. and Dong, Z. (2000) . ERKs and p38 kinase phosphorylate p53 protein at serine 15
in response to UV radiation. J Biol Chem 275, 20444-9.

Shustik, J., Han, G., Farinha, P., Johnson, N. A., Ben Neriah, S., Connors, J. M., Sehn, L. H., Horsman, D.
E., Gascoyne, R. D. and Steidl, C. (010) . Correlations between BCL6 rearrangement and
outcome in patients with diffuse large B-cell lymphoma treated with CHOP or R-CHOP.
Haematologica 95, 96-101.

Silva, G., Cunha, A., Gregoire, I. P., Seldon, M. P. and Soares, M. P. (2006 ) . The antiapoptotic effect of
heme oxygenase-1 in endothelial cells involves the degradation of p38 alpha MAPK isoform. J
Immuno/ 177, 1894-903.

Soto-Reyes, E. and Recillas-Targa, F. (2010) . Epigenetic regulation of the human p53 gene promoter by
the CTCF transcription factor in transformed cell lines. Oncogene.

Splinter, E., Heath, H., Kooren, J., Palstra, R. J., Klous, P., Grosveld, F., Galjart, N. and de Laat, W.

(2006 ) . CTCF mediates long-range chromatin looping and local histone modification in the beta-
globin locus. Genes Dev 20, 2349-54.

Stedman, W., Kang, H., Lin, S., Kissil, J. L., Bartolomei, M. S. and Lieberman, P. M. (2008 ) . Cohesins
localize with CTCF at the KSHV latency control region and at cellular c-myc and H19/Igf2
insulators. EMBO J27, 654-66.

Steelman, L. S., Pohnert, S. C., Shelton, J. G., Franklin, R. A., Bertrand, F. E. and McCubrey, J. A.

(2004 ) . JAK/STAT, Raf/MEK/ERK, PI3K/Akt and BCR-ABL in cell cycle progression and
leukemogenesis. Leukemia 18, 189-218.

Sutherland, C. L., Heath, A. W., Pelech, S. L., Young, P. R. and Gold, M. R. (1996 ) . Differential activation
of the ERK, JNK, and p38 mitogen-activated protein kinases by CD40 and the B cell antigen
receptor. J Immunol/ 157, 3381-90.

Szereday, Z., Csernus, B., Nagy, M., Laszlo, T., Warnke, R. A. and Matolcsy, A. (2000) . Somatic
mutation of the §' noncoding region of the BCL-6 gene is associated with intraclonal diversity and
clonal selection in histological transformation of follicular lymphoma. Am J Patho/ 156, 1017-24.

Takizawa, T., Meaburn, K. J. and Misteli, T. (2008 ) . The meaning of gene positioning. Ce// 135, 9-13.

Torocsik, B. and Szeberenyi, J. (2000) . Anisomycin uses multiple mechanisms to stimulate mitogen-
activated protein kinases and gene expression and to inhibit neuronal differentiation in PC12

phaeochromocytoma cells. Eur J Neurosci12, 527-32.

205



Torrano, V., Chernukhin, 1., Docquier, F., D'Arcy, V., Leon, J., Klenova, E. and Delgado, M. D. (2005) .
CTCF regulates growth and erythroid differentiation of human myeloid leukemia cells. J Bio/ Chem
280, 28152-28161.

Torrano, V., Navascues, J., Docquier, F., Zhang, R., Burke, L. J., Chernukhin, ., Farrar, D., Leon, J.,
Berciano, M. T., Renkawitz, R., Klenova, E., Lafarga, M. and Delgado, M. D. (2006 ) . Targeting
of CTCF to the nucleolus inhibits nucleolar transcription through a poly (ADP-ribosyl) ation-
dependent mechanism. J Cell Sci119, 1746-59.

Towatari, M., lida, H., Tanimoto, M., Iwata, H., Hamaguchi, M. and Saito, H. (1997 ) . Constitutive
activation of mitogen-activated protein kinase pathway in acute leukemia cells. Leukemia 11, 479-
84.

Tront, J. S., Hoffman, B. and Liebermann, D. A. (2006) . Gadd45a suppresses Ras-driven mammary
tumorigenesis by activation of c-Jun NH2-terminal kinase and p38 stress signaling resulting in

apoptosis and senescence. Cancer Res 66, 8448-54.

Tunyaplin, C., Shaffer, A. L., Angelin-Duclos, C. D., Yu, X., Staudt, L. M. and Calame, K. L. (2004 ) . Direct
repression of prdm1 by Bcl-6 inhibits plasmacytic differentiation. J /mmuno/ 173, 1158-65.

Turvey, S. E. and Broide, D. H.  (2010) . Innate immunity. J Allergy Clin Immuno/ 125, S24-32.

Tycko, B. (1999) . Genomic imprinting and cancer. Results Probl Cell Differ 25, 133-69.

Vatolin, S., Abdullaev, Z., Pack, S. D., Flanagan, P. T., Custer, M., Loukinov, D. |., Pugacheva, E., Hong, J.
A., Morse, H., 3rd, Schrump, D. S., Risinger, J. |., Barrett, J. C. and Lobanenkov, V. V. (2005) .
Conditional expression of the CTCF-paralogous transcriptional factor BORIS in normal cells results
in demethylation and derepression of MAGE-A1 and reactivation of other cancer-testis genes.
Cancer Res 65, 7751-62.

Ventura, J. J., Tenbaum, S., Perdiguero, E., Huth, M., Guerra, C., Barbacid, M., Pasparakis, M. and
Nebreda, A. R. (2007) . p38alpha MAP kinase is essential in lung stem and progenitor cell
proliferation and differentiation. Naf Genet 39, 750-8.

Vetchinova, A. S., Akopov, S. B., Chernov, I. P., Nikolaev, L. G. and Sverdlov, E. D. (2006) . Two-
dimensional electrophoretic mobility shift assay: identification and mapping of transcription factor
CTCF target sequences within an FXYD5-COX7A1 region of human chromosome 19. Ana/
Biochem 354, 85-93.

Vinuesa, C. G., Sanz, I. and Cook, M. C. (2009) . Dysregulation of germinal centres in autoimmune
disease. Nat Rev Immunol/ 9, 845-57.

Vitolo, U., Botto, B., Capello, D., Vivenza, D., Zagonel, V., Gloghini, A., Novero, D., Parvis, G., Calvi, R.,
Ariatti, C., Milan, l., Bertini, M., Boccomini, C., Freilone, R., Pregno, P., Orsucci, L., Palestro, G.,
Saglio, G., Carbone, A., Gallo, E. and Gaidano, G. (2002 ) . Point mutations of the BCL-6 gene:
clinical and prognostic correlation in B-diffuse large cell ymphoma. Leukemia 16, 268-75.

Vockerodt, M., Haier, B., Buttgereit, P., Tesch, H. and Kube, D. (2001) . The Epstein-Barr virus latent
membrane protein 1 induces interleukin-10 in Burkitt's lymphoma cells but not in Hodgkin's cells
involving the p38/SAPK2 pathway. Virology 280, 183-98.

206



Bibliography

Vostrov, A. A. and Quitschke, W. W. (1997 ) . The zinc finger protein CTCF binds to the APBbeta domain
of the amyloid beta-protein precursor promoter. Evidence for a role in transcriptional activation. J
Biol Chem 272, 33353-9.

Wagner, E. F. and Nebreda, A. R. (2009 ) . Signal integration by JNK and p38 MAPK pathways in cancer
development. Nat Rev Cancer9, 537-49.

Wagner, S. D. and Kaeda, J. S. (2005) . BCL-6: rearrangement and mutation in lymphoma. Methods Mol
Med 115, 251-70.

Walker, S. R., Nelson, E. A. and Frank, D. A. (2007 ) . STAT5 represses BCL6 expression by binding to a
regulatory region frequently mutated in lymphomas. Oncogene 26, 224-33.

Wallace, J. A. and Felsenfeld, G. (2007 ) . We gather together: insulators and genome organization. Curr
Opin Genet Dev 17, 400-7.

Wang, S., Wang, S., Yang, T., Zhu, F., Zhu, J., Huang, Y., Wu, L., Chen, L. and Xu, Z. (2008) . CD40L-
mediated inhibition of NF-kappaB in CA46 Burkitt lymphoma cells promotes apoptosis. Leuk
Lymphoma, 1-8.

Wang, X., Li, Z., Naganuma, A. and Ye, B. H. (2002 ) . Negative autoregulation of BCL-6 is bypassed by
genetic alterations in diffuse large B cell lymphomas. Proc Naf/ Acad Sci U S A 99, 15018-23.

Wang, X., Rao, J. and Studzinski, G. P. (2000) . Inhibition of p38 MAP kinase activity up-regulates
multiple MAP kinase pathways and potentiates 1,25-dihydroxyvitamin D (3) -induced
differentiation of human leukemia HL60 cells. Exp Cell Res 258, 425-37.

Weber, M., Hellmann, |., Stadler, M. B., Ramos, L., Paabo, S., Rebhan, M. and Schubeler, D. (2007) .
Distribution, silencing potential and evolutionary impact of promoter DNA methylation in the human
genome. Nat Genet 39, 457-66.

Wendt, K. S. and Peters, J. M. (2009 ) . How cohesin and CTCF cooperate in regulating gene expression.
Chromosome Res 17, 201-14.

Wendt, K. S., Yoshida, K., Itoh, T., Bando, M., Koch, B., Schirghuber, E., Tsutsumi, S., Nagae, G., Ishihara,
K., Mishiro, T., Yahata, K., Imamoto, F., Aburatani, H., Nakao, M., Imamoto, N., Maeshima, K.,
Shirahige, K. and Peters, J. M. (2008 ) . Cohesin mediates transcriptional insulation by CCCTC-
binding factor. Nafure 451, 796-801.

Winter, J. N., Weller, E. A., Horning, S. J., Krajewska, M., Variakojis, D., Habermann, T. M., Fisher, R. I,
Kurtin, P. J., Macon, W. R., Chhanabhai, M., Felgar, R. E., Hsi, E. D., Medeiros, L. J., Weick, J. K.,
Reed, J. C. and Gascoyne, R. D. (2006 ) . Prognostic significance of Bcl-6 protein expression in
DLBCL treated with CHOP or R-CHOP: a prospective correlative study. Blood 107, 4207-13.

Witcher, M. and Emerson, B. M. (2009 ) . Epigenetic silencing of the p16 (NK4a) tumor suppressor is
associated with loss of CTCF binding and a chromatin boundary. Mo/ Cell 34, 271-84.

Wong, C. K., Wong, P. T., Tam, L. S., Li, E. K., Chen, D. P. and Lam, C. W. (2009 ) . Activation profile of
intracellular mitogen-activated protein kinases in peripheral lymphocytes of patients with systemic
lupus erythematosus. J Clin Immunol 29, 738-46.

Xi, H., Shulha, H. P., Lin, J. M., Vales, T. R,, Fu, Y., Bodine, D. M., McKay, R. D., Chenoweth, J. G., Tesar,
P. J., Furey, T. S,, Ren, B.,, Weng, Z. and Crawford, G. E. (2007) . Identification and
characterization of cell type-specific and ubiquitous chromatin regulatory structures in the human
genome. PLoS Genet 3, e136.

207



Xie, X., Mikkelsen, T. S., Gnirke, A., Lindblad-Toh, K., Kellis, M. and Lander, E. S. (2007 ) . Systematic
discovery of regulatory motifs in conserved regions of the human genome, including thousands of
CTCEF insulator sites. Proc Nat!/ Acad Sci U S A104, 7145-50.

Xu, B., Bhattacharjee, A., Roy, B., Xu, H. M., Anthony, D., Frank, D. A., Feldman, G. M. and Cathcart, M. K.

(2003) . Interleukin-13 induction of 15-lipoxygenase gene expression requires p38 mitogen-
activated protein kinase-mediated serine 727 phosphorylation of Stat1 and Stat3. Mo/ Cel/ Biol 23,
3918-28.

Yamochi, T., Kaneita, Y., Akiyama, T., Mori, S. and Moriyama, M. (1999 ) . Adenovirus-mediated high
expression of BCL-6 in CV-1 cells induces apoptotic cell death accompanied by down-regulation of
BCL-2 and BCL-X (L) . Oncogene 18, 487-94.

Yang, Y., Quitschke, W. W., Vostrov, A. A. and Brewer, G. J. (1999) . CTCF is essential for up-regulating
expression from the amyloid precursor protein promoter during differentiation of primary
hippocampal neurons. J Neurochem 73, 2286-98.

Ye, B. H., Cattoretti, G., Shen, Q., Zhang, J., Hawe, N., de Waard, R., Leung, C., Nouri-Shirazi, M., Orazi,
A., Chaganti, R. S., Rothman, P., Stall, A. M., Pandolfi, P. P. and Dalla-Favera, R. (1997) . The
BCL-6 proto-oncogene controls germinal-centre formation and Th2-type inflammation. Nat Genet
16, 161-70.

Ye, B. H., Rao, P. H., Chaganti, R. S. and Dalla-Favera, R. (1993) . Cloning of bcl-6, the locus involved in
chromosome translocations affecting band 3927 in B-cell ymphoma. Cancer Res 53, 2732-5.

Yong, H. Y., Koh, M. S. and Moon, A. (2009 ) . The p38 MAPK inhibitors for the treatment of inflammatory
diseases and cancer. Expert Opin Investig Drugs 18, 1893-905.

Yoon, B., Herman, H., Hu, B., Park, Y. J., Lindroth, A., Bell, A., West, A. G., Chang, Y., Stablewski, A., Piel,
J. C., Loukinov, D. I., Lobanenkov, V. V. and Soloway, P. D. (2005) . Rasgrf1 imprinting is
regulated by a CTCF-dependent methylation-sensitive enhancer blocker. Mo/ Cell Biol 25, 11184-
90.

Yoon, Y. 8., Jeong, S., Rong, Q., Park, K. Y., Chung, J. H. and Pfeifer, K. (2007 ) . Analysis of the H19ICR
insulator. Mo/ Cell Biol 27, 3499-510.

Yoshida, K., Sakamoto, A., Yamashita, K., Arguni, E., Horigome, S., Arima, M., Hatano, M., Seki, N.,
Ichikawa, T. and Tokuhisa, T. (2006 ) . Bcl6 controls granzyme B expression in effector CD8+ T
cells. Eur J Immunol 36, 3146-56.

Yoshida, T., Fukuda, T., Okabe, S., Hatano, M., Miki, T., Hirosawa, S., Miyasaka, N., Isono, K. and
Tokuhisa, T. (1996). The BCL6 gene is predominantly expressed in keratinocytes at their
terminal differentiation stage. Biochem Biophys Res Commun 228, 216-20.

Yu, W., Ginjala, V., Pant, V., Chernukhin, I., Whitehead, J., Docquier, F., Farrar, D., Tavoosidana, G.,
Mukhopadhyay, R., Kanduri, C., Oshimura, M., Feinberg, A. P., Lobanenkov, V., Klenova, E. and
Ohlsson, R. (2004 ) . Poly (ADP-ribosyl) ation regulates CTCF-dependent chromatin insulation.
Nat Genet 36, 1105-10.

Yusufzai, T. M. and Felsenfeld, G. (004). The 5'-HS4 chicken beta-globin insulator is a CTCF-
dependent nuclear matrix-associated element. Proc Nat/ Acad Sci U S A 101, 8620-4.

208



Bibliography

Yusufzai, T. M., Tagami, H., Nakatani, Y. and Felsenfeld, G. (2004) . CTCF tethers an insulator to
subnuclear sites, suggesting shared insulator mechanisms across species. Mo/ Cel/13, 291-8.

Zarnegar, B., He, J. Q., Oganesyan, G., Hoffmann, A., Baltimore, D. and Cheng, G. (2004 ) . Unique
CD40-mediated biological program in B cell activation requires both type 1 and type 2 NF-kappaB
activation pathways. Proc Nat/ Acad Sci U S A 101, 8108-13.

Zhang, H., Okada, S., Hatano, M., Okabe, S. and Tokuhisa, T. (2001) . A new functional domain of Bcl6
family that recruits histone deacetylases. Biochim Biophys Acta 1540, 188-200.

Zhong, J., Gavrilescu, L. C., Molnar, A., Murray, L., Garafalo, S., Kehrl, J. H., Simon, A. R., Van Etten, R. A.
and Kyriakis, J. M. (2009) . GCK is essential to systemic inflammation and pattern recognition
receptor signaling to JNK and p38. Proc Nat/ Acad Sci U S A 106, 4372-7.

Zhong, J. and Kyriakis, J. M. (2007 ) . Dissection of a signaling pathway by which pathogen-associated
molecular patterns recruit the JNK and p38 MAPKSs and trigger cytokine release. J Bio/ Chem 282,
24246-54.

Zhou, H. Y., Pon, Y. L. and Wong, A. S. (2007) . Synergistic effects of epidermal growth factor and
hepatocyte growth factor on human ovarian cancer cell invasion and migration: role of extracellular

signal-regulated kinase 1/2 and p38 mitogen-activated protein kinase. Endocrinology 148, 5195-

208.

Zlatanova, J. and Caiafa, P. (2009a) . CCCTC-binding factor: to loop or to bridge. Cell Mol Life Sci 66,
1647-60.

Zlatanova, J. and Caiafa, P. (2009b) . CTCF and its protein partners: divide and rule? J Cell Sci 122,
1275-84.

209






Molecular Immunology 46 (2009) 1727-1735

Contents lists available at ScienceDirect

Molecular Immunology

journal homepage: www.elsevier.com/locate/molimm

CD40 and B-cell receptor signalling induce MAPK family members that can
either induce or repress Bcl-6 expression

Ana Batlle®9, Vasiliki Papadopoulou?, Ana R. Gomes®, Shaun Willimott?®f, Junia V. Melo®¢,
Kikkeri Naresh®¢, Eric W.-F. LamP, Simon D. Wagner -

2 Department of Haematology, Imperial College London, Hammersmith Hospital, Du Cane Road, London W12 ONN, UK

b Cancer Research-UK Laboratories, Department of Cancer Medicine, Imperial College London, Hammersmith Hospital, Du Cane Road, London W12 ONN, UK
¢ Department of Histopathology, Imperial College London, Hammersmith Hospital, Du Cane Road, London W12 ONN, UK

d Hospital Universitario Marques de Valdecilla, Santander, Cantabria, Spain

¢ Institute of Medical and Veterinary Science, Adelaide, South Australia, Australia

f Department of Cancer Studies and Molecular Medicine and MRC Toxicology Unit, University of Leicester, Lancaster Road, Leicester, UK

ARTICLE INFO ABSTRACT

Article history:

Received 5 January 2009

Received in revised form 29 January 2009
Accepted 2 February 2009

Available online 6 March 2009

Bcl-6 is essential for germinal centre development and normal antibody responses, and has major roles
in controlling B-cell proliferation and differentiation. Bcl-6 expression is tightly controlled, but neither
the nature of all the regulatory signals nor their interactions are known. Bcl-6 expression is induced
in Bcr-Abl expressing lymphoid cell lines by the tyrosine kinase inhibitor, imatinib. We show that p38
MAPK mediates induction of Bcl-6 following inhibition of Bcr-Abl by imatinib. Next we analyze p38
function in a germinal centre B-cell line, Ramos. p38 is phosphorylated under basal conditions, and studies

geej; ‘ﬁ;‘isl:cemre with p38 inhibitors show that it induces Bcl-6 expression. Membrane bound CD40 ligand activates p38
Bcl-6 but also other MAPK pathways that strongly repress Bcl-6 and the overall effect is reduction in Bcl-
Transcription 6 expression. Surprisingly soluble CD40 ligand induces Bcl-6 by activating p38 without activating the
MAPK repressive pathways. Hence different types of CD40 signalling are associated with varying effects on

Bcl-6 expression. Transcription reporter assays demonstrate p38 responsive sequences at about 4.5 kb
from the transcription start site. Immunocytochemistry of tonsil sections show phosphorylated p38 in
a minor population of germinal centre B-cells. We demonstrate for the first time that p38 induces Bcl-6
transcription, but increased protein expression occurs only when the strong pathways repressing Bcl-6
are not activated.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction 2000; Shvarts et al., 2002) and prevents terminal differentiation to

plasma cells (Diehl et al., 2008; Reljic et al., 2000; Tunyaplin et al.,

Bcl-6 is a zinc finger transcription factor, whose expression is
required for normal germinal centre formation (Dent et al., 1997;
Ye et al.,, 1997) and, therefore, for normal high affinity antibody
responses to T-dependent antigens. Bcl-6 protein expression is
tightly regulated and it is not found in naive B-cells or plasma cells
(Cattoretti et al., 1995).

Bcl-6 is constitutively expressed through involvement in chro-
mosomal translocations in 20-30% of human diffuse large B-cell
lymphoma (Offit et al., 1994; Ye et al, 1995, 1993), and is
expressed (largely without structural changes to the locus) in follic-
ular lymphoma, Burkitt’s lymphoma and lymphocyte-predominant
Hodgkin’s lymphoma. Bcl-6 allows B-cell proliferation (Reljic et al.,
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Building, Room 404, Lancaster Road, Leicester LE1 9HN, UK. Tel.: +44 116 252 5589;
fax: +44 116 252 5616.

E-mail address: sw227@le.ac.uk (S.D. Wagner).

0161-5890/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.molimm.2009.02.003

2004).

Understanding the regulation of Bcl-6 expression has been the
focus of work by several groups firstly, because this protein is fun-
damental to germinal centre development, and, secondly, because
disruption of Bcl-6 function may be therapeutically useful in some
non-Hodgkin’s lymphomas and certain autoimmune diseases. A
B-cell within the germinal centre receives signals from growth fac-
tors, from antigen presented by the follicular dendritic cells and
from cognate interactions with T-cells. The Bcl-6 proximal pro-
moter region contains several consensus STAT sites, and in B-cell
lymphoma cell lines STAT5 has a repressive effect on Bcl-6 tran-
scription (Walker et al., 2007), whereas in primary tonsillar B-cells
its effect is to induce Bcl-6 transcription (Scheeren et al., 2005).

B-cell receptor (BCR) and CD40 signalling both activate mitogen
activated protein kinases (MAPK). MAPK are serine/threonine pro-
tein kinases and comprise many families of which the best studied
are extra-cellular signal related kinases 1 and 2 (Erk1/2), the Jun-N-
terminal kinases (Jnks) and the p38 kinases. In turn the MAPKSs are
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activated by MAP kinase kinases (MKKs), with Erk1/2, Jnk and p38
each being predominantly regulated by different MKKs (Raman et
al,, 2007). BCR cross-linking the of the germinal centre representa-
tive cell line, Ramos, causes activation of p44 Erk1l and p42 Erk2,
which then phosphorylate Bcl-6, leading to its nuclear export and
degradation by the ubiquitin/proteasome pathway (Niu etal., 1998).

More recently, CD40 stimulation (by the T-cell surface antigen
CD40 ligand ectopically expressed on the surface of a fibroblast cell
line) has also been shown to reduce Bcl-6 expression, in cell lines
and purified tonsillar centroblasts, through NF-kB activation and
induction of IRF4 (Saito et al., 2007). Thus, it appears that both
BCR engagement and CD40 signalling cause a reduction in Bcl-6
expression, possibly associated with the production of a high affin-
ity antibody at the end of the germinal centre reaction. Therefore,
whilst several signals altering Bcl-6 expression are known, their
relative importance is not understood.

Chronic myeloid leukaemia (CML) cells bear a reciprocal translo-
cation between chromosomes 9 and 22 that creates a non-receptor
tyrosine kinase fusion protein, Bcr-Abl. It has been previously
shown that Bcl-6 is induced when Bcr-Abl is inhibited with
the tyrosine kinase inhibitor, imatinib (Deininger et al., 2000)
in lymphoid blast crisis cell lines. This occurs before apopto-
sis takes place, and is not likely to be secondary to cell death.
The main signalling pathways controlled by Bcr-Abl are Jak/Stat,
Raf/Mek/Erk and PI3K/Akt and, therefore, the CML cell lines are
a conditional system for analyzing the regulation of Bcl-6 by
these molecules (Steelman et al., 2004). Preliminary work sug-
gests that Bcl-6 is a functionally important survival factor in
Bcr-Abl driven acute lymphoblastic leukaemia crisis (Duy et al.,
2008).

Here, we define the regulation of Bcl-6 by MAPK pathways firstly,
utilising CML lymphoid blast crisis cell lines and secondly in the
germinal centre representative cell line, Ramos. We show that p38
is an important inducer of Bcl-6 in both systems but that MAPK
proteins can both induce and repress Bcl-6 with the overall effect
depending on the precise stimulus used to activate this signalling
pathway.

2. Materials and methods
2.1. Cell lines and culture

The Bcr-Abl-positive cell lines (BV173, Nalm-1, Z119, Z-33, TOM-
1 and K562), acute myeloid leukaemia cell line (MV4;11) and the
B-cell lines DG75 and Ramos were grown in RPMI-1640 (Lonza,
Basel, Switzerland) supplemented with 10% fetal calf serum (Lonza,
Basel, Switzerland), 2% L-glutamine and 5% penicillin/streptomycin
(Invitrogen, Paisley, UK).

Informed consent was obtained for the use of a sample of
frozen mononuclear cells from a patient with lymphoid blast cri-
sis of CML from the Hospital Marques de Valdecilla, Department
of Haematology, Santander, Spain. Cell viability was assessed by
trypan blue staining. 107 cells were cultured in 1 ml of FCS-free-
medium (Iscove’s Modified Dulbecco’s medium (Sigma, St. Louis,
MO, USA), 1%penicillin-streptomycin-L-glutamine and serum sub-
stitute (BIT: StemCell Technologies, Vancouver, BC, Canada) and
kept in culture overnight (Hamilton et al., 2006).

As a source of CD40 stimulation either soluble CD40 ligand
(sCD40L) (Biovision, Mountain View, CA, USA; 0.1-20ng/ml) or
co-culture with a mouse fibroblast cell line stably transfected
with human CD40 ligand (mCD40L) were used. Non-transfected
fibroblast cells (NTL) were used as controls. The cell layers were
80-90% confluent and irradiated (30Gy) before use. 107 Ramos
cells were cultured in 5ml of complete medium when using
sCD40L.

2.2. Treatment with inhibitors and stimulators

The Bcr-Abl-positive cell lines, Z119 and BV173, and the germi-
nal centre B-cell lines, Ramos and DG75, and primary cells were
incubated with inhibitors of the Erk1/2 pathway (using the Mek1/2
inhibitors U0126 or PD98059 (Calbiochem, Nottingham, UK)) or p38
pathway (SB 202190; Calbiochem, Nottingham, UK). Where indi-
cated, imatinib (0.5-5 wM; Novartis; Pharma, Basel, Switzerland)
was included in the cell suspension. Stock solutions of the inhibitors
were prepared with DMSO. The final concentration of DMSO in
all the experiments was below 0.8%. For cross-linking surface IgM
we used goat anti-human IgM (Southern Biotech, Birmingham, AL,
USA; 2020-01).

2.3. Bcl-6 reporter gene assay

Fragments of Bcl-6 genomic DNA (base position as measured
from the transcription start site (Bernardin et al., 1997): —4904
to +533; —4904 to +239; —4128 to +533; —4128 to +239 and
+239 to +533) were obtained by PCR and subcloned into the
pGL3 basic reporter vector (Promega, Madison, WI, USA). The pRL
luciferase control vector was purchased from Promega, Madison,
WI, USA.

HEK293T cells were transfected with the pRL transfection con-
trol vector (Promega, Madison, WI, USA) and with either the
pGL3 basic vector or with equimolar concentrations of differ-
ent Bcl6pGL3 constructs, using Lipofectamine2000 (Invitrogen,
Paisley, UK). To assess the effect of phospho-p38 on the Bcl6 pro-
moter, 1pg/ml of anisomycin (Sigma, St. Louis, MO, USA) was
added to the medium 2h before lysing the cells. Supernatants
were assayed using the Dual-Glo Luciferase Reporter System fol-
lowing the manufacturer’s instructions (Promega, Madison, WI,
USA).

2.4. Western blot analysis and antibodies

Cells (2-10 x 106 cells) were washed once in cold PBS and resus-
pended in RIPA lysis buffer (1% nonidet P-40, 100 mM Nacl, 20 mM
Tris-HCI (pH: 7.4) with 10mM NaF and complete protease and
phosphatase inhibitors (Sigma, St. Louis, MO, USA). Lysates were
incubated onice for 30 min and centrifuged for 20 min (12,000 rpm)
at 4°C. 40-100 pg of protein were separated on 7.5-10% SDS-
polyacrylamide gels followed by transfer onto a PVDF membrane
(Immobilon-P, Millpore, Bedford, MA). The membrane was blocked,
either in 5% skimmed milk or 5% BSA, in Tris-buffered saline and
then incubated sequentially with the primary and the secondary
antibodies. Specific bands were visualized using the enhanced
chemiluminescence system (ECL, GE Healthcare, Chalfont St. Giles,
UK). To control for protein loading, the blots were restained
with either anti-GAPDH (Cell Signalling Technology, Danvers, MA,
USA, #2118, 1:2000) or anti-abl (Santa Cruz Biotechnology, Santa
Cruz, CA, USA). We used commercial lysates: Jnk (sc-24769) and
P38 (sc-2217) as controls for anti-phospho-Jnk and anti-phospho-
p38.

The following antibodies were obtained from Cell Signalling
Technology, Danvers, MA, USA: HRP-conjugated anti mouse
IgG, HRP-conjugated anti-rabbit IgG, anti-phospho-c-Abl (Tyr412)
#2865, 1:500; anti-phospho-STAT5 (Tyr694) #9351, 1:500; anti-
phospho-p38 #9215, 1:1000; anti-p38, 1:1000; anti-phospho-]NK,
#4668; 1:1000; anti-Jnk, 1:1000; anti-phospho-Erk1/2, #9101;
1:1000; anti-Erk1/2, #9102; 1:1000 and anti-IRF4, 1:1000. Other
antibodies were anti-4G10 used ay 1:1000 (Upstate Biotechnology,
Lake Placid, NY, USA); anti-Bcl-6 (N-3) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA, sc-858, 1:100) and anti-STAT5 (Santa Cruz
Biotechnology, sc-835, 1:100).
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2.5. Real-time PCR (Tagman)

Total RNA was isolated with a RNeasy kit (Qiagen, Crawley, UK)
and treated with DNase I (Invitrogen, Paisley, UK). RNA (2 pg) was
reverse transcribed using an Omniscript kit (Qiagen, Crawley, UK),
and the cDNA was used in real-time semi-quantitative PCR anal-
ysis. Primer and probe mixtures were purchased from Applied
Biosystems, Foster City, CA, USA: HPRT-1 (hs99999909_m1) and
Bcl-6 (Hs00153368_m1). Amplifications were performed on an ABI
Prism 7700 Sequence Detector (Applied Biosystems, Foster City, CA,
USA) for 10 min at 95°C, 2 min at 50°C, followed by 40 cycles of
15seconds at 95°C and 1 min at 60 °C. All measurements were per-
formed in triplicate. Each sample was analyzed for Bcl6 and HPRT
expression and values were expressed as Bcl-6:HPRT-1 ratios.

2.6. Electrophoretic mobility shift assay

Nuclear proteins were extracted (Schreiber et al., 1989) from ten
to twenty million cells. Cells were washed in PBS and resuspended
in buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM
DTT and 5 .l of 10% NP40). After centrifuging the nuclei were resus-
pended in buffer C (20 mM HEPES pH 7.9, 25% glycerol, 0.42 M NaCl,
1.5mM MgCl,, 0.2M EDTA and 0.5 mM DTT). Protease and phos-

(@1 2 3 4 5 12 3 4 5
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phatase inhibitors (Sigma, St. Louis, MO, USA) were included in
all solutions. Each binding and binding competition assay mixture
(10 1) contained 0.05 pmol of the 32P-labelled probe and unla-
belled competitor DNA at either 1, 5 or 10 pmol, respectively, in
5 mM MgCl,, 50 mM Tris-HCl, 2.5 mM EDTA, 2.5 mM DTT, 20% glyc-
erol and 250 mM NacCl. Cell lysate and radiolabelled probe were
incubated at room temperature for 30 min. Mixtures were run on a
4% native acrylamide gel.

2.7. DNase hypersensitive site assays
Nuclei preparation, DNase I digestion, DNAextraction, and
Southern blot analysis were performed as previously described

(Vyas et al., 1992). Details of single-copy probes used for Southern
blot analysis are available on request.

3. Results
3.1. p38 MAPK induces Bcl-6 in CML lymphoid blast crisis cell lines

One of the effects of the tyrosine kinase inhibitor imatinib is to
increase expression of Bcl-6 mRNA in Bcr-Abl lymphoid blast crisis

(b
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Fig. 1. Imatinib induces Bcl-6 transcription and protein expression in Bcr-Abl expressing lymphoid cell lines. (a) Westerns showing Bcl-6 expression after treatment with
different concentrations of imatinib for 24 h in lymphoid Bcr-Abl cell lines (BV173, Nalm-1, Z119, Z-33 and TOM-1) and myeloid Bcr-Abl cell lines (K562 and MV4;11) by the
tyrosine kinase inhibitor, imatinib (lane 1,0 wM; lane 2, 0.5 wM; lane 3, 1 wM; lane 4, 2 wM and lane 5, 5 wM). Loading controls were carried out for each cell line. (b) Real-time
PCR for Bcl-6 mRNA was carried out on BV173 cells after treatment with 1 wM of imatinib for different lengths of time.

(a) Time SB202190 b) - + I
(Hours) 0 8 16 8 16 |1| Bcl-6 |:| P-Erk1/2
SRR e Bl
[=——1] GAPDH [&===] Er1/2
: [=_] P-Abl [ ] P-unki2
R =] =] e
(c) Imatinib (4Hours) - + . - - . . . |Z| P-Stat5 P-Akt
SB202190 (Hours) - - 02505 1 2 4 6
: Stats : Akt
| ———— s | BCI6 ‘
— - P-p38
I————I GAPDH E 2
g o
Imatinib (4Hours) - + + + + + + +
$B202190 (Hours) - - 02505 1 2 4 6
[ oo Wt o s | Bcl-6
| | GAPDH

Fig. 2. Imatinib induces Bcl-6 in primary CML cells and cell lines through a p38 mechanism. (a) Primary lymphoid blast crisis cells were treated with imatinib alone, or
imatinib plus a p38 inhibitor (SB202190) for 8 and 16 h. Loading control is GAPDH. To confirm the effectiveness of imatinib we also analyzed expression of phosphorylated
Bcr-Abl. (b) Westerns of phosphorylated and total Bcr-Abl, Stat5, p38, Erk1/2, Jnk1/2 and Akt in BV173 cells in the absence of imatinib and after 6 h incubation with 1 uM
imatinib. (c) Western of Bcl6 expression in BV173 cells after treatment with 10 wM of SB202190 for different lengths of time. The effect of 4 h culture with 1 wM imatinib is
indicated in lane 2. (d) Western showing the effect of SB202190 on Bcl-6 expression in BV173 treated with 1 wM imatinib. Loading control is GAPDH.
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cell lines (Deininger et al., 2000; Fernandez de Mattos et al., 2004).
We carried out further testing of Bcr-Abl lymphoid cell lines: all
showed induction of Bcl-6 protein expression on treatment with
imatinib (Fig. 1a), and this was largely due to increases in Bcl-6
transcription (Fig. 1b). The Bcr-Abl myeloid cell lines tested showed
no induction of Bcl-6. Primary cells from a patient with lymphoid
blast crisis (without Abl kinase domain mutations in the leukaemic
cells) were treated with imatinib and also demonstrated increased
Bcl-6 expression (Fig. 2a).

Imatinib abolishes phosphorylation of Bcr-Abl and thereby pre-
vents phosphorylation of target proteins. We found that imatinib
reduced phosphorylation of STAT5 and AKT, but that p38 was rel-
atively resistant to the effects of this drug (Fig. 2b). We reasoned
that, because it was persistently phosphorylated in the presence of
imatinib, p38 was a candidate protein inducing Bcl-6 expression.
Utilising Z119 we found that a specific inhibitor of p38, SB202190,
reduced Bcl-6 expression (Fig. 2c). When Z119 was treated with
imatinib together with SB202190 for varying lengths of time, Bcl-
6 expression was again reduced (Fig. 2d). This effect was also
observed in BV173 (not shown) and primary lymphoid blast crisis
cells. We conclude that p38 acts to induce Bcl-6 expression under
both basal conditions and in the presence of imatinib.

3.2. Multiple MAPKSs, including p38, are induced by anti-IgM in
Ramos

Bcl-6 has important roles in normal germinal centre B-cells and
the germinal centre derived non-Hodgkin’s lymphomas. We sought
to find out the effects of p38 on basal Bcl-6 expression in the human
Burkitt lymphoma cell line, Ramos (Niu et al., 1998; Saito et al.,
2007). We found that SB202190 reduces Bcl-6 expression (Fig. 3a).
We also obtained this result with another Burkitt cell line, DG75
(not shown). (As previously reported (Oster et al., 2008; Wang et al.,
2000) SB202190 increased p38 phosphorylation, probably because,
whilst p38 activity is inhibited, phosphorylation by proteins in the
MAPK signalling cascade continues.)

B-cell receptor signalling reduces Bcl-6 expression largely by
post-translational mechanisms acting through Erk1/2 (Niu et al,,
1998). However, we found that BCR signalling increased p38 phos-
phorylation as well as Erk1/2 phosphorylation (Fig. 3b), suggesting
that this stimulus activates pathways that both induce and repress
Bcl-6. When used together with anti-IgM, the specific p38 inhibitor,
SB202190, reduced Bcl-6 expression further (Fig. 4a). Others have
found that MEK1/2 inhibition by PD98059 prevents the reduction
of Bcl-6 expression caused by anti-IgM (Niu et al., 1998), but sur-
prisingly we found that U0126 causes only a minor reversal of the
effect of IgM (Fig. 4b). Indeed, at the highest concentration of U0126
(75 wM) Bcl-6 expression was reduced to that found with anti-IgM
alone.
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Fig. 3. Activated p38 induces Bcl-6 in Ramos cell line, but its effects are overcome
by repressive Erk1/2. (a) Westerns for Bcl-6 expression in cells treated with varying
concentrations of SB202190. SB202190 caused an increase in phosphorylated p38
(as previously reported (Oster et al., 2008; Wang et al., 2000)), but this form of the
molecule is inactive. Loading control is Abl. (b) Westerns showing the effects of IgM
cross-linking (10 wg/ml) for different lengths of time on Bcl-6 expression. Loading
control is Abl.
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Fig. 4. Differential effects of Mek1/2 inhibitors, U0126 and PD98059, on p38 phos-
phorylation. (a) Westerns showing the combined effect of anti-IgM and increasing
concentrations of SB202190. The effect of anti-IgM alone is shown in lane 2. Loading
control is Abl. (b) Western showing the effect of anti-IgM and increasing concen-
trations of the Mek1/2 inhibitor U0126. The effects of anti-IgM alone are shown in
lane 2. Loading control is Abl. (c) Ramos cells were either untreated, treated with
anti-IgM alone or treated with U0126 10 uM (left hand panel) or PD98059 50 uM
(right hand panel) for 30 min followed by the addition of anti-IgM (10 wM) for 6 h.
Whole cell lysates were then analyzed by westerns using antibodies as indicated to
the right of the panels. Loading control is Abl.

In order to pursue the cause of this discrepancy we directly com-
pared U0126 and PD98059 (Fig. 4¢). As anticipated both inhibitors
abrogated Erk1/2 phosphorylation, but they differed in their effects
on p38: whereas U0126 abolished anti-IgM-induced p38 phos-
phorylation, PD98059 had no effects. U0126 is a potent Mek1/2
inhibitor but, at higher concentrations, inhibits other pathways
including p38 (Favata et al., 1998). Therefore, Bcl-6 expression
integrates the effects of positive and negative factors. Erk1/2 is a
powerful negative regulator and, in this system, appears to over-
whelm the effects of p38, which we identify as a positive regulator.

3.3. Expression of phosphorylated p38 in tonsil

In order to find out the relationship between Bcl-6 and phospho-
rylated p38 we carried out immunocytochemistry of human tonsil
(Fig. 5). There were scattered phosphorylated p38 expressing cells
within germinal centres (Fig. 3a) and the majority of mantle zone
(MZ) cells expressed this protein. In order to confirm that germinal
centre B-cells express phosphorylated p38 we carried out double
staining with antibodies directed against the surface protein CD20
and anti-phosphorylated p38 (Fig. 5b-d). Double staining with anti-
Bcl-6 and anti-phosphorylated p38 (Fig. 5e and f) shows that a
minority of Bcl-6 expressing cells (5-10%) express phosphorylated
p38.

3.4. Soluble CD40 ligand induces Bcl-6 through inducing p38

CDA40 stimulation by membrane bound CD40 ligand (mCD40L)
has been reported to reduce Bcl-6 protein expression due to NF-kB
induced IRF4 activity (Saito et al., 2007). We measured the effects of
mCD40L on MAPK proteins and found that Erk1/2, p38 and Jnk1/2
were all phosphorylated (Fig. 6e). The strong inhibitory effects of
phosphorylated Erk1/2 on Bcl-6 might, therefore, contribute to the
effects of IRF4. We also tested soluble CD40 ligand (sCD40L) for its
effects on Bcl-6 protein expression and surprisingly found a strong
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Fig. 5. Immunocytochemistry showing phosphorylated p38 expression in normal human tonsil germinal centres. (a) Staining with anti-phospho p38 (x 10). Expression occurs
mainly in centrocytes and not centroblasts. MZ is mantle zone and GC is germinal centre. (b) Double staining with anti-phospho p38 (red) and anti-CD20 (brown) (x10). (c)
Higher power view of germinal centre cells stained with anti-phospho-p38 (red) and surface CD20 (brown) (x60). (d) Staining of the mantle zone with nuclear phospho-p38
(red) and surface CD20 (brown)(x60). (e) Double-staining with anti-Bcl-6 (red) and anti-phospho p38 (brown) (x10). (f) Further high power view (x100) from the germinal
centre/mantle zone border stained with anti-phospho-p38 (brown) and anti-Bcl-6 (red). Cells staining for both proteins are indicated by black arrowheads. The majority of
germinal centre cells are phospho-p38~Bcl-6*. Cells positive for phospho-p38 only are seen in the mantle zone (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article).

induction (Fig. 6a). This effect was observed over a concentration
range of 0.1-20 pg/ml of sCD40L. sCD40L caused phosphoryla-
tion of p38 without activating Erk1/2, Jnk1/2 or inducing IRF4. We
conclude that p38 is an important inducer of Bcl-6, but as with
cross-linking of the BCR by anti-IgM, its effects are strongly counter-
acted by repressors—Erk1/2 and IRF4. In confirmation of this the
addition of SB202190 to sCD40L completely abolished induction of
Bcl-6 (Fig. 6b).
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mCD40L is expressed on the surface of the mouse fibroblast
line, L-cells. We reasoned that interactions of the B-cell line with
adhesion molecules on the surface of fibroblasts may be impor-
tant and we, therefore, sought effects of this line alone on Bcl-6
(Fig. 6¢). There was a transient decrease in p38 phosphorylation
(lane 2, Fig. 6¢), with induction of Erk1/2 phosphorylation and with-
out either Jnk1/2 or IRF4 induction. Overall there was a reduction in
Bcl-6 expression, which was restored by PD98059 (Fig. 6d). We con-
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Fig. 6. Soluble CD40 ligand and membrane bound CD40 ligand differ in their effects on Bcl-6 expression Ramos cells were treated for 0, 10, 16 and 24 h. Cell lysates were
analyzed by Western blot using antibodies indicated to the right of the panels. (a) Cells treated with sCD40L. (b) Cells were co-cultured with the p38 inhibitor, SB202190. (c)
Cells were co-cultured with the untransfected mouse fibroblast layer. (d) Ramos cells were treated for 30 min with the Erk1/2 inhibitor PD98059 and then co-cultured with
untransfected mouse fibroblasts for different lengths of time as indicated. (e) Ramos cells were co-cultured with fibroblasts expressing mCD40L. (f) Gel shift assay to show
the effect of sCD40L and mCD40L on NF-kB activation. Lane 1, no cell lysate; lane 2, unstimulated Ramos cells; lane 3, 4 h with sCD40L; lane 4, 8 h with sCD40L; lane 5,4h
with mCD40L and lane 6, 8 h with mCD40L. The shifted band is indicated by the arrowhead to the right.
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Fig. 7. Manipulation of p38 activity causes changes to Bcl-6 expression (a-d) are real-time PCR measurements of Bcl-6 mRNA in Ramos normalised to HPRT at different time
points as indicated. Means + SEM are shown. The right-hand column of each graph represents the measurement of Bcl-6 mRNA in HEK293T cells. This was included as a
negative control. (a) Effect of the p38 inhibitor, SB202190, on expression of Bcl-6 mRNA. (b) Effect of sCD40L. There is an increase of 2-fold over basal expression of Bcl-6. (c)
Effect of BCR cross-linking by anti-IgM on Bcl-6 transcription. (d) Culture of Ramos with fibroblasts expressing CD40L (mCD40L).

clude that Erk1/2 phosphorylation is caused by interactions with
fibroblast surface proteins but there is no induction of IRF4, which
is specifically due to mCD40L (Fig. 6e). sCD40L, therefore, causes
specific activation of p38 with no detectable phosphorylation of
Erk1/2 or Jnk1/2.

IRF4 is activated by the NF-kB pathway (Saito et al., 2007).
We measured NF-kB activation following incubation with sCD40L
or mCD40L using gel shift assays (Fig. 4f). Whilst both ligands
increased NF-kB activation this was greater with mCD40L demon-
strating that under the experimental conditions IRF4 is induced
when NF-kB activity is above a threshold level.

3.5. Effects on Bcl-6 transcription

Next we sought effects on Bcl-6 transcription. The p38 inhibitor
SB202190 produced a reduction in Bcl-6 mRNA (Fig. 7a). sCD40L
causes a 2-fold increase in Bcl-6 mRNA expression (Fig. 7b). The
fibroblast layer alone produced no significant change in Bcl-6
mRNA (compatible with a post-translational effect of phosphory-
lated Erk1/2 (Niu et al., 1998) (Fig. 7c) and mCD40L reduced mRNA
expression as anticipated from the induction of IRF4 (Saito et al.,
2007) (Fig. 7d). We conclude that p38 acts at the level of Bcl-6
transcription.

3.6. Site of action of p38 target genes at the Bcl-6 promoter

p38 acts to phosphorylate and activate a number of transcrip-
tion factors. In order to find the site of action of p38 we carried out
luciferase reporter assays. Bcl-6 promoter assays in Bcl-6 express-
ing cell lines are complicated by a negative autoregulatory effect
(Wang et al., 2002), which suppresses transcriptional activity, and
we, therefore, followed others (Saito et al., 2007) in using 293T
human embryonic kidney cells (HEK293T). HEK293T cells express
low levels of phosphorylated p38, and this can be increased by ani-
somycin (Fig. 8a). We measured luciferase activity due to about
5.5 kb (positions —4904 to +533 relative to the transcription start
site) of the Bcl-6 promoter comprising sequence 4.5 kb upstream
of the transcription start site to exon 1 (Fig. 8b). There was strong
transcriptional activity due to the full-length construct and this was

enhanced a further 25% by anisomycin (paired t-test; p=0.0012).
Inhibition of p38 by SB202190 reduced luciferase activity below
basal levels (not statistically significant), suggesting that there may
be a small amount of resting p38 activity. Deletion of 300 bp from
the 5’ portion of the construct (—4128 to +533) retained transcrip-
tional activity, but the addition of anisomycin no longer produced
significant enhancement. Deletion of exon 1 sequence from the 3’
portion of the promoter construct (—4904 to +239) caused tran-
scription to fall by >60%. Comparison with the constructs possessing
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Fig. 8. p38drives transcription through sequences in the Bcl-6 promoter region. (a)
Western showing time course of p38 phosphorylation in response to anisomycin in
HEK293T cells. (b) Luciferase assays to show the effects of anisomycin and a p38
inhibitor on transcription from a 5.5 kb section of the Bcl-6 promoter ‘+’ indicates
that the transfected cells were exposed to anisomycin and ‘~' indicates absence of
anisomycin. The constructs used are indicated to the left. Means + SEM are shown.
Each experiment was carried out 6 to 10 times with the exception of the p38
inhibitor + full-length construct (2 times) and the exon1 construct + anisomycin (2
times).
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full transcriptional activity is, therefore, difficult and we cannot
exclude a small anisomycin effect. Finally, exon 1 alone had virtu-
ally no transcriptional activity. We conclude that exon 1 with other
sequences in this 5.5 kb region is required for full transcriptional
activity, and that p38 responsiveness is abolished by deletion of
the distal promoter region.

4. Discussion

Germinal centres are sites of intense B-cell proliferation asso-
ciated with somatic hypermutation and isotype-switching. These
processes are necessary for the production of high affinity anti-
bodies but may also contribute to lymphomagenesis. Absent or
dysregulated germinal centre reactions can result in immunodefi-
ciency (Aruffo etal., 1993; Revy et al.,2000) or autoimmunity. There
is a wealth of evidence that Bcl-6 is required for normal germinal
centre function (Dent et al., 1998; Ye et al., 1997) and its overex-
pression in mice is sufficient for the development of lymphomas
(Cattoretti et al., 2005). Mutations of cis-acting Bcl-6 regulatory ele-
ments are associated with human DLBCL (Pasqualucci et al., 2003;
Saito et al., 2007; Wang et al., 2002). Failure or over-activity of the
signalling pathways regulating Bcl-6 can, therefore, have profound
effects on germinal centre function and lymphomagenesis.

Bcl-6 is induced by imatinib in Bcr-Abl cell lines (Deininger et al.,
2000). Utilising this as a model system, we showed that induction of
Bcl-6 is a general effect in Bcr-Abl lymphoid cell lines (and primary
lymphoid blast crisis cells) but not Bcr-Abl myeloid cell lines. In one
Bcr-Abl lymphoid cell line, BV173, the transcription factor FoxO3a
directly induces Bcl-6 (Fernandez de Mattos et al., 2004) but the
MAPK pathways have not been analyzed. We showed that p38, like
Fox03a, is a mediator of the Bcl-6 response to Bcr-Abl Inhibition by
imatinib.

We next transferred our analysis to the B-cell line Ramos,
which has been used before, as a germinal centre representa-
tive, to characterise Bcl-6 regulation (Niu et al., 1998; Saito et
al,, 2007) and somatic hypermutation (Sale and Neuberger, 1998).
We investigated responses to important B-cell signalling pathways
mediated by BCR cross-linking and CD40 stimulation. We found
that BCR cross-linking and mCD40L activated MAPKs, some of
which repressed (Erk1/2) whilst others induced (p38) Bcl-6, and
that the repressive signals were stronger than the inductive (Fig. 9).
By contrast sCD40L activated p38 MAPK but not Erk1/2 or Jnk.

CDA40 signalling is required for germinal centre formation, spe-
cific antibody production and memory B-cell development (Aruffo
etal., 1993; Foy et al., 1994; Nonoyama et al., 1993; Ochs et al., 1994)
and activates p38 (Craxton et al., 1998; Sutherland et al., 1996).
Recent work shows that NF-«kB signalling, caused by CD40 stimu-
lation, mediates down-regulation of Bcl-6 (Saito et al., 2007) and,
by inference, exit from the germinal centre. Thus, apparently oppo-
site roles can be assigned to CD40 signalling in the germinal centre.
mCD40L, which repressed Bcl-6, clearly causes NF-kB activation
but sCD40L, which increased Bcl-6 expression does not activate
this pathway to the same degree in Ramos cells. Gene expression
and immunofluorescence studies show that CD40 signalling does
not occur in most germinal centre cells but is found in a subset of
centrocytes (Basso et al., 2004). We found that phosphorylated p38
was expressed in a minority of tonsillar germinal centre B-cells. We
speculate that signals, either repressing or inducing Bcl-6 are only
active transiently and in small germinal centre populations. p38 is
expressed in almost all mantle zone B-cells, and it is, therefore, not
sufficient for Bcl-6 expression, but is likely to co-operate with other
factors.

Mechanistically, sCD40L and mCD40L may cause different
amounts of CD40 cross-linking or there may be differences in
the kinetics of the ligand-receptor interaction that are crucial

Interleukins

Fig.9. Proposed model for the regulation of Bcl-6 expression as the outcome of weak
positive and strong negative signals. Bcl-6 expression in germinal centre B-cells is
regulated by BCR and CD40 signalling. The strong inhibitory pathways are shown as
heavy lines and the weak activating signals as dotted lines. BCR cross-linking acti-
vates inhibitory Erk1/2 signalling (heavy lines) acting post-transcriptionally (Niu et
al., 1998) as well as p38 (dotted lines) and the overall effect is Bcl-6 down-regulation.
CD40 stimulation also drives pathways inhibiting Bcl-6 transcription by IRF4 (Saito
et al,, 2007) (heavy lines) and increasing transcription by p38 (dotted lines). The
overall effect depends on the quality of the signal: physiological signals equivalent
to membrane bound CD40 ligand inhibit Bcl-6 expression and lead to germinal cen-
tre exit, but signals similar to those delivered by soluble CD40 ligand cause increased
Bcl-6 expression, and continued residence within the germinal centre. Stromal cell
contacts may also down-regulate Bcl-6 through Erk1/2 activation. Interleukins cause
STATS5 activation and increase Bcl-6 transcription (Scheeren et al., 2005). This scheme
is not complete: neither the transcriptional effects of FoxO3a (Fernandez de Mattos
et al., 2004) or the post-transcriptional effects of Bcl-6 acetylation (Bereschenko et
al., 2002) are included.

for the outcome of signalling. Others have also found that dif-
ferent CD40 signalling strengths can produce different outcomes.
In macrophages strong CD40 signalling produced p38 activation
whereas weak signals caused Erk1/2 phosphorylation, and each
produced unique and biologically opposing effects (Mathur et al.,
2004). Soluble CD40 ligand has been suggested to be produced and
have biological roles in primary mouse B-cell development (Kilmon
et al.,, 2007; Wykes et al., 1998).

Using mCD40L we obtained activation of Erk1/2 but culture of
Ramos with untransfected mouse fibroblast cells also produced
phosphorylation of this MAPK family member. Phosphorylation
of Erk1/2 cannot, therefore, be a specific CD40 effect. Previously,
BCR cross-linking has been shown to activate Erk1/2, leading to
ubiquitin-mediated Bcl-6 degradation (Niu et al., 1998). However,
in vivo Erk1/2 may be activated in germinal centre B-cells by cell
contact mediated by receptor-ligand pairs that are not unique to
B-cells. For example, integrin signalling which lowers the thresh-
old for early activation of B-cells (Batista et al., 2007; Carrasco et al.,
2004) may also have a role in the later stages of a germinal centre
reaction.

Finally mice bearing homozygous disruptions of the locus of the
MAPK kinase kinase, Mekk1, have a B-cell autonomous defect in
germinal centre formation and T-dependent antibody responses
(Gallagher et al., 2007). These animals have defective activation
of Jnk and p38. We speculate that the B-cell phenotype of Mekk1
deficient mice is due to reduced or absent induction of Bcl-6 by
p38. Itis interesting that Mekk1 deficient animals (Gallagher et al.,
2007) have increased production of Ty2 cytokines similar to Bcl-6
deficient mice (Dent et al., 1998, 1997; Ye et al., 1997).

The major B-cell stimuli - BCR cross-linking and CD40 ligand -
both activate p38. However, both also strongly activate pathways
repressing Bcl-6: BCR activates Erk1/2 and mCD40L activates IRF4.
The overall effect of BCR signalling and mCD40L signalling is to
reduce Bcl-6 expression and they are likely to have roles in B-cell
exit from a germinal centre. sCD40 ligand activates p38, without
inducing signals repressing Bcl-6, and may mimic signals required
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for maintaining B-cell residence in a germinal centre. There is little
data on p38 expression in primary lymphomas, but DLBCL arising
from follicular lymphoma appear to express phosphorylated p38
(Elenitoba-Johnson et al., 2003).

p38inhibitors have been employed as anti-inflammatory agents
in clinical trials. Bcl-6 is a validated drug target (Chattopadhyay et
al., 2006; Polo et al., 2004) in human diffuse large B-cell lymphoma
and our work suggests that p38 inhibitors may have applications in
this and other Bcl-6 expressing non-Hodgkin’s lymphoma, such as
Burkitt lymphoma.

In summary we show that p38 induces Bcl-6, probably act-
ing in concert with STAT5 and other transcription factors in vivo
(Scheeren et al., 2005) (Fig. 9). It has been impossible using a
variety of growth factor and other signals to induce Bcl-6 in cul-
tured B-cells and a contributory reason for this may be that signals
repressing and inducing Bcl-6 are produced by the same stim-
uli. There may only be restricted circumstances in vivo in which
positive signals predominate and cause Bcl-6 activation, as is sug-
gested by immunocytochemistry of tonsil germinal centres in
which a minority of Bcl-6 expressing cells co-express phosphory-
lated p38.

Future work will elucidate the in vivo signalling requirements
that correspond to sCD40L in our experimental system, and also
define the protein complexes assembled at the CD40 receptor in
response to sCD40L and mCD40L.
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