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ABSTRACT

Gene expression profiling and bioinformatics have emerged into playing a large and diverse role
in many aspects of both the clinical and molecular research. These two approaches have in this
thesis work been used in combination in order to shed light to the role of Bruton’s tyrosine kin-
ase (Btk) in B-lymphocyte development and signal transduction. When Btk is found to be de-
fective and/or non-functional, e.g. due to mutations, these processes are disrupted, giving raise
to the primary immunodeficiency disease X-linked agammaglobulinemia (XLA) in humans and
X-linked immunodeficiency (Xid) in mice. Gene expression profiling has been used on both
resting, primary splenic B-cells, with Btk-defective mice in comparison to a normal strain, as
well as Epstein-Barr Virus (EBV) transformed peripheral B-lymphocytes from both XLA
patients and healthy individuals. Differences as well as similarities in gene expression pattern
not only within experiments, but also between B-cell lines compared to resting B-cells and
whole primary splenic B-lymphocytes compared to purified transitional type 1 (T1) B-cell
splenocytes, have been distinguished. Several potentially interesting genes, both of known and
unknown character, have been discovered to be differentially expressed in a Btk dependent
manner. Microsomal epoxide hydrolase (MEH), Ionized Ca®" type 1 (Ibal) and CD9 are three
examples of genes found in the gene profile from Btk-defective mice. These genes have also
been confirmed on protein level. Also, four Expressed Sequence Tags (ESTs) have been
annotated and characterised by the use of bioinformatics tools. The gene expression profiling
technology, in combination with bioinformatics and conventional biochemistry, has enabled the
search for new target molecules in B-lymphocyte development and signalling in the context of

Btk.
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1 INTRODUCTION

An intact B-cell development is of crucial importance for a fully functioning immune system.
Many key molecules assure that this is sustained, since disruption can cause a range of diseases
of varying severity. X-linked agammaglobulinemia (XLA) is a primary immunodeficiency
disease caused by disruption in the B-cell differentiation path. Patients with XLA are lacking
mature and antibody producing B-lymphocytes that are of great importance for a healthy
immune system. The developmental block in XLA is caused by mutations in the gene Bruton’s
Tyrosine Kinase (BTK). The significance of a functional BTK gene in B-cell development is
clear but its precise role is still largely unknown. By the use of gene expression profiling,

attempts have been made to clarify the function of Btk in XLLA and B-lymphocyte development.

1.1 B-LYMPHOCYTE DEVELOPMENT AND DIFFERENTIATION

Haematopoietic stem cells are thought to progress through an irreversible cascade of differ-
entiation steps as they commit to a particular cell lineage. This is a very complex process that
depends on a number of B-cell intrinsic factors that need to be expressed as well as extrinsic
components found in the local environment at the time of commitment. B- and T- lymphocytes
provide long-term immunological memory as well as highly specific effector functions in the
immune defence to foreign antigens. For that purpose they carry antigen-specific receptors, the
ligation of which regulates diverse responses such as proliferation, differentiation and cell death
depending on their developmental stage and the microenvironment context. For B-cells, there
are two major phases of development (Figure 1); an initial phase that is antigen independent and
in which a diverse repertoire of antigen specific B-cells develops in the bone marrow. The
second phase occurs when B-cells are stimulated by antigen to undergo clonal expansion in the

peripheral lymphoid system.

The human body contains approximately 2 x 10> lymphocytes, of which 5-15 % are B-cells.
During B-lymphocyte development in the bone marrow (initial phase), each B-cell randomly

rearranges its Immunoglobulin (Ig) gene segments to form one complete, productive heavy-
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chain gene and one complete, productive light-chain gene. This is to ensure that all B-cell
receptors (BCRs) on a single B-cell have the same antigen-binding site, whereas the total

population of generated B-lymphocytes has a diverse repertoire of antigen-specific antibodies.
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Figure 1. Schematic overview of the B-cell devel opment.

During the second phase of B-lymphocyte development, taking place in the peripheral lymphoid
organs such as the lymph nodes and the spleen, the immature B-cell that recognises self-antigen
initiates strong BCR signalling resulting in receptor editing or apoptosis. The cells that survive
this step are further selected for development into transitional B-cells (T1 and T2). Transitional
B-lymphocytes leave the bone marrow and differentiate into mature circulating B-cells. These
transitional B-lymphocytes must then pass through multiple checkpoints before entering the
mature B-cell pool. Thus, before becoming mature B-lymphocytes, the transitional B-cells are
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either selected to the follicle or the mantle zone. The follicular B lineage cells recirculate con-
tinuously and at the same time they are being enriched for specificities common to T-dependent
antigens. Mantle zone B-cells, on the other hand, are static and enhanced for specificities
common to T-independent antigens. The mature B-lymphocytes then circulate throughout the
body and encounter foreign antigens. In addition to activating B-cell immune effector functions,
signalling through the BCR also regulates B-cell development, survival and elimination of auto-
reactive B-lymphocytes. Signal transduction through the BCR is an absolute requirement for the
selection and development of B-cells at multiple checkpoints. The outcome of B-lymphocyte
survival and differentiation or cell death depends on the maturation state of the B-cell, the level

and duration of the BCR signal and also on signals from other receptors e.g. CD19 and CD40.

1.2 PRIMARY IMMUNODEFICIENCIES

The different B-lymphocyte developmental stages express various important signalling com-
ponents, many of which when constitutively active, non-functional or absent cause disease. One
of such diseases is the primary immunodeficiency disease XL A, which was discovered in 1952
by Dr. Ogden C. Bruton (Bruton, 1952). With the revealing of the underlying molecular basis
for the disease, more than 100 other primary immunodeficiencies and their target genes have
been described in the literature. These disorders involve components of both the adaptive and
innate immune system, including T- and B-lymphocytes, phagocytic cells and various comple-
ment proteins. In general, the T-cell deficiencies are clinically more severe than those associated
with antibody deficiency disorders. In the absence of treatment, those affected by defective
cellular immunity, rarely survive beyond infancy or childhood. As with the T-cell immuno-
deficiencies, the spectrum of antibody deficiency disorders is broad, ranging from the most
severe type, with next to absent B-cells and Igs, to patients having selective isotype defects, to

those with almost normal Ig levels in the serum.

The primary immunodeficiencies are characterised by defects of specific functions of the
immune system, most often manifested by increased susceptibility to infections. The disorders,

although rare, provide a wide spectrum of defects, where the antibody deficiencies represent the
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most common types of primary immunodeficiencies in humans (Ochs et al., 1998). In B-cell
deficiencies, the symptoms often do not appear until 9-12 months of age, since the patient has
acquired protective levels of Ig from the mother. In addition to a high susceptibility to infections
certain antibody deficiency disorders are associated with other features in their clinical presen-
tation, e.g. autoimmunity and malignancies. During the last decade, many of the genes involved
in antibody deficiencies have been identified and this has led to a better understanding and

elucidation of the B-lymphocyte development and the differentiation pathways coupled to this.

1.2.1 XLA (X-linked agammaglobulinemia)

XLA patients present a vast number of distinct mutations in the BTK gene (Lindvall et al., 2005;
Vihinen et al., 1997; Vihinen et al., 1995; Vihinen et al., 1999) all of which affects their B-cell
development and differentiation (Campana et al., 1990; Noordzij et al., 2002). The XLA
patients display a partial block between the pro-B- and pre-B-lymphocyte stage and also a
complete block at the mature B-cell stage, leaving the patients without any antibody producing
B-cells (Campana et al., 1990; Noordzij et al., 2002). Therefore the patients exhibit suscept-
ibility to bacterial infections, due to virtually absent humoral immune responses (Lederman
and Winkelstein, 1985; Rosen et al., 1984a; Rosen et al., 1984b). As XLA is inherited in an X-
linked fashion, female carriers are found healthy but display non-random X-chromosome in-
activation, which is limited to B-cells. For several years the existence of a genotype-phenotype
correlation remained elusive. However, in a recent review it was demonstrated that there in fact
exists such a correlation, since missense mutations are highly restricted in XLA with only

certain residues being sensitive (Lindvall et al., 2005).

Approximately 1 in every 200,000 male is affected with XLA (Sideras and Smith, 1995). B-
lineage cells in all organs are affected, resulting in a reduced size of lymph nodes and tonsils.
The onset of infections typically occurs during the later part of the first year of life (Ochs and
Smith, 1996; Sideras and Smith, 1995) and there is an almost total absence or a marked
deficiency of serum Igs in the patients (Smith and Notarangelo, 1997). The commitment of

haematopoietic stem cells to the B-cell lineage seems unimpaired, but the B-lymphocyte
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development is arrested at the cytoplasmic [ pre-B-cell stage (Campana et al., 1990; Noordzij
et al., 2002). The percentage of circulating B-cells is reduced or extremely low. The severity of
the block is variable, as some patients have near normal numbers of pre-B-cells. Nevertheless,
these pre-B-lymphocytes are defective in their proliferative capacity, accounting for the paucity
of mature B-cells in the periphery of these patients (Campana et al., 1990). However, pro-B-cell
numbers in the bone marrow are normal or even increased (Campana et al., 1990; Noordzij et
al., 2002). The defect is B-cell intrinsic not affecting T-lymphocytes and other lymphoid sub-
populations, which appear in normal numbers (Smith and Notarangelo, 1997). Lymphoid tissues
show absence of plasma cells, lymphoid follicles and germinal centers. The treatment for XLA
remains the same as the one Dr. Bruton himself introduced in the 1950s, a combination of
gammaglobulin substitution and antibiotics, which leaves most patients with few severe

infections with this regular treatment.

1.2.2 Xid (X-linked immunodeficiency)

Mice also have a B lineage-specific defect originally described in the CBA/N strain (Scher et
al., 1975a; Scher et al., 1975b). These Xid mice have a missense mutation at a conserved
arginine residue within the Btk PH domain, an R28C mutation (Rawlings et al., 1993; Thomas
et al., 1993). The disease in mice is milder than its human counterpart XLLA where only a partial
block between the pre-B- and mature B-lymphocyte stage is found (Hendriks et al., 1996; Khan
et al., 1995). Thus, the mice exhibit a leaky effect of mature B-cells although they are Btk
defective. Xid mice have half to a third the number of conventional follicular B-cells (B2 cells)
of normal wild-type mice, and a severe reduction of the B1 subpopulations that predominates
the peritoneum (Hardy et al., 1984). Analysis of the immune defects in Xid show that I[gM and
IgG3 subfractions of antibodies are clearly reduced (Wicker and Scher, 1986). B-lymphocytes
from these Btk defective mice show a high rate of spontaneous apoptosis €x vivo and they are
unresponsive to activation by mitogenic anti-Igs as well as thymus-independent type II antigens
(Klaus et al., 1997; Mosier et al., 1977; Scher et al., 1976; Scher et al., 1975b; Sieckmann et al.,
1978).
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1.3 BTK (BRUTON'S TYROSINE KINASE)

1.3.1 The BTK gene

In 1993, two independent groups simultaneously identified the BTK gene (Tsukada et al., 1993;
Vetrie et al., 1993). The mouse Btk gene was cloned concurrently as its human counterpart and
the amino acid sequence was found to be 98.3 % identical to the human sequence (Rawlings et
al., 1993). Also, the genomic organisation was established to be alike in the two species (Sideras
et al., 1994). It was shown that the BTK gene encodes the cytoplasmic protein kinase affected in
XLA in humans and Xid in mice. BTK has been mapped to the long arm of the X-chromosome
in the region Xq21.3-22 and is composed of 19 exons ranging from 55 to 560 bases, spanning a
genomic region of about 38 kb (Figure 2). The first exon contains a 5’ untranslated region
whereas the following eighteen exons codes for the Btk protein. Exon 19 is the longest enclos-
ing the end of the catalytic region of the protein and also encompasses a 3’ untranslated

sequence (Sideras et al., 1994; Smith et al., 1998; Smith and Notarangelo, 1997).

Chromosome Xq22.1

Centromere < 500 Kb >
TIMMSA RPL36AL
< ~ = = -
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<
<&
<

36 Kb

Figure 2. The genomic composition of BTK.

1.3.2 Cell biology of Btk
Btk belongs to the Tec family kinases, which also includes Txk, Bmx, Tec and Itk as its

members (Lucas et al., 2003; Mano, 1999; Qiu and Kung, 2000). The Tec family kinases are
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characterised by the presence of a Pleckstrin homology (PH) domain followed by a Tec
homology (TH) domain N-terminal from the following Src homology (SH) domains [reviewed

in (Smith et al., 2001)].

Btk is, from the N-terminal, built up by a PH domain, a TH domain followed by three SH
domains, SH3, SH2 and SH1 the latter also called the kinase or catalytic domain (Figure 3). The
Btk protein comprises 659 amino acids with a molecular weight of 77 kDa (Rawlings et al.,
1993; Tsukada et al., 1993; Vetrie et al., 1993). Btk is present in all haematopoietic cells, but is
selectively down-regulated in plasma cells and T-lymphocytes (Smith et al., 1994). Expression
of Btk has also been detected at all stages of B-lymphocyte development (de Weers et al., 1993).

1.3.3 Btk in signalling

Various proteins, both in vitro and in vivo, have been identified to interact with the different
domains of Btk (Figure 3). The different interaction partners vary from cytosolic proteins to
nuclear transcription factors, equipping the Btk protein with a diversity of functions and placing
it as a component of multiple signalling pathways where the BCR pathway is the most eluci-
dated. Although in the last decade relatively much has been learned about events related to BCR
signalling, the precise role of Btk in this pathway remains poorly understood. Nevertheless,
there is now overwhelming evidence indicating that expression of Btk is indeed critical for
several key steps in the life cycle of B-lineage cells including proliferation, development, dift-
erentiation, survival and apoptosis (Gauld et al., 2002; Islam and Smith, 2000; Satterthwaite et
al., 1998). Following antigen engagement of the BCR, tyrosine residues assembled into the so-
called immunoreceptor tyrosine-based activation motif (ITAM) in the cytoplasmic tails of
Iga/Igf heterodimers are phosphorylated by members of the Src family kinases, creating
docking sites for non-receptor tyrosine kinases and adaptor proteins (Borst et al., 1993;
Burkhardt et al., 1991; Cambier et al., 1994; Hutchcroft et al., 1992; Reth, 1989; Reth, 1992;
Reth and Wienands, 1997). In addition, as a result of phosphoinositide 3-kinase (PI3K) acti-
vation, phosphatidylinositol-3,4,5-triphosphate (PIPs) levels in the inner surface of the plasma

membrane surge leading to the PH domain-mediated plasma membrane translocation of Btk
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(Mohamed et al., 1999; Nore et al., 2000; Salim et al., 1996; Scharenberg et al., 1998; Varnai et
al., 1999).
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Figure 3. The modular structure of Btk. Schematic presentation of the different domains and
their interacting molecules both in vivo and in vitro.

In addition to the BCR, activation of Btk can also occur following the stimulation of a diverse
array of cell surface receptors (Figure 4), the common denominator of which is the generation of
PIP; (Nore et al., 2000). The first event occurs at the plasma membrane, where members of the
Src family kinase phosphorylate Btk at a key tyrosine residue in the activation loop of the kinase
domain (Y551). This is followed by an autophosphorylation event at the Y223 residue in the
SH3 domain (Park et al., 1996; Rawlings et al., 1996). Secondly, phosphorylated Btk recruits
the adapter B-cell linker protein (BLNK also known as SLP-65 or BASH) together with
phospholipase C-y2 (PLC-y2) to the plasma membrane bringing them in close proximity to Syk
where tyrosine phosphorylation of both proteins occurs (Rodriguez et al., 2001).
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Figure 4. Schematic overview of known Btk signalling processes.

Thirdly, phosphorylation and subsequent activation of PLC-y2 leads to the hydrolysis of the
phosphoinositide PtdIns(4,5)P, (PIP,) to produce Ins(1,4,5)P; (IP3) and diacylglycerol (DAG)
causing calcium mobilisation and Protein kinase C (PKC) activation, respectively (reviewed in

(Kurosaki, 1999)).

Accordingly, cells that are impaired or deficient in Btk activation have been shown to virtually
lack BCR-dependent intracellular calcium mobilisation (Fluckiger et al., 1998; Genevier and
Callard, 1997; Takata and Kurosaki, 1996). Plasma membrane signalling of Btk is believed to
occur predominantly in the cholesterol/sphingolipid-rich environment [J the lipid rafts and/or

caveolae where other potential signal transducing molecules also gather to form the so-called
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Btk-signalosome, which is composed of the Btk protein together with BLNK and PLC-y2
(Fruman et al., 2000; Guo et al., 2000; Vargas et al., 2002). Notably, Btk signalling at the
plasma membrane also involves events in the cytoplasm and the nucleus (e.g. (Antony et al.,
2003; Baba et al., 1999; Backesjo et al., 2002; Bajpai et al., 2000; Lindvall and Islam, 2002;
Petro et al., 2000; Rajaiya et al., 2005; Webb et al., 2000). To this end, signal transduction in-
volving Btk has been shown to be critical in the activation of the transcription regulator nuclear
factor (NF)KB following engagement of the BCR and Lipopolysaccharide (LPS) stimulation of
the Toll-like receptors (Bajpai et al., 2000; Horwood et al., 2003; Petro et al., 2000). Moreover,
additional transcription factors have been shown to be direct targets of Btk further reiterating its
role in gene expression and regulation (Kikuchi et al., 2000; Novina et al., 1999; Rajaiya et al.,
2005; Webb et al., 2000; Yang and Desiderio, 1997). Our lab and others have also shown that
through direct modulation of the activity of small GTPases, Btk can induce robust cytoskeletal

remodelling in stimulated cells (Inabe et al., 2002; Nore et al., 2000).

Jessica M. Lindvall
10



Stockholm 10/07/05

2 THE MICROARRAY TECHNOLOGY

The wealth of genomic information that were brought along after the completion of sequencing
the human genome in 2001 (Lander et al., 2001; Venter et al., 2001) enables researchers to study
the expression and function of every gene in the human body. In 2004 the International Human
Genome Sequencing Consortium estimated the number of protein-coding genes present in the
human genome to be 20,000-25,000 (Consortium, 2004). The question now arising is: How
does one ever begin to simultaneously analyse this many genes in one experiment? One answer
is by the use of the microarray technology. The use of gene expression profiling was first pub-
lished in 1995 (Schena et al., 1995) and has since rapidly grown into a state-of-the-art technique
used by a variety of different research areas. A microarray can be thought of as a miniaturised
gene hybridisation— or detection— array. Individual microarray assays are measured in microns
where the range of such an element can be as small as Sum and up to 200pum depending on the
type of array. Each element contains a DNA sequence from one gene and is used to measure the
expression of its corresponding messenger RNA (mRNA) in a sample. There are now many
different types of microarray platforms to choose from when considering a gene expression

profiling project and two of the most common approaches are in brief described below.

2.1 COMPLEMENTARY DNA ARRAYS

One of the most widely used microarray technologies is the complementary DNA (cDNA)
arrays where full-length cDNA clones are spotted either on filters or on specially coated glass
slides. The full-length cDNA clones are helpful in enabling stringent hybridisation conditions
and lowering cross-hybridisation of unrelated genes, although closely related gene families will
still be able to anneal to some extent. The cDNA spotted arrays requires simultaneous analysis
of two biological samples, a test and a control, each labelled with a different fluorescent dye
(Cy3 (green) and Cy5 (red), respectively). Advantages using the spotted cDNA arrays are
several, one of them being the low cost in comparison to the commercial Affymetrix high-

density short oligonucleotide array technology.
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2.2 SHORT OLIGONUCLEOTIDE ARRAYS

The short oligonucleotide array technology has been commercially available for several years
and was first reported in early 1990 (Fodor et al., 1991). With complex eukaryotic genomes,
there might be problems with cross-hybridisation of the oligonucleotides to unrelated probes
due to the short length of the target sequence. The use of several oligonucleotides per gene or
transcript helps to eliminate this problem. A major challenge for oligonucleotide arrays is the
need for adequate design of gene-specific oligonucleotides with optimal sensitivity. Some oligo-
nucleotide arrays, e.g. the GeneChips” from Affymetrix (described below), use a technology
that takes advantage of the hybridisation specificity when using short oligonucleotides. It also
makes use of, in contrast to the spotted cDNA arrays, the so-called “one sample, one chip”
approach. However, the short oligonucleotide arrays have been criticised for a lack of sensitivity
due to that a single capture probe is not always sufficient to distinguish the expression of a

particular gene.

2.2.1 Affymetrix GeneChip© arrays

http://www.affymetrix.com/index.affx

The GeneChipD arrays (Lipshutz et al., 1999; Lockhart et al., 1996) are high-density short
oligonucleotide arrays, which contain both known genes and so-called expressed sequence tags
(ESTs). ESTs are short sub-sequences of expressed DNA and are synthesised using mRNA as a
template. Short oligonucleotides are ordered by chemical synthesis (Chee et al., 1996; Fodor et
al., 1991). The oligonucleotide probes are shorter than the DNA probes used in e.g. cDNA
arrays where 100-2000 bases are used instead of 25mers in the Affymetrix GeneChipD tech-
nology. The 25mer probe length confers high specificity and the use of multiple probes provides
for high sensitivity and reproducibility. Eleven to twenty probe pairs are routinely used for each
expression measurement. Affymetrix GeneChipEI arrays have several advantages. One is the
comparatively smaller feature size, permitting the assaying of larger numbers of transcripts in
a single experiment. The advantages of designer probe sequences allow uniform hybridization

behavior and the ability to distinguish closely related sequences, thereby enriching transcript
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quantitation. Current densities of commercially available Affymetrix GeneChipIj arrays allow

measurements of up to more than 56,000 probe sets on one single array for the human genome.

2.2.1.1 The Affymetrix technology

The Affymetrix microarray consists of a silicon slide with 25mer oligonucleotide sequences
“built ” directly onto the surface using the same technology that revolutionised the micro-
processor industry — photolithographics (Fodor et al., 1991). In essence, the power of light is
harnessed to catalyse intermolecular reactions in building the oligonucleotide chains, thereby
producing the smallest feature size on the market (Lockhart et al., 1996). Chemical building
blocks (hydroxyl-protected deoxynucleosides) are incubated with the surface, and chemical
coupling occurs at those sites that have been illuminated in the preceding step. The following
step requires light to be directed to different regions of the substrate using a new mask, and the
chemical cycle is repeated. Random polynucleotides can thus be synthesised in a highly specific
manner at defined locations. Also, the GeneChipD array has multiple independent detector
probes built onto its surface for each targeted mRNA. This improves the signal-to-noise ratios
and the dynamic range of detection, as well as minimising cross-hybridisation effects. It also
helps to ensure the performance of the array. An additional redundancy comes from the use of
mismatch control probes identical to the perfect match partners with the exception of a single
base difference located in a central position. The mismatch probes serve as controls for specific
hybridisation and they facilitate the direct subtraction of background and cross-hybridisation
signals. Probes are selected from novel gene-specific sequences with optimal hybridisation be-
havior, biased toward the 3' end (to enhance information collection from samples using poly-A
extraction methods) and avoiding palindromes. If the probes are properly designed, each probe
will hybridise to mainly one specific sequence. In initiating the Affymetrix protocol, total RNA
is isolated and used as a template for double-stranded cDNA creation by a linear reverse
transcriptase polymerase chain reaction (PCR) using poly-T primers containing a T7 RNA
polymerase promoter sequence. The cDNA is then transcribed and labeled with biotin by in
vitro transcription using T7 RNA polymerase. The biotin-labelled RNA is then hybridised to

the array, which is stained with phycoerythrin-conjugated streptavidin prior to the scanning. A
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grid is automatically laid over the array image and the intensities of each probe pair are used to
make expression measurements. The general idea of the Affymetrix method (or short

oligonucleotide arrays) is outlined in Figure 5.
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Figure 5. Affymetrix GeneChip” oligonucleotide arrays.

2.2.1.2 Affymetrix data analyses
Differences between perfect match and mismatch intensities as well as between perfect match
and background intensities are used to calculate the Change p-value by the Wilcoxon’s signed

rank test. Also the level of photomultiplier saturation for each probe pair is evaluated where any
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saturated probe cell is rejected from the analysis. The Change p-value ranges from 0.0 to 1.0
providing an estimate of the likelihood and direction of the change. For values close to 0.5, true
change in the level of expression between the two RNA samples is unlikely, while values close
to 0.0 indicate probability for an increase in gene expression level in the experimental array
compared to the baseline array, whereas values close to 1.0 indicate likelihood for a decrease in

gene expression level in the experimental array.

The Signal Log Ratio algorithm is used to estimate the measure and the direction of change of a
transcript when two arrays are compared. Each probe pair on the experimental array is com-
pared to the corresponding probe pair in the baseline array and the Signal Log Ratio is calcu-
lated using a One-step Tukey’s Biweight method. This process eliminates differences due to
different probe binding coefficients. The base 2 log scale is used, translating the Signal Log
Ratio of 1.0 to a 2-fold increase in the expression level and of -1.0 to a 2-fold decrease. No
change in the expression level is thus indicated by a Signal Log Ratio value 0 i.e. the

transcript is found to have the ratio of 1 in the Comparative analysis.

2.3 EXPERIMENTAL DESIGN

Good experimental design in a microarray project requires the same principles and practices that
are part of any scientific investigation. Appropriate controls are the foundation to any well-
performed experiment. Both positive and negative controls can provide confidence in the results
and even provide insight into the success or failure of the experimental protocol. Sufficient
replicates should be planned to decrease experimental error and to provide statistical power.
Another consideration is whether to pool samples or not. Pooling samples is often considered
when RNA is in limited supply, or to minimise the effects of biological variation. Pooling is a
debated issue since more errors can be introduced into the data. However, is it has recently been
demonstrated that pooling RNA from an increased number of subjects can reduce the number of
microarrays required, without any loss of precision (Kendziorski et al., 2003; Peng et al., 2003).
Consideration regarding the experimental parameters is a must, so that whatever treatment, time,

dose, individual, or tissue location is being studied, the results will be interpretable with
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minimum number of confounders. Also, attention to the conventional but critical statistical and
data analyses elements of a microarray experiment is needed in order to assure the very best

outcome possible of the results.

2.4 SYSTEMS BIOLOGY

Although the scale of the transcriptomic experiments are impressive and researchers now have
access to quantities of data that would have taken years to obtain in the past we now face the
need to create means for interpreting the data. The construction of such methods requires a sys-
tematic approach that is built on concepts and techniques learned from other scientific disci-
plines such as mathematics, physics, stochastic processes etc. All of this knowledge wrapped up
together with biology is what now is called systems biology. Systems biology takes advantage
of computational methods to acquire and analyse interaction networks, such as gene expression
pattern results, with the goal of mapping networks and finding patterns of regulation within
them. Thus, although systems biology is dependent on gene expression profiling (as well as
other high throughput technologies) for data generation, it encompasses the design and the use
of analysis tools as well as the development of new ways to represent the data that are both
meaningful and allow insight. For a more general overview and introduction on the topic system
biology and bioinformatics see (Aderem, 2005; Ehrenberg et al., 2003; Vihinen, 2003). Another
subject, as the volume of microarray data continues to expand, is the increasing need for accept-
ed standard operating procedures and coordinated data deposition. The MGED (Microarray
Gene Expression Data) Society exists to encourage MIAME (Minimum Information About a
Microarray Experiment) compliance (Brazma et al., 2001) (guidelines can be found at
http://www.mged.org/index.html), so that microarray data from different laboratories and

platforms can be unambiguously interpreted and independently verified.

2.5 NORMALISATION
In order to compare one microarray to another, removing the systematic variation found in each

array is necessary. Systematic differences can arise due to experimental factors such as sample
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preparation, feature location, arrays, and fluorescent labelling efficiencies as well as various
interactions of these effects. Thus, normalisation is a critical initial step to balance the individual
signal intensities across the experimental factors while maintaining the class effect of interest.
The normalisation procedure will affect different microarray experiments to different extents.
Problems with the normalisation process exist and one of them is the recognition of the source
of systematic bias. When normalising the data, there is a strong possibility that some of the
biological information will be removed. The normalisation process should therefore be kept to a

minimum.

2.6 DATA ANALYSIS

Data analysis is perhaps the most critical aspect of a microarray experiment and the least under-
stood by the majority of biologists. Many different analytical approaches have been developed
to achieve sensitivity in detecting gene changes while also providing a measure of statistical
significance and likelihood of error. Measures of statistical significance can be made across
multiple biological and technical replicate microarrays. The complexity of the data and stat-
istical analysis requires the use of sophisticated visualisation— and analysis— software. The aim
of a microarray experiment is usually to identify differentially expressed genes, with a measure
of statistical significance. Most microarray experiments are designed with only one categorical
factor (e.g. treatment or genotype), so the statistical analysis is often based on the t-test. Experi-
ments with multiple categorical factors (e.g. genotype and time) require methods based on the
analysis of variance (ANOVA). Once the data are appropriately normalised, it is common
practice to consider a univariate testing problem for each gene and calculate t-statistics. The t-
statistic tests the null hypothesis of equal mean expression levels in the two samples (e.g. treat-

ment and control).

One of the challenges in interpreting microarray data is to group genes on the basis of similar
regulation and function, or similar cellular state and biological phenotype. The idea is that genes
that cluster together might contribute to the same biological pathway. Clustering is an explora-

tory method that can give valuable insight into the underlying relationships that are otherwise
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not readily found in the data and thus can suggest interesting hypotheses concerning the relation-
ships. Identification of unknown classes of co-regulated genes using whole-genome expression
profiles [unsupervised learning e.g. cluster analysis using hierarchical clustering (Eisen et al.,
1998)] or classification into known classes of functionally or structurally related genes (super-
vised learning, discriminant analysis) are two common techniques used in microarray experi-
ments. Supervised methods require the genes or conditions to be associated with labels that
provide information about a pre-existing classification. This information comes from outside the
microarray experiment and might include knowledge of gene function or regulation, disease
subtype or tissue origin of a cell type. This classification information is used to drive the
analysis of the microarray experimental results and thus (in a sense) ‘supervises’ the analysis.
Unsupervised methods, however, require no additional information besides the expression data
itself. They are geared towards the discovery of patterns in the data, unbiased by outside know-
ledge. Not surprisingly, unsupervised methods are used for exploratory tasks, whereas super-
vised approaches are used to address more direct questions (e.g. can the microarray data be used

to predict accurate labels for new genes?).

2.7 DATA VALIDATION

The biomedical research community does not yet accept that microarray data can stand alone,
without independent validation. Quantitative Real-Time PCR is commonly used to confirm
mRNA levels, as it has higher sensitivity and lower RNA requirements than Northern blot. We
and other have demonstrated that genes with relatively high expression and at least 2-fold reg-
ulation are likely to be validated using Real-Time PCR technology (Islam et al., 2002; Lindvall
et al., 2004; Rajeevan et al., 2001). Also, while mRNA reflects the functional state of the cell, it
is the proteins, which ultimately carry out the instructions of the genome. Translation of mRNA
into protein may be controlled independently of transcription and proteins may undergo post-
translational modifications that alter their function. Therefore, to describe a biological event or
system, gene expression data obtained by microarray analysis must be extended to the study of

protein products e.g. by the use of Immunoblotting (see below). Defining the functions of
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differentially expressed genes may be considered the ultimate validation of microarray data e.g.

invitro or in vivo experiments.

2.8 BIOLOGICAL APPLICATIONS

As the types and numbers of applications for microarray experiments are quite variable and
constantly increasing, gene expression profiles utilised to monitor the expression level of genes
in comparison between two conditions, remains one of the most widespread uses of the tech-
nology. The results from such studies could be observed as up- or down-regulation, or un-
changed during particular conditions. The technology has also been used to identify novel target
genes. On a basic scientific level, gene expression profiling is exercised to map the cellular,
regional, or tissue-specific localisation of genes and their corresponding proteins. The micro-
array technology has been widely used in studies of lymphomas and solid tumours, drug res-
ponse studies as well as basic research in immunology (Alizadeh et al., 2000; Clarke et al.,
2004; Islam et al., 2003; Islam et al., 2002; Villeneuve and Parissenti, 2004). Other examples
where microarrays have been used in order to study the transcriptome are: at the cellular level to
map genes that are distinguished between different types of immune cells (Shaffer et al., 2001);
at the sub-cellular level to map genes that encode membrane or cytosolic proteins (Ding et al.,
2005; Fruman et al., 2000; Lindvall et al., 2004) and at the tissue region level to identify genes
which are expressed in e.g. muscle, liver, or heart (Islam et al., 2003; Kim and Park, 2005;
Lundholm et al., 2004; Nikawa et al., 2004; Sarang et al., 2003; Watanabe et al., 2005;
Yanagawa et al., 2005). Because dozens, hundreds and sometimes even thousands of genes and
proteins are involved in a given cellular activity, understanding how these genes work together
and how these expression patterns overlap is critical for the knowledge on how genomes from

different species function.
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3 MATERIAL AND METHODS

3.1 EBV (EPSTEIN-BARR VIRUS) TRANSFORMATION

Epstein-Barr Virus (EBV) establishes a persistent latent infection in peripheral B-lymphocytes
in humans and is associated with a variety of malignancies and proliferative disorders
(Baumforth et al., 1999; Iwatsuki et al., 2000). Latent membrane protein 2A (LMP2A) is a viral
protein expressed in latently infected B-cells. In EBV transformed B-lymphocytes grown in
vitro, the LMP2A functions to block the BCR signal transduction, preventing normal calcium
flux and the accumulation of tyrosine-phosphorylated proteins following BCR cross-linking
(Longnecker and Miller, 1996). B-lymphocytes infected with EBV in vitro are immortalised and
subsequently termed lymphoblastoid cell lines (Levitt et al., 1984). EBV will infect any resting
B-cell, driving it out of the resting state to become an activated proliferating lymphoblast.
Haematopoietic experimental studies often make use of EBV transformed B-lymphocytes and
has also provided us with a tool in order to study the gene expression profile in XLA patient B-
cells. EBV transformed peripheral blood B-lymphocytes were used from three independent
controls and two XLA patients with known BTK mutations (Paper I).

3.2 B-CELL SPLENOCYTES

Splenic B-cells were purified from age and sex matched Xid/CBA (obtained from Charles River
Laboratories, Sweden), Btk KO/CBA (Btk KO/CBA were created by back-crossing Btk
KO/SW129 mice (Khan et al., 1995) on CBA background strain for nine generations) and
normal CBA mice (wild type) (Paper 11). B-cell splenocytes were also collected from 1-week-
old CBA mice (wild type), Xid/CBA mice and Btk KO/CBA mice. In the spleens of one-week-
old mice, all B-lymphocytes are of T1 origin (Loder et al., 1999). For the CBA control group an
average of seven mice were used, whereas for the Xid and Btk KO groups nine respectively
fifteen mice were taken in order to obtain 100 ng total RNA for the microarray experiments.
CD19+ (PE-conjugated rat anti-mouse-CD19 antibodies) B-cells were sorted in order to obtain
the T1 B-cell population. The purity of the cells was >92% (Paper 1V).
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3.3 RNA PREPARATION

EBYV transformed B-cells were cultivated under normal culture conditions and RNA was pre-
pared using the Atlas™ RNA labelling kit from Clontech as at the time was recommended by
the supplier. Polyadenylated (Poly A") mRNA was prepared from 40 pg of RNA with the
Clontech kit. This RNA preparation method was used for all RNA extractions prior to both the
filter arrays and the Affymetrix GeneChip"~ hybridisations (Paper ). For the hybridisations of
the mouse U74Av2 GeneChip" arrays, RNA from whole splenic B-cells was prepared using the
TRIzol method as directed by Gibco. A total of 10 pg total RNA was used in the hybridisations
of the mouse U74Av2 GeneChip"~ arrays (Paper 11). For the Real-Time PCR experiments, total
RNA from splenic B-cells (both unstimulated and stimulated) was extracted with the Qiagen
RNeasy Mini kit. Total RNA (100 ng) from the T1 B-cells was extracted using the Qiagen
RNeasy Mini kit and hybridised to the Mouse 430 2.0 GeneChip" arrays (Paper V).

3.4 IMMUNOBLOTTING

Immunoblotting is a technique for analysing and identifying proteins. The proteins are
separated by electrophoresis in a polyacrylamide gel, and then transferred (blotted) onto a
nitrocellulose membrane, where they bind in the same pattern as they formed in the gel. The
antigen is overlaid first with a primary antibody, and then with a secondary antibody (anti-
immunoglobulin or protein A) labelled with an enzyme (in our case; horseradish peroxidase).
The horseradish peroxidase conjugated antibody can easily be detected with a chemi-
luminescence substrate, producing luminescence (photon) signals that can be detected by a
phosphoimager instrument or with photography film. This technique was used as a

conformational method in Paper |1.

3.5 FLOW CYTOMETRY
Flow cytometry enables subpopulations of lymphocytes to be identified and quantitated by
utilising monoclonal antibodies to various cell surface antigens. We have measured the quantity
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of CD9 protein in total splenic B-cells from immunocompetent control mice and Xid mice

(Paper 11).

3.6 QUANTITATIVE REAL-TIME PCR

Real-Time PCR is a widely used method for gene quantitation. It has a large dynamic range and
has tremendous sensitivity as well as it can be highly sequence specific with little or no post-
amplification processing. We have used the TagMan chemistry together with the Comparative
C (27“") method in order to calculate the changes in gene expression as a relative fold change
difference between the experimental sample and the calibrator (Paper I1). The ribosomal RNA

18S has been used as the endogenous control.

3.7 FILTER ARRAYS

Clontech Atlas™ Human Hematology/Immunology arrays, containing 588 genes, were
hybridised to 32P labelled cDNA probes prepared from EBV transformed B-cells from both

healthy individuals and XLA patients. The hybridisations were performed according to the
manufacturer's instructions. The filters were exposed to films overnight at -70°C. The filters
were stripped after the initial screening in order to perform a duplicate experiment. This was
carried out with independent RNA preparations from the same EBV transformed B-cell lines.
The signals were identified by phosphoimaging and quantified using the Clontech Atlas™
image software version 1.0 (Paper 1).

3.8 GENECHIP" ARRAYS

Five Affymetrix GeneChip"~ human U95Av2 arrays were used together with the Affymetrix
Microarray Suite 4.0 and Data Mining Tool (DMT) version 3.0 in order to compare one XLA
patient with two controls. The samples were independent RNA preparations from the same cell
lines used on the Clontech Atlas[] filter arrays (one XLA patient and one of the controls)

(Paper 1). Six mouse U74Av2 GeneChipD arrays, three in the initial round of experiment and
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three in the duplicate experiment, were run on whole splenic B-cells from wild type (CBA), Xid
and Btk KO mice (Paper I1). These data were analysed using Affymetrix Microarray Suite
version 4.0 and DMT version 3.0. Duplicate preparations of T1 B-cell splenocytes, in total six
arrays, from wild type, Xid and Btk KO mice were hybridised to Affymetrix Mouse 430 2.0
GeneChip" arrays and initially analysed using the Affymetrix GeneChip”~ Operating Software
(GCOS) version 1.2 (Paper 1V). Throughout every experiment scaling, with a factor of 100,
was used as the normalisation method of choice (Papersl, 11, V). When scaling is applied, the
intensity of the probe sets from experimental and baseline arrays is scaled to the same, user-

defined target intensity.

3.9 STATISTICAL ANALYSIS

Due to few samples (as well as limited statistical knowledge at the time), a ratio-based analysis,
comparative analysis was used in the two first studies (Paper | and I1). For the Clontech
Atlas[] filter array and U95Av2 GeneChip” result, respectively, fold differences above > 1.9
were considered significant (Paper 1). An Absolute— (single chip analysis) and a Comparative—
analysis (ratio-based analysis, test vs. control) were performed in Paper |1 in order to find the
genes intrinsic to the Btk defect. A fold difference of >2 and <-2 in the wild type compared to
either Xid or Btk KO was considered to be a significant change. A fixed ratio of >4 and <-4 was
considered significant when comparing the difference between the Xid and Btk KO mice (Paper
I1). As the initial analysis to which of the three mouse groups (CBA, Xid and Btk KO)
significantly differed from one another the use of the one-way ANOVA test, with mouse strain
as the factor to consider, together with the Tukey-Kramer test, was applied. Also, in order to
evaluate if the duplicate experiments differed significantly from each other, a t-test and a

correlation analysis were used (Paper V).

3.10 GENE EXPRESSION ANALYSIS TOOLS
To assess the biological relevance in a gene expression profile, you need to rely on the results

produced by the analysis tools of your choice. The microarray analysis tools aim to sort out the
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biological information in the data and this is done by various algorithms implemented in the
different softwares. Below is a short description of each tool that has been used throughout the

projects.

3.10.1 DMT (Data Mining Tool)

The DMT software is an Affymetrix commercial analysis program, which provides a variety of
tools for filtering and sorting the GeneChip® array data. Key features include pair wise statistical
analysis (Mann-Whitney and t-test analysis), clustering algorithms (Self-Organising Maps
(SOM) as well as a Pearson’s Correlation Coefficient method) and annotation integration. We

have been using this software in Paper | and | 1.

3.10.2dChip (DNA-Chip Analyser)

http://biosunl.harvard.edu/complab/dchip/

The dChip software is a program, which offers several analysis methods (Li and Wong, 2001;
Schadt et al., 2001). The model-based approach allows probe-level analysis on multiple arrays.
Numerous gene expression studies, including one of ours (Paper 1V), have made use of this

program in the data analysis (Falt et al., 2005; Tsapogas et al., 2003).

3.10.3 GeneCluster 2.0

http://www.broad.mit.edu/cancer/software/genecluster2/gc2.html

GeneCluster 2.0 is a software package for analysing gene expression and other so-called bio-
array data (Tamayo et al., 1999). This tool enables the user to utilise a variety of methods that is
presented within the software. It includes unsupervised learning methods (hierarchical clust-
ering, SOM, principal component analysis) and supervised machine learning methods suitable
for classification and prediction applications (weighted voting and support vector machine).

These methods are improved by a set of statistical tools that support the estimation of statistical
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significance of observations (e.g., permutation testing). This analysing tool was used in Paper

V.

3.11 GENERAL BIOINFORMATIC TOOLS

When gene lists of interest have been extracted from the microarray analysis, gene annotation
and relationship within the transcript lists is attempted to be found using bioinformatic tools.
The Internet provides the infrastructure for accessing and sharing biological information, and
has been decisive in the development of functional genomics and bioinformatics. I have been
using various bioinformatic tools available through the use of the Internet. Depending on the
biological question underlying the specific project a somewhat diverse approach has been
applied in the papers. Overall, the databases from National Center for Biotechnology Informa-
tion (NCBI) (Maglott et al., 2005; Wheeler et al., 2005) and Ensembl (Hubbard et al., 2005)
have been widely used for the annotation process in each project covered by this thesis. In
Paper |11 the two databases have been used in parallel due to the possibility of variations in the
assembly of the genome and possible local divergences related to this could be found among the
databases. As both of these databases are very large in what they are offering their users, I will
not even try to cover all of their contents in this thesis. Below, only a short description for each

used tool or database is described.

3.11.1 NCBI (National Center for Biotechnology Information)
http://www.ncbi.nlm.nih.gov/

NCBI creates public databases (which are freely available through the world-wide-web),
conducts research in computational biology, develops software tools for analysing genome data
and disseminates biomedical information. The center supports and distributes a variety of data-
bases for the medical and scientific communities. In this thesis the Basic Local Alignment
Search Tool (BLAST) search engine has especially been used in order to characterise and anno-
tate unknown transcripts found in Paper II (Paper 111). BLAST finds regions of local similarity

between sequences and the program evaluates either nucleotide or protein sequences to
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sequence databases and calculates the statistical significance of the matches found. NCBI also
provides links to several other useful biological databases and search-engines such as PubMed

and LocusLink.

3.11.2 Ensembl

http://www.ensembl.org/

Ensembl annotates known genes and predicts novel genes, with functional annotation from the
InterPro (Mulder et al., 2003), the Online Mendelian Inheritance in Man (OMIM) disease data-
base (Antonarakis and McKusick, 2000), protein and gene family databases as well as SAGE
expression databases. The Ensembl website provides a variety of alternative views of the data
such as Mapview (relationship between cytogenetic bands and the genome sequence), Geneview
(genes with their transcripts and gene structures) and Proteinview (individual Ensembl transla-
tions with functional annotations from InterPro). Similarity searching is also integrated into the
Ensembl website with the use of BlastView. This program provides an integrated platform for
sequence similarity searches against Ensembl databases and has especially been used in Paper

3.11.3 NetAffx

http://www.affymetrix.com/analysis/index.affx

NetAffx is a tool offered through the Affymetrix web site providing details regarding the probe
sets used on the GeneChipD, and to describe them (where possible) in a functional context. The
database is easy accessible (as well as free) for the user. The information supplied for each
probe id falls into two categories. The first is static information, which provides the details
regarding target sequence and describes what the probe was designed to interrogate. The other
category is annotations, which refer to the information about the representative sequence for a
probe set. The annotations include information from the NCBI database (Maglott et al., 2005;
Wheeler et al., 2005), different model organism databases (Chen et al., 2005; de la Cruz et al.,
2005; Eppig et al., 2005; FlyBaseConsortium, 2003), SwissProt (Boeckmann et al., 2003) etc.
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Also, where possible, further annotations are made use of in order to put the probe sets into a
more functional framework e.g. utilising GO terms (discussed below) (Ashburner et al., 2000).

This database has been used throughout the whole thesis work.

3.11.4 GO (Gene Ontology) Consortium

http://www.geneontology.org/

The Gene Ontology™ (GO) Consortium (Ashburner et al., 2000) aims to produce a dynamic
controlled vocabulary that can be applied to all organisms even as knowledge of gene and
protein roles in cells is accumulating and changing. An Ontology comprises a set of
well-defined terms with well-defined relationships. Data can be annotated to varying levels
depending on the amount and completeness of available information. This flexibility allows the
users to narrow or widen the focus of queries. An Ontology can therefore be a vital tool enabling
researchers to turn data into knowledge. The consortium is constructed of three essentially
non-overlapping parts covering, the process to which the genes or proteins contribute
(Biological process), function they fulfil (Molecular function) and their location within cells
(Céllular component). This relationship between these three parts is one-to-many, reflecting the
biological reality that a particular protein may function in several processes. Use of GO in
analysis of experimental data from high-throughput methods enables integration of biological

background data in a controlled manner. The database has been used throughout all thesis work.

3.11.5GOTM (GOTree Machine)

http://genereg.ornl.gov/gotm/

GOTM is a web-based platform (Zhang et al., 2004) using GO hierarchies (Ashburner et al.,
2000) for the interpretation of e.g. microarray data. Each of the three parts of GO (Biological
process, Molecular function and Cellular component) is a Directed Acyclic Graph where nodes
are GO terms describing a particular fraction of any of the three different parts. GOTM converts
gene symbols, Affymetrix probe set Ids, Unigene IDs, Swiss-Prot IDs or Ensembl IDs to

LocusIDs. A hierarchical GOTree structure is then generated, which is based on GO anno-
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tations for the LocusIDs. The enriched GO categories are presented in a flat view format, a
sub-tree view format and a Directed Acyclic Graph view format. This tool has been used in

Paper V.
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4 AIMS OF THE THESIS

The overall aim was to study the role of Btk in B-lymphocyte development by the use of the
gene expression profiling technique and by those means identify potential Btk targets in XLA

and Xid, respectively. In detail, the aims were:

To study the influence of BTK mutations, using both Clontech Atlas[] filter arrays and

Affymetrix (human U95Av2) GeneChipIj high-density oligonucleotide arrays (Paper 1).

To study the use of functional annotation and validation of expression data by comparison of

microarray analyses (Paper 1).

To study the transcriptome, using Affymetrix (mouse U74Av2) GeneChipEI arrays of the whole
splenic B-lymphocyte population from immunocompetent control (CBA), Xid and Btk KO mice

and to compare the differences in gene pattern between the different mouse groups (Paper 11).

By the use of an in silico approach, using different bioinformatics tools, annotate four potential

Btk target genes found in Paper 11 (Paper 111).

By the use of Affymetrix (mouse 430 2.0) GeneChipD arrays, study if the Btk defect already
manifests itself at the T1 B-lymphocyte stage (Paper V).
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6 PAPERI
Islam T. C., Lindvall J., Wennborg A., Brandén L. J., Rabbani H. and Smith C. . E.

Expression profiling in transformed human B cells: influence of Btk mutations and comparison
to B cell lymphomas using filter and oligonucleotide arrays.

Eur J Immunol. 2002 Apr;32(4):982-93.

A decade ago, gene expression profiling made its debut and has since contributed to the under-
standing of both the clinical— and molecular— side of biology. The microarray techniques have
emerged into powerful tools in order to study large set of transcripts and have allowed for com-
parative analysis on a high-through-put level. Gene expression profiling has developed into
playing a versatile role in biology where researches have focused on studying cancer-related
expression profiles using Lymphochip microarrays (Alizadeh et al., 2000) as well as investi-
gating the underlying unknown mechanisms for a particular immunodeficiency disease using
cDNA arrays (Reth and Wienands, 1997). Many other examples are found throughout the
literature where different biological areas are studied as well as a range of microarray tech-
nologies are applied. We have in this study used both filter arrays and Affymetrix high-density
short oligonucleotide arrays in order to investigate the influence that BTK mutations have on the
expression profile in XLA patients. We also compared the gene expression profile found in our
study to a previously published lymphoma expression profile done by the use of the Lympho-
chip microarrays (Alizadeh et al., 2000). The Lymphochip is a cDNA microarray especially
suited for the analysis of lymphoid cells. In addition to this, the influence of EBV-transform-

ation on peripheral B-lymphocytes from blood has been examined.

As XLA patients have a blockage in their B-cell development, resulting in a lack of mature anti-
body secreting B-lymphocytes, patient material is not easily accessible. Therefore, peripheral
blood lymphocytes are EBV-transformed and by these means a stable B-cell line is attained.
Cell lines from three wild type (healthy individuals) and two XL A patients were established and
studied using microarrays. WT1 (wild type 1), WT2 (wild type 2) and XLA1 (patient 1) were
subjected to the Clontech Atlasl] Human Hematology/Immunology cDNA arrays and 55 genes
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were found to be overlapping (expressed) in all three samples. In the comparative analysis
between the XLA1 versus WT1 and XLA1 versus WT2, where an average of the two experi-
ments were made, 11 genes were found to be differentially expressed by a factor of 1.9 or more.
In order to extend these results; the study was expanded to include a set of Affymetrix
GeneChips”. An independent wild type (WT3), WT1 and an additional patient (XLA2) was
subjected to the Human U95Av2 arrays and 391 genes were found to be differentially expressed

in at least four of the six comparisons made.

Biological variations in gene expression patterns have previously been examined (Cheung et al.,
2003; Cheung and Spielman, 2002; Oettinger et al., 1990). Therefore we tried to determine the
genes expressed in B-cells by comparing a duplicate microarray experiment using independent
RNA preparations (referred to as HI and H2 in Paper I). We found 52 genes out of 588 to be
expressed with a (strong) similar signal. These genes represented a broad spectrum of cellular
character. Thus, our findings demonstrate that gene expression profiling is an applicable tech-
nique for investigating the influence of BTK mutations in EBV-transformed B-lymphocytes
from XLA patients. Also, the biological transcriptomic variation in a sample can be identified

by the use of expression profiling.

A comparison to a previously published lymphoma expression profile (Alizadeh et al., 2000)
was made in order to obtain a more comprehensive functional classification of the genes and
transcripts being detected as well as differentially expressed in the XLA cell lines. Alizadeh et.
al. used a Lymphochip containing approximately 18,000 clones to obtain expression clusters
from 96 different lymphoma samples. The comparison with our gene expression profile from
the EBV-transformed B-cell lines with the Lymphochip study was done by mapping the
accession numbers to clusters in the UniGene database. The same approach was applied to the
Atlas[] array study and the Lymphochip study and revealed predominance in the Alizadeh et.
al. characterised Pan B-cell cluster. This provided (by the time of the study) a measure of
validation of the different hybridisation technologies. The comparison between the Affymetrix
GeneChip™ high-density oligonucleotide arrays and the Lymphochip study gave a more exten-

sive view in the clustering possibly due to the fact that the Affymetrix U95Av2 arrays contains
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more than 12,000 transcripts and that these are short oligonucleotides and not represent full
length clones as the cDNA Lymphochip does. Therefore, the use of functional annotation and
validation of expression data by comparison of microarray analysis can be used as a basis for

further biological data mining.
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7 PAPERII
Lindvall J. M., Blomberg K. E. M., Berglof A., Yang Q., Smith C. I. E. and Islam T. C.

Gene expression profile of B cells from Xid mice and Btk knockout mice.

Eur J Immunol. 2004 Jul;34(7):1981-91.

As a complement as well as a further investigation regarding the influence Btk has on the
transcriptional level (Paper I), we analysed primary splenic B-cells from Xid and Btk KO mice
and compared those with normal splenic B-cells from healthy mice bred on the same genetic
background. The Xid mice have a missense mutation altering a conserved arginine residue
within the Btk PH domain (R28C) (Rawlings et al., 1993; Thomas et al., 1993) whereas the Btk
KO mice totally lack the Btk gene (Hendriks et al., 1996; Kerner et al., 1995; Khan et al., 1995).
Even though the Xid mouse produces Btk protein (while to a lesser extent than the normal) it is
non-functional in the sense of signal transduction in B-cells and function in the B-lymphocyte
developmental pathway. The Btk KO mouse on the other hand is not translating the Btk protein
at all.

By the use of Affymetrix mouse U74Av2 GeneChip” arrays, containing more than 12,000
mouse transcripts, we investigated the gene expression profile from healthy (CBA), Xid and Btk
KO mice. The experiment was done in duplicate. A gene-average of 49 % was expressed in all
samples and 4515 transcripts (corresponding to 36 % of all genes found on the array) were
expressed in duplicate experiment. Of these 4515 transcripts, 38 probe-sets were found to be
differentially expressed in the two Btk defective strains compared to wild type. Although it
should be emphasised that the majority of genes behaved similar in the two Btk defective strains
(maybe due to phenotype similarity), the expression of seven genes were found to differ with a

factor of two or more between the Xid and Btk KO mouse.

One of the potentially most interesting findings in this study was the pronounced down-
regulation (with a factor of 27) of the gene, microsomal epoxide hydrolase (mEH). As the paper

describes, this gene could be of potential interest since the epileptic drug phenytoin, which can
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cause IgA deficiency, is metabolised by mEH. Deficient detoxification of endogenous meta-
bolites could potentially impair B-lymphocyte development. Irrespective of any potential
mechanism of action, a direct causal relationship was excluded by the study of mice with a
defective gene for mEH, since they did not show an Xid phenotype. However, the promoter of
this gene is of great interest, since it seems to be highly regulated by Btk signalling. Another
gene of potential interest was the Tonized Ca®" type 1 gene (Ibal), which by in silico analysis
was found to carry the binding site for the transcription factor PU.1 in its promoter. PU.1 is
known to regulate Btk (Muller et al., 1996) but is not found here to be either down- or up-
regulated and therefore the underlying mechanisms for the enhanced Ibal expression is not
known. On the other hand, another PU.1 related member, Spi-C, is increased in both Xid and
Btk KO mice.

In order to get more insight into the biological behaviour of some of the genes found to be
differentially expressed in the Btk defective cells, we also conducted quantitative Real-Time
PCR on splenic B-cells stimulated with anti-IgM (a BCR activating agent), Phorbol Myristate
Acetate (PMA)+ionomycin (which activates the PKC pathway) or LPS (which triggers the Toll-
like receptor 4). Ten genes from our array experiment and an additional five genes from another
microarray study (Fruman et al., 2000) were selected for the Real-Time PCR experiment. The
five additional genes were not found to be differentially expressed in our experiment but were
chosen, since they were found to be regulated in response to anti-IgM stimulation in normal
splenic B-lymphocytes. Even though significant differences, i.e. resulting in an up- or down-
regulation, were found between normal B-cells and Btk defective, the expression patterns were
highly related in the three mouse strains. In general, the anti-IgM and PMA+ionomycin
stimulations exhibited more similar responses compared to the LPS stimulus. Thus, the study
reveals differences on the transcriptome level between both the Btk defective mouse models
compared to the normal control as well as few, but significant, differences between the Xid

versus the Btk KO mice.
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8 PAPERIIII

Lindvall J. M., Blomberg K. E. M., Wennborg A. and Smith C. I. E.

Differential expression and molecular characterisation of Lmo7, Myole, Sashl and Mcoln2
genes in Btk-defective B-cells.

Two first authors contributed equally to this work

Accepted in Cellular Immunology 2005

Many of the ESTs are not (yet) linked to any characterised gene. In a microarray experiment,
especially where oligonucleotides have been used, there are many target sequences that are of
EST character. The ESTs have been widely used for gene discovery (Boguski et al., 1994),
which extends beyond mammals (Ajioka et al., 1998). ESTs are small pieces of a DNA
sequence (usually 200 to 500 nucleotides long) that are generated by sequencing either one or
both ends of an expressed gene (in the Affymetrix GeneChip"~ arrays they are usually from the
3’ end). Because these ESTs (as well as the represented full-length genes) used on the
Affymetrix GeneChip” are generated from the 3' end of a transcript, they are likely to fall within
non-coding, or untranslated regions. Therefore they tend to exhibit less cross-species conserva-
tion than do coding sequences. The idea of ESTs is to sequence bits of DNA that represent
genes expressed in certain cells, tissues, or organs from different organisms and use these "tags"

to fish a gene out of a portion of chromosomal DNA by matching base pairs. ESTs are gene-

rated by the sequencing of cDNA.

In Paper II we reported on a set of mouse genes that were found to be differentially expressed
between Btk defective B-lymphocytes compared to normal healthy controls. Among the genes
were four highly regulated (with a factor of more than 4-fold) ESTs. These four ESTs were in
this study annotated and further characterised by the use of in silico tools. Since the essential
information known about each EST was its probe target sequence provided by Affymetrix, this
was extracted as an unbiased starting point for a gene identification effort. Initial BLAST
searches were conducted against the whole mouse genome and/or EST databases using both the

Ensembl and the NCBI databases. The databases were run in parallel due to their variations in
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the assembly of the genome and possible local divergences related to this. For transcript A and
B, referred to as Lim domain only 7 (Lmo07) and Myosin le (Myole), respectively, where no
overlap with any known gene was found, we successfully elongated the existing gene (located in
close proximity to the target sequence) by the use of the sequence assembly program, CAP3.
CAP3 is used to accumulate a putative full-length sequence from shorter sequence stretches.
Target sequences for Gene C and D were perfectly mapped to the genes SAM and SH3 domain
containing 1 (Sashl) and Mucolipin2 (Mcoln2), respectively, on the initial BLAST search.
Further annotations and characterisation of the identified sequences were done by the use of

several protein databases and alignment programs.

In addition to this, data mining on two additional B-cell expression data sets was bioinform-
atically challenged in order to further investigate the four transcripts expression pattern. Neither
of the predicted transcripts was found to be expressed at the pro-B-cell stage. A bit surprisingly
is that neither Myole nor Sashl were found to be expressed at any of the four B-cell stages
investigated (pro-B-, pre-B, mature B-cell and plasma cell). A possible explanation could be that
the investigated samples in the particular array study are of cell line origin and therefore differ
from the primary cells investigated in Paper II. Lm07 was found to be expressed only at the
mature B-cell stage whereas Mcoln2 was found at the pre-B-cell stage and forward. We also
looked at the expression pattern for the four transcripts from our T1 B-cell microarray data
(Paper IV) and found similar regulation of the transcripts found in the whole B-cell splenocyte

population (Paper II).

To biologically characterise these four genes, semi-quantitative RT-PCR following stimulations
with anti-IgM or PMA+ionomycin were conducted on whole splenic B-lymphocytes from Btk
KO and wild type CBA mice as well as in a range of unstimulated mouse cell lines. Also, to
ascertain that the different cell lines investigated in fact expressed the in silico predicted full-
length transcripts, PCR amplification over several exons was performed. The results indicated

that we indeed identified the correct gene product.
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9 PAPER IV

Lindvall J. M., Blomberg K. E. M., Berglof A. and Smith C. L. E.
Distinct gene expression profile in Btk defective Transitional 1 B-lymphocytes.

Manuscript

Since Btk is expressed at all stages of the B-lymphocyte development (de Weers et al., 1993),
the possibility that consequences of Btk signalling defects also are manifested at an earlier stage
of B-cell development in either bone marrow or at the transitional stage exist. This possibility
was investigated here, where we have purified T1 splenic B-cells from one-week-old Xid and
Btk KO mice and compared to healthy wild-type CBA mice using gene expression profiling.
There have been studies examining this possibility previously, but these have been restricted to
investigating surface markers on respective B-cell stage as well as counting cell numbers and
have therefore not examined the transcriptional pattern. Also, these studies have only examined
the Xid mouse compared to healthy controls. As a consequence, the Btk KO mouse has not been
considered having a different outcome than the Xid mouse. The results from these studies have
placed the B-lymphocyte developmental block at the T2 stage in Xid mice (Loder et al., 1999;
Petro et al., 2002; Su and Rawlings, 2002). T1 B-cells express a distinct set of surface markers

and are located in the bone marrow, blood and spleen.

We took the advantage of the Affymetrix Mouse Genome 430 2.0 GeneChip” arrays covering
the full mouse genome and a duplicate of each mouse group was run. We realise that a duplicate
run is not sufficient for any statistical analysis, but since there are at least seven mice per group
we believe to have a normal distribution. Also, replicates of this first set of experiments are
under way. The initial statistical analysis using a one-way ANOVA test, with mouse strain as
the factor to consider, together with the Tukey-Kramer test, revealed a significant difference
between the Xid and Btk KO mouse group as well as between the Btk KO and CBA strain. On
the other hand, and a bit surprisingly, no significant difference was found between the Xid and
CBA mouse group. In order to exclude that this is due to the limited number of animals

analysed so far, new sets of mice are currently being studied. When performing the comparative
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analysis for Xid versus CBA and Btk KO versus CBA, we find 432 and 207 transcripts being
differentially regulated, respectively. A GO analysis of the outcome was performed using
GOTM, identifying categories over-represented among the transcripts belonging to either the
Xid versus CBA or Btk KO versus CBA comparison. Figure 6 illustrates the results from the
GO functional analysis. Amongst the groups overlapping between the two comparisons are

Immune response, Programmed cell death and Response to stimulus.

In order to identify transcripts correlated with a particular class distinction the software program
GeneCluster 2.0 was used. Interestingly, mEH was found amongst the genes distinguishing Xid
from CBA. mEH was not found in the analysis between Btk KO and CBA but amongst the forty
predicted transcripts, ten overlapped with the marker analysis done for Xid and CBA. Overall
the distinction between the Btk defective mouse strains and normal control was very clear
indicating that there are large differences between them. Applying un-supervised hierarchical
clustering on the six GeneChips” (two arrays per mouse group) divided the mouse groups
according to their strains giving us confidence in the duplicate experiment. The clustering also
confirmed the statistical finding that Xid is more similar to the CBA strain compared to the Btk

KO. Although, differences between all three mouse strains were seen (Figure 7).

i :
X
—— — — —— -
No enriched 25 enriched GO categories 44 GO enriched categories
GO categories e.g. male sex determination e.g. signal transduction and

regulation of cellular process

Figure7. Hierarchical clustering using dChip. Highlighted are groups of transcripts identified
by being characteristically ordered into a specific mouse strain. The different mouse groups are
identified having their own typical gene pattern.
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10 GENERAL DISCUSSION

Signal transduction is a fundamental process that takes place in all living organisms and
understanding how this event occurs at the cellular level is of vital importance to essentially any
field of biomedicine. There are several major steps involved in the deciphering of the signalling
pathways: (a) Which molecules are involved in signalling? (b) Who talks to whom? i.e. making
sense of the molecular interactions in a context particular way. (¢) Where are the signalling
events taking place? e.g. when a resting cell becomes activated. The challenge lies in recon-
structing signalling modules and networks evoked in particular response to a single input as well
as correlating the signalling response to multiple different cellular inputs. In addition to this
there is also the need for interpretation of cross-talk between signalling modules in response to
single and multiple inputs. One possible way of answering these various types of questions is by
the use of gene expression profiling in combination with statistics, bioinformatics and traditional
biochemical methods. Gene expression profiling has emerged to be a popular and useful tool, it
and has thus provided a wealth of information waiting to be fully understood. Microarray
experiments are still very expensive for most academic laboratories (although the price has been
reduced over the years) and this has forced research laboratories to decrease the number of
experiments and replicates in the project. But as the amount of gene expression data increases,
as more and more laboratories are making use of this technology, and become publicly available
there is the possibility to gather other data sets and together with your own results do meta-
analysis. Caution should be taken in a meta-analysis attempt, since cross-platform— as well as
within-platform— analysis is not always as straightforward as it seems. Awareness regarding the
probe design on the array, RNA preparation, hybridisation method, and normalisation process
amongst other should be taken into consideration. Despite all this, I believe that meta-analysis is

required for the future work in genomics.

As other research areas (e.g. different areas of lymphoma research) have successfully used the
microarray technology in order to distinguish between the normal and the “sick” state of a cell,
the XLA defect does not seem to have such a clear and distinctive effect to the transcriptomic

pattern i.e. the normal and defective state can not be separated just by looking at the whole
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expression profile. Instead important target genes needs to be “fished out” from the large set of
data perhaps not by exercising clustering methods, but rather by the use of specialised in silico
tools. The number of bioinformatic tools and databases are constantly increasing and the large
amount of choices that the researcher then face when starting to analyse the data is enormous.
Therefore, the hunt for the perfect bioinformatic tool sometimes feels like “a-needle-in-a-
haystack” story. In silico studies have been useful for the identification of potentially important
target genes in the Btk regulation. Having said this, I believe that one of the major pit-falls is to
trust the in silico data too much. After all, the data drawn from various databases might not be
correct since there is a problem with re-annotation and updating of results in many databases.
Most of the information one can extract is based on “wet-lab” results from published work. But
as we all know, all data might not reflect the reality and false data/information of this kind might
very well be present in the database. “Wet-lab” is of course (still) very much needed. Whatever
predictions one can do using the computer has to be confirmed biologically. Figure 8 reflects my

view on how “wet-lab” and “dry-lab” research “go hand-in-hand”.

This “wet-lab”—"dry-lab” dilemma is reflected in Paper III where I started the project with a
“dry-lab” approach and quickly realised that I needed to both confirm the findings biologically
as well as extend the biological questions by functionality (‘“wet-lab”). Therefore, other experi-
ments are essential to address the normal role of these factors in B-cells as well as the potential
role they play together with Btk. One line of approach, in order for a more accurate reflection of
the XLA patients, is the use of a Btk/Tec double KO mouse model. Since these mice lack
mature B-cells and therefore share a similar phenotype to the XLA patients such a study could
be a useful complement to the studies done in this thesis. However, a potential caveat in the
analysis of Btk deficiency is the fact that this abnormality causes impaired differentiation. Thus,
apart from the initial signalling defect, once the impairment has manifested itself it will also
secondarily affect developmentally regulated genes. Another characteristic to the transcriptomic
comparisons made, is the large differences seen when analysing established cell lines in

comparison to the primary stage cells. This might not be that unexpected, since cell lines after
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Figure 8. Schematic representation of thein silico signal transduction integration of
information leading to the biological understanding of queried data.

all are constantly dividing and activated by the surrounding medium, which then of course is
reflected in the expression profile. Also, in our research, since the Xid and Btk KO mice have a
milder phenotype compared to the XLA patients, this could perhaps explain the modest effect

on the transcriptional level found in the expression study for the XLA B-cell lines.
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Having discussed all of this, I have found tremendous potential in the results generated by this
technology. Side by side with biochemistry, molecular biology and the advent of bioinformatics,
statistical analytical methods and systems biology, together have significantly changed the
platform of mainstream knowledge of biology and medicine. This evolution has set biological
informations to unlimited horizons and openings for the future understanding of the function of

our gences.
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11 CLOSING REMARKS

With the use of gene expression profiling and applied bioinformatics, the transcriptional
regulation of Btk has been studied. The thesis projects cover studies done on both XLA patient
material and B-lymphocytes from Xid and Btk KO mouse models. Thus, both the aspect of
stimulated EBV-transformed B-cells from humans and primary resting splenic B-lymphocytes
from immunocompetent mice has been considered. Attempts to answer questions such as: How
does the transcriptional pattern change when having a Btk defect? or Can we find the tran-
scriptional targets of Btk?. Questions have been answered, but new ones have been brought into
light and these needs to be solved with further experiments. For instance as we now have data
from both cell lines and primary resting cells, comparison analyses should be conducted in an
ordered fashion. This could potentially give more insight to the role of Btk. The findings from
my thesis studies have (hopefully) contributed to the further knowledge of Btk as a key
regulator of the B-lymphocyte development.
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12 POPULARVETENSKAPLIG SAMMANFATTNING

Till min familj, vanner samt andra som under alla ar inte riktigt har forstatt vad det &r jag har
arbetat med. Jag hoppas att denna sammanfattning far det att kiarnalite...

Olika sjukdomar samt yttre (och inre) paverkan kan fordndra var arvsmassa (gener) pa andra satt
an vad som normalt ska ske. Kunskap om vad som foréndras, ar till stor hjélp vid t.ex. like-
medelsutveckling och diagnostik av olika sjukdomar. Vita blodkroppar, som ér livsviktiga for
var antikroppsproduktion, innehaller manga livsviktiga komponenter/molekyler som kan bli
forstorda pga. sjukdomar eller fordndringar 1 arvsmassan. X-linkad agammaglobulinemia
(XLA) ér en sddan sjukdom dér genen for ett enzym kallat Brutons Tyrosin Kinas (BTK) ér
fordndrad. XLA drabbar bara pojkar, som har en X och en Y kromosom. Kvinnor har tva X
kromosomer och drabbas da inte av XLA da en frisk X kromosom uppvéger den andra sjuka.
Sjukdomen kan gé 1 arv frdn mamma till gossebarn. Patienter med XLA lider av infektioner da
antikroppar inte produceras som skydd. Hur Btk fungerar &r dirfor av stor betydelse och det ér

det hér som jag har studerat under mina doktorandér.

Genexpressionsprofilering dr en teknik som ger mdjlighet till att studera hela arvsmassan 1 ett
forsok pa en och samma gang. P4 sé sitt kan man undersdka den paverkan av arvsmassan som
t.ex. fordndringar av BTK resulterar i. Jag har i min avhandling anvént mig av denna teknik for
att kunna jimfora skillnaderna mellan XLLA patienter och normala, friska individer. Den hir
metoden tillsammans med s.k. bioinformatik dir man anvénder sig av olika biologiska databaser
har gett mig mdjligheten att utforska funktionen av BTK 1 vita blodkroppar. Musmodeller &r ett
annat mycket anvéndbart redskap ndr man vill undersoka orsakerna till en sjukdom. Eftersom
arvsmassan mellan moss och méanniskor ér vildigt lika s& &r musmodeller till stor hjilp nidr man
vill undersoka orsakerna till en viss sjukdom. Xid 4r musens motsvarigheten till XLA men med
en mildare sjukdomsbild. Xid moss har tillsammans med Btk Knock Out méss, dar Btk genen

har blivit borttagen (utknockad) anvénts i forskningen kring XLA.
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