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Understanding the development of the expression of antibody heavy and light chain
molecules is required to fully explain the adaptive immune response. This involves
understanding the mechanisms underlying the selection of individual Vk genes for V-J
joining. It has been assumed that this selection involves alterations in the chromatin structure
surrounding Vk genes. Therefore, the focus of my work has centered on understanding the
factors influencing the selection of a particular Vk gene as well as the accompanying
alterations in chromatin structure. I have assembled the complete nucleotide sequence of the
3.2 Mb Mus musculus Igk gene locus and mapped all of the functional and pseudo- Vk genes

onto the sequence. I have also determined the patterns of potential transcription factor
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binding sites surrounding these Vk genes. These analyses revealed statistically significant
patterns of transcription factor motifs that are clustered either upstream of the transcription
start site, in the intronic region, or downstream of the recombination signal sequence (RSS).
The conservation of these sites has been tied to the presence of DNase I hypersensitive sites
at the pre-B cell stage of development. These hypersensitive sites appear just prior to the V-J
joining step and disappear after the Igk locus has completed the rearrangement process.
These sites are present at or near the promoter of the particular Vi gene and are sometimes
present near the RSS as well. I also looked for the presence of transcripts from the promoters
of the Vi genes that had HSp and HSgrss. I found that the presence of transcripts and the
presence of HS was uncoupled. There were instances where both HS and transcripts were
present, neither was present, or only one phenomenon was observed. This led me to
conclude that these events were separable. The presence of HSgss as well as the
corresponding binding sites for transcription factors in the downstream region, suggests a

model for generating accessibility of Igk V genes for V-J joining.
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CHAPTER ONE

General Introduction

The immunoglobulin (Ig) and T cell receptor (TCR) genes provide a favorable system
for teasing out the mechanisms of regulation of multi-gene loci and understanding tissue-
specific gene expression. The Igk locus in mouse is generates 95% of the light chain
molecules (MclIntire and Rouse, 1970). More that 10'° antibody molecules with different
specificities are generated by the B cell compartment (Tonegawa, 1983). The tightly
regulated process that generates antibody molecules is referred to as V(D)J recombination.
V(D)J recombination is both tissue-specific and developmental stage specific. Numerous
cis-acting elements have been described that regulate this process, but the methods by which
the chromatin becomes accessible for the recombination machinery are relatively unknown.
This suggests that there is a significant level of regulation of the accessibility of the Vk genes

in the locus.

Immunoglobulin Gene Structure and V(D)J Recombination

In most instances, an individual immunoglobulin molecule is a tetramer of two identical
heavy chains and two identical light chains. In the mouse, the heavy chain can be one of
eight isotypes, W, 6, y1, y2a, y2b, v3, a, or €. Each is generated from the same locus. The
light chain can be either of the « or A isotype, each of which is generated by a separate locus
(reviewed by (Spiegelberg, 1974). The nomenclature in the field names the highly divergent
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amino terminal domains, variable (V) regions and the conserved, carboxyl terminal end the
constant (C) region. Heavy chain molecules also have an intermediate, diversity (D) segment
between the variable and constant regions. Each IgH and IgL molecule has a single joining
(J) region adjacent to the C region (reviewed by (Blackwell and Alt, 1989; Lieber, 1992;

Shapiro and Weigert, 1987)).

B Cell Development. B cell development is generally defined by the status of Ig gene
rearrangement as well as the accompanying expression of cell surface markers, size and
growth rate (reviewed by (Burrows and Cooper, 1997; Ghia et al., 1998; Loffert et al., 1994;
Papvasiliou et al., 1997; Rolink et al., 1995)). In adult mammals, B lymphocytes are derived
from precursor stem cells in the bone marrow. The pro-B cell is the earliest identifiable stage
of B cell development. It is during this stage when IgH rearrangement occurs, first by DJ
joining, then V to DJ (Alt et al., 1981; Alt et al., 1984; Kamps and Cooper, 1982; Levitt and
Cooper, 1980; Perry et al., 1981; Siden et al., 1981). During this time the cells are
expressing terminal deoxynucleotidyl transferase (TdT), and the recombination activating
genes (RAG-1 and —-2) (Komori et al., 1993; Oettinger et al., 1990; Rolink et al., 1993;
Rolink et al., 1991; Schatz et al., 1989; ten Boekel et al., 1995). Successful rearrangement of
the IgH locus marks the transition to the pre-B cell stage. During this time, the IgH molecule
is expressed on the cell surface in conjunction with surrogate light chain molecules
(Karasuyama et al., 1990; Kudo and Melchers, 1987; Papvasiliou et al., 1996; Sakaguchi and
Melchers, 1986) and reviewed in (Melchers et al., 1993). This expression of p protein

initiates a feedback control mechanism, allelic exclusion, that prevents further rearrangement



or expression of the other allele (Alt et al., 1981; Coleclough et al., 1981). During the pre-B
cell stage, RAG-1 and -2 expression is decreased and increased again and the IgL loci
rearrange (Bauer and Scheuermann, 1993; Constantinescu and Schlissel, 1997). After a
functional IgL chain is created, antigen-independent B cell development is complete,
immature B cells leave the bone marrow and undergo further maturation in the periphery

(reviewed by (Henderson and Calame, 1998; Meffre et al., 2000)).

The Mechanism of V(D)J Recombination. V(D)J recombination occurs only in B and T
lymphocytes. Ig genes are only rearranged and expressed in B cells. V(D)J recombination is
a tissue-, lineage-, and developmental stage-specific process that uses a common set of
protein machinery in the cells in which it occurs (reviewed by (Sleckman et al., 1996)). Each
gene segment (V, D, and J) is flanked by a recombination signal sequence (RSS). An RSS is
made up of a conserved heptamer and an AT-rich conserved nonamer separated by either a
12 or a 23 bp nonconserved “spacer” (Early et al., 1980; Sakano et al., 1981). The RSS
associated with each coding region is both necessary and sufficient to direct the recombinase
to the corresponding segment in a non-chromatin context (Akira et al., 1987; Hesse et al.,
1989; Wei and Lieber, 1993). The 12 and 23 bp spacers also restrict the process to the
correct segments. Recombination only occurs between a 12 bp spacer segment and one with
a 23 bp spacer. This is known as the “12/23 rule” (Early et al., 1980; vanGent et al., 1996).
The protein Artemis is responsible for opening the hairpin formed by cleavage of the RSS.
This step occurs with the assistance of Ku and DNA-PK (Karanjawala et al., 2002; Ma et al.,

2002). Once the recombinase recognizes the RSS, there is the introduction of a double strand
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break (DSB) between the coding regions from each of the segments and then joining of the
coding ends. V(D)J recombination is evolutionarily conserved to the point that
immunoglobulin genes from chicken and rabbit, as well as human can be recombined in mice
(Bucchini et al., 1987; Goodhardt et al., 1987).

This process uses a common set of protein machinery in all of the cell types in which
it occurs. The proteins involved in this process are RAG-1, RAG-2, TdT, DNA-protein
kinase (DNA-PK), Artemis, Ku70, Ku-80, XRCC4 and DNA ligase IV, (Bassing et al., 2002;
Fugmann et al., 2000; Ma et al., 2002; Ramsden et al., 1997). The products of the
recombination activating genes, RAG-1 and -2 initiate recombination by binding to and
cleaving the RSSs flanking the recombining gene segments. They also initiate the formation
of hairpins at the coding joint precursor fragment ends (Agrawal and Schatz, 1997; Bailin et
al., 1999; Besmer et al., 1998; Gallo et al., 1994; Hiom and Gellert, 1997; Kirch et al., 1998;
McBlane et al., 1995; Oettinger, 1992; Oettinger et al., 1990; Schatz et al., 1989; Swanson
and Desiderio, 1998). HMG1 and HMG?2 interact with the RAG proteins to facilitate binding
and the recombination process and help to enforce the 12/23 rule (Aidinis et al., 1999; Kwon
et al., 1998; Shirakata et al., 1991; vanGent et al., 1997; West and Lieber, 1998). Artemis
then cleaves the hairpins caused by RAG-1/-2 and the Ku protein, a heterodimer of Ku70 and
Ku80, is involved in binding the ends of the cleaved DNA (Gao et al., 1998; Gu et al., 1997;
Ma et al., 2002; Pergola et al., 1993; Taccioli et al., 1993) and DNA ligase IV and XRCC4
are involved in rejoining the ends to form rearranged Ig genes (Leu et al., 1997; Li et al.,
1995; McElhinny et al., 2000; Ramsden and Gellert, 1998). XRCC4 functions by forming a

complex with DNA ligase IV and enhancing its activity (Critchlow et al., 1997; Grawunder



et al., 1997; Li et al., 1995; Modesti et al., 1999). The biological targets for DNA-PK in
V(D)J recombination are not known, but it is required to reconstitute the reaction in vitro and
the knockout mice display a block in the hairpin cutting stage of the reaction (Bogue et al.,
1998; Hartley et al., 1995; Rukumara et al., 2000; Taccioli et al., 1998). Two other proteins
have been shown to be involved in cellular signaling of DNA damage and are thought to
have a role in the joining reaction, but their roles are not well understood. These proteins are
Nbs1 and the histone H2A variant H2A.X (Chen et al., 2000; Huang et al., 1986; Moshous et

al., 2001; Paull and Gellert, 2000; Paull et al., 2000; Schlissel, 2002)

Structure and organization. Ig loci are all organized in a similar manner. In each
immunoglobulin locus, the C exons are the most 3’ segment(s) (Fig. 1.1). There are several
known enhancers in these regions. Upstream of the C region are the J segments, next the D
segments (if present) followed by widely dispersed V genes in the most 5’ regions of the loci.
There are no known conserved global regulatory elements in the 5’ regions of these genes
(reviewed by (Lansford et al., 1996)). There are regulatory elements surrounding each of the
V genes, but not any known enhancers or locus control regions (LCRs). I will discuss the

regulatory regions surrounding the V genes in the next two sections.
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Figure 1.1 — Cartoon representations of the three immunoglobulin loci of mouse. Drawings are

not to scale. The black X’s indicate non-functional joining or constant regions.

The mouse Igk locus is not only the largest antigen receptor locus, it is also the largest known
single gene (George et al., 1995; Schupp et al., 1997). It is located on chromosome 6. Igk
has five Jk regions, one of which (Jk3) is non-functional due to a cryptic RSS (Tonegawa,
1983). Most recent estimates have suggested that there are 140 V genes in the estimated 3.3
Mb of DNA in the 5’ portion of the locus (George et al., 1995; Kirschbaum et al., 1996;
Schable et al., 1999). These Vk gene segments are both clustered in families and
interspersed amongst each other (Kofler et al., 1992). Vi« genes exist in both transcriptional
orientations relative to Ck. This means that rearrangement can occur either by deleting a

portion of the gene, or by inversion (Zachau, 1989).



cis-acting Regulatory Elements in Igk

The mouse Igk locus contains a number of well-defined cis-acting regulatory
elements that have been characterized by previous studies. These include the promoters and
RSSs that are located at each individual V gene throughout the locus, three enhancer
elements, a matrix association region (MAR), two germline promoters, the KI/KII elements,
the intervening sequence silencer (Sis), and the downstream recombining sequence (RS).
With the exception of V genes and their cognate promoters and RSSs, all of these elements
are located in the most 3’ 30 kb region of this 3.2 Mb locus. In the next section, I will review

these elements and their functions in the regulation of Igk.

The enhancers

The intronic enhancer (iEx). iEx, the first enhancer identified in Igk, is located
between the Jk region and the Cx exon and is sufficient to direct lymphoid specific
expression of a heterologous sequence (Bergman et al., 1984; Emorine et al., 1983; Picard
and Schaftner, 1984; Queen and Baltimore, 1983). This enhancer contains a kB element, a
binding site for NF-xB (Lenardo et al., 1987; Sen and Baltimore, 1986a; Sen and Baltimore,
1986b) and three E box sequences (Ephrussi et al., 1985; Lenardo et al., 1987), all of which
are required for full enhancer activity. This enhancer is initially activated at the pre-B cell
stage, when Igk is undergoing V-J joining, and stays active throughout the remaining stages
of B cell development. iExk has been implicated in the demethylation of the Igk locus.
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Methylated constructs containing a rearranged Vk gene sequence were transfected into
cultured B cells. It was found that the constructs containing iEx underwent stage-specific
demethylation, while those missing the enhancer sequence did not (Lichtenstein et al., 1994).
To further delineate the function of iEx, this enhancer was deleted from mice by a Cre-loxP
strategy (Xu et al., 1996). This deletion demonstrated that iEx is not required for V-J joining,
but required to maintain the normal levels of k+ B cells; the «:A ratio in the knockout mice
was decreased from the normal 10:1, to a 1:1 ratio (Xu et al., 1996). An earlier study deleted
iEk by inserting a neo’ gene in place of the enhancer (Takeda et al., 1993). In these mice, V-
J joining was completely ablated. However, placement of the neo' gene 3’ to iEx also
resulted in the same phenotype. Given that the later work with a Cre-loxP knockout
demonstrated a less severe phenotype (Xu et al., 1996), it suggests that the first study did not

directly address the role of iEx in the recombination process.

The 3’ enhancer (E3°). A second enhancer (E3), was identified 9 kb downstream of
the Ck exon (Meyer and Neuberger, 1989). Several lines of evidence suggested the existence
of another enhancer. These included: deletion studies of rearranged Igk transgenes in
plasmacytoma cells and transgenic mice (Blasquez et al., 1989; Xu et al., 1989), high level
transcription of endogenous, but not transfected Igk genes in cells lacking NF-kB (Atchison

and Perry, 1987; Atchison and Perry, 1988).

The downstream enhancer (Ed). A third enhancer has recently been identified in the

Igk locus (Liu et al., 2002). This enhancer was uncovered by DNase I hypersensitive site



analysis of the downstream region of Igk and was found to be conserved in the downstream
region of the human Igk locus. This DNase I mapping was carried out to identify factors that
could act as boundary elements or further regulate the locus in different ways. It was
suggested that the function of this enhancer is still later in development than iEx or E3’,
because only terminally differentiated plasmacytoma cells exhibit the hypersensitive site (Liu
et al., 2002). The factor binding sites crucial for the activity of this enhancer are NF-xB and

E2A preferred E box sequences.

The matrix association region (MAR). A nuclear matrix association region (MAR) is
located 5° of iEx (Cockerill and Garrard, 1986). This MAR/enhancer pattern is conserved in
human and rabbit Igk genes suggesting an important role in Igk regulation (Sperry et al.,
1989; Whitehurst et al., 1992). These sequences are greater that 70% A-T and bind
chromosomal proteins involved in forming higher order nuclear structures (Sperry et al.,
1989). The Igk MAR increases the expression of Igik and can protect integrated constructs
against position effects (Blasquez et al., 1989; Xu et al., 1989). A cell line with the MAR
deleted on one allele exhibited hyper-recombination (Hale and Garrard, 1998); in mice the
MAR deletion led to premature V-J joining in pro-B cells and reduced somatic
hypermutation (Yi et al., 1999). These results suggest a negative role for the MAR in V-J

joining and a positive role in hypermutation.

The intervening sequence silencer (Sis). A silencing element is present in the

intervening sequence between Vk21-1 and the Jk genes (Liu et al., 2002). This element was



also identified in a screen for novel regulatory elements in the Igk locus. Its silencing
activity occurs specifically in pre-B cells in a segment of DNA that is 3.6 kb in length. The

sequence is A/T rich, and contains three potential Ikaros binding sites.

Germline promoters. Two promoters reside upstream of the Jk region. These
germline promoters are B cell specific in their activities and produce transcripts that originate
either 3.5 kb or 50 bp upstream of the Jk region (Leclerq et al., 1989; Martin and VanNess,
1990; VanNess et al., 1981). These transcripts are spliced and expressed at high levels prior
to the rearrangement event, but are not translated (Martin and VanNess, 1990). It has been
hypothesized that germline transcription plays a role in determining the accessibility of the
chromatin prior to the recombination event. These two events are concomitant (Schlissel and
Baltimore, 1989; Schlissel et al., 1991b), but have not been shown to be coupled or causal.
Germline transcription has been shown to be biallelic on both the heavy chain and « locus. It
was thought that germline transcription did not play a role in determining which allele will be
selected first for rearrangement (Delpy et al., 2003; Singh et al., 2003). However, more
recent evidence with a GFP-Igk knock-in, has shown that a single allele is transcribed from

these promoters and that the transcribed allele is more likely to undergo V-J joining (Liang et

al., 2004).

V region promoters. Each of the 95 upstream variable gene segments contains its
own cognate promoter (Bergman et al., 1984; Falkner and Zachau, 1984; Parslow et al.,

1984). These promoters each contain their own TATA box (Bergman et al., 1984) and an
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octamer motif (Falkner and Zachau, 1984; Parslow et al., 1984) located within 70 bp of the
transcription start site. Transcription from these promoters occurs in pre-B cells and initiates

from the same place as in rearranged genes (Schlissel et al., 1991b).

The KI/KII elements. A cis-acting element that is located immediately upstream of
Jx1 and is composed of two palindromic motifs, termed KI and KII appears to regulate V-J
joining (Weaver and Baltimore, 1987). The targeted mutation of this site in mice resulted in
an 80% reduction of rearrangement on the mutated allele, while not affecting transcription
(Ferradini et al., 1996). Similar results were observed in the 38B9 cell line; no reduction in
transcription from either of the germline promoters and a 50% reduction in rearrangement on
the targeted allele (Liu and VanNess, 1999). The product of the Pax-5 gene has been shown
to bind to these sequences and likely plays a role in regulating Igk rearrangement (Tian et al.,

2004).

The recombining sequence (RS). A cryptic recombination sequence resides
downstream of Ed. IgA-producing B cells frequently exhibit several types of Igk
rearrangements to this sequence (Durdik et al., 1984; Moore et al., 1985; Nadel et al., 1990;
Shimizu et al., 1991), suggesting it plays a role in regulating the /A ratio and selection.
Recombination to the RS has shown to occur at high frequencies by single cell PCR
experiments; 33% of early bone marrow B cells and 15% of splenic B cells exhibit RS
recombination (Yamagami et al., 1999). There is a homolog in the human locus, the kappa

deleting element (Kde), that when rearranged to leads to rearrangement of the IgA locus
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(Feddersen et al., 1990; Graninger et al., 1988; Siminovitch et al., 1985). In mice, there is a
unique transcript originating from the RS element in pre-B cells. There are also changes in
chromatin structure and transcriptional activation status surrounding the RS element. These

are similar to the changes that occur in other areas of the locus prior to V(D)J recombination

(Daitch et al., 1992).

Transcription Factors in B Cell Development

A number of transcription factors play crucial roles in B cell development. Some of
these factors are ubiquitous, others specific to lymphoid cells, or B cells themselves. Many
of these factors are also active throughout B cell development, while some are on only during
a limited time frame. In the following pages, I will review known factors and the time frame

they are present in B cells.

Oct-1, -2. The conserved octamer element in the promoters of all Ig V genes is the
first sequence that was identified as important and almost completely conserved in Ig gene
transcription (Falkner and Zachau, 1984; Parslow et al., 1984). The proteins that bind to
these sequences are the first identified members of the POU-domain family of proteins, Oct-1
and Oct-2 (Clerc et al., 1988; Muller et al., 1988; Scheidereit et al., 1988; Sturm et al., 1988).
Oct-1 is a ubiquitous transcription factor and Oct-2 is restricted mainly to the lymphoid

lineage with some expression also seen in the nervous system, kidney and testis. Mice
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generated without Oct-2 die at birth for unknown reasons, but B cells develop normally in
these mice through the IgM" stage (Corcoran et al., 1993).

The roles that Oct-1 and -2 play in transcriptional activation in B cells are not well
understood. Although Oct-1 is ubiquitous and Oct-2 is lymphoid specific, both can activate
reporter plasmids equally well in B cells (Annweiler et al., 1992). The Annweiler et al. paper
also demonstrated that Oct-2 is unable to activate transcription in non-B cells and shows that
Ig expression is not correlated completely with expression levels of Oct-2. An accessory
molecule was identified that could bind to either Oct-1 or —2 and activate it in B cells. This
protein was isolated by a number of groups simultaneously and is referred to as either OCA-
B, OBF-1, or BOB-1 (Gstaiger et al., 1995; Luo and Roeder, 1995; Strubin et al., 1995). It
was shown that this protein was able to activate octamer containing promoters in a B cell
specific fashion (Luo and Roeder, 1995) and is expressed specifically in B cells. Oca-B
appears at least to regulate a subset of Igk genes.

Single and double knockouts of these genes lend some insight to the roles each of
these proteins plays in murine development. The absence of Oca-B in mice leads to normal
B cell development through the mature B cell stage, but the mice display defects in isotype
switching and do not form germinal centers (Kim et al., 1996; Nielsen et al., 1996; Schubart
et al., 1996). The overall level of transcription of Igk or Igu genes appears unaffected in the
Oca-B -/- mice (Schubart et al., 2001). Analysis of mice missing both Oca-B and Oct-2 in
the B cell compartment showed that B cell development could proceed normally through the
mature cell stage, but there was a significant reduction of numbers of cells overall (Schubart

et al., 2001). Closer, more detailed analysis of Oca-B -/- mice showed that Oca-B was
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required for normal levels of transcription from some Vk genes (Casellas et al., 2002). This
study also showed that the repertoire of the Oca-B mice was significantly different from that

from wild-type mice.

E2A4. The E2A factor is a member of the basic helix-loop-helix (bHLH) family of
transcription factors. E2A was originally identified by its ability to bind to a sequence
(CANNTG) in the IgH intronic enhancer through DNA footprinting experiments (Ephrussi et
al., 1985). The E2A transcript gives rise to two alternatively spliced products, E12 and E47,
which are both ubiquitously expressed and generally bind DNA as heterodimers with cell
type specific family members (Davis et al., 1987; Lassar et al., 1989; Lassar et al., 1991;
Murre et al., 1989a; Murre et al., 1989b). Generally, these proteins are involved in regulating
the expression of genes that direct patterns of development of a particular cell lineage.

E12 and E47 have well-documented roles in lymphoid and B cell development. In
mice the absence of the E2A genes leads to a complete block in B cell development past the
commitment stage (Bain et al., 1994; Zhuang et al., 1994). A further study demonstrates
individual roles of E47 and E12 in B cell development (Bain et al., 1997). Here it is shown
that mice expressing only E12 can undergo some reduced level of Dy-Ji joining, but then
cease differentiation. However, expression of E47 alone can lead to a small fraction of cells
continuing through to the mature B cell stage (Bain et al., 1997).

A bHLH factor specific to B cells has not been identified. The AP-4 factor has been
shown to bind to Igk promoter E-boxes in gel-shift assays (Aranburu et al., 2001). E47

forms heterodimers specifically in the B cell lineage (Shen and Kadesch, 1995) and
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formation of these heterodimers is mediated by hyperphosphorylation of the E47 protein
(Sloan et al., 1996). Interestingly, this specific dimer may be a B cell specific differentiation
mechanism. It has been observed that the E2A gene products are not required for
differentiation of ES cells into skeletal or cardiac muscle cells, erythrocytes, neurons or
cartilage (Zhuang et al., 1992). But as the E2A knockout mouse has demonstrated, E2A is
essential for populating the B cell compartment (Bain et al., 1994; Zhuang et al., 1994). It
has also been shown that overexpression of E47 in a pre-T cell line is sufficient to induce Dy-
Ju rearrangement (Schlissel et al., 1991a); its expression in either a pre-T cell line or NIH
3T3 fibroblasts leads to germline transcription of the IgH locus (Choi et al., 1996; Schlissel
etal., 1991a).

Not only has E2A been identified as a factor that can regulate transcription of Ig loci,
but it has been shown to regulate the recombination process as well. In a human embryonic
kidney cell line, expression of either E12 or E47 in conjunction with RAG1 and RAG2, led
to a detectable level of cleaved signal ends, as well as Igk rearrangement products (Romanow
et al., 2000). This activity appears to be a result of direct interaction with the chromatin of
the Igk locus, as there was no detectable expression of other factors involved in B cell

development.

Ikaros. The lkaros gene encodes a series of proteins that are generated by alternative
splicing. These proteins bind DNA as either homo- or heterodimers through a kruppel-like
zinc finger domain (Hahm et al., 1994; Molnar and Georgopoulos, 1994; Sun et al., 1996).

Aiolos, another family member, appears to be involved in regulating T cell development
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(Hahm et al., 1998; Morgan et al., 1997). Both Ikaros and Aiolos are expressed throughout B
cell development (Georgopoulos et al., 1992; Morgan et al., 1997). Mice with a homozygous
knockout of Ikaros display a very early block in B cell development, prior to the pro-B cell
stage (Wang et al., 1996). The dominant-negative knock-in of Ikaros results in an even more
severe phenotype, with a complete block in all lymphopoiesis, defects in erythroid and
myeloid cell development and death within three weeks (Georgopoulos et al., 1994),
suggesting important roles for Ikaros and related factors in development of a variety of cell
types. It has also been demonstrated that Ikaros proteins can both activate and repress
transcription depending on the context (Koipally et al., 1999; Molnar and Georgopoulos,
1994; Sun et al., 1996). This mediation appears to be through regulating the chromatin
structure of the gene of interest (Hahm et al., 1998; Kim et al., 1999). Ikaros has been
identified bound to transcriptionally silent genes (including Ig loci) in pericentric
heterochromatin and is proposed to play a role in maintaining this silent state (Cobb et al.,

2000; Ernst et al., 1996; Klug et al., 1998).

Lef-1. The lymphocyte enhancer factor 1 (Lef-1) is a member of the T cell-specific
transcription factor (TCF) family of transcription factors, a subset of the high mobility group
(HMQG) family (Korinek et al., 1998; van de Wetering et al., 1991). Lef-1 is expressed early
in B and T cell development (Oosterwegel et al., 1991; Travis et al., 1991; van Genderen et
al., 1994). Lef-1 does not have its own transcriptional activation potential, but acts as a
scaffold protein organizing members of the Wnt signaling pathway (Behrens et al., 1996;

Bruhn et al., 1997; Giese et al., 1995; Huber et al., 1996). Lef-1 appears to play a role in
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regulating mitosis of early B cells, as pro-B cell proliferation is impaired in Lef-1 knockout

mice (Reya et al., 2000).

Pax-5. The product of the Pax-5 genes is the B cell specific activator protein
(BSAP). This paired box transcription factor is expressed at the earliest stages of B cell
development and continues through until the mature B cell stage. Pax-5 is not detected in
nuclear extracts from antibody secreting plasma cells, T cells or erythroid cells (Barberis et
al., 1990). The Pax-5 null mice display a block in the pro-B to pre-B cell transition, as well
as neurological defects (Nutt et al., 1997; Urbanek et al., 1994). The IgH loci in these mice
undergo Dy-Ji rearrangement, but arrest in development at the Vy-DJy stage. These mice
express normal levels of E2A and Ebf, both crucial for B cell development (Nutt et al.,
1997). One of BSAP’s targets in B cell development is CD19, as it is the only gene detected
with a severely altered expression pattern in these mice. This suggests a role for this gene
being involved in activating genes responsible for the signaling pathways in B cell
development. Further support for this idea comes from the fact that BSAP also regulates
expression of the mb-1 gene (Nutt et al., 1998; Nutt et al., 1997). Another target is the KI
/KII site in the V-J intervening sequence (Tian et al., 1997). BSAP binds this sequence and
may regulate the activation of part of the Igk gene. Although there are binding sites for
BSAP in the promoter region of the surrogate light chain genes (Okabe et al., 1992), BSAP
does not appear to have an effect on their regulation (Nutt et al., 1998; Nutt et al., 1997).

Mice expressing ectopic Pax-5 under the control of the Ikaros promoter progress through B
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cell development and prevent T lymphopoiesis by blocking the Notch activation pathway

(Souabni et al., 2002).

NF-xkB. NF-kB was first identified as a factor binding to the Igk Ei and activating
transcription of the Igk gene (Sen and Baltimore, 1986b). The name NF-xB now refers to a
family transcription factors that bind DNA as dimers in a variety of cell types on divergent
genes. Each member of this family possesses a rel homology domain (RHD) that is
responsible for DNA-binding and dimerization, reviewed in (Grilli et al., 1993; Kopp and
Ghosh, 1995; Verma et al., 1995). This domain also contains the nuclear localization
sequence (NLS) and is responsible for binding to IxB, the inhibitory subunits of NF-kB. The
IxB inhibitors function by binding to the NF-xB subunit and masking its NLS, thereby
sequestering it in the cytoplasm (Baeuerle and Baltimore, 1988). This mechanism of control
allows for rapid activation of NF-kB at the appropriate time. All that is required is the
degradation of the inhibitor and a rapid shuttling of the factor into the nucleus to activate
transcription.

Because of the numerous roles of the NF-kB complexes and their inhibitors in a
variety of systems from apoptosis to oncogenesis, I will limit my review to NF-kB activities
and effects on Igk gene transcription and early B cell development. It was originally
observed that there was little detectable NF-kB activity in pre-B cell lines unless they were
activated with lipopolysaccharide (LPS) or certain cytokines (Grilli et al., 1993). However,
all of these cell lines were derived by immortalizing them with the Abelson virus. Cultures

later derived from mice and maintained on stromal feeder layers did express detectable levels
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of NF-kB and undergo germline Igk gene transcription in the absence of LPS (Chen et al.,
1994; Klug et al., 1994). There are NF-«B sites in all of the known enhancers, iEx, E3’ and
Ed (Liu and Garrard, 2005; Liu et al., 2002; Sen and Baltimore, 1986b). The NF-«B site in
iEx is occupied in both pro-B and pre-B cells (Shaffer et al., 1997). This suggests that while
NF-kB binding may be required for activation of this enhancer, other factors are important
for the pro-to-pre-B cell transition.

Targeted disruptions have been made of each of the individual subunits of NF-«B.
Although some of the phenotypes displayed are quite severe, even lethal in the case of p65
(RelA), the roles these factors play in B cell development appears to be redundant (Beg et al.,
1995; Burkly et al., 1995; Doi et al., 1997; Kontgen et al., 1995; Sha et al., 1995; Weih et al.,
1995). Pre-B cells express either hetero- or homodimers of p50, p52, p65 and c-Rel
(Baldwin, 1996). p65 and c-Rel are the activating members of complexes that are induced
during pre-B cell differentiation (Liou et al., 1994; Miyamoto et al., 1994). Because p65 was
the originally identified factor with a role in Igk expression and the knockout was
embryonically lethal, fetal liver cells from these mice were used to reconstitute either lethally
irradiated or SCID donor mice (Doi et al., 1997; Horwitz et al., 1997). In these mice, all of
the hematopoetic lineages were reconstituted, however fetal liver adoptive transfer
experiments from p65-/-, p5S0-/- mice resulted in a complete block in lymphopoesis (Horwitz
et al., 1997). When the roles of p65 and c-Rel were examined more closely in B cells, it was
found that Igk germline transcription was not affected (Kontgen et al., 1995; Sha et al., 1995;
Xu et al., 1996). However, a cell line expressing a trans-dominant form of the inhibitor IkBa

(IkBAN) is unable to import either c-Rel or p65 into the nucleus. In these cells with a dual
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block in the activation pathway there is also a block in the activation of Igk germline
transcription and V-J joining (Scherer et al., 1996). A further phenotype of the IkBAN cell
line is a loss of inducibility by LPS (O'Brien et al., 1997). These cells are still responsive to
interferon-y activation, suggesting that there are at least two independent pathways for

activation of germline transcription and V-J joining in pre-B cells (O'Brien et al., 1997).

Early B Cell Factor. Early B cell factor (Ebf) is novel factor containing a zinc-
binding motif required for DNA binding and a bHLH-like domain required for
homodimerization (Hagman et al., 1995). This protein is expressed in all stages of B cell
development, but is not found in plasma cells (Hagman et al., 1993). Mice with a
homozygous knockout of Ebf are viable, but the B cells arrest in development prior to any

recombination events (Lin and Grosschedl, 1995).

PU.1 and Pip. PU.I is a member of the large Ets family of transcription factors.
These proteins all contain a conserved 85 amino acid motif responsible for binding to purine
rich sequences. In general these factors require interactions with other factors to activate and
repress their target genes, reviewed in (Crepieux et al., 1994; Leiden, 1993). PU.1,
specifically is expressed in monocytes and granulocytes in addition to lymphoid cells
(Klemsz et al., 1990). It is critical to the development of B cells. Homozygous knockout
mice for PU.1 are embryonically lethal and display a lack of lymphocyte and myeloid
lineages in their fetal livers (McKercher et al., 1996; Scott et al., 1994). Ets binding sites are

located in a number of genes involved in B cell development. It is known that there are Ets
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sites present in the E3” of Igk (Pongubala et al., 1992). For PU.1 to activate transcription
from this site, it requires the association of a second factor, Pip/NF-EMS5, a member of the

interferon regulatory factor family (Eisenbeis et al., 1995; Pongubala et al., 1992).

Regulation of Igk by chromatin structure changes

Accessibility Hypothesis. The accessibility hypothesis posits that each V(D)J
recombination event is regulated at the level of the chromatin accessibility of each coding
gene segment. If this hypothesis is true, then mechanisms must exist to regulate the
chromatin structure of these coding gene segments at the appropriate time in development in
the correct cell type. This idea was first suggested by Frederick Alt and colleagues in 1986
(Yancopoulos and Alt, 1985; Yancopoulos and Alt, 1986) with experimental support first
evident in 1996 (Stanhope-Baker et al., 1996). Recent evidence has also shown that DNA
sequences with chromatin assembled in vitro are more resistant to RAG-1 and -2 cleavage
than naked DNA (Golding et al., 1999; Kwon et al., 1998). Therefore, chromatin remodeling
complexes and post-translational modifications of histones have been the focus of much
recent work. These events are known to generate accessiblity in chromatin and have been
areas of active research for many genes, including the Ig and TCR loci.

Other support for the accessiblity hypothesis is provided by the observation that
transiently transfected recombination substrates can be induced to undergo rearrangement
after expression of RAG-1 and -2 in non-B cells (Oettinger et al., 1990; Schatz et al., 1989),

but the endogenous Ig genes remain intact (Romanow et al., 2000). This accessibilty can be
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modulated by addition of other factors. Co-transfection of either E2A or EBF proteins in
addition to RAG-1 and -2 leads to rearrangement of the endogenous loci (Goebel et al.,
2001; Romanow et al., 2000). It has also been observed that mouse Vk and Jk regions are
more generally DNase I sensitive at the pro/pre-B cell transition (Maes et al., 2001). The
RSS sequences themselves are also targets for the recombinase cleavage both in vivo and in
vitro in isolated nuclei only at the pre-B cell stage of development (Baumann et al., 2003a;

Constantinescu and Schlissel, 1997; Goldmit et al., 2002; Stanhope-Baker et al., 1996).

Histone Acetylation. The acetylation of the histones surrounding Ig and TCR genes
has been of much interest. Differential acetylation patterns provide a framework in which to
analyze patterns of chromatin “opening” and accessibility. It has been demonstrated that
regions of these genes active for recombination or transcription are hyperacetylated
surrounding the promoters and enhancers (Agata et al., 2001; Huang et al., 2001; Johnson et
al., 2003; Mathieu et al., 2000; McMurry et al., 1997; McMurry and Krangel, 2000). In the
IgH locus, both the MARs which flank the enhancer and the LCR have been shown to have
increased levels of acetylated histones associated with them when active (Fernandez et al.,
2001; Madisen et al., 1998). In the case of the enhancer, occupancy of sites is the same on
wild-type or MAR-deleted alleles. However, chromatin immunoprecipitation (ChIP)
experiments showed that the MAR is required for acetylation of nucleosomes throughout the
locus (Fernandez et al., 2001). In the case of the I[gH LCR, the affected nucleosomes were
also located at a distance from the element (Madisen et al., 1998). Treatment of cultured

cells with histone deacetylase (HDAC) inhibitors leads to activation of rearrangement of the
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appropriate antigen receptor locus (Cherry and Baltimore, 1999; Huang et al., 2001; Mathieu
et al., 2000; McBlane and Boyes, 2000). In addition, model in vitro studies have shown that
histone acetylation contributes to RSS accessibility (Kwon et al., 2000). These results could
be attributable to indirect effects, but are highly suggestive that hyperacetylation contributes

to the formation of accessible chromatin.

DNA Methylation. The methylation status of CpG dinucleotides surrounding
recombining DNA segments has also been observed to affect the accessibility of the DNA to
the recombinase. In vitro studies have shown that methylated substrates are resistant to
recombination in transfected cells (Cherry and Baltimore, 1999; Hsieh and Lieber, 1992).
For the Igk locus, it has been observed that V-J joining only occurs on alleles whose Jk
region is demethylated (Mostoslavsky et al., 1998). However, both demethylation and

histone hyperacetylation appear to be required for V-J joining to occur (Ji et al., 2003).

Scope of Present Study

Immunoglobulin genes present a unique system in which to study tissue-specific gene
expression and site-specific DNA recombination as well as the relationship between
chromatin structure and gene expression. However, although much has been learned
concerning the regulatory elements in the downstream region of the locus, the remaining >3
Mb remains largely unstudied. This includes the DNA sequences, patterns of transcription

factor binding sites and transcriptional activation. To determine fully whether the
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accessibility hypothesis is indeed correct, a systematic study of this region must be
undertaken. In this context, the goal of my research was to understand the regulation of the
accessibility of the V regions of the Igk locus. To carry out this aim, I conducted the

following experimental approaches.

1. Tassembled the complete nucleotide sequence of the Igk locus. This included defining the
boundaries on either end and mapping all potential Vi genes, pseudogenes and relics onto it.
2. I determined the patterns of transcription factor binding sites surrounding Vk genes in the
locus. These were analyzed by both family and position in the locus.

3. Tanalyzed the chromatin structure surrounding the Vi genes throughout B cell
development to determine what specific changes occur prior to rearrangement. This included

tests for germline transcripts from particular Vi gene promoters.
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CHAPTER TWO

Nucleotide Sequence of Igik Locus and Transcription Factor Site
Analysis of the Locus

Summary

The mechanisms regulating V gene usage leading to the immunoglobulin (Ig)
repertoire have been of interest for many years but are only partially defined. To
gain insight into these processes, I have assembled the nucleotide sequence of the
Mus musculus 1gk locus using data recently made available from genome-wide
sequencing efforts. I found the locus to be 3.21 Mb in length and mapped all
known functional, pseudo- and relic V gene segments onto the sequence, along
with known regulatory elements. I corrected errors in former gene assignments,
positions and orientations and identified a novel Vx4 gene segment. The 5’
boundary of the locus is defined by the presence of the tumor-associated calcium-
signal transducer-2 gene located 19 kb upstream of Vk24-140, the most distal V
gene. No non-Vk genes were found in the sequence of the locus. Detailed
analysis of the sequences 0.5 kb upstream, within, and 0.5 kb downstream of each
potentially functional V gene revealed interesting patterns of statistically
significant clustering of transcription factor consensus binding sites, generally
specific to a particular family. I found E boxes were clustered not only in
promoter regions, but also nearby recombination signal sequences. Family
members of Vk4/5 genes exhibit a conserved pattern of octamer sites in their
downstream regions, as well as Ebf sites in their introns, and Lef-1 sites in their

upstream regions.
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Introduction

A diverse antibody repertoire is crucial to an organism‘s adaptive immune
response. Primary combinatorial and junctional diversity in the repertoire
develops through the creation of immunoglobulin (Ig) molecules by V(D)J gene
rearrangements of the IgH and IgL gene loci (reviewed in (Sleckman et al.,
1996)). Positive and negative selection of B lymphocytes, receptor editing,
somatic mutation and the level of transcription of individually rearranged genes
provide further variation to the distribution of different Ig molecules in the
periphery (Casellas et al., 2002; Casellas et al., 2001).

To gain insight into the mechanisms of how the Ig repertoire might be
established, it is essential to consider the genomic organizations of the IgH and
IgL loci. In this work, I focus on Igk, the IgL locus that encodes ~95% of the
light chain molecules of the mouse. Previous studies of the mouse Igk locus have
established a nearly complete physical map based on yeast and bacterial artificial
chromosome (YAC and BAC) contigs, revealing it to be the largest multi-gene-
family locus thus far identified with respect to genomic length; Igk spans an
estimated 3.5 megabases (Mb) (George et al., 1995; Kirschbaum et al., 1996;
Kirschbaum et al., 1998; Kirschbaum et al., 1999; Rdschenthaler et al., 2000;
Schable et al., 1999; Thiebe et al., 1999; Zachau, 2004). Early sequencing efforts
of the Jk-Cxk region established the presence of four functional and one non-
functional Jk regions, and a single Ck exon (Max et al., 1981). More recently,
sequencing of segments within upstream genomic clones has identified 96

potentially functional Vk genes that have been grouped into 18 families based on

sequence homologies, as well as numerous Vk pseudogenes and relics, all of
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which have been physically mapped onto the contig (Thiebe et al., 1999).
Members of a given Vk gene family were found to be semi-clustered but partially
interspersed with members of other Vk gene families (George et al., 1995; Thiebe
etal., 1999). The most 5° Vk gene, hf24 (renamed V«24-140 in this study), is a
member of the Vk24 family and located some 3.3 Mb away from the Jik-Ck
region (Thiebe et al., 1999). The most 3’ Vk gene is Vk21G (George et al.,
1997), here termed Vk21-1, located 18 kb away from the Jk1 gene segment
(Kirschbaum et al., 1998; Liu et al., 2002). The 3’ boundary of the Igk locus is
adjacent to the gene encoding ribose-5-phosphate isomerase-A (Rpia) (Apel et al.,
1995), but the gene that defines its 5’ boundary remained to be identified. In
addition, due to the previous lack of a more detailed systematic analysis, it is
unclear whether any non-Vi genes reside within this enormous locus. Data
recently made available from genome wide sequencing efforts have allowed me to
address these issues, as well as to map all Vi genes onto this sequence.

It is unclear how a particular Vi gene is selected for recombination to a
particular Jk region. This choice does not appear to be derived from
chromosomal position (Li and Garrard, 2003), but instead several V genes
throughout the locus are preferred in early rearrangements, both in mice and cell
lines (Kalled and Brodeur, 1990; Kaushik et al., 1989; Ramsden et al., 1994b). In
fact, the V21 gene family, located most proximally to the Jk-Ck region of the
locus (Kirschbaum et al., 1998), is rarely used in the earliest detectable
rearrangement events in fetal liver (Kaushik et al., 1989; Ramsden et al., 1994b).

It has been proposed that rearrangement is regulated by appropriately
modulating chromatin accessibility to the recombination machinery (Yancopoulos

and Alt, 1986). Because transcription factors are known to recruit proteins that
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mediate chromatin accessibility (for reviews, see (Felsenfeld et al., 1996;
Felsenfeld and Groudine, 2003; Hampsey and Reinberg, 2003)), it seems likely
that cis-acting DNA elements responsible for generating chromatin accessibility
to Vk genes reside within each Vk gene’s local vicinity, rather than in the well-
studied Jk-Ck region at the 3’ end of the locus. Indeed, V gene germline
transcription, histone acetylation, and histone methylation have been associated
with V(D)J joining (Casellas et al., 2002; McMurry and Krangel, 2000; Ng et al.,
2003; Schlissel and Baltimore, 1989; Schlissel et al., 1991b). Unfortunately,
previous studies characterizing potential cis-acting elements in Vi genes have
been limited to the available short upstream sequences in a subset of Vk genes’
promoters and to very short downstream sequences terminating near
recombination signal sequences (RSS). Yet, despite this limit, these studies have
identified octamer motifs in essentially all Vk genes’ promoters (Bemark et al.,
1998; Thiebe et al., 1999), as well as E boxes in a subset of these promoters
(Bemark et al., 1998). In view of the importance of several specific transcription
factors in specifying B cell development and Ig gene expression (Reya and
Grosschedl, 1998; Schebesta et al., 2002), I have taken advantage of my assembly
of the Igk gene locus sequence to map consensus binding sites for these factors
onto each V gene sequence and its corresponding upstream and downstream
flanks. This approach has uncovered several regions in which potential binding
sites for transcription factors cluster within and around Vk genes in a family-
specific fashion. The clusters were found either in the upstream region, the intron,
or downstream of the RSS. The most obvious novel finding is an enrichment of

E-boxes or octamer motifs close to the 3’ ends of many Vk gene RSSs. These
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findings provide new insight on potential molecular mechanisms for targeting Vi

genes for recombination.
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Materials and Methods

Assembly of the Igk gene sequence. The sequence was determined first by
extracting the 500 kb segments of DNA (scaffolds) spanning the region from 66
Mb to 72 Mb from the Celera Discovery System (IDs:
GA_x54KRFPKN04:9000001..9500000 through
GA x54KRFPKN04:12500001..13000000) and then aligning them as a
contiguous sequence in Vector NTI (Informax, Bethesda, MD). The Celera
database is a composite sequence from the C57B1/6, A/J, 129 and DBA/2 strains
of mice. To fill in the gaps, I utilized Build 30 of the C57B1/6 mouse genome
available from NCBI

(http://www.ncbi.nlm.nih.gov/genome/seq/NCBIContigInfo.html). Regions of

approximately 1 kb on either side of a gap were used to BLAST Build 30

(http://www.ncbi.nlm.nih.gov/genome/seq/MmBIlast.html). Hits that were within

the correct chromosomal region and at least 99% identical were considered to
close gaps. These limits were chosen because they exceed Celera’s criteria for
matching shotgun fragments. Each hit had to match on both ends and also possess
99% or better identity for up to 3 kb on either side of the gap to fill it in. 47 of the
gaps were filled completely in this manner (Table 2.1 and results). The flanks of
the remaining gaps were then used to BLAST the high quality HTGS sequences
that had not been mapped onto a chromosome. After I assembled this sequence, I
mapped all of the known variable gene segments, the joining and constant regions,
pseudogenes, relics, boundary genes and enhancers onto it (See results for
details). For a known feature, a >99% identity with the sequence previously

determined (http://biochemie.web.med.unimuenchen.de/zachau/kappa.htm) was

30


http://www.ncbi.nlm.nih.gov/genome/seq/NCBIContigInfo.html
http://www.ncbi.nlm.nih.gov/genome/seq/MmBlast.html
http://biochemie.web.med.unimuenchen.de/zachau/kappa.htm

required to determine a match. Table 2.1 contains details on gap regions and what

was used to fill them in.

Searching sequence for putative transcription factor binding sites. 1 wrote
scripts in Perl, with the assistance of Monty Brekke, to search the Igk locus and
individual V genes for the DNA sequences of interest. Exact sequences searched
for are listed in Table 2.3, along with references that provided consensus
sequences. These scripts counted the motifs in each V gene as well as generated

scale diagrams of their placement along the sequence.

Analysis for additional genes. Sequence was analyzed using GENSCAN

(http://genes.mit.edu/GENSCAN.html) developed by Chris Burge (Burge and

Karlin, 1997) using the parameter matrix, Humanlso.smat. The returned results
included predicted peptides, promoter regions, exons, and polyA” sites, with the
probability of each exon listed. I discarded potential gene sequences with no exon
whose probability was greater than 50%. Predicted peptides from the algorithm
were blasted against the SWISSPROT database at NCBI

(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi).

Analysis of sequence for repeated sequences. Sequence was submitted to

the RepeatMasker server (repeatmasker@ftp.genome.washington.edu),

developed by A. Smit and P. Green (unpublished data). Analysis was against a
rodent specific repeat database at the most sensitive setting. Analysis was against
cross_match version 0.990329 and RepBase Update 6.3, vs 05152001. Sequence

was considered repetitive if it matched the repeat sequence with >75% identity.
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Statistical Analysis. Transcription factor binding motifs were analyzed

using a cumulative binomial probability distribution: gm p'(1-p) "
where: n represents the number of V regions examined, r represents the number
of V regions with motif, and p represents the probability of observing >1 of the
motif in question based on the nucleotide composition of the locus, i.e.

p(Ebox) =1—({1-[(pC)(pA)(pC + pG)*(pT)(pG)]}*”), for a sequence length
of 300 bp (pC=pG=0.2, pT=pA=0.3 for Igk). This gives the probability that at
least one of the motifs in question is present in the sequence of interest. This
method of analysis was chosen as the best method after consultation with Dr.
William Frawley in our Academic Computing Services Department and Dr. Nick
Grishin in the Biochemistry Department. Specifics of the motifs analyzed and
lengths for each region analyzed are listed in Table 2.3. This analysis is a
simplified view of the significance. It does not take into account the fact that the
locus most likely arose from gene duplication. It also does not take into account
the conservation of position of elements. The significance is likely understated by
the fact that if multiple instances of the motif exist, this is not taken into account
and the positioning of the elements is not considered. It also would overstate the
significance because of absence of consideration of the gene duplication of V

genes.
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Results

Assembly of the mouse Igk gene locus sequence. To piece together the
sequence of the Igk locus, I first imported the scaffolds assembled by the Celera
Discovery System comprising the sequence of the locus into VectorNTI. Celera
had assembled the scaffolds from their sequence made up primarily of BACs.
They linked the fragments using their own “mate-pair” method which allows
determination of order and orientation of the sequenced DNA fragments as well as
the length of the gaps remaining in the sequence with a high degree of confidence
(Myers et al., 2000; Venter et al., 2001). After importing over 4 Mb of scaffold
sequence, there were 148 gaps of unknown sequence in the locus. The gaps
ranged in size from just a few bp to an estimated 30 kb. The first step to fill these
gaps was to use the sequence from the analogous region in the NCBI database. 47
of these gaps were filled in completely using this information, while two gaps
were only partially filled in this manner. The sequence flanking the 101
remaining gaps lacked enough identity overlap or was apparently located in
regions of unknown sequence in the NCBI contig to be filled in this way. The
flanking regions of these gaps were BLASTed as described in the Methods. One
of the gaps only partially filled with the contig was completed with HTGS
sequence, and an additional 47 gaps were filled in this way. One gap was
partially filled-in with the HTGS sequence, leaving a much smaller region of
undetermined sequence. Approximately 2% of the total sequence of the locus,

distributed in 53 regions remains undetermined at this point (Table 2.1).
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Position of | Gap filled | Gap filled or corrected with? Approximate Type of repeat
5’ end of by NCBI (N/A if still a gap) length of gap sequence gap
gap contig? (in bp), if still | isin
remaining
5749 Y
8116 N N/A 19 LTR
43128 N RP23-123110 replaced flanks;
RP24-348E11 for center
57260 N N/A 60 LINE
70597 N RP23-123110
80268 N RP23-123110
91145 N RP23-337A17
140666 N NT _050069.1 (unmapped
contig)
148908 N N/A 2000 N/A
160845 Y
277289 N NT 039363.1 (mapped to
chromosome 6, not positioned)
325327 N NT 039363.1 (same as above)
326368 N NT 039363.1 (same as above)
375164 N N/A 20 LTR
453984 Y
456404 Y
467595 Y
547186 Y
582624 Y
591800 Y
596282 Y
601413 Y
604164 Y
605459 N N/A 400 LTR
607459 N N/A 620 LINE
614095 Y
632354 Y
635291 Y
642970 Y
658136 Y
687449 Y
696634 Y
705845 Y (648 bp
duplicate)
708692 Y
745864 Y
748035 Y
777999 Y
791474 Y
812849 N RP23-29F15
819097 Y
820484 N N/A 1300 LINE
828769 Y
863557 N RP23-29F15
865702 N RP23-29F15
883680 Y (CT RP23-29F15 (determined length
repeat, of repeat)
unclear
how long)
888557 N N/A 140 LINE
891769 N N/A 20 N/A
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897797

Y
950757 Y
1004805 N RP23-29F15
1027055 Y
1072085 Y (5’ end) | RP24-405023 (remainder)
1073865 N N/A 3500 LTR
1081226 N N/A 20 N/A
1098991 N N/A 20 LINE
1100666 N RP24-405023
1101830 N N/A 4000 LINE
1117957 N RP23-405023
1126938 N RP23-405023
1135310 N RP23-405023
1141228 N RP23-405023
1185653 Y
1247641 Y
1297054 Y
1307441 Y
1308551 N RP23-211L5
1395629 Y
1397602 Y
1410768 Y
1435423 N RP23-344N8
1443618 N RP23-344N8
1476950 N RP23-344N8
1488714 N N/A 3500 LINE
1539407 N N/A 1600 LTR and LINE
1541734 N N/A 1000 LTR and LINE
1623490 N NT 052183.1 (unmapped
contig)
1660937 N NT 052282.1 (unmapped
contig)
1663839 N N/A 10 LINE
1674540 N N/A 30 N/A
1700968 N NT _062389.1 (unmapped
contig)
1704272 N N/A 20 LINE
1719260 N N/A 270 LINE and
SINE
1721715 N N/A 1500 LTR
1737387 N N/A 2300 N/A
1752905 N N/A 20 LINE/CT
repeat
1798095 Y
1874835 N RP24-568F 14
1878614 N RP24-568F 14
1897602 N 3’ end fixed with RP24-568F14 | 20 LINE
1910776 N N/A 20 LINE
1916191 N RP24-568F 14
1940866 N RP24-568F 14
1944504 N RP24-568F 14
1982903 N RP24-405H19
1985095 N N/A 20 LTR
1988200 N N/A 2200 LTR
2042644 N N/A 1900 LINE
2045847 N N/A 2900 LINE
2075924 N RP23-24114
2112782 N RP23-24114
2138313 N NT 042284.1 (unmapped
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contig, fixed 5’ end)
RP23-24114 (fixed 3’ end)

2156302 Y (21 bp
overlap)
2239874 N N/A 1800 LINE
2242852 N N/A 20 LINE
2245480 N N/A 130 N/A
2248140 N N/A 2700 LINE
2251693 N N/A 1950 N/A
2288699 N RP24-475M8
2322643 Y
2376076 N RP24-475M8
2378508 N N/A 20 LINE
2411648 Y
2435147 Y (28 bp
overlap)
2454915 Y
2470080 N N/A 350 LINE
2473695 Y
2483416 N RP24-314D8
2499087 Y-12kb | N/A 3400 LINE
on 3’ end
2564256 N N/A 20 N/A
2591679 N N/A 500 LTR
2639490 N N/A 5700 LINE
2660506 Y
2683578 N N/A 23000 LINE/SINE
2716989 N N/A 300 LINE
2719113 N N/A 2900 LINE
2728102 N N/A 3500 LINE
2734999 N N/A 1400 LTR
2738769 Y (4 bp
overlap)
2748026 N N/A 500 LINE
2755758 N NT _066791.1 (unmapped
contig)
2765548 N NT 070146.1 (unmapped
contig)
2781362 N N/A 200 LTR
2811546 N NT 075060.1
2821255 N NT 075060.1
2831032 N RP24-392D13
2865290 N RP24-392D13
2923682 N N/A 20 LINE
2927153 N RP24-392D13
2927562 N N/A 5700 LINE
2971240 N RP24-392D13
2987182 N NT _058603.1 (unmapped
contig)
2992942 N N/A 3800 LINE
2998699 N N/A 2800 N/A
3065728 N N/A 500 LINE
3079526 N RP23-435114, small gap 30 LINE
remaining
3087715 N NT _052827.1 (unmapped
contig)
3148914 Y
3150544 N AF513926
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Table 2.1 (previous pages) — Positions of gaps in the sequence and how they were
filled in. The position of the 5° end of each gap is listed. If the gap was filled by using
the analogous region of Chromosome 6 from NCBI, then there is a Y in the second
column. An N in this column indicates that there was insufficient data from the genomic
contig to unambiguously correct this region. If the sequence was corrected with the
HTGS sequence data from NCBI, then the clone designation is listed in the next column.
If multiple clones are listed, then each was used to correct the region designated. An N/A
in this column indicates that there was still insufficient data to fill in the sequence of this
region. The fourth column lists the approximate length in bp of the unknown sequence,
based on the original length of the gap given by Celera, minus the length of the sequence
used to fill in the gap. The final column lists the type of repetitive sequence in which the
gap is located. N/A indicates the gap is not within an identified repeat region. If two

types of repetitive sequences are listed, the gap is bounded by each of them.

Overall features of the mouse Igk gene locus and its boundaries. The Igk
locus spans 3,207,797 bp on Chromosome 6, from position 67.8 to 71.2 Mb. The
tumor-associated calcium-signal transducer 2 gene (Tacstd2) is located 19 kb
upstream of the most 5° Vk gene in the locus, and is transcribed in the opposite
orientation with respect to Jk-Ck. Tacstd2 is a 1.7 kb intronless gene encoding a
Type I membrane protein whose intracellular domain is involved calcium
signaling pathways. Aberrant expression of the human ortholog M1S1 has been
implicated in a number of human tumors, both lymphoid and non-lymphoid in
origin. Most notably, its mutation can lead to gelatinous drop-like corneal
dystrophy, an autosomal recessive disorder that eventually leads to blindness (Ren
et al., 2002). This flanking gene is not conserved in the human genome with
respect to position. In the 300 kb 5’ to both the human and mouse Igk genes there
is no conservation of genes. In this 300 kb in the mouse, genes 5° to Tacstd2 are
the interleukin-23 and interleukin-12b receptors. The previously identified 3’

boundary gene, Rpia (Apel et al., 1995), is located immediately downstream of
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the J-C region in both human and mouse. Interestingly, this 3’ flanking gene is
also transcribed in the opposite orientation as Jk-Ck.

The size of the Igk locus makes it a challenging, yet interesting system in
which to study gene regulation. However, to undertake these analyses, it is
necessary to determine whether the Igk gene locus contains any non-Igk genes
that might affect interpretation of results of any future studies. Therefore, I
searched the sequence for predicted gene structures using the GENSCAN
program. Despite the size of the locus, I failed to find any predicted genes.
Several known processed pseudogenes and gene fragments were identified (Fig.
2.1), but it appears that Igk is a single contiguous locus.

In an effort to fill in more of the remaining gaps as well as understand
more about the genomic structure of the Igk locus, I determined the distribution
and positions of repeated DNA sequences within my assembly by submitting the

sequence to the RepeatMasker server (http://ftp.genome.washington.edu/cgi-

bin/RepeatMasker) (Fig. 2.1, grey sections). The majority of the repeats, as

expected, are LINEs, which constitute 41% of the sequence of the Igk locus.
Retroviral LTR elements comprise 11% of the sequence, and only 2.5% is made
up of SINEs, B1 and B2 sequences. Individual elements can be found in the
composite sequence submitted to GenBank. On average, a mouse autosome
consists of approximately 15% LINE sequence, while the X chromosome is
composed of 29% LINE sequence (Allen et al., 2003). Igk therefore contains a
much higher percentage of LINE sequence, and a correspondingly lower
percentage of SINE sequence than does the genome as a whole. Analysis of the
repeat regions also allowed me to conclude that approximately 90% of the

unknown sequence is located in these repeat sequences (See Table 2.1).
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Mapping V genes onto the mouse Igk gene locus sequence. 1 mapped each
of the known potentially functional V genes, pseudogenes and relics onto the
assembled sequence. As a guide, I used the work of Zachau and colleagues

(Thiebe et al., 1999) and an updated list at http://biochemie.web.med.uni-

muenchen.de/zachau/kappa.htm. Each of these sequences was loaded into Vector

NTI for mapping. The assembled sequence was then searched for the reported
sequence of each known V gene. All of the V genes were found to greater than
99% identity in the composite sequence, but, as described below, there were some
differences in the data published by Thiebe et al. (1999) (Fig. 2.1). Table 2.2 lists
each of the Vk genes in order of their location 5’ to 3’, following the
nomenclature adopted for the human Ig loci (Lefranc, 2001a; Lefranc, 2001b),
along with accession numbers for their sequence and 1 kb of both upstream and
downstream flanking sequence. This nomenclature uses the logical system of
naming a V gene with the family name followed by the gene’s position numbered
sequentially from the 3’ to 5° end of the locus. This numbering is used for both
functional and pseudogenes. Functional genes are defined as those with no
apparent defects in their promoters, splice sites or RSSs. Genes that have reported
cDNAs in the database are also classified as functional even if they have minor
defects in their RSS. Pseudogenes are the genes with defects in the above regions
that would prevent them being used in V-J joining. Relics have been identified
through hybridization studies, but have significant divergence in normal gene
structure. Because of the significant divergence of relics, they were named in a
slightly different manner; the family name, followed by a letter designation (from
ator), also 3’ to 5°. This new nomenclature is also related to that of the Zachau
group, as well as other previously used names for the V genes in Table 2.2.
Figure 2.1 shows the resulting physical map of this assembly.
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Figure 2.1 (Previous page) — Schematic of the entire mouse Igk locus, drawn to scale.
For order and identification of the V genes, Table 2.2 indicates them from 5’ to 3° with
the accompanying GenBank accession numbers for the individual files, which have
exons, TATA box, RSS and other binding sites labeled. Green arrows are potentially
functional sequences, hollow blue arrows are presumed pseudogenes and hollow red
arrows indicate relics. The direction of each arrow indicates the transcriptional
orientation of each V gene. Black boxes represent gene fragments in the locus, as well as
the boundary genes at either end. Also indicated in the far downstream J-C region are the
positions of several cis-acting regulatory sequences (for details, see Liu et al. 2002) and
the recombining sequence (RS) (Durdik et al. 1984). The adjacent MAR and Ei are
labeled as MEi. Non-repetitive and repetitive DNA sequences are depicted as solid black
and solid grey lines, respectively. Each pink diagonal line represents the approximate
location of a gap. For reference in Table 2.2d, capital letters represent boundary genes

and other gene fragments in the locus.

The sequence of 4-53 matched both ar4 and ko4 within one base. Because this
sequence only occurs once in the locus, I conclude that they are the same V gene,
4-53. The orientation of three potentially functional and one pseudogene were
found to be opposite of that originally published. The orientation of 9-125, 9-126
and 9-138, formerly cy9, cw9 and cx9 are in the reverse transcriptional orientation
with respect to the J-C region. The 1-117 gene, previously crl, was found to be in
the forward orientation (Figure 2.1). These changes in orientation are on large
contiguous segments of DNA. The previous assignments were made based on
mapping of YACs and BACs, with much more unknown sequence. In all of the
cases in which I found the orientation to differ from the published data, there are
numerous adjacent V genes in the contiguous ungapped segment of DNA that fit
the published orientations. This gives me complete confidence in my orientation
assignments.

The placement, orientation and position of several genes identified after

the original publications was also elucidated (Roschenthaler et al., 2000; Thiebe et
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al., 1999). The more recently discovered genes bv9, bz9, and hk24, now called 9-
122, 9-119, and 24-116 were all located in the 5’ portion of the locus in the
forward orientation (Figure 2.1).

To ensure that I had identified all potentially functional V genes, |
searched the assembly for conserved heptamer and nonamer sites. I chose this
method because this conserved feature would best indicate a V region (Gellert,
2002). While I found numerous sites of either a heptamer or nonamer, I identified
only four new sites that contained both these consensus sequences separated by
the requisite 12 bp spacer. Three of these sequences did not have any further
similarity to V regions. The remaining sequence was determined by similarity
matches to be a member of the Vi4 gene family and has been named 4-57. The
gene segment contains similar intron/exon structure to its other family members,
including splice sites, exon lengths and promoter elements. This leaves the final
count of V genes at 140, 95 of which are potentially functional. To ensure that the
5’ boundary of Igk was properly defined, I also searched 300 kb upstream of
V«24-140 for potential V genes. This distance is 3 times greater than the largest
distance between two V genes in the locus. No other potential V genes were

found. I am confident that there are no other V genes contained in this locus.

Vk Other names Accession number
segment

24-140 hf24 AYS591710
2-139 bd2, Vk2(70/3) AY591707
2-136 bj2, Vk2(70/1) AY591706
2-135 bi2 AY591705
9-133 cb9 AY591744
9-132 cj9, MOPC173C AY591743
20-130 bw20 AY 591704
11-127 if11, MSI-N17 AY591696
9-126 cw9, Igk-V9a AY591742
9-125 cy9, Igk-Vob AY591741
1-124 bll, K18.1 AY591698
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20-123 bt20 AY591703
9-122 bv9 AY591740
1-117 crl, Vk1C, K1AS AY591697
24-112 hg24, Vg7 AY591709
9-111 ba9, Vk41 AY591739
1-110 bbl, Vk1A AY591695
24-109 he24, Vk24B AY591708
RF-104 RF AY591748
32-103 gr32, 1-10 AY591711
9-100 cf9 AY591738
1-99 cvl AY591702
12-98 cil2 AY591700
9-96 ce9, ViId™® AY591747
9-95 by9, 3386 5’V AY591746
9-94 cp9, AJ2 AY591745
38-93 gj38c AY591714
4-92 ay4 AY591737
4-91 kf4 AY591736
4-90 an4, R2 AY591735
12-89 f112 AY591699
1-88 csl AY591701
4-86 kb4, X24, H6 AY591734
33-85 gn33, Igk-34b AY591713
33-84 gm33, Igk-34c AY591712
4-81 ag4, R11 AY591733
4-80 af4, 84con AY591732
4-79 ae4, 4.68, 81con(1) AY591731
4-78 ad4, H1 AY591730
4-77 aj4, H8 AY591729
4-74 ai4, 128con AY591728
4-73 ah4, 72con AY591727
4-72 am4, 70Z/3, 67con AY591726
4-71 al4, 18con

4-70 kn4, R9 AY591725
4-69 km4, H9 AY591724
4-68 aq4, H13 AY591723
4-63 ac4, 38con AY591722
4-61 aa4, H4 AY591721
4-60 kk4, H3, pOx AY591720
4-58 kj4, S107B, R1 AY591719
4-57 kp4

4-56 ap4, 76con AY591718
4-54 at4, np2.6.1 AY591717
4-53 ar4, ko4, 148con AY591716
4-52 kh4, 4.58 AY591715
4-51 4-51, V-L8, L8 AY591668
4-50 4-50, k(2154), R13 AY591667
23-48 23-48, L7 AY591639
12-46 12-46 AY591607
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23-45 23-45, B1P8-7b-2 AY591638
12-44 12-44 AY591606
23-43 23-43 AY591637
12-41 12-41, VkRFT2 AY591604
23-39 23-39,23.32 AY591636
12-38 12-38 AY591602
23-37 23-37 AY591635
dv-36 dv36 AY59169%4
8-34 8-34 AY591686
22-33 22-33, Vk22G AY591634
19-32 19-32, V-Ser AY591620
8-30 8-30, H8 VL AY591684
19-29 19-29 AY591619
8-28 8-28 AY591683
8-27 8-27 AY591682
19-25 19-25 AYS591618
8-24 8-24 AY591680
19-23 19-23 AY591617
8-21 8-21 AY591678
19-20 19-20 AY591616
8-19 8-19 AYS591677
19-17 19-17 AYS591615
8-16 8-16 AYS591675
19-15 19-15 AY591614
19-14 19-14 AY591613
19-13 19-13, Ve AYS591612
21-12 21-12, 1.5kb Vk, Vk21E AY591624
21-10 21-10, 16.0kb Vk, Vk21B AY591622
21-9 21-9, 4.0kb Vk AY591633
21-7 21-7, 1.6kb Vk AYS591631
21-5 21-5, Vk21C AY591630
21-4 21-4, 8.5kb Vk AY591629
21-3 21-3,18.5 Vk AY591628
21-2 21-2, Vk21A AY591626
21-1 21-1, Vik21G AYS591625
Table 2.2a.

Pseudogene Other names Accession number
9-138 psi-cx9, V9B (294A9) | AY591693
20-137 psi-bk20, V20 (294A9) | AY591621
2-134 psi-bh2 AY591627
9-131 psi-cl9 AY591692
9-129 psi-co9 AYS591691
9-128 psi-br9 AY591690
9-121 psi-bp9 AY591689
9-120 psi-bq9 AY591688
9-119 psi-bz9 AY591687
11-118 psi-iell AY591600
24-116 psi-hk24
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1-115 psi-czl AY591601
11-114 psi-icl1 AY591599
24-113 psi-ha24 AY591643
1-108 psi-cql
24-107 psi-hc24 AY591642
11-106 psi-iall AYS591598
24-105 psi-hd24 AY591641
32-102 psi-gs32 AY591648
32-101 psi-gl32 AY591647
32-97 psi-gk32 AY591649
33-87 psi-gp33 AY591654
4-83 psi-kg4 AY591674
33-82 psi-gq33 AY591653
33-76 psi-ga33 AY591652
4-75 psi-ka4 AYS591673
12-67 psi-fgl2 AYS591611
12-66 psi-fr12 AY591610
4-65 psi-ki4 AY591672
33-64 psi-gu33 AYS591651
4-62 psi-ab4 AYS591671
4-59 psi-kl4 AY591670
4-55 psi-ao4, 118con AY591669
12-49 psil2-49 AY591609
12-47 psil2-47 AY591608
12-42 psil2-42 AY591605
12-40 psil2-40 AY591603
2-35 psi2-35 AY591640
8-31 psi8-31 AY591685
8-26 psi8-26 AYS591681
8-22 psi8-22 AY591679
8-18 psi8-18 AY591676
21-11 psi2l1-11, 6.0kb Vi AY591623
21-8 psi21-8, 4.0kb Vk AY591632
21-6 psi21-6, 6.0kb Vi
Table 2.2b.
Relic | Former Accession number

name
I-r r-bel
32-q r-gt32 AY591650
24-p r-hi24 AY591646
24-0 r-hb24 AY591645
24-n r-hh24 AY591644
33-m | r-gf33 AY591666
33-1 r-ge33 AY 591665
33-k r-gb33 AY591664
334 r-gv33 AY591663
33-1 r-go33 AY591662
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33-h r-gd33 AY591661
33-g r-gb33 AY591660
33-f r-gh33 AY591659
33-e r-gz33 AY591658
33-d r-gg33 AY591657
33-c r-gx33 AY591656
33-b r-gy33 AY591655
23-a r-fp23

Table 2.2c.

Label Gene

A Tumor associated calcium signal transducer
B alpha-tubulin related pseudogene

C cortactinB related pseudogene

D mouse mammary tumor virus-8

E s-adenysylmethionine decarboxylase gene

fragment
F s-adenysylmethionine decarboxylase gene
fragment
G ornithine decarboxylase gene fragment
H Ribose-5-phosphate isomerase exon 9
Table 2.2d.

Table 2.2 - A 5’ to 3’ listing of each of the significant elements in the Igk locus. a)
each of the potentially functional V gene segments displayed on Fig. 2.1, b) each of the
presumed pseudogenes, c) each of the presumed relics within the boundaries of Igk.
These are followed by the GenBank Accession numbers of each of these gene segments
with 1 kb on either side of the coding region. d) lists the other genes, pseudogenes and

gene fragments located in and near Igk.

Alignment of promoter regions reveals conserved transcription factor
binding sites. Several intriguing studies demonstrate essential roles for specific
transcription factors in regulating B cell development (reviewed in (Reya and
Grosschedl, 1998; Schebesta et al., 2002)). It is particularly striking that the
engineered co-expression of E2A or early B cell factor (Ebf) in conjunction with
RAG1/2 can induce V(D)J rearrangement of IgL genes in non-lymphoid cells
(Goebel et al., 2001; Romanow et al., 2000). Therefore, I wished to determine
whether there are significantly conserved patterns of potential binding sites within

or near V genes for E2A, Ebf, and other transcription factors involved in B cell
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development and Ig gene expression. For this purpose, I aligned all of the
sequences of the potentially functional Vi genes, either upstream of their leader
regions, within their coding and intron regions, or downstream of their RSSs. 1
searched these alignments for the positions of consensus binding sites for relevant
transcription factors. These included: the Octl/2 Octamer binding site (Falkner
and Zachau, 1984; Wirth et al., 1987); an E2A preferred E box (Blackwell and
Weintraub, 1990; Ephrussi et al., 1985); the Ikaros site (Georgopoulos et al.,
1994; Georgopoulos et al., 1992); the Ebf site (Hagman et al., 1991; Lin and
Grosschedl, 1995); the PU.1 site (Klemsz et al., 1990; Schwarzenback et al.,
1995); the Pip/IRF4 site (Eisenbeis et al., 1995; Pongubala et al., 1992); the Stat-5
site (Liu et al., 1995); the Lef-1 HMG box (reviewed in (Schilham and Clevers,
1998); the NF-kB site (Sen and Baltimore, 1986a; Wirth and Baltimore, 1988); as
well as a consensus sequence for forkhead proteins — which are involved in
opening of chromatin in early development (Cirillo and Zaret, 1999). Table 2.3
shows the consensus sites used for searching the sequence, expected frequencies,
and probabilities for the observed patterns occurring on a random basis. Although
these probability calculations do not take into account that V genes were likely
generated by gene duplication events and hence should share considerable
sequence identity, analysis of sequences immediately flanking conserved binding
sites reveals sequence divergence (see discussion).

I first aligned and analyzed the 500 bp region immediately upstream of
each potentially functional Vk gene’s leader sequence. Sequences are grouped by
V gene family, listed in the order that they occur in the locus 5’ to 3° (Figure 2.2,
top to bottom). The TATA box is in every V gene, and shares similar positioning
within but not between each V gene family (Figure 2.2, open, black-bordered

boxes). The known conservation of the octamer motif is also striking, with only
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seven examples that do not contain a perfect consensus, but a variant octamer
sequence (Figure 2.2, red boxes and open red-bordered boxes, respectively).
When the pseudogenes and relics are examined, the most obvious initial
observation is the mutation or altered position of the octamer site (Figure 2.3)
This known conservation led to the calculation of a probability of observing this
pattern by random chance to be approaching zero.

The next most noticeable conservation in V genes’ upstream regions is the
presence of an E2A preferred E box, either 5’ or 3’ of the octamer site in many of
the V gene families (Figure 2.2, blue boxes). Several of these E boxes have been
identified previously (Bemark et al., 1998), but I have detailed the conservation
more completely here. With the exception of the Vk2, Vi1, VkRF, Vk4 and
Vk23 gene families, each V gene family contains a conserved E box within 30
bases of the octamer sequence. Interestingly, most members of the Vk21 and
Vk19 gene families contain E boxes flanking both sides of their octamer site
(Figure 2.2, bottom), while the more 5° gene members of the V19 family only
have a single E box site, as do the Vk22 and Vk8 gene family members.
However, the most favored position of E box sites in the V genes residing in the
5’ region of the Igk locus is upstream of the octamer, irrespective of their
transcriptional orientation in the locus. The probability of observing at least one E
box in these V regions is again, a very small number. E boxes are either
completely absent or far removed with regard to the position of the octamer site in
the pseudogenes residing within the 3’ region of the locus (Figure 2.3).

Other interesting patterns emerge when one examines the locations of
potential Lef-1 HMG boxes. Most striking is the Vk4 gene family, where Lef-1

sites are located immediately downstream of the TATA box of 19/27 family
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members (Figure 2.2, center, orange boxes). The Vk9 and Vk12 gene families
also exhibit this site with a high level of conservation, at —250 to —350 bp from the
transcription start site (Figure 2.2, upper half, orange boxes).

There are also a large number of both Ikaros and winged helix/forkhead
consensus sites upstream of most Vk genes. Only 8/95 do not exhibit at least one
Ikaros site and only 2/95 do not have potential binding sites for either (Figure 2.2,
pink and green boxes, respectively). Interestingly, these sites are present in a
statistically significant greater frequency over the expected random values for
their occurrence both near the V genes as well as in the rest of the locus (Table
2.3; data not shown). It is also of interest to note that the probabilities in Table
2.3 list the probabilities based on at least one of each of these factors, whereas
there are actually multiple copies of each of these sites at each Vi gene. In effect,
the Igk locus is enriched in potential binding sites for both of these factors.

Sequence searches for potential binding sites for Ebf (not found), NF-«B
(dark red boxes), PU.1 (black boxes), Pip (data not shown, statistically
insignificant), and Stat-5 (data not shown, statistically insignificant) did not yield
any results of obvious interest. Nevertheless, it can be concluded that potential
binding sites for Oct1/2, E2A, Lef-1, Ikaros and winged helix/forkhead proteins
often exhibit highly significant non-random positioning in the upstream regions of

many Vx genes (Table 2.3).
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Transcription Consensus Sequence Expected V regions with Probability of observed patterns of | Reference(s) Color in
Factor Frequency (in bp, pattern / total V occurrence Figs. 2-4
approx.) regions
Octl/2 ATGCAAAK 1/10,000 88/95 p(promoter)~4.8x10™% (Falkner and Zachau, 1984; | Red
20/27 p(Vicdps)x7x107%° Wirth et al., 1987)
E2A and AP-4 CASSTG 1/1,700 62/95 p(promoter)~4.6x10~’ (Aranburu et al., 2001; Light blue
5/95 p(intron)~0.15 Blackwell and Weintraub,
51/68 p(DS(excl Vicd))=2.4x107 1990; Ephrussi et al., 1985)
Tkaros GGGAW 1/350 79/95 p(promoter)~2.7x107 (Georgopoulos et al., 1994; Pink
62/95 p(intron)~2.2x10% Georgopoulos et al., 1992)
74/95 p(DS)=0.03
Ebf TWCCCNNGGGAWT 1/1,150,000 15/27 p(intron, Vi4)~1.9x107’ (Hagman et al., 1991; Lin Yellow
and Grosschedl, 1995)
PU.1 TGRRGAAGT 1/31,000 5/10 p(VK9 promoter)~2.3x10~ (Klemsz et al., 1990; Black
Schwarzenback et al., 1995)
Pip/IRF-4 GAASTGAA 1/13,000 8/95 p(V region)=0.14 (Eisenbeis et al., 1995; N/A
Pongubala et al., 1992)
Stat-5 TTCYNRGAA 1/12,000 9/95 p(V region)=0.15 (Liu et al., 1995) N/A
Lef-1 WWCAAAG 1/1,300 53/95 p(promoter)~1.7x10° (Schilham and Clevers, Orange
13/18 p(intron for Vks8,19,22)~1.8x10™" 1998)
22/95 p(DS)~0.11
NF-xB GGGRNNYYCC 1/12,500 4/5 p(Vil intron)~1.4x10™® (Sen and Baltimore, 1986b; Maroon
1/95 p(promoter)~0.09 Wirth and Baltimore, 1988)
Forkhead RWAAAYAW 1/700 69/95 p(promoter)~1.2x10" (Cirillo and Zaret, 1999) Green
55/77 p(intron excl Vks8,19,22)~5.9x10%
74/95 p(DS)=2.1x10™"7
Pax-5 CANTGNNGCGKRACSR | 1/5,800,000 0/95 p(V region)~0.98 (Barberis et al., 1990) N/A
Table 2.3
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Table 2.3 (Previous page) — Consensus sequences used for searching the Igk sequence for
transcription factor motifs. Following the consensus sequence is the expected frequency of random
occurrence of each motif based on the nucleotide composition of the locus. The next column lists the
number of V genes possessing the motif of interest versus the number of V genes analyzed. The
final column lists the probability for the number of V genes observed to contain at least one copy of
the corresponding motif based on its random occurrence, calculated as described in the Materials and
Methods section. For Ikaros and Forkhead promoter calculations, the sequences used were the 300 bp
located from —500 to —200 bp upstream of the first exon. For all other calculations, promoter
sequences corresponded to the 500 bp upstream regions. Intron length corresponds to the average
intron length for the sequences considered. For downstream (DS) calculations, the length
corresponded to the 300 bp region located immediately downstream of the RSS. For the probabilities
of Pax-5, Stat-5, and Pip, the entire V region and its flanking sequence were used since there were so
few of these sites present. For calculations where not all V regions were included, those families

excluded are indicated by “excl.” R=A or G; K=G or T; S=C or G; W=A or T; Y=C or T.
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Figure 2.2 (Previous page) — Putative transcription factor binding sites within the 500 bp
upstream regions of each potentially functional Vk gene. Sequences are grouped by V gene family,
listed in the order that they occur in the locus, 5’ to 3°, from top to bottom. The right side of the
alignment corresponds to the 3’ ends of the sequences, starts at -1 bp from the ATGs in the leader
exons and extends upstream to the left for -500 bp. It should be noted that the 5’ untranslated regions
of [gk mRNAs tend to be only a few nucleotides long (Kelley et al., 1982). Color coded boxes
represent the following elements and potential binding sites for transcription factors: Open black-
bordered, TATA box; red or open red-bordered, octamer and variant octamer, respectively; blue, E
box; orange, Lef-1; pink, Ikaros; green, winged helix/forkhead; and black, PU.1. Ebf and NF-xB

sites were not found.
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Figure 2.3 (previous page) — Putative transcription factor binding sites within the S00 bp
immediately upstream of each Vk pseudogene and relic. V regions are grouped by family in the
order of appearance in the locus 5’ to 3°. Octamer/variant octamer — red /open red, TATA — open
white, HMG box — orange, E-box — blue, Ikaros — pink, Forkhead — green, PU.1 — black, NF-xB —

maroon.

Alignment of coding and intron regions reveals interesting similarities in
transcription factor binding sites. To determine whether there are conserved sites in the
introns or exons of any of the potentially functional V gene families, I aligned these genes
starting from their leader exons (Figure 2.4). Examination of this alignment demonstrates
that variation occurs in the intron length even in highly conserved families, but this variation
is generally less that that seen between different families (Figure 2.4, narrow lines).

There are a number of additional observations that are obvious upon visual inspection
of sequence motifs within this alignment. With the exception of the intermingled VS8, 19,
22 and dv families, all V gene families have clusters of potential Ikaros binding sites in their
introns, or conserved winged helix/forkhead binding sites, or both (Figure 2.4, pink and
green boxes, respectively). All of the gene families that do not possess these patterns have
potential Lef-1 binding sites in their introns, excepting the single gene Vkdv family (Figure
2.4, lower, orange boxes).

Two Vk gene families contain unique clusters of putative binding sites for either Ebf
or NF-kB in their introns. The introns of the Vk4 gene family have conservation of potential
Ebf binding sites (Figure 2.4, center, bright yellow boxes). This conservation occurs in most
of the same members that contain a potential Lef-1 binding site in their upstream regions; 14

V4 genes have both the Lef-1 binding site in their intron and the Ebf sequence in their
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promoter. (Figure 2.4, center, orange boxes). Vk4-56 displays only the promoter Lef-1 site
and four Vk4 genes have the Ebf intron site without the promoter Lef-1 site. Four of the five
Vkl1 family members were found to have a potential NF-kB binding site in their intron
(Figure 2.4, upper, dark red boxes). Interestingly, this statistically improbable and conserved
positioning of potential Ebf and NF-«B binding sites is unique and not shared with any other
Vk gene families.

The nearly complete absence of E boxes in the intron sequences is very noticeable (3
out of 95), although they often are found in exons, frequently near either the 5° or 3’ intron
junctions (Figure 2.4, blue boxes). This can be seen in the two most 3’ families, Vk21 and
Vk19, where all but one gene has an E box at the intron exon boundary (Figure 2.4). In
addition, there are no conserved clusters of octamer sites (Figure 2.4, red boxes), and only
the 4-91 gene has a potential PU.1 binding site in its intron (Figure 2.4, center, black box).
There is a complete absence of conserved Pip or Stat-5 binding sites in the introns of Vi
genes.

In conclusion, the only conservation that is shared between most Vk genes is the high
frequency of sites for chromatin modulating factors in their introns. Potential binding sites
for Ikaros, winged helix/forkhead and/or Lef-1 proteins often exhibit highly significant non-
random positioning in the introns of most Vk genes (Table 2.3). In addition, the introns of

Vk4 and Vk1 gene families possess potential Ebf and NF-kB binding sites, respectively.
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Figure 2.4 (Previous page) — Putative transcription factor binding sites located within the
coding exons and intron of each potentially functional Vi gene. Sequences are grouped by V gene
family, listed in the order that they occur in the locus, 5’ to 3°, from top to bottom. The left side of
the alignment corresponds to 5° ends of sequences and starts at the ATGs in the leader exons as +1 bp
and extends downstream to the right to the RSSs. Exons are represented as light gray rectangles and
introns as narrow lines. Color coded boxes represent the following potential binding sites for
transcription factor: pink, Ikaros; green, winged helix/forkhead; orange, Lef-1; bright yellow, Ebf;
dark red, NF-«xB; blue, E box; black, PU.1; and red, octamer.
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Figure 2.5 (previous page) — Putative transcription factor binding sites located within the
coding exons and intron of Vk pseudogenes and relics. Vi« segments are listed from 5’ to 3’ as in
Fig 2.3. Exons are represented as light grey rectangles. Ebf — yellow, HMG box — orange, E-box —
blue, Ikaros — pink, Forkhead — green, PU.1 — black, NF-«kB — maroon.

Sequences downstream of the RSS also exhibit conserved transcription factor binding
sites. Localized transcription factor binding has been associated with recruitment of
chromatin remodeling complexes in other systems, and could be involved in generating
accessibility of RSSs to the recombination apparatus (for reviews, see Felsenfeld and
Groudine, 2003; Hampsey and Reinberg, 2003). To explore this idea, I determined whether
there were conserved sites of potential importance downstream of the RSSs. I performed the
same type of alignment as for the upstream regions and introns. However, this time I aligned
the RSSs and the 500 bp immediately downstream. Conservation of sites decreased
dramatically after 300 bp, therefore I present results only 300 bp downstream of the RSS.

The most striking and completely unexpected finding that I made is a family-specific
conservation in octamer sites. There are no published reports of this conservation. Eighteen
members of the centrally located cluster of Vk4 genes contain conserved octamer sites in
their downstream regions ~100 bp from their RSSs (Figure 2.6, center, red boxes). Fourteen
of these same genes also contain potential Lef-1 binding sites in their promoters (Figure 2.2,
orange boxes) and have the conserved potential Ebf binding sites in their introns (Figure 2.4,
bright yellow boxes). Neither the upstream Lef-1 site, the intronic Ebf site, nor the
downstream octamer site, however, is conserved in the V4 pseudogenes that are

interspersed in this region (Figures 2.3, 2.5, and 2.7, respectively).

60



Another intriguing finding that I made by this analysis is the statistically significant
conservation of E boxes downstream of the RSSs. With the exception of the Vk4, Vk24 and
V«21 families, there is a significant conservation of E boxes downstream of the RSS (Figure
2.7, blue boxes). Curiously, these E box deficient families are located in the center and at
either end of the locus. Vk1 genes, which do not have any noticeable level of conservation
of E boxes in their promoters, contain one completely conserved E box in their downstream
regions (Figure 2.6, upper, blue boxes).

There also is a high frequency of potential Ikaros and winged helix/forkhead binding
sites downstream of RSSs (Figure 2.6, pink and green boxes, respectively). Winged
helix/forkhead sites are present at a very high frequency; most Vk genes contain 2-4
consensus sequences within the 300 bp region downstream of the RSSs.

As in the upstream region, there is a lack of conservation of potential PU.1 (Figure
2.6, black boxes), Ebf (not found), Pip (data not shown, statistically insignificant) or Stat-5
(data not shown, statistically insignificant) binding sites in the region downstream of the
RSSs. In addition, the only Vk genes possessing downstream potential NF-xB binding sites
are several Vi1 gene family members; interestingly, this family is also the only one
exhibiting such sites in the genes’ introns (Figures 2.4 and 2.6, upper, dark red boxes).
Potential Lef-1 binding sites are not clustered downstream of any Vk gene family, although
they appeared numerous times downstream of different Vi genes (Figure 2.6, orange boxes).

In conclusion, I uncovered the significant conservation of potential Octl/2 and E2A
transcription factor binding sites in the region immediately downstream of many Vk genes’

RSSs.
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Figure 2.6 (Previous page) — Putative transcription factor binding sites within the 300 bp
downstream regions of each potentially functional Vi gene. Sequences are grouped by V gene
family, listed in the order that they occur in the locus, 5° to 3°, from top to bottom. The left side of
the alignment starts corresponds to the 5’ ends of sequences and starts at the RSSs (black arrows), and
extends downstream 3’ for 300 bp. Color coded boxes represent the following potential binding sites
for transcription factors: red, octamer; blue, E box; pink, Ikaros; green, winged helix/forkhead; dark

red, NF-xB; orange, Lef-1; and black, PU.1. Ebf was not found.
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Figure 2.6 (Previous page) — Putative transcription factor binding sites in the 300 bp
immediately downstream of Vk pseudogenes and relics. Sequences are organized as in Fig 2.2
and 2.4. Octamer — red, HMG box — orange, E-box — blue, Ikaros — pink, Forkhead — green, PU.1 —
black, NF-xB — maroon.
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Discussion

The most significant finding of this study is that there are several regions in which
potential binding sites for transcription factors cluster around Vi genes. This occurs either in
the upstream region, the intron, or downstream of the RSS. This clustering of sites appears
to be family specific, with the majority of the members of a given family containing common
sites of clustering. Most families only contain such clustering in either one or two of the
three regions we analyzed. The only obvious exception to this is the Vi4/5 family, which
possesses clusters of potential binding sites for Lef-1, Ebf, and Oct1/2 in the upstream, intron
and downstream regions, respectively. These overall clustering results are novel as they
point to regions in addition to Vk gene promoters as being potentially functionally important
in targeting Vx genes for recombination, namely introns and the region downstream of the
RSS. I predict that this positioning will have functional significance in V-J joining. We have
observed that the RSS region of the germline Vk4-60 gene is enriched for Oct-1 at this same
point in development (unpublished results from Zhe Liu). These results suggest different
combinatorial ways in which Vi genes might be targeted for recombination. Chromatin
opening by transcription factor binding need not require the process of transcription to occur,
as it is well established that many such factors simply recruit various chromatin remodeling
proteins (for review, see Felsenfeld and Groudine, 2003).

Some Vk genes do not obey the above family rule of clustering. Exceptions may

exist for at least three reasons. First, some binding sites that [ analyzed may mismatch the
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consensus sequence by only one or two bp. For certain transcription factors, depending on
the context, this degree of mismatch may be functionally tolerated. If such variant conserved
sites do exist, I would have missed them in my analysis. The second reason for exception to
the family rule of clustering could be that a Vk gene that is an outlier in its family may be
non-functional. The criterion for classifying a Vk gene as potentially functional was the
presence of a matching cDNA sequence in the NCBI’s database (Thiebe et al., 1999). This
database consists of sequences derived from numerous strains of mice. It is very likely that
each inbred mouse strain has its own classification for functional- and pseudo-Vk genes and
that mutations over time contribute to strain-specific differences in this classification. This
has been shown to be the case for some of the Vi1 gene family members in different strains
of mice (Ng et al., 1989). Therefore, some of the functional Vi regions in the NCBI
database that we assigned to be potentially functional could be pseudogenes in varying
strains of mice. A third possibility for deviation from family member clustering is that it is
possible that other transcription factors, not studied here, are important in the initiation of
V(D)J recombination at the level of targeting.

The Vi1 gene family is interesting because of its non-conserved nature. It is a very
highly used family, especially in initial rearrangements (Medina and Teale, 1993; Ramsden
et al., 1994b); it undergoes germline transcription and has an altered chromatin structure
during the pre-B cell stage of development (See Chapter 3), but most of its members have a
variant octamer site in their promoters. These observations support our idea that regions other
than a gene’s promoter may be important for the targeting of the recombination machinery.

In this regard, Vi1 genes comprise the only family that possesses potential NF-kB binding
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sites in their intronic and downstream regions. Furthermore, Vi1 genes also possess
multiple E boxes in their downstream regions.

It is perhaps puzzling that the only conserved Ebf sites uncovered in this study were
in the introns of a group of Vx4 genes. Ebf has been implicated to play a role in V(D)J
recombination of both IgH and IgL. genes (Goebel et al., 2001; Sigvardsson et al., 1996;
Sigvardsson et al., 1995). The paucity of Ebf binding sites would suggest that either Ebf
functions through binding at sites in the locus other than at Vi genes, or Ebf may regulate
other non-Igk genes whose products act on Vi genes, or Ebf may simply be less important in
generating accessibility to the Igk locus. It is also possible as mentioned above that Ebf sites
were not picked up in this analysis because the consensus sequence searched for was either
imperfect or too stringent. However, it has been shown that the V4 gene family is
preferentially rearranged in both Abelson transformed pre-B cell lines and in the fetal livers
of embryonic mice (Kalled and Brodeur, 1990; Ramsden et al., 1994b), therefore Ebf may
play an important role in these initial rearrangement events.

The centrally located Vi4 gene family is an enigma that exhibits features strikingly
different from other families. Its members are the most conserved and possess unique
patterns of potential binding sites for several transcription factors. Within the Vi4 family,
the patterns of transcription factor binding sites are conserved more so than the surrounding
sequence. For example, if each of the Vk4 genes’ promoters is aligned using the Oct site as a
guide, there is 100% identity between all members at the eight bp site. However, the eight bp

5’ to the site are only 80% identical and the 3’ side is only 75% identical. This is interpreted
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to indicate that the conservation is due to a functional requirement and that the sites would
have diverged evolutionarily without selection.

Several factors that are known to play important roles in regulating B cell
development and V(D)J recombination are likely not involved as major players in directly
regulating the accessibility of Vk genes. Besides NF-xB and Ebf as discussed above, factors
such as PU.1, Stat-5 and Pip/IRF4 are also likely to have most of their duties in the process
elsewhere as evidenced by the lack of sites within or around most Vk genes. PU.1 sites are
only present in the promoters of a few Vi genes. The involvement of PU.1 and NF-«B is
likely to be principally attributed to the enhancers in the J-C region, since these sites are

nearly random elsewhere throughout the entire Igk locus.
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CHAPTER THREE

Identification and Characterization of DNase I Hypersensitive Sites
Surrounding Igk Variable Gene Segments

Summary
Regulation of chromatin accessibility is thought to play a major role in determining the
specificity of the V(D)J recombination process. This process is tightly developmentally
regulated in both a cell type and locus specific manner. Here I provide in vivo evidence that
the accessibility of the chromatin surrounding immunoglobulin kappa (Igk) variable (V) gene
segments alters during the pre-B cell stage of development. This accessibility is
demonstrated by the presence of DNase I hypersensitive sites (HSs) that localize at or near
the promoters and recombination signal sequences (RSS) of the V gene segments. The HSp
are present only during the pre-B cell stage of development and do not correlate with
germline transcription from the same V regions. HSp are present in all functional germline
Vk gene segments tested. HSp correlate with the conserved transcription factor binding sites
discussed in Chapter Two. Differences in the patterns of sites for specific transcription
factors among different V gene families suggest that there is a variety of combinatorial

pathways to achieve an open chromatin configuration of Vk genes.
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Introduction

It has been proposed that V(D)J recombination is regulated by modulation of
chromatin accessibility to the recombination machinery (Yancopoulos and Alt, 1986).
Accessibility can be measured in a number of ways. Germline transcription from promoters
near Vk and Jk genes often precedes or accompanies the rearrangement process (Casellas et
al., 2002; Schlissel and Baltimore, 1989; Schlissel et al., 1991b). Therefore this has been a
traditional measure of accessibility of chromatin to transcription and other protein machinery.
Monoallelic demethylation and early DNA replication have also been implicated as changes
that occur in the active allele of the Igk locus (Mostoslavsky et al., 1998; Mostoslavsky et al.,
2001). Histone acetylation and methylation status also changes as genes become
“accessible.” Changes in acetylation status have been observed in Ig and TCR systems
(Agata et al., 2001; Cherry and Baltimore, 1999; McBlane and Boyes, 2000; McMurry and
Krangel, 2000), but the importance of histone methylation is not known, although a role in
silencing has been suggested for this phenomenon (Ng et al., 2003). Interestingly,
methylation of DNA leads to the recruitment of histone deacetylases that inhibit
recombination by closing chromatin (Ji et al., 2003; Nan et al., 1998). One other method for
examining accessibility is the use of in vivo nuclease cleavage assays (Aronow et al., 1995;
Asenbauer and Klobeck, 1996; Chung et al., 1983; Ellis et al., 1996; Gross and Garrard,
1988; Haines and Brodeur, 1998; Li and Wrange, 1997; Liu et al., 2002; Madisen and
Groudine, 1994; Maes et al., 2001; Mather and Perry, 1983; Mymryk et al., 1997; Persiani

and Selsing, 1989; Roque et al., 1996; Storb et al., 1981). Support for this proposal comes
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from more recent studies in model in vitro systems with nucleosomes reconstituted on
recombination substrates have demonstrated that accessibility of the RSS depends on
nucleosome positioning, HMG1, histone acetylation and SWI/SNF remodeling (Kwon et al.,

1998; Kwon et al., 2000).

The chromatin accessibility hypothesis is supported by the observation that
transiently transfected recombination substrates can be induced to undergo rearrangement
upon expression of RAG-1/2 proteins in non-B cells (Oettinger et al., 1990; Schatz et al.,
1989), but the corresponding endogenous alleles remain in the unrearranged, germline state
(Romanow et al., 2000). Additionally, the chromatin of mouse Vi and Jk genes becomes
generally sensitive to DNase I at the pro- to pre-B cell transition (Maes et al., 2001). Other
direct support for the chromatin accessibility hypothesis come from the demonstration that
appropriate RSS in early B and T cells are targets for RAG-1/2 cleavage in vivo
(Constantinescu and Schlissel, 1997) or in isolated nuclei (Goldmit et al., 2002; Stanhope-
Baker et al., 1996).

I chose to examine the chromatin structure surrounding germline Vk genes, using the
data from Chapter II as a guide. Chromatin structure changes can by monitored by
examining the sensitivity of the chromatin to nucleases, germline transcription in the regions
of interest, studies of methylation status and acetylation status of histones. I chose to use
DNase I hypersensitivity assays as well as test for the presence of germline transcription
from individual Vk genes. These studies demonstrated that Vk genes exhibit HSp and
sometimes HSgss specifically at the pre-B cell stage of development. These sites are not

caused by RAG expression and are not inducible by traditional “chromatin activating”
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factors. I have followed the initial observation of HSs by attempting to determine the cause
of the sites and have observed the germline transcription status from the Vk genes of
interest. I have also demonstrated that germline transcription of a particular Vk gene is being

neither necessary nor sufficient for maintenance of the HSs.
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Materials and Methods

Cell lines. BASC6 C2, AH7, 38B9, T7, S7, 63-12, and B10 were maintained in
RPMI 1640 supplemented with 10% FBS and 50uM B-mercaptoethanol at 37°C, 5% CO..
103Bcl2 cells were maintained in RPMI 1640 as above except at 34°C. S194 cells were
maintained in Iscove's MDM supplemented with 5% FBS and 50uM B-mercaptoethanol and
grown at 37°C and 10% CO,. The BASC6 C2, T7, and B10 cell lines were a generous gift
from Eugene Oltz (Vanderbilt University). The AH7 cell line was a generous gift from
Christopher Roman and David Baltimore (Caltech). For drug treatments, cells were treated
for 6 days with samples taken for DNase I analysis at 24 hour increments. Cell lines were
treated with varying concentrations of Trichostatin-A (TSA) (WAKO Pharmaceuticals) and
5-Aza-2-deoxycytidine (Aza-C) (Sigma), both stocks dissolved in ethanol. For TSA, 25nM,
50nM, 100nM; Aza-C, 1uM, 5uM, 10uM. Cells were also mock treated in parallel with
ethanol. These concentrations were selected based on the manufacturer’s recommendation

and personal experience of Michael Hale in the laboratory.

DNase I treatment of cells. Cells were grown to a density of approximately 10° per
ml, counted and spun at 1000xg for 5 min. 12 x 10 cells were used for each experiment.
The cell pellet was washed in 1X PBS and permeabilized in Solution I (150mM sucrose, 80
mM KCl, 35mM HEPES pH 7.4, 5mM K,;HPO4, 5SmM MgCl,, 0.5mM CaCl,, 0.02%

NaAzide) + 0.05% hen egg white lysolecithin (Sigma, St. Louis, MO) at 37°C and incubated

at 37°C for 1 min. The cells were then spun at 1000xg for 5 minutes, washed in Solution I
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without lysolecithin and transferred to microfuge tubes. The pellet was then slurried and
resuspended in Solution I (150mM sucrose, 80mM KCI, 35mM HEPES pH7.4, 5SmM
K,HPO,4, 5SmM MgCl,, ImM CaCl,, 0.02% NaAzide). DNase I (Worthington) was added in
varying concentrations (from 0.125 U/ml to 8.0 U/ml) and incubated at room temperature for
5 min. The samples were then incubated on ice for 10 min., spun at 13,000rpm for 5 min.
and lysed by the addition of 200ul of 20mM Tris-HCI pH 8.0, 20mM NaCl, 20mM EDTA,
1% SDS, 600ug/ml proteinase K. After overnight incubation, the samples were diluted with
an equal volume of 150mM NaCl, 5SmM EDTA, phenol:chloroform extracted and ethanol
precipitated. The resuspended samples were treated with DNase I-free, RNase A (Roche) at
a final concentration of 100pg/ml at 37°C for 2 hours, phenol:chloroform extracted, ethanol
precipitated, resuspended in a final volume of 200ul of TE, and quantitated. The average

DNA yield ranged from 100pg to 200pg depending on the extent of DNase I digestion.

Generation of probes for Southern analysis. A 684 bp single copy DNA fragment
was amplified from 3.5 kb upstream of Vk2-139. A BAC clone containing this upstream
region was used as template. PCR primers (5’ to 3”) were: GTC TCT TCT AGC CCA CTG
ACC ATA G and CTT GAA TGG CCA AGA AGC ACT TAG AGA, with an annealing
temperature of 55°C. For detection of HS near Vk1-110 and —117, a 1.4 kb Bg/ll, HindIIl
fragment, 3’ to a BamHI site was excised from a the plasmid p1.2.8 that contains the Vk1-

110 gene. The p1.2.8 plasmid was a generous gift of Dr. David Gibson.
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Southern analysis. 151g of each DNase I treated sample was digested with restriction
enzymes as noted in figure legends and electrophoresed in 0.8% SeaKem GTG (FMC
Bioproducts) gels with 1X TAE running buffer for 10 hours at 60 volts. Gels were
transferred overnight in 0.4N NaOH, 0.25M NaCl to Zeta-Probe GT filters (Bio-Rad).

Filters were hybridized overnight in 7% SDS, ImM EDTA, 250mM sodium phosphate (pH
7.4), and 1% BSA at 65°C. Probes were generated by random priming with Rediprime II
(AP Biotech) according to the manufacturer’s instructions. Filters were washed 2 times at
65°C with 2% SDS, 0.5X SSC and 20mM sodium phosphate and 1X in 2% SDS, 0.2 SSC
and 20mM sodium phosphate. After washing, filters were either exposed to film (Kodak
XAR-5) for 2-5 days or exposed overnight to Phosphorlmager screens and analyzed by

Phosphorlmaging (Molecular Dynamics).

RNA isolation and preparation of cDNA from cell lines. 10ml of cell lines above
were grown to a concentration of approximately 10° cells/ml. Total cellular RNA was
isolated using RNA-Stat 60 (Tel-Test, Friendswood, TX) according to the manufacturer’s
instructions. RNA was resuspended in 50ul of ImM EDTA and quantitated. OD260/280
ratios were greater than 1.8 and the average concentration of RNA was between 0.5 and
Iug/ul. 1-5ul of the isolated RNA was used to generate cDNA with the Superscript 11

system (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.

Germline transcription assays. PCR reactions were carried out as follows: 1pul

cDNA from above, 10 pmol of each appropriate primer, and Taq polymerase in 50ul

76



reactions. Annealing temperatures were 65°C for the GAPDH and Jx reactions and 58°C for

all others. PCR conditions (30 cycles) were as follows: 94°C, 2 min; 94°C 30 sec; 58°C or

65°C, 1 min; 72°C, 30 sec and a final 10 minute extension at 72°C. Primers were designed

to be specific to the particular unrearranged Vx region being analyzed. 1/10 of each reaction

was analyzed by ethidium bromide staining and Southern analysis as above.

5’ primer (5’ to 3°)

3’ primer (5’ to 3°) °C

\igé_ GTTACCATTGGACAACCAGCCTC | GTCAGCTGGGCTGCCCCAGGC | 58

\ﬁ ;_ CAGTAATGGAAACACCTATTTAC GCTGTGATACCCAAAGTAAGAC | 58

\ﬁ (1)_ TAGTAATGGAAACACCTATTTAG GCTGTGATACCCAAAGTAAGAC | 58

T GAGGGGGTTAAGCTTTCGCC- CTGTATCTTTGCCTTGGAGAG- 65
TACCCAC TGCCAGAATCTGG

RAG-1 CCAAGCTGCAGACATTCTAGCACT- CAACATCTGCCTTCAC- 53

CTGGCCG GTCGATCC
RAG-2 GAGATCCACAAGCAGGAAGTACACT- | GGTTCAGGGACATCTCCTAC- 53
TCATAC TAAGTCTTTCTC
GAPDH TTTGTGATGGGTGTGAACCA TGCCAGTGAGCTTCCCGTTC | 65

Table 3.1 — Primer pairs and PCR conditions used for RT-PCR
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Results

Vk gene segments possess HS that localize around the RSS and promoter prior to the onset of
Vk-Jxk joining. Alterations in chromatin structure are commonly monitored by the
appearance of DNase I hypersensitive sites (HS). Here I monitored the presence of HS
during various stages of B cell development in the chromatin surrounding a germline Vk2 (2-
139) gene segment. This V gene is located in the most 5’ region of the 3.2 Mb locus. I

found that there are HS that form specifically in cell lines poised to, or undergoing V-J
joining in culture (Table 3.2). These HS were localized to the promoter region and near the

RSS and are referred to as HSp and HSggs, respectively (Figure 3.1).
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Figure 3.1. HSs specifically form at the promoter and RSS of a germline Vk2 gene during the
pre-B cell stage of development. Cell lines were permeabilized and treated with DNase 1. Purified
DNA was digested with HindIII and Southern hybridization was carried out with a probe adjacent to
the 5’ HindllII cut site for indirect end-labeling. Table 3.2 indicates the developmental stage and

rearrangement status of each of the cell lines used in this chapter.
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Vk2  Vkl Jx
Cell line Stage IgH IgK RAG-1 RAG-2 HSp_z HS])_] HSRSS—Z HSR55_1 Ref(s)
txn  txn txn
(Lieber et al.,
BASC6C2 Pro-B DtolJ G Yes Yes No No No No Yes Yes No 1987)
(Lieber et al.,
38B9 Pro-B VtoDJ G Yes Yes No No No No No Yes No 1987)
(Chen et al.,
103Bcl2 Pre-B R Vtol Yes Yes Yes Yes Yes No Yes No No  1994; Klug et
al., 1994)
(Lieber et al.,
3-1 Pre-B R Vtol] Yes Yes Yes Yes Yes No Yes Yes Yes
1987)
(Kim et al.,
A20 Mature B R R No No No No No No No Yes No
1979)
(Horibata and
S194 Plasmacytoma R R No No No No No No Yes No No )
Harris, 1970)
(Ferrier et al.,
T7 Pre-T G G Yes No No No No No Yes No No
1990)
(Roman et
AH7 Pro-B G G No Yes Yes Yes Yes No No Yes Yes
al., 1997)
(Shinkai et
63-12 Pro-B G G Yes No Yes Yes Yes No Yes Yes No
al., 1992)
(Shevach et
EL-4 Mature T G G No No No No No No No No No
al., 1972)
(Lundak and
P815 mastocytoma G G No No No No No No No No No
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Table 3.2 (previous page) — Characteristics of cell lines used in this study. Rearrangement status
is indicated as either G (germline), R (rearranged), or by the segments which can be induced to
undergo rearrangement preferentially in culture. HSgss.; and HSgss.» indicate the presence of HS at or

near the RSS of either Vk1 or V2 genes, respectively. txn — transcription.

VK gene segments exhibit HSRSS in the absence of RAG-1 and —2. Because RAG-1
and 2 are the only proteins currently known to bind to the RSS, I examined the Vi gene
segments in cell lines derived from mice in which either RAG-1 or RAG-2 has been deleted
(Roman et al., 1997; Shinkai et al., 1992). I found for both RAG-1 and RAG-2 -/- cells that
both HSp and HSgss were present at Vk2-139 as in the wild-type cells (Figure 3.2 and data
not shown). I also found that there were no detectable HSgrss in the Jk regions of the
chromatin of these cells, see Figure 3.5. To determine whether this was a localized
phenomenon, I carried out HS mapping at two other V regions, Vk1-110 and Vk1-117
located more centrally in the locus (Ng et al., 1989). In this case, I found only HSp (Figure

3.2 and data not shown).
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Figure 3.2 - RAG proteins are not responsible for generating HS. RAG-1-/- and RAG-2-/- cell

lines were treated with DNase I as above and purified DNA was analyzed as in Fig. 3.1

Since opening of chromatin surrounding active genes has been correlated with
increases in acetylation of histones and demethylation of DNA, I attempted to mimic these
effects in cell lines to generate the open chromatin configuration in pro-B cells. I was unable
to generate the HS by treating pro-B cells (38B9 and BASC6 C2) with bacterial
lipopolysaccharide (LPS), the histone deacetylase inhibitor Trichostatin-A, or the non-
methylatable cytosine analog, 5-aza-2-deoxycytidine (Figure 3.3). These cells were treated
with varying concentrations of LPS, TSA or 5-Aza, alone or in combination in an attempt to
generate HSp and HSrss. However, these drugs had no measurable effect on the chromatin

structure, suggesting that other factors are involved in generating this novel state.
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Figure 3.3 — DNase I HSp and HSgss are not induced in pro-B cells by TSA or 5-AzaC. Cells
were treated as mentioned in the methods with these drugs. Chromatin was treated with DNase I as

before and DNA was isolated and subjected to Southern analysis for HS at Vk2-139 as above.

Because of the importance of RSS in the joining reaction, I wanted to determine
whether the Jk RSS formed DNase I HS. I was unable to detect any HSgss in the Jk regions

of any cell lines tested (Figure 3.4).
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Figure 3.4. HSs are not found at Jx gene segment RSSs. The indicated cell lines were treated with
DNase I as above, and purified DNA was digested with Dral for Southern hybridization using a probe

adjacent to the 3° Dral cut site for indirect end-labeling.

Transcription of Vi segments is not correlated with the appearance of either HSgss or
HSp. Germline transcription has been well correlated with the onset of rearrangement of Ig
and TCR loci (Schlissel and Baltimore, 1989; Schlissel et al., 1991b). It has been postulated
that this transcription is either the mechanism by which cells open their chromatin, or the
way that it remains in an accessible state for the recombinase to bind and cleave the RSS. 1
tested the correlation of germline transcription with the presence of HSp and HSgss (Figure
3.6). Interestingly, I found there were significant differences in “accessibility”” as measured
by semi-quantitative RT-PCR versus DNase I HS mapping.

The first observation that can be made is that there are cell line specific differences in
the transcription of different Vi gene segments. For example Vk2-139, but neither of the
V1 genes, is transcribed in 103Bcl2 cells (Fig. 3.5), but both gene segments possess HSp
(Fig. 3.1 and data not shown). Secondly, there is robust transcription from alleles that have

83



no detectable HS, such as Vi1 genes in BASC6 C2 and 38B9 pro-B cell lines (Figs 3.1, 3.5,
and data not shown). Finally, there is significant LPS-inducibility of transcription from each
of the alleles tested in the 38B9 cell line (Figure 3.5). However, LPS treatment was unable to
induce either HS (data not shown). These observations suggest that germline transcription

and HS formation have distinct mechanisms for forming accessible chromatin structures.
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Figure 3.5 - Transcription of germline Vk genes and Jk gene segments. Cell lines represent a
variety of stages of B cell development (See Table 3.2). +/- refers to whether total RNA was treated
with reverse transcriptase before PCR amplification. For Vk genes, one primer was in the coding
exon and the other downstream of the RSS to ensure products were generated only from unrearranged

alleles.

Analysis of Rag-1 and Rag-2 expression in cell lines by RT-PCR. The cell lines used
in this study were examined by RT-PCR to confirm the absence or presence of transcripts for
the V(D)J recombinase (Figure 3.6). The expression pattern was as would be expected, with

no detectable expression in more mature cell lines that have ceased the recombination
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process (A20, S194, and EL-4). The expression of Rag-1 and Rag-2 in the pro-B cell lines

further supports the idea that the recombinase is not responsible for generating HSp and

HSgss.
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Figure 3.6 - Transcription of Ragl/2 in selected cell lines. Cell lines represent a variety of stages

of B cell development (See Table 3.2). +/- refers to whether total RNA was treated with reverse

transcriptase before PCR amplification.
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Discussion

In this chapter I have used the data that I collected in Chapter Two to begin a study of
the accessibility of the chromatin of Vk regions in cell lines. For this purpose, I measured
accessibility both in DNase I hypersensitivity and germline transcription from the regions of
interest. I have found that HSs form in Vk promoters at the stage in B cell development
immediately preceding their usage in recombination. These HSp disappear at later stages of
development. In some families of Vi genes, there are HSgrss present prior to the V-J joining
event as well.

All V(D)J recombination uses a common set of protein machinery; therefore a locus
targeting factor must be involved in the generation of HS because IgH, Igk and TCR loci are
not chromatin accessible at the pre-B cell stage of development. This can be seen by the
absence of HS in the T7 cell line (Fig. 3.1) as well as the absence of HS at the IgA locus in
cell lines with unrearranged Igk loci (Hagman, 1989). This specificity lead me to
hypothesize that determining the factors responsible for generating these HS will allow
determination of the factors controlling targeting of the Igk locus for V-J joining. These sites
are well correlated with the presence of putative transcription factor binding sites. In the case
of the Vk1 and V2 families, there are multiple E2A sites in the vicinity immediately
downstream of the RSS (Figure 2.5). I have also shown that these sites are not inducible by
LPS, HDAC inhibitors, or demethylation (Figure 3.3). RAG-1 and -2 are also not

responsible for generating these sites (Figure 3.2).
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There was no detectable HSgrss in the Vk1 genes in any of the cell lines tested
although these two V regions are highly expressed in mice as well as used frequently in cell
line rearrangements. Intriguingly, the conserved promoter region in these V gene segments
lacks a perfect consensus match to the octamer binding sequence, but these two genes have
strong HSp. This suggests that other factors are responsible for targeting the recombinase
and/or transcription machinery to the genes for expression and rearrangement.

Germline transcription has been implicated in generating chromatin accessibility to
the recombinase (Casellas et al., 2002; Delpy et al., 2003; Goebel et al., 2001). However,
these results give direct evidence that germline transcription is neither necessary nor
sufficient to maintain localized HSggss or HSp. Other studies have supported this observation
as well in both mouse and human Ig genes (Angelin-Duclos and Calame, 1998; Casellas et
al., 2002; Delpy et al., 2003; Goebel et al., 2001). This is in agreement with other recent
studies that have disconnected germline transcription and V(D)J recombination (Angelin-
Duclos and Calame, 1998; Delpy et al., 2003; Goebel et al., 2001). It is possible that the
initial formation of accessible chromatin requires germline transcription and that is a brief
phenomenon that is not required to maintain this “open” state, since it has been observed that
HS can be propagated through DNA replication once established (Groudine and Weintraub,
1982).

Another novel aspect of these results is that although RAG-1 and -2 knockouts arrest
lymphocyte development at the pro-B stage, prior to any V(D)J recombination (Roman et al.,
1997; Shinkai et al., 1992), the chromatin phenotype of these Abelson-virus transformed

lines is identical to the pre-B cell stage. This suggests a developmental pathway separate
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from V(D)J recombination status exists to open the Vk chromatin. It may be a type of “SOS”
response, a last chance effort to initiate V-J joining, exhibited at the level of chromatin
structure. There are other examples of alterations of Ig chromatin structure in the absence of
RAG protein expression in the literature. During normal B cell development, Ig genes move
from heterochromatin in the nuclear periphery to the center of the nucleus, prior to V(D)J
recombination. This movement occurs normally in pro-B cells expanded from the bone
marrow of RAG knockout mice as well (Kosak et al., 2002).

The lack of HS at the Jk regions suggests three possibilities: 1) formation of Jik
HSgss is the rate-limiting step in V-J joining — this is consistent with the finding that RAG1/2
first assemble on 12 bp spacers, like those of Vi genes (Jones and Gellert, 2002); 2) Jx
HSgss occurs in a minority of cells such that this assay is not sensitive enough to detect them;
and 3) the downstream region of the locus already has an extremely altered chromatin
structure and is too open to detect DNase I HSs (Goldmit et al., 2002).

Other recent studies have found that the RSSs of Vi genes are not accessible to the
RAG proteins in in vitro assembled chromatin or restriction endonucleases in both in vitro
assembled chromatin and pre-B cells. (Baumann et al., 2003b; Golding et al., 1999). The
study by Baumann et al. found that nucleosomes are precisely positioned over the RSS in
vitro. This positioning is mediated by the nonamer sequence. They also found that the
sequence of the nonamer was crucial for this positioning. Consensus nonamers positioned
nucleosomes preferentially, while the non-consensus sequences are not protected from
restriction enzyme cleavage. The V4, 9 and 1 genes used in early rearrangement events all

have consensus nonamer sequences in their RSS. This positioning may be another aspect of
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control for rearrangement, or may not actually exist in vivo. The fact that the RSS are
resistant to restriction endonuclease cutting but sensitive to DNase I digestion could be
attributed to two possibilities. First, it is possible that the HSggs does not extend into the
RSS, but reside nearby it. In this case HSrgs may serve as an entry site for the recombination
machinery to the adjacent RSS. Secondly, both RAG proteins and DNase I target DNA in
the minor groove. Of the restriction enzymes used in Baumann ef al. study, the enzymes
with known structures for binding, bind the DNA in the major groove. Differential
accessibility to the major and minor grooves could explain these differences in results.

Two other studies have found that nucleosomes completely inhibit cleavage by the
RAG proteins in vitro. Neither hyperacetylated histones, nor HMG-1 were sufficient to
overcome this inhibition (Golding et al., 1999; Kwon et al., 1998). This suggests that other
proteins are required to overcome the repression caused by nucleosome structure. Other
studies using the more in vivo approach of isolated nuclei, have observed that the RSS of Jk
genes become accessible in the pre-B cell stage of development (Stanhope-Baker et al.,
1996). In the isolated nuclei, the Jk RSS from pro-B cells are inaccessible to cleavage by the
RAG proteins, but accessible in pre-B cells. This suggests that there are other factors present
in these nuclei modulating the cleavage. Histone acetylation does play a role in this. In in
vitro assays, the use of acetylated histones does not alter the ability of the nuclease to cleave
the DNA, but in vivo histone acetylation stimulates recombination in a cell and stage specific
manner (McBlane and Boyes, 2000). My observation of HS near the RSS of recombining

genes provides an assay to determine the proteins in question. The factors that generate
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HSgss could recruit the histone remodeling complexes that lead to this differential

accessibility.
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CHAPTER FOUR

Discussion

In summary, I have assembled the sequence of the mouse Igk locus and used this
sequence to draw novel conclusions about the regulation of the locus. This sequence
assembly has allowed me to make a number of novel and important observations and
predictions concerning the regulation of the locus. These observations include the analysis of
transcription factor binding sites throughout the Igk locus. The importance of these sites has
also been linked to in vivo function by the observation of DNase I HS near the promoter and
RSSs of Vi genes in at least three positions spanning the locus. These HS appear before V-J
joining, and disappear after the locus has rearranged. The presence of these sites is not
coupled to the germline transcription of each of the V genes. The correlations between the
potential binding sites and chromatin structure have been studied for two Vk1 genes and a
VK2 gene.

The observation of E boxes near the RSS of nearly half of the Vk genes is quite
striking, since the loss of E2A in mice leads to a complete block in B cell development (Bain
et al., 1994; Zhuang et al., 1994). The loss of only one of the splice variants, E47, leads to a
block at the pre-B cell stage, prior to V-J joining. However, loss of only E12 allows B cells
to proceed completely through development (Bain et al., 1997). However, at the current
time, the three enhancers in the downstream region are the only known functional binding
sites in the Igk locus. Clusters of sites downstream of most RSS provide a base for intriguing

future studies on their importance. In addition to their importance in B cell development, E
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proteins have also been implicated in modulating chromatin structure. They recruit histone
acetylases and chromatin remodeling complexes to their binding sites (Bradney et al., 2003;
Eckner et al., 1996; Massari et al., 1999; Qiu et al., 1998).

Octamer sites present downstream of the RSS of the members of the V4 family are
quite intriguing. Recently, it has been observed that mice with a knockout of the OcaB gene,
an Oct1/2 coactivator, leads to a striking alteration in the usage of families for recombination
(Casellas et al., 2002). However, in the preceding study, the Vx4 family was still used at a
high frequency. Below, I propose a model in which V4 is targeted for the initial
rearrangement events. The finding that Vi4 rearrangement was not affected may suggest
that OcaB is not required for the activity resulting from binding to the downstream octamer
site. OcaB has been shown to provide specificity to the binding of the ubiquitous Oct-1
factor (Cepek et al., 1996). This may be important for transcription or other Oct-1 activities,
but not for binding to the downstream site. Interestingly, E boxes are not observed
downstream of the RSSs of the Vk4 family members. This can be coupled with the
observation that E2A and EBF activate different families for recombination in humans
(Goebel et al., 2001) to lend support to a model that suggests accessibility of different V gene
families is modulated by different factors.

An attractive model is to suggest a crucial role for the Vk4 families for being central
to the accessibility and recombination process. This family forms a core in the center of the
locus. Although most families are interspersed with other families, the Vk4 and V21
families are exceptions to this. Vk21 genes are the family closest to the Jk array and are all

found in the forward transcriptional orientation relative to Ck. Vx4 genes, on the other hand,
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are all in the reverse orientation relative to Cx. This is also the largest family of genes by far.
Recombination of a Vi4 gene takes place by inverting the sequences upstream of the gene
selected, bringing them closer to the Jk array for repeated recombination events. I suggest
that the unique binding sites surrounding the Vk4 genes are present to target the recombinase
first to this central region of the locus. I would suggest that this region would become
accessible before the other Vk regions. Support for this observation comes from the
observation that Vi4 family members are consistently rearranged preferentially at the earliest
detectable stages in fetal liver (Ramsden et al., 1994b), as well as in cell lines (Kalled and
Brodeur, 1990; Kaushik et al., 1989).

In the 1994 Ramsden study, V regions were isolated from day 14 and day 16 fetal
livers and the changes in repertoire were studied. The day 14 clones were the earliest
rearrangements that were detectable from the Igk locus. Studies such as this, in the absence
of selection, provide an ideal system for looking at the preferences for V gene usage based
purely on the DNA sequences or location of the gene. Of the day 14 rearrangements that
were cloned, only 33% were productive. Of these productive rearrangements, I was able to
look at the sequences and determine the V gene of origin (sequences from non-productive
alleles were not reported). 33 out of the 65 genes were from the V4 family. This is more
than 50% representation from a family that makes up approximately 30% of the locus. Out
of these 33 V4 genes, 22 of them are from the cluster of V4 genes that contain the unique
pattern of potential Lef-1, Ebf and Octamer sites (Figure 4.1). 20 of the remaining 32 genes
in these analyses were products of rearrangements of two Vk9 genes. These two VK9 genes,

9-96 and 9-94, are the first two genes that are 5’ to the V4 cluster that are in the reverse
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orientation. The only other large group of Vi genes identified in this study were two genes
from the VxI1 family, 1-110 and 1-117. These genes are both located toward the 5’ end of the
locus. They both have variant octamer sequences in their promoters and both have three
conserved E-boxes in the regions downstream of the RSS (Figure 4.1). The Vk1-110 and 1-
117 genes are located in the forward orientation. They also contain HSp during the pre-B cell
stage of development. Further studies on transcription factor binding surrounding the Vk1, 9
and 4 genes observed early in development will provide a basis to determine the importance
of these potential regulatory elements surrounding V genes. This can then lead to a detailed
analysis of the importance of these factors in the development of repertoire and changes in

repertoire that occur in autoimmune disease states.
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Figure 4.1 — Conserved binding sites from representative V genes. A. Promoter regions of V
genes. B. Coding and intron regions of V genes. C. Downstream region of V genes. Scale for each
segment is represented above the group. The two Vk1 segments lack a conserved octamer sequence
in the promoter region. The Vi4 segment contains an octamer site in the region downstream of the

RSS. The Vk4 segment also does not contain any E boxes. Octamer/variant octamer — red / open
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red, TATA — black outline, Ebf — yellow, HMG box — orange, E-box — blue, Ikaros — pink, Forkhead
— green, PU.1 — black, NF-«xB — maroon.

Chromatin immunoprecipitation experiments carried out by Zhe Liu in our laboratory
have also supported this idea. These studies have shown that there is enrichment for Oct-1
binding near the RSS of a Vk4 gene, 4-60, specifically in pre-B cells. These results provide
further evidence that combinatorial binding of transcription factors leads to accessibility of
individual Vk genes.

Further studies to test this hypothesis include the deletion of E boxes or Octamer sites
in the Vk genes studied here in mice. It would be expected that if these sites are crucial for
regulating V-J joining, there would be a reduction in the level of recombination of the
particular Vk gene of interest. It would also be expected that the HS presumed to be
associated with the binding of the factor of interest would disappear in the mutant B cells.
Other possible experiments to test these ideas include overexpression of the factors in
question in pro-B cells. Expression of E2A in conjunction with RAGs in non-B cells induces
recombination (Goebel et al., 2001). Therefore, it would be expected that if the factor is
altering accessibility, it would induce the appropriate HS at the Vk gene in question.

Another possible study would be to examine the sequences of the spacer of the RSS. Several
intriguing studies have demonstrated that differences in recombination frequency can be
attributed to variations in the spacer sequences (Fanning et al., 1996; Larijani et al., 1999;
Montalbano et al., 2003; Nadel et al., 1998; Posnett et al., 1994; Ramsden et al., 1994a)

None of these previous studies have examined the Igk locus in mouse. Therefore, it would
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be worthwhile to align the spacer sequences from the mouse V genes that are most used in

initial rearrangement events.
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	It has been proposed that V(D)J recombination is regulated by modulation of chromatin accessibility to the recombination machinery (Yancopoulos and Alt, 1986).  Accessibility can be measured in a number of ways.  Germline transcription from promoters near Vκ and Jκ genes often precedes or accompanies the rearrangement process (Casellas et al., 2002; Schlissel and Baltimore, 1989; Schlissel et al., 1991b).  Therefore this has been a traditional measure of accessibility of chromatin to transcription and other protein machinery.  Monoallelic demethylation and early DNA replication have also been implicated as changes that occur in the active allele of the Igκ locus (Mostoslavsky et al., 1998; Mostoslavsky et al., 2001).  Histone acetylation and methylation status also changes as genes become “accessible.”  Changes in acetylation status have been observed in Ig and TCR systems (Agata et al., 2001; Cherry and Baltimore, 1999; McBlane and Boyes, 2000; McMurry and Krangel, 2000), but the importance of histone methylation is not known, although a role in silencing has been suggested for this phenomenon (Ng et al., 2003).  Interestingly, methylation of DNA leads to the recruitment of histone deacetylases that inhibit recombination by closing chromatin (Ji et al., 2003; Nan et al., 1998).  One other method for examining accessibility is the use of in vivo nuclease cleavage assays (Aronow et al., 1995; Asenbauer and Klobeck, 1996; Chung et al., 1983; Ellis et al., 1996; Gross and Garrard, 1988; Haines and Brodeur, 1998; Li and Wrange, 1997; Liu et al., 2002; Madisen and Groudine, 1994; Maes et al., 2001; Mather and Perry, 1983; Mymryk et al., 1997; Persiani and Selsing, 1989; Roque et al., 1996; Storb et al., 1981).  Support for this proposal comes from more recent studies in model in vitro systems with nucleosomes reconstituted on recombination substrates have demonstrated that accessibility of the RSS depends on nucleosome positioning, HMG1, histone acetylation and SWI/SNF remodeling (Kwon et al., 1998; Kwon et al., 2000). 
	 
	 

	 


