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Abstract

Gfi1b negatively regulates the V(D)J recombinase
by
Erika Danae Schulz
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley
Professor Mark Schlissel, Chair

Regulating RAG activity in B lineage cells is crucial to prevent deleterious events
that can be caused by the presence of DNA double strand breaks. To identify
negative regulators of RAG expression, we conducted an unbiased cDNA library
screen in Abelson murine leukemia-virus transformed pro-B cells. We found that
overexpression of the transcriptional repressor Gfi1b downregulates RAG
expression in pro-B cell lines and primary B lineage cells from bone marrow.
Gfi1b binds directly to a region of the RAG locus upstream of the B-cell specific
Erag enhancer and its activity depends on its association with chromatin
modifying cofactors. In addition, Gfi1b’s effect on RAG levels appears to be
mediated in part by repression of FoxO1, a recently identified positive regulator
of RAG expression. Gfi1b-deficient cell lines exhibit increased RAG levels as well
as an increase in the overall number of DNA double strand breaks per cell when
compared to their wildtype counterparts, suggesting that Gfi1B may be critical to
maintain genome integrity. Moreover, microarray experiments revealed that
Gfi1b controls the expression of a suite of B lineage-specific genes, including the
immunoglobulin kappa locus and the transcription factor SpiB. We identify Gfi1B
as a novel regulator of RAG expression that may also be involved in the
execution of genetic programs that govern B cell development.
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CHAPTER 1 Introduction to the Adaptive Inmune Response
Adaptive vs. Innate Immunity:

Vertebrate immunity consists of two main branches: the adaptive immune system
and the innate immune system. While the innate system responds to infection by
relying heavily on the recognition of common pathogenic motifs such as
Pathogen Associated Molecular Patterns (PAMPSs) (1, 2), the adaptive immune
system is defined by both specificity and memory (3, 4).

Lymphocytes and their Function in the Inmune System

B and T cells (lymphocytes) are central to the specific reactions conferred by the
adaptive immune system. The function of both these cell types is entirely
dependent on the receptors carried on their cell surface. While T cells produce
the T cell receptor, which recognizes peptide antigens that have been processed
intracellularly and bound to the major histocompatibility complex (MHC) (5), B
cells in turn produce the B cell receptor (BCR), which can recognize antigen in its
native form (6). Thus T cells are able to respond to antigens present in the
intracellular space, while B cells respond to antigens outside the cell. The
antibody molecule comes in two forms: one that includes a transmembrane
domain that forms the BCR on the cell surface, and a second, secreted form that
lacks the transmembrane domain. In addition, the antibody molecule can be
divided into two regions: a variable region that differs from cell to cell, and a
constant region that is invariant until a B cell becomes activated (6).

Engagement of the TCR, along with a series of appropriate costimulatory signals,
can lead to T cell activation followed by differentiation into a variety of subtypes,
including T helper (Ty) cells, cytotoxic T lymphocytes (CTLs), memory (Tw) cells,
and regulatory (Treg) (7-11). T helper cells assist in a variety of processes,
including but not limited to, B cell maturation, and activation of CTLs and
macrophages. CTLs can destroy tumor cells, as well as virally infected cells,
through the release of cytotoxins such as perforin, granzymes, and granulysin.
Memory cells remain in the body long after an infection has been cleared and
can rapidly differentiate if the appropriate antigen reappears (12). Regulatory T
cells are important for shutting down the immune response toward the end of an
infection, as well as maintaining immunological tolerance (13). Engagement of
the B cell receptor, along with appropriate costimulatory signals, results in cell
proliferation and differentiation into plasma cells. These cells are capable of
producing large quantities of antibodies, as many as 1000/sec, and these
antibodies can be transported either to the blood plasma or the lymphatic
system. During an antigen-specific immune response, B cells undergo a process
called somatic hypermutation (SHM). SHM results in the mutation of the variable
regions of the antibody molecule within an individual cell. These mutations can
affect the affinity of the BCR for its antigen, and those with the highest affinity are
selected for (6, 14, 15). Following activation, B cells also undergo a process
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called class switch recombination, wherein the constant region of the antibody
molecule is changed, but the variable region remains the same. This allows the
antibodies to interact with a variety of effector molecules. Important effector
functions involve neutralization, engagement with phagocytes, mast cells,
basophils, and eosinophils, which can result in the release of inflammatory
mediators, activating complement (6, 16, 17).

Specificity of the Inmune Response

One very important aspect of adaptive immunity is that, in theory, a BCR or a
TCR only recognizes a specific antigen. It should be noted however, that many
examples of cross-reactivity exist, for example in many autoantibodies (18). Only
the recognition of a specific antigen can lead to B or T cell activation; this
ensures that the antibody molecules that are produced following activation are
specific to the relevant pathogen. In addition, the memory cells that are
produced by the differentiation of B and T cells following activation are likewise
specific for this same particular pathogen (reviewed in (6)).

V(D)J Recombination

Because the adaptive immune response relies so heavily on specificity, it is
necessary to produce enough BCRs and TCRs to accommodate the enormous
number of antigens that an animal will be challenged with during the course of its
lifetime. This is accomplished through a process called V(D)J recombination,
wherein gene segments that together code for the variable regions of the BCR or
TCR are randomly selected and recombined in a site-specific manner to
generate a wide variety of distinct variable domain protein sequences (6). This is
accomplished by the recognition of Recombination Signal Sequences (RSSs) by
the site-specific RAG recombinase, encoded by the genes RAG7 and RAG2.
RSS sequences are found immediately adjacent to the gene segments that
encode the variable region of the BCR or TCR, and are composed of a
conserved heptamer and nonamer region, between which lies a 12 or 23
nucleotide spacer. Once the recombinase binds to this region, it can catalyze a
double-strand DNA break (19). Two gene segments that have undergone site-
specific cleavage at their respective RSSs are then joined together by the Non-
Homologous End Joining (NHEJ) machinery to form a coding joint. The RSS
sequences are also joined together and these sequences, along with the
intervening DNA, are excised from the genome to form a signal circle. Signal
circles are eventually lost as the cells undergo division (20) (Figure 1). Through
the use of this combinatoric mechanism the immune system is able to generate a
huge number of different receptors with different specificities. Diversity is further
increased by N and P nucleotide additions catalyzed by TdT during coding joint
formation (21).



The Antibody Molecule

Antibody molecules are composed of two identical heavy chains and two
identical light chains. The variable region of the heavy chain is composed of
three gene segments at the IgH locus: a V, a D, and a J segment. The light
chain is composed of only two gene segments: a V segment and a J segment.
The light chain segments are found at either the kappa locus or the lambda
locus. After heavy chain recombination, B cells generally recombine kappa
segments first, and recombine segments at the lambda locus only if kappa
recombination has failed to produce a productive, non-self specific protein (6).

RAG Expression is Lineage and Stage Specific

Because RAG proteins are capable of making double-strand breaks that can
represent a threat to genome integrity, they are regulated in a lineage and stage
specific manner. Only B and T cells express the RAG71 and RAG2 genes that
code for the V(D)J recombinase. In addition, the RAG proteins are expressed
only within a narrow developmental window within the life of a B or T cell (22,
23). In this way, the cell is able to minimize potentially deleterious DNA
breakage events and confine these programmed developmental breaks to a
narrow window of development. Mechanisms of lineage and stage specificity of
RAG expression are discussed in detail in chapter two. Another important way in
which recombinase-mediated breaks are kept in check is through the regulation
of accessibility of the recombinase to the RSSs at recombining gene loci.
Mechanisms of accessibility regulation are discussed in detail in chapter 4 and
are reviewed in (24). Consequences of aberrantly repaired RAG-Mediated
breaks are discussed below.

RAG-Mediated Recombination and Disease

For some time, it has been known that mistakes in V(D)J recombination can
result in leukemia or lymphoma (reviewed in (25)). As early as 1985, Tsujimoto
and colleagues reported that a t(14,18) translocation that can result in either
follicular lymphoma or pre-B cell leukemia is a result of an aberrant V(D)J
recombination event that joins a J4 segment to the proto-oncogene Bcl2 (26).
Interestingly, it was later demonstrated that the recombinase is able to bind and
cleave to the major breakpoint region of Bc/2. This region does not contain an
RSS, but does have a non-B structure, indicating that recombinase
binding/cleaving activity is not always sequence-specific.

Abberant recombination events can also occur at cryptic RSS sequences (27),
and one such event (d(1)p) involving cryptic RSSs at the TAL7 and SIL genes
can result in acute T cell leukemia (28).

One way in which recombinase-mediated malignancies can be generated is
when deficiency in the DNA damage sensor and tumor suppressor protein, p53,
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is combined with a deficiency in a component of the NHEJ DNA repair
machinery. In p53-/- mice, deletion of NHEJ proteins frequently leads to pro-B
cell lymphomas that are initiated by IgH-myc translocations and that lead to other
anomalies termed complicons (29). Additionally, deletions of p53 in combination
with H2AX, the protein product of which is phosphorylated at DNA breaks by the
damage sensor ATM, leads to leukemias and lymphomas that are associated
with aberrant V(D)J recombination or class switch recombination in mice (30) .

In this study, our goal was to identify factors that negatively regulate the RAG
recombinase. Such factors are critical for ensuring that the recombinase is not
expressed at the wrong place or at the wrong time. Deregulated expression of
the recombinase can lead to deleterious events such as translocations and, in
some cases, cancer, as outlined above. Therefore, knowledge of how RAG
proteins are regulated is critical for understanding how the cell generates a
diverse repertoire of antigen receptors, a process which requires double-strand
breaks, while avoiding the generation of cancerous cells that can result from
aberrantly repaired breakage events.
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CHAPTER 2 A Screen for Negative Regulators of RAG
BACKGROUND

In 1989 Schatz et al identified RAG1 and demonstrated that the RAG proteins
catalyzed rearrangement of a co-transfected reporter construct in non-lymphoid
293T cells (1). The following year Oettinger et al demonstrated that both RAG1
and RAG2 proteins are required for full recombinase activity (2), and mouse
models followed demonstrating that RAG knockout mice produced no B or T cells
(3, 4). Since then, much scientific effort has gone into understanding the
mechanism by which RAG cleavage and subsequent joining takes place
(reviewed in (5)), while comparatively little is known about the mechanisms that
control RAG expression. Regulation of RAG expression can be divided into four
broad categories: the role of cis-acting DNA elements, the role of trans-acting
factors, the role of the cell cycle, and finally the signaling events that are initiated
at the cell surface. These mechanisms of regulation are discussed in the
paragraphs below.

It should be noted that, in addition to the restriction of RAG expression to the
appropriate cell lineage and developmental window, recombinase activity is kept
in check by controlling the accessibility of rearranging gene loci to the
recombinase (reviewed in (6)). Thus, only the IgH, kappa, and lambda loci are
accessible the recombinase in B cells, while only the TCR beta, alpha, and
gammal/delta loci are accessible to the recombinase in T cells. In addition, only
the locus that is programmed to rearrange at a particular developmental window
is accessible to the RAG recombinase. For example, at the pro-B cell stage of
development where heavy chain rearrangement takes place, the IgH locus is
accessible to the recombinase, while the kappa and lambda loci are not.
Mechanisms for controlling accessibility at rearranging gene loci are discussed in
detail in chapter 4.

Overview of RAG expression:

RAG1 and RAG2 are first expressed in the developing mouse embryo at around
E10.5 and first appear in the liver at E11.0 (7). Evidence of RAG expression can
be found not only in B and T cells, but also to a lesser extent in natural killer (NK)
and dendritic cells (DCs) (8). RAGs are expressed at the common lymphoid
progenitor (CLP) stage and are highest in progenitors immediately downstream
of CLPs, but not in earlier progenitors that retain myeloid lineage potential.
Activity in the CLP stage is dependent on the B cell specific Erag enhancer (8).
More recently, Mansson et al. found RAG mRNA expression in LSK-, CD34",
FLT3"™ lymphoid-primed, multi-potent progenitor cells (9).

RAGs continue to be expressed as cells transition from the CLP stage to the pro-
B cell stage and rearrange their heavy chain loci. They are subsequently shut off
during the proliferative burst that marks the transition from the pro-B to the pre-B
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cell stages. The RAGs are expressed again at the pre-B cell stage as cells
undergo light chain rearrangement (10-14). In the event that a self-specific BCR
is generated following light chain rearrangement, the RAG locus remains active
during receptor editing, a process during which successive kappa, or lambda
chain rearrangements are made in an attempt to generate a non-self-specific
BCR. Once such a BCR has been generated, the RAG genes are shut off, and
RAG proteins are not expressed as the cells progress on to the mature stage of
B cell development (15, 16)(Figure 1).

A number of pulished reports suggest that RAG proteins could be expressed in
activated B cells in both germinal centers and Peyer’s Patches (17).
Experiments supporting this notion were carried out in anti-MHC antibody
transgenic mice, where it was found that secondary rearrangements in splenic B
cells were turned off by high affinity receptor engagement, while low affinity
antigen could induce receptor revision (18). Subsequently however, 3 different
groups found no evidence for RAG expression in activated B cells using a variety
of fluorescent RAG reporter constructs (10-13). Despite this, more recent work
has suggested that in a systemic lupus erythematosus (SLE) mouse model,
RAGs are upregulated in early memory B cells during an autoimmune response
(19). In addition, there is evidence that TCR revision occurs in germinal centers
and that RAG proteins are expressed during this process (20).

More work is required to understand RAG dynamics in aged mice, but it appears
that as mice age, RAG2 expression decreases within the pro-B cell
compartment. This is an effect of the age of the BM microenvironment, as
evidenced by transplantation experiments (21).

RAG Expression and the Cell Cycle:

RAG2 protein expression is restricted to the Go/ G4 phase by phosphorylation-
mediated degradation at the G1-S boundary. RAG2 is stabilized by CDK
inhibitors, and cyclinA/CDK2 expression prevents the accumulation of RAG2.
Ectopic expression of RAG2 throughout the cell cycle results in aberrant
recombination products, analogous to those found in NHEJ deficient mice (22).
RAG?2 is ubiquitinated by the Skp2-SCF ubiquitin ligase and is destroyed at the
G1/S phase of the cell cycle (23). Further, RAG proteins catalyze double-strand
breaks only during the Go/ G1 phase of the cell cycle (24). Mouse models have
been generated wherein RAG2 is not subject to this type of regulation and, while
these mice have defects in lymph node architecture, they do not show marked
increases in genomic instability or any defects in ordered gene rearrangement
(22, 25). The reasons for this are likely two-fold. First, another layer of RAG
regulation depends on cell type specific chromatin structure. This chromatin
structure is able to target the RAG proteins to rearrange only the appropriate
receptor in the appropriate cell type (26). Therefore, it is possible that RAG
proteins are not limiting for recombination. In addition, recent work has



demonstrated that while RAG2 binding is ubiquitous throughout the genome,
RAG1 binding is restricted to highly transcribed regions of rearranging loci (27).

RAG Regulation in Cis:

Using a RAG2 blastocyst complementation assay, Monroe et al. were able to
define important cis-acting control elements of the RAG locus by transfecting
various genomic clones along with the RAG2 and RAG1 genes in ES cells. They
found that a genomic clone containing only the promoter region upstream of
RAG2 could rescue V(D)J recombination in pro-B cell lines, but not in vivo.
Including a 2kb region upstream of the promoter, as well as the region from 2-
7kb upstream of the promoter rescued B cell development, but not T cell
development (28). The RAG1 promoter has limited activity by itself, but supports
RAG expression in pre-B, pre-T, and mature B cells when combined with a
heterologous enhancer (29).

While binding of PAX-5 to the RAG2 promoter is necessary for RAG expression
in B cells, an overlapping region is required for activity in T cells, along with a
more distal element located -107-156bp upstream of the transcription start site.
In B cells, deletion of this more distal element has no effect (30).

Many lymphoid specific factors have been shown to have conserved transcription
factor binding sites within the RAG2 and RAG1 promoters including, PAX5, MYB,
SP1, LEF1, NE-Y, C/EBP and GATAS (29-38).

Using a BAC transgene with a fluorescent RAG2-GFP reporter as well as a
RAG1-YFP reporter, Yu et all found that coordinated expression of RAG1 and
RAG2 was dependent on 5’ cis elements upstream of RAG2, and that RAG
expression at the DP stage of T cell development was disrupted when the 5’ cis
element was deleted (10). Analysis of DNAse hypersensitive sites was
subsequently used to identify a lymphoid specific enhancer termed D3, located
~8kb upstream of the RAG2 first exon, that is bound by C/EBP, and appears to
be essential for T cells, but not for B cells (39). Work followed using RAG
reporter constructs, and Hsu et al were able to identify a B cell specific
transcriptional enhancer, Erag, that is bound by E2A and that is necessary to
promote RAG activity in early B cell precursors (40).

More recently, Kisielow et al. discovered a gene, NRW, within the RAG2 intron
that is expressed in all cells except lymphocytes. It is possible that promoter
activity of RAG1 is able to turn off this gene, and it remains to be seen whether it
has a fundamental role in RAG regulation (41).

RAG Regulation in Trans:

One of the first insights into how RAG activity was regulated came in 1990 when
Menetski et all demonstrated that increased levels of cAMP could increase
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recombination, while high levels of PKC decreased RAG activity (42). InT cells
PKB controls calcineurin induced NFAT signaling downstream of AKT.
Expression of NFAT suppresses RAG expression and ChIP experiments have
demonstrated that NFAT,¢ can bind the RAG2 promoter. A constitutively active,
myristolated form of PKB decreases NFAT activity and can rescue RAG
expression (43). The transcription factor Zfp608 has also been shown to
suppress RAG expression in T cells and mutations in Zfp608 that lead to its
overexpression result in ablation of RAG expression (44). In mature B and T cell
lines, inhibition of protein phosphatases 1 and 2A lead to increased levels of
RAG expression (45).

The B cell specific transcription factor PAX-5 is a critical regulator of early B cell
development. This transcription factor binds to the RAG2 promoter and is
necessary for RAG2 promoter activity of a reporter construct in pro-B cell lines
(30). While transcribed, acetylated proximal V segments can rearrange at the
IgH locus without PAX-5 expression, distal V segments require PAX-5 for
rearrangement (46). Similarly, in T cells, c-myb occupies the T cell specific
RAG2 promoter element and activates it in a tissue specific manner (38). LEF-1
has been shown to associate with both PAX-5 and c-myb at the RAG2 promoter
(34), and there is some evidence that the myc -associated zinc finger protein,
MAZ, may act synergistically with these factors to activate the RAG2 promoter
(47).

The transcription factor RUNX1 may also play a role in regulating the RAG
proteins. A CBFpB-SMMHC fusion protein that inhibits the function of RUNX1
results in decreased levels of RAG1 and RAG2, as well as a host of other B cell
specific genes, including CD79A, Igll1, VpreB1, and Blk (48). In addition, cells
deficient in FoxP1 have a block in the Pro-B to Pre-B cell transition and express
lower levels of both RAG1 and RAG2. FoxP1 has also been shown to bind to
Erag (49).

Ectopic expression of the E2A protein, E12, in a macrophage cell line leads to
the induction of RAG1, along with other B-cell specific genes such as EBF, IL7-
Ra and lambda 5 (50). Using an embryonic kidney cell line, Romanow et al.
demonstrated that transfection of expression vectors encoding the RAG
recombinase along with the transcription factor E2A was sufficient for
recombination in these cells. This was due to the fact that E2A significantly
increased accessibility of Ig loci to the recombinase (mechanisms of accessibility
control are discussed in detail in chapter 4). While E2A activates the kappa
locus for rearrangement, EBF has been shown to be more important for lambda
locus rearrangements. Both E2A and EBF activate D-J joining at the heavy
chain locus, but not V-DJ joining (51). It was later demonstrated that E2A binds
to Erag (40). While E47 binding at Erag is necessary for RAG activity at the CLP
stage, it is entirely dispensable within the T lineage (52). Additionally, the E
proteins have also been shown to have a role in editing cells. In E2A+/- mice
expressing an autoreactive BCR, there are severe defects in RAG1 and RAG2
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expression, and consequently in secondary rearrangements and RS deletions
(53).

Recent work has shed light on the role of the FoxO family of transcription factors
on RAG expression in B cell development. A cDNA overexpression screen in
Abelson Murine Leukemia Virus (AMuLV) transformed B cells later revealed that
FoxO1 directly upregulates RAG1 and RAG2 and that diminished levels of
FoxO1 diminished RAG1 and RAG2 upregulation in editing cells (54). RAG1 and
RAG2 activation of FoxO1 can be antagonized by AKT phosphorylation of
FoxO1, which sequesters the protein in the cytoplasm (54). This cytoplasmic
sequestration can be counteracted by SLP-65, an adaptor that enhances
activation of signaling pathways that regulate FoxO1, leading to an accumulation
of FoxO1 and FoxO3A in the nucleus and RAG activation (55). FoxO1, but not
FoxO3A, has been shown to play a critical role in all stages of B cell
development in vivo. FoxO1 deletion at the pro-B cell stage results in a failure to
express IL-7Ra, and deletion in late pro-B cells results in a block at the pre-B cell
stage because the RAG proteins are not produced at a high enough level to
support rearrangement and developmental progression (56). Additionally, chlP
experiments have demonstrated that FoxO1 binds directly to Erag (56).

Using an IkBa superrepressor, Vekoczy et al were able to show that NF-xB/Rel
proteins promote RAG transcription, and that in editing cells, p50, p65, and c-rel
NF-xB subunits bind to the RAG locus. However, in B1 cells, (a type of B cell
enriched in marginal zone of the spleen, peritoneal, and pleural cavities (57)),
NF-xB deficiency leads to induction of RAG and inappropriate editing (58).

Three hematopoietic-specific factors, Ikaros (a factor shown to be important for
controlled accessibility and locus compaction of IgH), PU.1 (a master regulator of
cell fate), and SpiB (necessary for lymphopoiesis), have also been found to have
a role in RAG regulation. In an lkaros delete mouse model, CD19+ pro-B cells
develop when EBF is expressed, but RAG expression in ablated. These authors
also demonstrated that Ikaros binds to the RAG locus (59). Mice expressing low
amounts of lkaros have lower levels of RAG1 and RAG2 transcription (60). Pro-
B cell lines lacking PU.1 and SpiB have decreased levels of RAG expression
when compared to their wildtype counterparts (61).

Signaling at the Cell Surface and its Effect on RAG Expression:

In T cells, RAG proteins are turned off at the single-positive stage of
development, and this downregulation is triggered by crosslinking of the TCR
during the process of positive selection (62). Similarly, crosslinking of surface
IgM in c-myc Eu cancer cell lines leads to downregulation of RAG7 and RAG2
gene expression (63) and immunoglobulin engagement can terminate RAG
mMRNA expression in human tonsil B cells (64). Basal signaling via ERK (65)
and Abl suppress RAG expression, and RAG expression can be induced when
this pathway is inhibited by the Abl-specific inhibitor STI-571 (66).
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Cytokines have an important role in regulating RAG expression and it has been
shown that IL-3, IL-6, and IL-7, but not IL-2, IL-4 or GM-CSF, induce RAG gene
expression (67). Using cultured pro-B cells from human bone marrow, Billips et
al. were able to demonstrate that increased levels of IL-7 increase CD19
expression, but decrease expression of both TdT and RAG proteins. While this
seems to contradict the findings of Tagoh et al, it is important to note that the
decrease in RAG levels appears to be a delayed effect, as it is only seen on the
third day following addition of IL-7 to the culture medium. They also found that
CD19 crosslinking at the cell surface ablates the ability of IL-7 to decrease RAG
levels (68). Expression of CD19 suppresses RAG activity and is required for
tonic signaling of the BCR. In its absence, B cells undergo receptor editing
without appropriate signals to do so (69).

Using an inducible u heavy chain transgene, Galler et al were able to
demonstrate that IgHC expression expression results in a decrease in TdT,
RAG1 and RAG2, even when no surrogate light chain (SLC) is present.
However, signaling from Iga is required for this downregulation (70). In the
presence of a transgenic BCR, RAG levels and kappa rearrangement remain
low, even in the absence of IL-7 (71). In T cells, IL-7Ra deficiency ablates RAG
expression at the DN stage of development. However, if a transgene encoding a
TCR is present, RAGs are expressed at normal levels at the DP stage of
development. Thus, RAG expression depends on the presence IL-7 early in T
cell development, but TCR expression is sufficient to turn on the recombinase
once T cells have made it past the DN stage of development (72).

Equally important to being able to turn the RAGs on at the appropriate window of
development, is being able to subsequently turn them off as cell mature. In order
for cells to undergo receptor editing, it is necessary that the recombinase
continue to be expressed even after the kappa locus has undergone gene
rearrangement. In IgM+, IgD- cells, crosslinking of IgM can induce RAG
expression, while in IgM+, IgD+ cells, crosslinking generally leads to apoptosis
(73). With respect to the BCR, lowering tonic signals of the BCR suppresses
RAG expression, while higher levels of signaling from the BCR are able to induce
RAG expression (74) in a BLNK dependent manner (75). RAG expression
downstream of receptor crosslinking is dependent on expression of the
transcription factor IRF-4 (76). Schram et al. later demonstrated that BCR
crosslinking in immature cells causes loss of the BCR from the cell surface and
thus a decrease in basal BCR signaling. This decrease in signaling was shown
to induce RAG expression for light chain editing (77).

PI3K signaling is required to suppress RAG expression. BCR directed PI3K
signaling activates BTK, PLCy2, and AKT, and the two latter factors can both
suppress RAG expression. Activation of PI3K signaling in immature B cells
carrying an innocuous receptor results in the accumulation of PIP3, which in turn
recruits and activates PLCy2 to repress RAG expression (78). A deficiency in the
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PI3K catalytic subunit, p110, results in inappropriate kappa locus editing and
increased expression of lambda light chains (79).

In mature peripheral and tonsillar human B cells, crosslinking of CD40 and the
BCR leads to the induction of IL-6, followed by upregulation of IL-6R on the cells
surface, which in turn activates RAG expression (80).

In this study, we sought to identify trans acting negative regulators of the RAG
locus in early B cells using an unbiased screening approach. We reasoned that
identification of such factors would not only help us understand the dynamic
regulation of RAG expression, but also give us insight into how general
mechanisms of complex gene regulation are carried out within a particular
developmental program.

MATERIALS AND METHODS:
Cell culture:

The AMuLV-transformed Rag1/GFP-knock-in cell line was generated by
infection of bone marrow from a mouse heterozygous for Rag1/GFP knock-in
with AMuLV (13). Transformed B cells were cloned by limiting dilution and
screened for high basal GFP expression and responsiveness to treatment with
2.5 uM STI-571 (Novartis). A single RAG high clone was chosen for all
experiments. Cells were cultured in RPMI 1640 medium supplemented with 10%
(vol/vol) FCS, L-glutamine (2 mM), penicillin (100 g/ml), streptomycin (100 g/ml)
and 2-mercaptoethanol (50 uM) and were grown at 37 °C in 5% COa,.

Retroviral Production and Infection:

Retrovirus was harvested from the EcoPack2 packaging cell line (Clontech).
EcoPack2 cells were transfected with retroviral plasmid resuspended in
Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol and
viral supernatant was collected and filtered 48 h post-transfection.

AMuLV-transformed Rag1/GFP pro-B cells (RAG high) were infected by
resuspension of the cells in viral supernatant containing polybrene (4 g/ml;
Sigma) and cultured overnight. Cells were then expanded into normal media.

Retroviral cDNA library screen:

The cDNA library screen was performed as described in (54) with the following
modifications: RAG1/GFP pro-B cells were sorted for GFP low, Thy1.1 positive
cells 1 week post-infection, and the selection and “rescue” procedure was
performed 4 times. Additional screening was performed by single cell cloning
cDNA infected, RAG1/GFP negative cells by flow cytometry. Retroviral cDNAs in
these clones were amplified by PCR as in (54) and the inserts were identified by
sequencing and subsequently tested in the RAG high parental line.
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Flow Cytometry

Single-cell suspensions were prepared from cultured cells and were labeled with
fluorochrome- or biotin-conjugated antibodies by standard techniques. A FC500
or an Elite XL flow cytometer (Beckman Coulter) was used for flow cytometry; a
MoFlo high-speed cell sorter (Dako-Cytomation) was used for sorting. Data were
analyzed with FlowJo software (Tree Star). All antibodies were from
eBiosciences, except anti-CD43 and anti-Thy-1.1 (both from BD Pharmingen).

RESULTS

In order to identify negative trans acting regulators of the locus, we developed a
screen to identify cDNAs that, when overexpressed, were able to downregulate
RAG transcription. We took advantage of the fact that early B cell progenitors
can be transformed by infecting total bone marrow with the Abelson Murine
Leukemia Virus (AMuLV). Infection with this virus results in transformation of
pro-B cells that are arrested in their development, and are able to cycle
continuously in culture without the aid of cytokines (81). Treatment of AMuLV
pro-B cell lines with the highly specific abl kinase inhibitor STI-571, results in
these cells undergoing a process that, in many respects, mimics developmental
progression. STI-571 treated cells stop cycling and upregulate a host of genes
necessary for developmental progression such as RAG1, RAG2, Iga, Igp,
germline Igk, and BLNK, among others (82). AMuLV transformed cells were
generated from a RAG1/GFP reporter mouse in which the first exon of RAG1 is
replaced with GFP (13). Thus, any cell expressing RAG also expresses GFP,
and any cell in which RAG1 has been downregulated will show lower levels of
GFP expression.

Generation of the RAG high clone

Transformed cells from RAG1/GFP mice were single cell cloned and the clones
were screened to identify a clone with high constitutive RAG transcription (Figure
2). A large range of RAG1/GFP transcription was observed in the transformed
cells derived from the RAG1/GFP mice. In addition to RAG transcription, clones
were screened for STI-571 induced increase in RAG1/GFP expression (Figure
3).

Screening: Infections and Sorting

A cDNA library generated from pro and pre B cells of wildtype mice and cloned
into a retroviral backbone (Figure 4) was transfected into a packaging cell line
and used to infect the RAG high AMuLV transformed clone (hereafter referred to
as “RAG high” cells). This cDNA library has a complexity of 5 X 10° and was
previously used successfully in a screen to identify positive regulators of the RAG
locus (54). After a week in culture, infected, GFP low cells were sorted by flow
cytometry and placed back in culture. After another week in culture infected,
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GFP low cells were sorted again. Multiple rounds of sorting resulted in a
population enriched in RAG1/GFP low cells (Figure 5).

Isolation of cDNAs from sorted cells and subsequent rounds of screening

Genomic DNA was isolated from this enriched population and cDNAs were
amplified using primers hybridizing to the retroviral backbone (Figure 6A).
Enriched cDNAs were recloned in bulk into the retroviral backbone and used to
infect the original parental “RAG high” cell line. This procedure was carried out a
total of 4 times and the resulting amplicons from each round of screening are
shown in Figure 6A. While the complexity of each pool of cDNAs decreased
somewhat with each round, it never reached the level of single bands, and at the
end of the fourth round of screening, it was necessary to subdivide each pool of
enriched cDNAs and test them individually as subpools.

Subdivision of pools and assay for RAG1/GFP downregulation in the
parental RAG high line

Because the complexity of the enriched cDNA clones was relatively high, each
pool of cDNAs was subdivided into groups of similarly sized clones, recloned
(Figure 6B), and tested in the original parental line for RAG downregulating
activity (Figure 7). 4 subpools were identified that downregulated RAG1/GFP
expression when used to infect the original parental line. Clones from these
subpools were then sequenced to identify the relevant cDNAs. Each sequenced
cDNA was tested individually within the original “RAG high” parental line for RAG
downregulating activity. Table 1 shows the identified clones and the number of
times they were individually sequenced. Out of these sequenced clones, only
clones identified as having the cDNA encoding Gfi1b (Growth Factor
Independent-1B) showed RAG downregulating activity when used to infect the
original parental line (Figure 8). It should be noted that all the cDNAs were
tested in the original parental line with the exception of the cDNA identified as
AKT. AKT is a known negative regulator of the RAG locus (54) and was
therefore not explored further in this study.

Screening by single cell cloning infected, RAG1/GFP negative cells

In parallel, a separate screening strategy was employed wherein, after the fourth
round of infection and sorting, infected, RAG1/GFP negative cells were single-
cell cloned. After each RAG1/GFP clone had grown out sufficiently, it was re-
analyzed by flow cytometry (representative examples shown in Figure 9).
Genomic DNA was then harvested from RAG1/GFP negative single cell clones,
and the cDNA was PCR amplified, cloned, and sequenced (Table 2). cDNAs
were then individually used to infect the original parental cell line. Of the cDNAs
identified in this way, only Gfilb showed RAG1/GFP downregulating activity
when expressed in the original parental line (data not shown).
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DISCUSSION

In this study, we performed an unbiased cDNA overexpression screen to identify
negative regulators of the RAG locus. This approach allowed us to identify
factors previously unknown to play a critical role in B cell development, and thus
enabled us to explore novel and previously unappreciated pathways of RAG
regulation. The fact that we overexpressed only those cDNAs expressed in early
B cell development allowed us to identify the most relevant factors for this
particular developmental window. However, in taking this approach, it is entirely
possible that we may have missed factors responsible for keeping RAG off in
other lineages, since those factors may not be expressed in early B cell
development, and therefore may not have been included in the library. An
interesting future study might involve using the same screening strategy to
overexpress an shRNA library in a non-lymphoid lineage, and identify those
factors whose knockdown results in inappropriate RAG expression within these
lineages. Alternatively, a cDNA library from whole bone marrow or from myeloid
cells could be utilized. However, such a screen would require immortalization of
a non-B cell type from the RAG1/GFP reporter mouse. Fibroblasts might work
well for this purpose. That said, one important limitation for this approach is that,
due to redundancy, knockdown of a single factor might not have any effect.

It is worth noting that this screen, in addition to revealing new negative regulators
of the RAG locus (Gfi family members), also revealed a factor already known to
have a role in negatively regulating the RAG locus-- AKT. AKT phosphorylates
FoxO1, leading to its association with the 14-3-3 proteins and sequestering it in
the cytoplasm. Such sequestration prevents FoxO1 from translocating to the
nucleus and activating its target genes, among which include the RAG genes.
Indeed a constitutively active, myristolated version of AKT represses RAG1 and
RAG2 expression in primary cells (54). The downregulation in RAG transcription
caused by overexpression of the AKT cDNA is consistent with this known
pathway, and provides validation for the screening strategy. A further validation
for the screen was that Gfi1b was independently pulled out of all 5 cDNA pools
tested. This confirmed the consistency of the method, and the validity of the hits.

While this screen successfully revealed novel negative regulators of the RAG
locus, it also had a number of limitations. The first was that even though the
target cell line was generated from a single cell clone, a subset of cells within the
“‘RAG high” population did not express RAG, as evidenced by a lack of GFP
expression in a minor subset of the population (Figure 2). That is, RAG1/GFP
pro-B cells demonstrate variegated transcriptional regulation of RAG expression.
This has been observed with all single cell clones generated from pools of
transformed RAG1/GFP pro-B cells (unpublished data). Thus, an inherent
background level of RAG downregulation was revealed when we overexpressed
an empty vector and sorted out RAG1/GFP negative cells (Figure 5). This
background level of GFP negative cells rose as high as 30% after multiple sorts.
In general, the percent of GFP negative cells in populations of RAG1/GFP cells
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infected with various cDNA library pools was higher then 30% after sorting, and
the percentage of RAG1/GFP negative cells remained stably higher than 30%
after 1-2 weeks in culture. However, many of the cDNAs sequenced from
RAG1/GFP negative clones did not show a RAG1/GFP downregulation
phenotype when overexpressed in the original parental line, and this is likely due
to the fact that their low level of RAG1/GFP expression had nothing to do with the
cDNA being overexpressed, but rather reflected the variegated RAG1/GFP
phenotype. Another contributing factor to this background level might be the
unlikely event of a retroviral insertion within or near the RAG1/GFP locus that
inactivated its expression, or insertions elsewhere in the genome had an effect
on RAG regulation. Finally, random mutations in the RAG1/GFP locus or in
regions nearby could have caused silencing of the locus and a downregulation in
RAG1/GFP expression without overexpression of any exogenous cDNA.

A further technical problem that arose during screening was that the half-life of
GFP is very long, and thus it was necessary to wait at least a week following
overexpression of the cDNAs before sorting GFP negative cells. This meant that
any cDNA that caused a downregulation of RAG1/GFP, but whose
overexpression was toxic to the cells, may easily have been overlooked. We
believe that this may have been the case for Gfi1. None of the sequenced
clones from the screen were identified as Gfi1, but we tested overexpression of
Gfi1 because of its similarity to Gfi1b, which was independently cloned 19 times
during the course of the screen. The results of Gfi1 overexpression and the
reasons for why it may not have been pulled out of the screen are discussed in
chapter 3. Because pools of RAG1/GFP cells infected with cDNAs were sorted
twice, the total time between infection and harvesting of genomic DNA from
RAG1/GFP cells was about 2.5-3 weeks. Thus, in addition to Gfi1, there may
have been other factors whose overexpression caused RAG1/GFP
downregulation, but that were eliminated from the RAG1/GFP negative pool due
to toxicity/growth issues.

Another limitation of this screen was that it was a “gain of function” screen,
meaning that once a cDNA was identified that downregulated RAG1/GFP
expression, shRNAs, or in our case, knockout constructs had to be generated to
verify a loss of function phenotype. Employing the same screening strategy with
shRNA libraries could potentially make the process technically easier. While hits
generated during an shRNA screen would have to be verified by overexpression
of the corresponding cDNA, obtaining such a cDNA is generally easier on a
technical level than generating a knockout mouse or cell line, or screening
through large numbers of shRNAs in order to find one with activity. However, the
use of an shRNA library would eliminate the tissue specificity of a given library,
and thus potential hits may not even be expressed at the appropriate
developmental window under study.

CONCLUSIONS
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We and others (54) have demonstrated that retroviral expression library
screening is an effective method for identifying transcriptional regulators in an
unbiased fashion. While rescuing inserts from bulk populations works well for
identifying interesting factors, rescuing inserts from single cell clones may not be
as effective. Another method that proved problematic in our hands was cyclical
packaging rescue, or CPR. In this screening method, retroviral cDNA inserts are
mobilized from the target cell by infection with adenoviruses that encode the
necessary packaging proteins (83). The viral supernatant containing the
mobilized, packaged cDNAs is then used to infect the original parental line.
While this method worked well in the cell line in which it was originally reported,
cDNAs were not efficiently mobilized in our B cell lines. This could be due to the
fact that many cell types have a number of mechanisms to prevent retroviral
mobilization after insertion into the genome (84). We conclude that using PCR
as a method to rescue the cDNA inserts is a more effective and less labor-
intensive method than the adenovirus method.

Based on our studies, we believe that the false positive background involved in
screening for repressors is markedly higher than the false positive background
generated when screening for activators. However, it is still an effective, if labor-
intensive, method for identifying transcriptional repressors. A number of screens
are ongoing in our lab using the same method to look at diverse phenotypes, and
these screens have likewise been quite successful.

REFERENCES:

1. Schatz, D. G., M. A. Oettinger, and D. Baltimore. 1989. The V(D)J
recombination activating gene, RAG-1. Cell 59:1035-1048.

2. Oettinger, M. A, D. G. Schatz, C. Gorka, and D. Baltimore. 1990. RAG-1
and RAG-2, adjacent genes that synergistically activate V(D)J
recombination. Science 248:1517-1523.

3. Mombaerts, P., J. lacomini, R. S. Johnson, K. Herrup, S. Tonegawa, and
V. E. Papaioannou. 1992. RAG-1-deficient mice have no mature Band T
lymphocytes. Cell 68:869-877.

4. Shinkai, Y., G. Rathbun, K. P. Lam, E. M. Oltz, V. Stewart, M.
Mendelsohn, J. Charron, M. Datta, F. Young, A. M. Stall, and et al. 1992.
RAG-2-deficient mice lack mature lymphocytes owing to inability to initiate
V(D)J rearrangement. Cell 68:855-867.

5. Schatz, D. G., and E. Spanopoulou. 2005. Biochemistry of V(D)J
recombination. Curr Top Microbiol Immunol 290:49-85.

6. Cobb, R. M., K. J. Oestreich, O. A. Osipovich, and E. M. Oltz. 2006.
Accessibility control of V(D)J recombination. Adv Immunol 91:45-109.

7. Yokota, T., J. Huang, M. Tavian, Y. Nagai, J. Hirose, J. C. Zuniga-
Pflucker, B. Peault, and P. W. Kincade. 2006. Tracing the first waves of
lymphopoiesis in mice. Development 133:2041-2051.

8. Borghesi, L., L. Y. Hsu, J. P. Miller, M. Anderson, L. Herzenberg, M. S.
Schlissel, D. Allman, and R. M. Gerstein. 2004. B lineage-specific

19



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

regulation of V(D)J recombinase activity is established in common
lymphoid progenitors. J Exp Med 199:491-502.

Mansson, R., A. Hultquist, S. Luc, L. Yang, K. Anderson, S. Kharazi, S. Al-
Hashmi, K. Liuba, L. Thoren, J. Adolfsson, N. Buza-Vidas, H. Qian, S.
Soneji, T. Enver, M. Sigvardsson, and S. E. Jacobsen. 2007. Molecular
evidence for hierarchical transcriptional lineage priming in fetal and adult
stem cells and multipotent progenitors. Immunity 26:407-419.

Yu, W., Z. Misulovin, H. Suh, R. R. Hardy, M. Jankovic, N. Yannoutsos,
and M. C. Nussenzweig. 1999. Coordinate regulation of RAG1 and RAG2
by cell type-specific DNA elements 5' of RAG2. Science 285:1080-1084.
Yu, W., H. Nagaoka, M. Jankovic, Z. Misulovin, H. Suh, A. Rolink, F.
Melchers, E. Meffre, and M. C. Nussenzweig. 1999. Continued RAG
expression in late stages of B cell development and no apparent re-
induction after immunization. Nature 400:682-687.

Monroe, R. J., K. J. Seidl, F. Gaertner, S. Han, F. Chen, J. Sekiguchi, J.
Wang, R. Ferrini, L. Davidson, G. Kelsoe, and F. W. Alt. 1999. RAG2:GFP
knockin mice reveal novel aspects of RAG2 expression in primary and
peripheral lymphoid tissues. Immunity 11:201-212.

Kuwata, N., H. Igarashi, T. Ohmura, S. Aizawa, and N. Sakaguchi. 1999.
Cutting edge: absence of expression of RAG1 in peritoneal B-1 cells
detected by knocking into RAG1 locus with green fluorescent protein
gene. J Immunol 163:6355-6359.

Grawunder, U., T. M. Leu, D. G. Schatz, A. Werner, A. G. Rolink, F.
Melchers, and T. H. Winkler. 1995. Down-regulation of RAG1 and RAG2
gene expression in preB cells after functional immunoglobulin heavy chain
rearrangement. Immunity 3:601-608.

Tiegs, S. L., D. M. Russell, and D. Nemazee. 1993. Receptor editing in
self-reactive bone marrow B cells. J Exp Med 177:1009-1020.

Gay, D., T. Saunders, S. Camper, and M. Weigert. 1993. Receptor editing:
an approach by autoreactive B cells to escape tolerance. J Exp Med
177:999-1008.

Han, S., B. Zheng, D. G. Schatz, E. Spanopoulou, and G. Kelsoe. 1996.
Neoteny in lymphocytes: Rag1 and Rag2 expression in germinal center B
cells. Science 274:2094-2097.

Hertz, M., V. Kouskoff, T. Nakamura, and D. Nemazee. 1998. V(D)J
recombinase induction in splenic B lymphocytes is inhibited by antigen-
receptor signalling. Nature 394:292-295.

Wang, Y. H., and B. Diamond. 2008. B cell receptor revision diminishes
the autoreactive B cell response after antigen activation in mice. J Clin
Invest 118:2896-2907.

Cooper, C. J., G. L. Turk, M. Sun, A. G. Farr, and P. J. Fink. 2004. Cutting
edge: TCR revision occurs in germinal centers. J Immunol 173:6532-6536.
Labrie, J. E., 3rd, A. P. Sah, D. M. Allman, M. P. Cancro, and R. M.
Gerstein. 2004. Bone marrow microenvironmental changes underlie
reduced RAG-mediated recombination and B cell generation in aged mice.
J Exp Med 200:411-423.

20



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Lee, J., and S. Desiderio. 1999. Cyclin A/CDK2 regulates V(D)J
recombination by coordinating RAG-2 accumulation and DNA repair.
Immunity 11:771-781.

Jiang, H., F. C. Chang, A. E. Ross, J. Lee, K. Nakayama, and S.
Desiderio. 2005. Ubiquitylation of RAG-2 by Skp2-SCF links destruction of
the V(D)J recombinase to the cell cycle. Mol Cell 18:699-709.

Schlissel, M., A. Constantinescu, T. Morrow, M. Baxter, and A. Peng.
1993. Double-strand signal sequence breaks in V(D)J recombination are
blunt, 5'-phosphorylated, RAG-dependent, and cell cycle regulated. Genes
Dev 7:2520-2532.

Wayne, J., H. Suh, Z. Misulovin, K. A. Sokol, K. Inaba, and M. C.
Nussenzweig. 1994. A regulatory role for recombinase activating genes,
RAG-1 and RAG-2, in T cell development. Immunity 1:95-107.
Stanhope-Baker, P., K. M. Hudson, A. L. Shaffer, A. Constantinescu, and
M. S. Schlissel. 1996. Cell type-specific chromatin structure determines
the targeting of V(D)J recombinase activity in vitro. Cell 85:887-897.

Ji, Y., W. Resch, E. Corbett, A. Yamane, R. Casellas, and D. G. Schatz.
2010. The in vivo pattern of binding of RAG1 and RAG2 to antigen
receptor loci. Cell 141:419-431.

Monroe, R. J., F. Chen, R. Ferrini, L. Davidson, and F. W. Alt. 1999.
RAG?2 is regulated differentially in B and T cells by elements 5' of the
promoter. Proc Natl Acad Sci U S A 96:12713-12718.

Fuller, K., and U. Storb. 1997. Identification and characterization of the
murine Rag1 promoter. Mol Immunol 34:939-954.

Lauring, J., and M. S. Schlissel. 1999. Distinct factors regulate the murine
RAG-2 promoter in B- and T-cell lines. Mol Cell Biol 19:2601-2612.
Zarrin, A. A., |. Fong, L. Malkin, P. A. Marsden, and N. L. Berinstein. 1997.
Cloning and characterization of the human recombination activating gene
1 (RAG1) and RAG2 promoter regions. J Immunol 159:4382-4394.
Kurioka, H., H. Kishi, H. Isshiki, H. Tagoh, K. Mori, T. Kitagawa, T.
Nagata, K. Dohi, and A. Muraguchi. 1996. Isolation and characterization of
a TATA-less promoter for the human RAG-1 gene. Mol Immunol 33:1059-
1066.

Kishi, H., Z. X. Jin, X. C. Wei, T. Nagata, T. Matsuda, S. Saito, and A.
Muraguchi. 2002. Cooperative binding of c-Myb and Pax-5 activates the
RAG-2 promoter in immature B cells. Blood 99:576-583.

Jin, Z. X., H. Kishi, X. C. Wei, T. Matsuda, S. Saito, and A. Muraguchi.
2002. Lymphoid enhancer-binding factor-1 binds and activates the
recombination-activating gene-2 promoter together with c-Myb and Pax-5
in immature B cells. J Immunol 169:3783-3792.

Kishi, H., X. C. Wei, Z. X. Jin, Y. Fujishiro, T. Nagata, T. Matsuda, and A.
Muraguchi. 2000. Lineage-specific regulation of the murine RAG-2
promoter: GATA-3 in T cells and Pax-5 in B cells. Blood 95:3845-3852.
Fong, I. C., A. A. Zarrin, G. E. Wu, and N. L. Berinstein. 2000. Functional
analysis of the human RAG 2 promoter. Mol Immunol 37:391-402.

21



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Brown, S. T., G. A. Miranda, Z. Galic, I. Z. Hartman, C. J. Lyon, and R. J.
Aguilera. 1997. Regulation of the RAG-1 promoter by the NF-Y
transcription factor. J Immunol 158:5071-5074.

Wang, Q. F., J. Lauring, and M. S. Schlissel. 2000. c-Myb binds to a
sequence in the proximal region of the RAG-2 promoter and is essential
for promoter activity in T-lineage cells. Mol Cell Biol 20:9203-9211.

Wei, X. C., H. Kishi, Z. X. Jin, W. P. Zhao, S. Kondo, T. Matsuda, S. Saito,
and A. Muraguchi. 2002. Characterization of chromatin structure and
enhancer elements for murine recombination activating gene-2. J Immunol
169:873-881.

Hsu, L. Y., J. Lauring, H. E. Liang, S. Greenbaum, D. Cado, Y. Zhuang,
and M. S. Schlissel. 2003. A conserved transcriptional enhancer regulates
RAG gene expression in developing B cells. Immunity 19:105-117.
Kisielow, P., A. Miazek, and M. Cebrat. 2008. NWC, a new gene within
RAG locus: could it keep GOD under control? Int J Immunogenet 35:395-
399.

Menetski, J. P., and M. Gellert. 1990. V(D)J recombination activity in
lymphoid cell lines is increased by agents that elevate cAMP. Proc Nat/
Acad Sci U S A 87:9324-9328.

Patra, A. K., T. Drewes, S. Engelmann, S. Chuvpilo, H. Kishi, T. Hunig, E.
Serfling, and U. H. Bommhardt. 2006. PKB rescues calcineurin/NFAT-
induced arrest of Rag expression and pre-T cell differentiation. J Immunol
177:4567-4576.

Zhang, F., L. R. Thomas, E. M. Oltz, and T. M. Aune. 2006. Control of
thymocyte development and recombination-activating gene expression by
the zinc finger protein Zfp608. Nat Immunol 7:1309-1316.

Casillas, A. M., A. D. Thompson, S. Cheshier, S. Hernandez, and R. J.
Aguilera. 1995. RAG-1 and RAG-2 gene expression and V(D)J
recombinase activity are enhanced by protein phosphatase 1 and 2A
inhibition in lymphocyte cell lines. Mol Immunol 32:167-175.

Hesslein, D. G., D. L. Pflugh, D. Chowdhury, A. L. Bothwell, R. Sen, and
D. G. Schatz. 2003. Pax5 is required for recombination of transcribed,
acetylated, 5' IgH V gene segments. Genes Dev 17:37-42.

Wu, C. X., W. P. Zhao, H. Kishi, J. Dokan, Z. X. Jin, X. C. Wei, K. K.
Yokoyama, and A. Muraguchi. 2004. Activation of mouse RAG-2 promoter
by Myc-associated zinc finger protein. Biochem Biophys Res Commun
317:1096-1102.

Kuo, Y. H., R. M. Gerstein, and L. H. Castilla. 2008. Cbfbeta-SMMHC
impairs differentiation of common lymphoid progenitors and reveals an
essential role for RUNX in early B-cell development. Blood 111:1543-
1551.

Hu, H., B. Wang, M. Borde, J. Nardone, S. Maika, L. Allred, P. W. Tucker,
and A. Rao. 2006. Foxp1 is an essential transcriptional regulator of B cell
development. Nat Immunol 7:819-826.

22



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Kee, B. L., and C. Murre. 1998. Induction of early B cell factor (EBF) and
multiple B lineage genes by the basic helix-loop-helix transcription factor
E12. J Exp Med 188:699-713.

Romanow, W. J., A. W. Langerak, P. Goebel, I. L. Wolvers-Tettero, J. J.
van Dongen, A. J. Feeney, and C. Murre. 2000. E2A and EBF act in
synergy with the V(D)J recombinase to generate a diverse
immunoglobulin repertoire in nonlymphoid cells. Mol Cell 5:343-353.
Borghesi, L., J. Aites, S. Nelson, P. Lefterov, P. James, and R. Gerstein.
2005. E47 is required for V(D)J recombinase activity in common lymphoid
progenitors. J Exp Med 202:1669-1677.

Quong, M. W., A. Martensson, A. W. Langerak, R. R. Rivera, D.
Nemazee, and C. Murre. 2004. Receptor editing and marginal zone B cell
development are regulated by the helix-loop-helix protein, E2A. J Exp Med
199:1101-1112.

Amin, R. H., and M. S. Schlissel. 2008. Foxo1 directly regulates the
transcription of recombination-activating genes during B cell development.
Nat Immunol 9:613-622.

Herzog, S., E. Hug, S. MeixIsperger, J. H. Paik, R. A. DePinho, M. Reth,
and H. Jumaa. 2008. SLP-65 regulates immunoglobulin light chain gene
recombination through the PI(3)K-PKB-Foxo pathway. Nat Immunol 9:623-
631.

Dengler, H. S., G. V. Baracho, S. A. Omori, S. Bruckner, K. C. Arden, D.
H. Castrillon, R. A. DePinho, and R. C. Rickert. 2008. Distinct functions for
the transcription factor Foxo1 at various stages of B cell differentiation.
Nat Immunol 9:1388-1398.

Martin, F., and J. F. Kearney. 2000. B-cell subsets and the mature
preimmune repertoire. Marginal zone and B1 B cells as part of a "natural
immune memory". Immunol Rev 175:70-79.

Verkoczy, L., D. Ait-Azzouzene, P. Skog, A. Martensson, J. Lang, B.
Duong, and D. Nemazee. 2005. A role for nuclear factor kappa B/rel
transcription factors in the regulation of the recombinase activator genes.
Immunity 22:519-531.

Reynaud, D., I. A. Demarco, K. L. Reddy, H. Schjerven, E. Bertolino, Z.
Chen, S. T. Smale, S. Winandy, and H. Singh. 2008. Regulation of B cell
fate commitment and immunoglobulin heavy-chain gene rearrangements
by Ikaros. Nat Immunol 9:927-936.

Kirstetter, P., M. Thomas, A. Dierich, P. Kastner, and S. Chan. 2002.
Ikaros is critical for B cell differentiation and function. Eur J Immunol
32:720-730.

Schweitzer, B. L., and R. P. DeKoter. 2004. Analysis of gene expression
and lg transcription in PU.1/Spi-B-deficient progenitor B cell lines. J
Immunol 172:144-154.

Turka, L. A., D. G. Schatz, M. A. Oettinger, J. J. Chun, C. Gorka, K. Lee,
W. T. McCormack, and C. B. Thompson. 1991. Thymocyte expression of
RAG-1 and RAG-2: termination by T cell receptor cross-linking. Science
253:778-781.

23



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Ma, A., P. Fisher, R. Dildrop, E. Oltz, G. Rathbun, P. Achacoso, A. Stall,
and F. W. Alt. 1992. Surface IgM mediated regulation of RAG gene
expression in E mu-N-myc B cell lines. EMBO J 11:2727-2734.

Meffre, E., F. Papavasiliou, P. Cohen, O. de Bouteiller, D. Bell, H.
Karasuyama, C. Schiff, J. Banchereau, Y. J. Liu, and M. C. Nussenzweig.
1998. Antigen receptor engagement turns off the V(D)J recombination
machinery in human tonsil B cells. J Exp Med 188.:765-772.

Crews, C. M., A. Alessandrini, and R. L. Erikson. 1992. Erks: their fifteen
minutes has arrived. Cell Growth Differ 3:135-142.

Roose, J. P., M. Diehn, M. G. Tomlinson, J. Lin, A. A. Alizadeh, D.
Botstein, P. O. Brown, and A. Weiss. 2003. T cell receptor-independent
basal signaling via Erk and Abl kinases suppresses RAG gene
expression. PLoS Biol 1:E53.

Tagoh, H., H. Kishi, A. Okumura, T. Kitagawa, T. Nagata, K. Mori, and A.
Muraguchi. 1996. Induction of recombination activating gene expression in
a human lymphoid progenitor cell line: requirement of two separate signals
from stromal cells and cytokines. Blood 88:4463-4473.

Billips, L. G., C. A. Nunez, F. E. Bertrand, 3rd, A. K. Stankovic, G. L.
Gartland, P. D. Burrows, and M. D. Cooper. 1995. Immunoglobulin
recombinase gene activity is modulated reciprocally by interleukin 7 and
CD19 in B cell progenitors. J Exp Med 182:973-982.

Diamant, E., Z. Keren, and D. Melamed. 2005. CD19 regulates positive
selection and maturation in B lymphopoiesis: lack of CD19 imposes
developmental arrest of immature B cells and consequential stimulation of
receptor editing. Blood 105:3247-3254.

Galler, G. R., C. Mundt, M. Parker, R. Pelanda, I. L. Martensson, and T. H.
Winkler. 2004. Surface mu heavy chain signals down-regulation of the
V(D)J-recombinase machinery in the absence of surrogate light chain
components. J Exp Med 199:1523-1532.

Melamed, D., J. A. Kench, K. Grabstein, A. Rolink, and D. Nemazee.
1997. A functional B cell receptor transgene allows efficient IL-7-
independent maturation of B cell precursors. J Immunol 159:1233-1239.
Crompton, T., S. V. Outram, J. Buckland, and M. J. Owen. 1997. A
transgenic T cell receptor restores thymocyte differentiation in interleukin-
7 receptor alpha chain-deficient mice. Eur J Immunol 27:100-104.
Melamed, D., R. J. Benschop, J. C. Cambier, and D. Nemazee. 1998.
Developmental regulation of B lymphocyte immune tolerance
compartmentalizes clonal selection from receptor selection. Cell 92:173-
182.

Keren, Z., E. Diamant, O. Ostrovsky, E. Bengal, and D. Melamed. 2004.
Modification of ligand-independent B cell receptor tonic signals activates
receptor editing in immature B lymphocytes. J Biol Chem 279:13418-
13424.

Hayashi, K., T. Nojima, R. Goitsuka, and D. Kitamura. 2004. Impaired
receptor editing in the primary B cell repertoire of BASH-deficient mice. J
Immunol 173:5980-5988.

24



76.

77.

78.

79.

80.

81.

82.

83.

84.

Bai, L., Y. Chen, Y. He, X. Dai, X. Lin, R. Wen, and D. Wang. 2007.
Phospholipase Cgamma2 contributes to light-chain gene activation and
receptor editing. Mol Cell Biol 27:5957-5967.

Schram, B. R,, L. E. Tze, L. B. Ramsey, J. Liu, L. Najera, A. L. Vegoe, R.
R. Hardy, K. L. Hippen, M. A. Farrar, and T. W. Behrens. 2008. B cell
receptor basal signaling regulates antigen-induced Ig light chain
rearrangements. J Immunol 180:4728-4741.

Verkoczy, L., B. Duong, P. Skog, D. Ait-Azzouzene, K. Puri, J. L. Vela,
and D. Nemazee. 2007. Basal B cell receptor-directed phosphatidylinositol
3-kinase signaling turns off RAGs and promotes B cell-positive selection. J
Immunol 178:6332-6341.

Llorian, M., Z. Stamataki, S. Hill, M. Turner, and I. L. Martensson. 2007.
The PI3K p110delta is required for down-regulation of RAG expression in
immature B cells. J Immunol 178:1981-1985.

Hillion, S., M. Dueymes, P. Youinou, and C. Jamin. 2007. IL-6 contributes
to the expression of RAGs in human mature B cells. J Immunol 179:6790-
6798.

Rosenberg, N., D. Baltimore, and C. D. Scher. 1975. In vitro
transformation of lymphoid cells by Abelson murine leukemia virus. Proc
Natl Acad Sci U S A 72:1932-1936.

Muljo, S. A., and M. S. Schlissel. 2003. A small molecule Abl kinase
inhibitor induces differentiation of Abelson virus-transformed pre-B cell
lines. Nat Immunol 4:31-37.

Bhattacharya, D., E. C. Logue, S. Bakkour, J. DeGregori, and W. C. Sha.
2002. Identification of gene function by cyclical packaging rescue of
retroviral cDNA libraries. Proc Natl Acad Sci U S A 99:8838-8843.
Bieniasz, P. D. 2004. Intrinsic immunity: a front-line defense against viral
attack. Nat Immunol 5:1109-1115.

25



‘'(€00¢ ‘“ASojounwiwi| auniepN ‘|9ss1|yas) wouy paidepe

sI T aun8i4 ‘Suinpa J01dadas 081apun ued |92 1ey3y os padnpoud aq YIg d14129ds-§3s e p|noys padnpulald 4o uo 1day usyl sJe pue ‘uawauelseal uieyd
1y31| 404 23e15 |99 g-24d 9y3 Ul uleSe uo W0 SHYY ‘15INQ SAIIeIRHI|04d JuaNbasqns syl Sulnp pajen3aiumop aJe Ing suleyd Areay Jiay3 s8uesseal
S||@2 se y3iy utewads ay| -a3e1s (d13) Jouuadoud ploydwA| Alues ui Ajuea uo pauini ase soyy ‘uswdo|daAsp |92 g Sulunp AlAIDE DY (T a4nS14

dunip3 1sing
J01da23y 9AIleJd}I|0Id
a14109ds ©
-4|9s s1 Y09 N
Mo Mo # Ajuo y3iH Y3iH Mo Y3iH Y3iH USIH :AuAndY ovy

anbi WBI

6 -al
I\ /\ E\mm e %m“;

2inlelN  LJnleww| q-94d q-0.d g-0.d



|92 Jam0dal d49/TOVY pPawJojsuesi ATNAY 4O [00d B woly sauo|d |99 38uls dAlreIuasaldal  Jo A13dW0o3Ad Mo iz aJnSi4

3U0|D d49/TOVH

oneo N

0T

0T

0

T

1200

(0

1-

- 0C

- Ov

Xe 40 %

- 09

— 08

— 00T

Xe 40 %

d49/19vy

¢0T 20T 10T 00T 0T

- 00T

Xe JO %

27



HI

0T

Y3y ovy

XeN 10 %

'sJnoy 9T 404 T/G-11S IN1T G'Z YHm pareaJl sauo)d |19 3|8uls d49/TOVYH oMl Jo Al3dwolAd moj{ € 24nSi4

[1S +
1S -

d49/19vY

XeN 10 %

|0J3UO0D

28



"JUSLWIYDIIUS JO SPUNOI BAISSIIINS 10) SUOYORY [BIACIIR] B OJU| PaUO|d pue pajjdwe

2J9M SHBSUI YNQD ‘PIMOS 2JaM 5|19 aAReBau 449 ‘aAgisod T'TAYL “aull |99 Jauodal d49/TOVY e Pajul

0} pasn sem SyYN(J? 253y} WO pajesa uas sniIA0132] SNOLIBJUI pUe J0JIBA [BJIA0I2] € Ul passaidxa ale adlw
IM JO 5||20 g-2.1d pue oid Wouy pauo|d SYNG? ‘Aaug "ua312s U0ISSa1dXa13A0 YNQ? Y3 J0) JRWSYS " 24n14

spesul YNQ2 Ajidwe ¥od

<zoo_EoSao§o»_\. |_ L'LAYL s _I_<zoo_|

JOJOBA
Mol OV 1¥0S-34 [eJA0H R O
SUasUl 3UOP3Y

s|eD anebau
d49 Joj pog
o8u| pejsuelL
ybiy ovy @ - “ “‘| I
te
FoieEL snuAQR) aul| |80 Buibexoed souu adppm woy

SNOROBYU| 2S04 s||e2-g aidjoud jo Aesqi ¥YNQ2

29



‘|]ood yoea Joj 921M] pPa1Jos 4aM S|[22 aAlzeSau
d49/19VY 4T TYL "JosJew T TAYL 9y3 ssa4dxa s|[92 paidaju| "10309A Axdwa ue Jo SYNQD JO s|ood a1eedas G Yiim paiddjul
5199 Y81y d49/19VY 40 A13dW03Ad MO|4 *S||32 dAIIESBU d49/TOVY JO JUBWYDIIUS Ue 0} Sped| Sull0S dAISSIIINS & G aunSi4

d419

1 100d

TTAYL

3100d

a |00d

J 100d

g 100d

10109/ Aldwig

00

}10S34d

30



‘Ajini3oe Suissalddns d49/19vY aAey 03 umoys
J91B| SDUO|2 3SOY] S9IBIIPUI YSIIISY "aul| [BjuaJed 3yl UIYHM 1533 01 pauo|d AjlenpiAlpul 249m SYNQJD PazIs AjJejiwis JO S|00d 'g "SujuaaJds Jo spunol
3|d13|nwW JBAO S[|93 MO| d49/TOVY PAIOS Ul SYNQD 404 suodljdwe Yod 'y *Sulusasds Jo spunoJ adizjnw JSA0 Payd1Iud aWo3q SYNQJD dWosS g aunsi4

[043U0d 9T3 ST4 «¥Td €T3 ¢T3 4113 01d 6d 8d £ 9O ¥D €3 O «ID

1 100d 3100d d [00d J100d

¥ punoy € punoy Z punoy T punoy

31



"30|d yoea jo 13| Joddn ay3 ul paiedipul
sl joodqgns 3yl °s||93 aAleSau d49/TOVY ‘Pa1I0s wouy paiijdwe sauo|d Jo sjoodgns yum paidajul |99 Yy Dyy 40 AlswolAd moj4 £ 2unSi4

PO100JU| e
paloajujun Mem—

N ot ot O 0T LT o1 o1 O 40T ot ot o1 O ot or Qo Lo QT LT ot O Lo
Lo Lo Lo Lo Lo
-0z -0z -0z oz ———o02
€82 2z €Y

Lor Loy Loy Loy Lov
< < g s s
B B 2 B B
= = = = =

oo & Loo & Loo & Loo & Loo &

Los Los Los Los Los

la %)
Loot Loot Loot Loot ST Loot

32



X E6V0VT ENNOM

X £5989 Bojowoy 05 wauodwod Aisuiysew Ajquasse bunios

X €9TST T 91e.msqns uA7-oi19ads |99 onviodolewaH

X 0L20TT T ureyd b uiIsS

X 8ceee 2 waoad Buidnoosun

X 617028€ 2 aseuaboipAysp areydsoyd-g suinisou| 03 Jejiwis

X S8S18 2T uiaoid 1abuly Bury

X 82989 6 uido4d urewop OyaM pue xoq o

X 2s6cc T OISIN

X T.68T T e1j9p aseldawA|od

X 19102 deuls

X 0T660T 16 uialoud uabuly ourz

X 192692 27171 uia104d jewosoqry

X 0.T6T T adAl ®19Q 1lUNQNS BWOSEal0ld

X TSOTT ANV

X V/9TT V ase|op|V

X £8¢208 T av

X 28511 qTiyo
ST< < T al sauso aweN aua9

‘paouanbas Ajjuspuadapul sem U0 USAIS B S3WI} JO JaqUINU 33 01 J3J3J G pue ‘p
‘€ suWNjo) *8UlUD3JIS JO SPUNOJ {7 JD14E S| dAINESAU d{D/TOVY Ul PaYdI4Ua SBUO|I YND 4O S2IHIUSPI BUID T d|qel

33




X L0¥99 GTS uiaoad [ewosoqry

X 999/+000T Md1S

X ,20G¢c /,Sd4S
X 0T660T T6 uiaoud 1abuly ouiz
X V91T Vv asejop|y
X /5919 0TS uiao4d [ewosoqry
X 192692 2T uieloud rewosoqry
X €TSZS 9g apndadAjod xoq @v3aa
X 28svT aTuo
< T dal sus9o sueN auao

‘pasuanbas Ajpuspuadapul

SEM 9UO[D UDAIS B SBWIY JO JaqWINU 3Y3 03 J3J3J G PUB ‘f ‘€ SUWIN|O) SAUO|D
[192 3|3uls aAIlE3aU d49/TOVY Wody payljdwe SyNQD JO S311Iuapl auan :g 3|qel

34



"0 T149 8ulpodUd SYNQD PaNISaL SAIRIUSSDIADS OM] YIIM Pa1I34ul S[192 Y3y DY 40 AJlswolAd moj4 :8 aun3i4

((CRRCTIV] Qe—

PO1OBJUIUN

d49/19VvY
0T 0T ;0T 00T ) 0T 0T ;0T 00T )
0 0
0c 0c
or or
S S
o o
< <
09 2 09 2
08 08
00T 00T

¢ ?Uo) T 2uo|D

35



"UMOYs aJe sa|dwexs aAlleuasaldal Jno4 *s||92 Ysiy oyy aanedsu 449/19vY T TAY1 panios Jo AilawolAd mo|4 :6 24nsi4

d49/19vy
0T Ot 0T 0T 0T N
Lo
Loz
Loy
R R R I
= = S, =3
= = = =
2 2 Foo 2 2
L o8
(4}
€3 L oot L oot L oot L oot

36



CHAPTER 3 Gfi1B and its Role in RAG Regulation
BACKGROUND:
Gfi family members and disease

Gfi1b is a member of the Gfi (growth factor independent) family of transcriptional
repressors that also includes Gfi1. Gfi1 was first discovered as a pro-oncogenic
retroviral insertion site in a screen for retroviral insertions that conferred IL-2
independence in T cell thymomas (1). It was subsequently found to be a
common integration site in AKXD T cell lymphomas (2) and to cooperate with c-
myc and pim-1in T cell ymphomagenesis (3). Mutations in Gfi1 are found in
patients with acute myeloid leukemia (AML) (4) and Gfi1 is frequently
overexpressed in chronic myelogenous leukemia (CML) (5). Gfi1tb and a
particular splice variant of the protein has also been found to be highly expressed
in patients with acute and chronic leukemias (CML and AML) (6). ltis also
overexpressed in erythropoietic and megakaryocytic malignancies and appears
to increase proliferation of tumor cells in these diseases (7). Gfi1 has also been
implicated in severe congenital neutropenia (SCN), as patients with disease are
frequently found to have mutations in the gene (8). Finally, Gfi1 deficiency can
result in autoimmunity, as Gfi1 deficient B cells in the periphery show a
hyperproliferative defect, as well as an abnormal expansion of plasma cells, IgG
deposits in the brain and kidney, and an overabundance of nuclear-specific
autoantibodies (9).

Gfi protein structure

Gfi1 is a 55 kDa protein, while Gfi1b is 37 kDa. Gfi1 and Gfi1b recognize the
same consensus site, TAAATCAC(A/T)GCA, with AATC acting as the core
binding site. Both proteins share a conserved C terminal zinc finger domain that
binds directly to DNA (10). Crystallography indicates that Gfi proteins bind the
major groove of DNA, in a manner similar to the binding of many canonical
C(2)H(2) zinc finger domains (11). In addition. both proteins share an identical
N-terminal SNAG domain that is responsible for their association with various
cofactors (12).

Gfi family members’ mechanism of repression

Gfi transcription factors associate with chromatin modifiers such as HDACs
(HDAC1 and 2), histone demethylases (LSD1), and histone methyltransferases
(G9a and suv39H1), through their N-terminal SNAG domains in order to repress
their target loci (13-16). Gfi1 interacts with ETO, a factor which attaches to the
nuclear matrix, and both Gfi1 and Gfi1b can be localized to the nuclear matrix,
where they interact with HDACs (13). Gfi1b binds to gamma satellite regions of
pericentric heterochromatin and Gfi1b deficient cells isolated from fetal liver have
lower levels of H3K9 trimethylation and fewer heterochromatic structures (16).

37



Gfi1b can bind DNA without recruitment of these cofactors in a cell context-
dependent manner, and there is evidence that binding without recruitment of
cofactors does not result in transcriptional repression (17). In some cases, Gfi1
interacts with the tumor suppressor PRDMS5, which is also capable of recruiting
G9a and HDACs (18).

Gfi family member expression

Mouse models in which GFP has been knocked into either the Gfi1 or Gfi1b
locus have elucidated where these proteins are expressed within the
hematopoetic system. Gfi1 is highly expressed in early B cells and early T cells,
where its activity peaks at the pre-TCR stage. Gfi1 expression is absent in
mature B and T cells, but is re-induced when T cells become activated (19). Gfi1
is also expressed in Hematopoetic Stem Cells (HSCs), Common Lymphoid
Progenitors (CLPs), as well as in monocytes, granulocytes, and their progenitors.
It is absent in Common Myeloid Progenitors (CMPs) as well as in
megakaryocytes, erythroid cells, and their progenitors (20).

Gfi1b is also expressed in early B and T cells, but it is not induced upon T cell
activation. Unlike Gfi1, it is not expressed within the macrophage/granulocyte
lineages. Instead, it is expressed in erythroid and megakaryocyte cells and their
monocyte progenitors (MEPs) (21).

Gfi1 and fate decision

Several groups have demonstrated that Gfi1 is a critical regulator of fate decision
within the hematopoietic system. One of the mechanisms for this regulation is
the promotion of the B cell fate by Gfi1 through repression of PU.1(22). At high
levels, PU.1 represses Gfi1 and promotes macrophage development through the
induction of EGR factors, while at lower levels, mixed differentiation into
macrophages and neutrophils is observed (23). Promotion of the B cell fate by
Gfi1 is enhanced by the expression of Ikaros, which promotes Gfi1 expression
and inhibits PU.1 expression (22). Gfi1 has also been shown to suppress the
HoxA9-Pbx1-Meis1 progenitor program (24) and antagonize the
macrophage/monocyte program (25), while simultaneously inducing the
granulopoietic transcription program (24) during myeloid development. Gfi1
deficient mice accumulate immature monocytes and fail to produce granulocytes
(26), while overexpression of Gfi1 promotes differentiation of granulocytes and
blocks macrophage differentiation (27). miR21 and miR126b, two miRNAs
shown to be important for myelopoiesis, are also regulated by Gfi1 (28).

Gfi1 additionally has a well-established role in the development of neutrophils.
Gfi1 knockout mice have severe neutropenia (26) and Gfi1 has been shown to be
required for neutrophil development (25). Several mutations in Gfi1 have been
observed in patients with SCN (8). Finally, development of dendritic cells (DCs)
depends on the expression of Gfi1, as mice lacking this protein show defective
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DC maturation and an overabundance of macrophages (29). Gfi1 deficient mice
exhibit decreased thymic cellularity due to reduced proliferation, increased
apoptosis and an early block at the DN stage of development. This block is due
largely to overexpression of ID1 and ID2 and results in an early recombination
defect. Gfi1 deficient mice also have a skewed ratio of CD4+/CD8+ cells, with
CD8+ accumulating to higher than normal levels (30). Schwartz et al
subsequently demonstrated that both Gfi1 and Gfi1b lie downstream of E47 in T
cells (31).

Gfi1 and T cells

A number of mouse models have helped define Gfi1’s role within the T cell
compartment. Expression of a Gfif transgene results in a block at the double
negative stage of development (32), and its overexpression leads to accelerated
proliferation and inhibited cell death in activated T cells (33). The inhibited cell
death phenotype is probably due to Gfi1 repression of Bcl2 members Bax and
Bac (34, 35). Gfi1’srole in T cell activation is due, in part, to its interactions with
the splicing factor U2AF26, which leads to alternative splicing of the CD45
tyrosine phosphatase (36). Gfi1 transgenic mice also have a potentiated
response to both TCR stimulation and IL-2 (37). Gfi1 appears to be especially
important for the differentiation of Th2 cells, and operates downstream of IL-4
induced STAT®6 (38). There is also evidence that Gfi1 acts downstream of the
MAPK/ERK pathway to stabilize GATA3 during Th2 differentiation (39). In a
conditional Gfi1 knockout model, there is a block in Th2 expansion (but not in
Th1) following IL-2 induction in Gfi1 deficient cells that can be rescued by
overexpression of STAT5 (40). Quite recently, Gfi1 has been shown to have a
role in repressing differentiation of activated T cells to Treg and Th17 cells by
binding to the intergenic region of IL-17 and repressing its transcription.
Downregulation of Gfi1 expression by TGF-f is necessary for differentiation to
Th17 and CD103+ inducible regulatory T cells (41).

Gfi1 and HSCs

An exciting new development in the Gfi field has been the discovery that Gfi
proteins are involved in Hematopoietic Stem Cell (HSC) homeostasis. Reports
first appeared in 2004 showing that in the absence of Gfi1, HSC frequency is
reduced and differentiation to the CLP stage is severely impaired. gfi1-/-
transplanted cells showed an abnormally high number of cycling HSCs and were
functionally compromised in these assays (20, 42). It appears that one important
biological role for Gfi1 within hematopoesis is to restrain proliferation of HSCs.
Gfi1 was subsequently found to work downstream of p53, a factor shown to be
important for stem cell quiescence (43). In addition, Gfi1b was found to be a
target of Scl/Tal1 in HSCs’, a factor that controls specification’, and subsequent
differentiation of HSCs into the erythroid and megakaryocytic lineages (44).
Knocking out the HSC factor cdc42 leads to upregulation of Gfi1 (45). However,
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some repression of Gfi1 is necessary to prevent myeloid development from
HSCs. PLZF is thought to control Gfi1 levels in these cells (46).

Autoregulation

Both Gfi1 and Gfi1b are able to regulate each other, as well as autoregulate.
This phenomenon was first reported in 2003 when both Gfi1 and Gfi1b were
shown to repress Gfi1 (47). Subsequently, it was shown that Gfi1b can repress
itself as well as Gfi1 (48). In an Lck-Gfi1 transgenic mouse model, expression of
the Gfi1 transgene silenced endogenous Gfi1in T cells (19), while a vav driven
Gfi1b transgene silenced endogenous Gfi1b in the spleen, but not in the bone
marrow (48).

Mouse models of Gfi1b

Studies on Gfi1b have been hampered by the fact that knocking out Gfi1b in the
mouse results in embryonic lethality at E15, due to a complete failure in these
animals to develop red blood cells. Gfi1b knockout mice also fail to develop
megakaryocytes, though myelopoiesis is relatively normal. Arrested erythroid
and megakaryocyte precursors are found in the fetal liver of these animals (49).
Lck driven Gfi1b transgenic animals show defects in T cell activation, reduced
IL-7Ra expression, and a decrease in the number of CD8+ T cells (37).

Gfi1b’s Regulation of Various Factors

Overexpression of Gfi1b in human hematopoetic progenitor CD34+ cells leads to
a drastic expansion of erythroblasts, through a mechanism that appears to
enhance the proliferation of immature erythroblasts through sustained expression
of GATA2 (50). Gfi1b is also known to interact with GATA-1 and it can suppress
GATA-1 mediated stimulation of its own promoter through a direct protein
interaction to restrict levels of Gfi1b in erythroid cells (51, 52). GATA-1
expression in erythroblasts leads to induction of Gfi1b, which in turn, represses
BCL-XL. Gfi1b must be downregulated late in differentiation to relieve this
repression in late erythroblasts (53). Gfi1b interacts with ETO-2/SCL in
megakaryocytes (54) and in red blood cells precursors, and this association
stops during differentiation of red blood cells when SCL activity is required (55).
Recently, Randrianarison-Huetz et al. found that Gfi1b regulates TGFf signaling
at the erythro/megakaroyctic progenitor stage (56). Finally, knockdown of Gfi1b
in human K562 cells delays terminal differentiation, and forced expression of
Gfi1b in these cells leads to a proliferation arrest and differentiation (57).

Gfi family members and B cells

Both Gfi1 and Gfi1b are expressed in the early stages of B cell development (19,
21, 58). Deletion of Gfi1 in the mouse results in a defect in differentiation from
lin-, sca+, c-kit+ (LSK) multipotent progenitors (MPPs) to early B220+ B cells
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(59). In addition, defects in IL-7 receptor cascades at the pro-B cell stage in Gfi1
knockout mice results in a slight block in development at this stage. While Gfi1’s
effect on B cell development has been well characterized (59), determining
Gfi1b’s role within the B cell compartment has been hampered by the fact that
knocking out Gfi1b in the mouse results in an embryonic lethal phenotype due to
failure of these animals to produce definitive enucleated cells (49). Indeed, Gfi1b
has been shown to be critical for development of MPPs into the erythroid and
megakaryocytic cell lineages (49, 50).

In this study, we demonstrate that Gfi1b is able to downregulate RAG proteins in
primary and transformed B cells. This downregulation depends on an intact
SNAG domain and may be mediated partially through the transcriptional activator
FoxO1. Deletion of Gfi1b leads to high levels of rearrangement and the
generation of multiple double strand breaks per cell. Finally, Gfi1b
overexpression causes widespread transcriptional changes within the B cell
compartment as measured by microarray analysis.

MATERIALS AND METHODS
Cell culture:

Cells were cultured in RPMI 1640 medium supplemented with 10% (vol/vol) FCS,
L-glutamine (2 mM), penicillin (100 g/ml), streptomycin (100 g/ml) and 2-
mercaptoethanol (50 mM) and were grown at 37 °C in 5% CO..

Retroviral Production and Infection:

Retrovirus was harvested from the EcoPack2 packaging cell line (Clontech).
EcoPack2 cells were transfected with retroviral plasmid resuspended in
Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol and
viral supernatant was collected and filtered 48 h post-transfection.

AMuLV-transformed Rag1/GFP pro-B cells were infected by resuspension of the
cells in viral supernatant containing polybrene (4 g/ml; Sigma) and cultured
overnight. Cells were then expanded into normal media.

For primary cell infection, bone marrow was harvested from 1- to 2-month-old
mice and lymphocytes were enriched by density centrifugation with Histopaque-
1083 (Sigma). 10 million bone marrow cells were then cultured for 1-2 days in
standard RPMI media as above with 10% FCS and recombinant IL-7 (2ng/ml;
R&D systems). Cultured cells were then resuspended in viral supernatant with
polybrene and centrifuged at 32°C for 1.5 h at 2300 RPM. Cells were incubated
at 37° C overnight and then resuspended in fresh viral supernatant with
polybrene for an additional 24h before being diluted into normal RPMI. Cells
were labeled with anti-IgM (11/41), anti-B220 (RA2-6B2) and anti-CD43 (S7), plus
anti-Thy-1.1 (OX-7). Cells were analyzed 3—4 d after retroviral infection.
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Lentiviral constructs were co-transfected with VSVG and pMD2G into 293T cells
using Lipofectamine 2000 as described above and virus was harvested and used
to infect cell lines as described above.

Generation of AMuLV transformed knockout cell lines:

MxCre tg Gfi1wmor Gfi1bum(or combined mutants) were injected with plpC (Sigma)
at a dose of 500 ug per injection every other day for a total of 5 injections. Bones
from MxCre tg Gfi1wnor Gfi1bwm(or combined mutants) mice were generously
provided by Tarik Moroy . Bone marrow was infected as described above with
the AMuLV previously described in (60). Cells were cultured for 4-12 weeks in
standard RPMI until transformed cells grew out. The gfi1-/-, gfi1b-/- double
knockout cell line was generated by treating AMuLV transformed MxCre tg Gfit1mn
Gfi1bun cells with 3680 units of p-interferon from PBL Interferon source
(catalogue 12400-1), single cell cloning, and screening for double knockouts by
PCR using primers listed in Table 3.

Gene Expression Analysis. RNA was isolated by lysing cells in TRIzol reagent
(Invitrogen) followed by chloroform extraction. Reverse transcription was
performed using MoMLV-RT (Invitrogen) according to manufacturers instructions.
Quantitative real-time PCR was performed using JumpStart Taq polymerase
(Sigma) according to the manufacturer’s protocol and fluorescent labeling with
EvaGreen (Biotium). PCR cycling conditions were 95 °C for 4 min followed by 45
cycles of 95 °C for 30 sec, 60 °C for 30 sec, and 72 °C for 1 min. Primer
sequences are given in Table 3.

Expression plasmids.

All retroviral plasmids were based on the MSCV retroviral vector and were
modified to contain an IRES in-frame with a surface marker protein (Thy-1.1, or
human CD4) to 'mark’ retrovirus-infected cells. The cDNA was cloned upstream
of the IRES sequence.

The Gfi1b-ER fusion construct was created by PCR amplification of the estrogen
receptor hormone-binding domain and amplification of the ORF of Gfi1b from the
cDNA library. Pfu TurboUltra (Stratagene) was used for PCR according to the
manufacturer's protocol and fragments were cloned into the MSCV retroviral
vector upstream of IRES thy1.1. Constructs were subsequently verified by DNA
sequence analysis. The position 2 proline to alanine mutation (P2A)-mutated
Gfi1b construct was created by PCR amplification with a primer containing the
mutation.

The Gfi1 cDNA was generously provided by Tarik Moroy, PCR amplified with Pfu
as described above, and cloned upstream of the IRES Thy1.1 within the MSCV
retroviral vector.

The rearrangement reporter construct was created by Pfu mediated PCR of the
Eu heavy chain enhancer and a VyKI promoter (61) and subsequent insertion
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into the pMX-delCJ (62) rearrangement reporter. The ires was inserted upstream
of GFP using appropriate restriction sites. The Eu, VyKI, ires-GFP, RSS 12,
RSS23, and hCD4 fragments were excised in a single unit and inserted into the
pLV-UT-tTR-KRAB lentiviral vector obtained from Addgene.

MSCV-FoxO1-ires-hCD4 was generously provided by Rupesh Amin (63).
Drugs:

Tamoxifen (Calbiochem) was used at a concentration of 1uM. STI-571 (Novartis)
was used at 2.5uM. Aphidicolin (Sigma) was used at a concentration of 4 uM.

ChIP and ChIP-chip.

Chromatin immunoprecipitation was performed as described in (64). Briefly, 100
million cells were fixed with formaldehyde, sonicated, incubated with either an
anti-FLAG or IgG control antibody (Sigma), collected using magnetic, protein G
beads (Invitrogen cat no. 100.04D) and 3 times with low salt buffer, once with
high salt buffer, and once with LiCl buffer as described in (64). DNA-protein
crosslinks were reversed, and DNA was precipitated and subjected to
quantitative real-time PCR using primers listed in Table 3. For ChIP-chip, DNA
was fragmented and ligated using the Whole Genome Amplification kit from
Sigma. Samples were labeled and hybridized to a custom genome tiling array
generated by Nimbelgen.

Rearrangement and LM-PCR:

Genomic DNA was isolated and subjected to 30 cycles of PCR using the VkS
and Jx1 primers listed in Table 3. For LM-PCR, broken ends were ligated to the
BW linker and then amplified with the BW-H and k05 primers (Table 3) as
described in (65). Ligated DNA was subjected to 12 cycles of PCR with the
following cycling conditions 94C for 1 min; 66C for 2.5 min. BW-H and ko3
primers (Table 3) were used to amplify 2 ul of DNA from the first reaction for 30
cycles under the same cycling conditions.

Flow Cytometry

Single-cell suspensions depleted of red blood cells were prepared from mice or
from cultured cells and were incubated for at least 10 min with Fc receptor—
blocking antibody (2.42G; purified from a hybridoma supernatant) and then were
labeled with fluorochrome- or biotin-conjugated antibodies by standard
techniques. A FC500 or an Elite XL flow cytometer (Beckman Coulter) was used
for flow cytometry; a MoFlo high-speed cell sorter (Dako-Cytomation) was used
for sorting. Data were analyzed with FlowJo software (Tree Star) and, with the
exception of cell cycle analyses, dead cells were gated out using forward and
side scatter for all analyses. All antibodies were from eBiosciences, except anti-
CD43 and anti-Thy-1.1 (both from BD Pharmingen).
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Immunoblot:

AMuLV-transformed pro—B cells were lysed in Rapid ImmunoPrecipitation Assay
(RIPA) buffer (66), analyzed by Bradford, centrifuged to clear insoluble material,
and boiled for 10 minutes. Lysate was separated by 8% or 10% SDS-PAGE and
then transferred to nitrocellulose membranes. Membranes were blocked in 5%
milk and labeled with primary and secondary antibodies according to the
manufacturer's instructions. Membranes were analyzed with the Odyssey
Infrared Imaging System (LI-COR Biosciences). Anti-FoxO1 (9462) was obtained
from Cell Signaling Technologies, anti-Gfi1b (sc-8559) anti-actin (sc-1615) were
obtained from Santa Cruz Biotechnology. Anti-FLAG (F1804) and anti-tubulin
(T3526) antibodies was obtained from Sigma. Infrared dye—conjugated
secondary antibodies were from Molecular Probes—Invitrogen.

Immunofluorescence:

Cells were affixed to frosted X slides using a cytospin. Cells were then fixed with
4% paraformaldehyde and blocked before staining with anti-H2AX (Abcam
ab11174). Cells were washed and stained with DAPI and anti-rabbit infrared
dye-conjugated secondary antibody from Molecular Probes-Invitrogen. Cells
were visualized with a Nikon Eclipse E800 microscope.

RESULTS

Using the library screening strategy described in chapter one, we found that
overexpression of a cDNA encoding the zinc finger transcriptional repressor,
Gfi1b, led to a striking downregulation of RAG1/GFP expression in RAG High
cells (Figure 1). To ensure that this phenomenon was not cell line specific, we
overexpressed Gfi1b in a distinct wild-type AMuLV pro-B cell line (PD31) and
compared RAG1 and RAG2 transcript levels in infected and uninfected cells
using quantitative RT-PCR. We found that both RAG1 and RAG2 transcript
levels were lower in cells overexpressing the Gfi1tb cDNA when compared to
uninfected cells (Figure 2). It should be noted that the experiment in Figure 2
was performed with a Gfi1b construct containing a portion of the 5’UTR, and thus
the downregulation of RAG71 and RAG2 transcription was slightly attenuated
when compared to that achieved with overexpression of an ORF only version of
Gfi1lb. Because Gfi1 is closely related to Gfi1b (67), we tested whether Gfi1
overexpression could downregulate RAG1/GFP. We found that while Gfi1
expression does lead to a transient downregulation of RAG1/GFP expression,
this effect is not stable, and RAG activity is largely restored after one week
(Figure 3). This is likely to do the fact that Gfi1 high expressing cells gradually
disappear from the population over time (Figure 4).

The percentage of thy1.1 expressing cells in cultures of RAG high cells infected
with a Gfi1b overexpression construct decreases over time, indicating that Gfi1b
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overexpression confers some form of growth disadvantage in these cells (Figure
5). In light of this, we decided to further probe the role of Gfi1b by engineering an
overexpression vector containing Gfi1b fused to a mutant form of the human
estrogen receptor hormone binding domain (Gfi1b-ER) so that Gfi1b
overexpression could be induced upon the addition of tamoxifen (OHT) to the
culture medium. Addition of tamoxifen to RAG high cells overexpressing the
Gfi1b-ER construct caused an approximately 3 fold downregulation of both RAG1
and RAG2 transcripts within 12 hours in 3 biological replicates (Figure 6A).

Since RAG transcript levels are transiently downregulated at the early pre-B cell
stage of development, we hypothesized that downregulation of RAG by Gfi1b
might be reversible. To test whether this was the case, we treated Gfi1b
overexpressing RAG High cells with STI-571 (Figure 6B). We observed that
downregulation of RAG1/GFP by Gfi1b was almost completely reversed upon
addition of the drug. In addition, washing out tamoxifen from the culture medium
of Gfi1b-ER expressing cells completely restored RAG1/GFP expression after
cells were put back in culture for 9 days (Figure 6C), indicating that Gfi1b’s effect
on RAG transcription is completely reversible.

We next asked whether Gfi1b overexpression modulates RAG transcription in
primary developing B cells. We infected cultured total bone marrow isolated from
RAG1/GFP reporter mice with a Gfi1b overexpressing, ires thy1.1-marked
retrovirus and compared levels of RAG1/GFP in these cells to bone marrow cells
infected with an empty vector. We found that RAG1/GFP levels were much
lower in early B cells that overexpressed Gfi1b when compared to those infected
with the empty vector (Figure 7A). In addition we asked whether overexpression
of Gfi1 in early B cells would cause RAG downregulation. We found that cultured
early B cells from total bone marrow overexpressing Gfi1 had significantly lower
levels of RAG1/GFP compared to cultured cells overexpressing an empty vector
(Figure 7A).

To test whether lower RAG levels in Gfi1b overexpressing bone marrow cells
impairs their ability to differentiate to the IgM positive stage, we compared
numbers of IgM positive cells that accumulated four days post infection in bone
marrow cultures infected with a Gfi1 overepressing virus, a Gfi1b overexpressing
virus, or an empty vector. We found that fewer IgM positive, Gfi1b
overexpressing cells accumulate when compared to those infected with the
empty vector, and that this is also true for Gfi1 overexpressing cells (Figure 7B).
These data indicate that deregulated Gfi1 or Gfi1b levels can lead to impaired
accumulation of IgM positive cells in these cultures. Whether this effect is
directly related to Gfi1b’s effect on RAG levels or due to secondary effects
remains to be explored.

Gfi1b binds directly to the RAG locus
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We first tried to the test the idea that Gfi1b directly downregulates RAG
expression by treating Gfi1b-ER overexpressing RAG high cells with tamoxifen in
the presence or absence of cycloheximide, a protein synthesis inhibitor (Figure
8). We expected that if the effect was direct, Gfi1b would downregulate RAG
expression in the presence of the drug. However, because RAG mRNA is
extremely labile when cells are treated with cycloheximide, the results were
difficult to interpret because RAG transcription decreased even without the
addition of tamoxifen, although levels of RAG2 were lower when both drugs were
added (Figure 8).

We therefore decided to test whether Gfi1b directly downregulates RAG
transcription using an alternate method, and performed a ChIP-Chip analysis
using a FLAG epitope-tagged Gfi1b construct overexpressed in both the RAG
High cell line as well as a Gfi1b null cell line. We found high levels of Gfi1b
binding at a region ~35kb upstream of the RAG2 first exon in a region
neighboring the B cell specific enhancer element Erag (68) in both cell lines
tested (Figure 9A). To confirm these results, we performed ChIP experiments
with these same cell lines using an anti-FLAG or IgG control antibody followed by
quantitative real-time PCR using three primer sets specific to the peak of Gfi1b
binding noted above and two primer sets lying outside the peak (Figure 9A). We
found that Gfi1b binding within the peak is much higher compared to the regions
on either side of the peak (Figure 9B).

RAG regulation by Gfi1b requires chromatin modifying complexes and DNA
replication.

Previously it had been established that target gene repression by Gfi1b is
mediated through its association with cofactors that introduce local chromatin
modifications (15). Because Gfi1b associates with chromatin modifying proteins
through its N-terminal SNAG domain (67), we tested whether mutating this
domain would abrogate Gfi1b ’s effect on RAG transcription. Mutation of amino
acid 2 in Gfi1b from a proline to an alanine (P2A mutation) does not disrupt its
DNA binding activity but does eliminate its association with chromatin modifying
cofactors (15, 67). We found that overexpression of the P2A mutant fails to
downregulate RAG1/GFP in RAG High cells (Figure 10A), Expression of the
mutant version of P2A was confirmed by western blot (Figure 10B). It should be
noted that the Gfi1b antibody recognizes the mutated N-terminal end of the
protein, and thus may not recognize the large isoform. These data imply that
Gfi1b’s effect on RAG transcription depends on its association with chromatin
modifying cofactors. In some systems, changes in patterns of epigenetic gene
regulation require DNA replication (69). To test whether this was the case with
respect to Gfi1b’s effect on RAG transcription, we asked whether treating RAG
High cells with a DNA replication inhibitor would affect Gfi1b’s ability to
downregulate RAG transcript levels. While tamoxifen induction of Gfi1b activity
resulted in a significant decrease in RAG mRNA levels, we found that this same
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treatment had little effect on RAG transcription in the presence of the DNA
synthesis inhibitor, aphidicolin (Figure 11). We went on to use chromatin
immunoprecipitation (ChlP) to test whether Gfi1b overexpression alters the level
of acetylated H3 at the Erag enhancer. We observed lower levels of H3
acetylation at Erag in Gfi1b overexpressing cells (Figure 12). Taken together,
these data imply that Gfi1b’s effect on RAG transcription is mediated primarily
through a chromatin modifying mechanism.

Gfi1b deficiency results in super-physiologic levels of RAG expression

We reasoned that if overexpression of Gfi1b causes downregulation of RAG
transcription, then cells lacking Gfi1b should have higher levels of endogenous
RAG expression. To test this idea, we infected cultured bone marrow from poly-
IC treated, Gfi1b floxed, MX-Cre mice with AMuLV to generate a gﬁ1b'/'
transformed cell line. A gfi17” cell line was generated in parallel using bone
marrow from a Gfi1 knockout mouse. To create double knockout cells, AMuLV
transformed, gfi1'/', Gfi1b floxed MX Cre cells were treated with interferon to
delete Gfi1b and then single cell cloned and screened by PCR, which can
discriminate between heterozygous and homozygous allele deletion (data not
shown). RAG1 and RAG2 transcripts were expressed at a higher level in gfi1b”
cells when compared to their wt or gfi1”~ counterparts (Figure 13A). To ascertain
whether higher levels of RAG expression in these cells results in greater Ig gene
rearrangement potential, we infected wild-type or gfi1b”” AMuLV cell lines with a
recombination reporter construct. Upon rearrangement, an ires-GFP sequence
surrounded by two RSSs is deleted. This deletion brings a human CD4 gene
under control of a heavy chain gene promoter element. Cells having undergone
a rearrangement event therefore lose GFP and gain hCD4 expression. We
observed much higher levels of recombination in cells lacking Gfi1b when
compared to wild-type cells (Figure (13B) 11B). Wild-type cells did rearrange the
reporter construct when treated with STI-571 (data not shown). In addition, we
detected higher levels of V-to-J rearrangements at the endogenous Ig kappa
locus in these same mutant cells (Figure 13C), as well as higher levels of Jk
signal end breaks as measured by LM-PCR (Figure 13D). We did not observe
higher levels of Jk signal end breaks in gfi1-/- cells (Figure 13D) and levels of
kappa rearrangement were comparable to wildtype cells (data not shown). We
conclude from these experiments that higher levels of RAG transcripts in cells
lacking Gfi1b result in a higher rearrangement potential in these cells, indicating
that one role for Gfi1b in early B cell development may be to prevent deregulated
rearrangement during periods of proliferation, and/or following production of a
functional BCR.

Treatment of AMuLV transformed cells with STI-571 mimics key aspects of the
transition from the large pro-B to the small pre-B stage in B cell development
(70). To understand how loss of Gfi1b during this transition might affect RAG
expression, we treated wild-type and gfitb” AMuLV cell lines with STI-571 and
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monitored RAG transcription over the course of the treatment by quantitative
real-time RT-PCR. We found that RAG transcription was induced to strikingly
high levels in cells deleted for Gfi1b (Figure 14). This leads us to hypothesize
that the biological role for Gfi1b might be to limit RAG levels during
rearrangement so that promiscuous DNA cleavage does not occur at rearranging
loci, at cryptic RSSs, or elsewhere in the genome. To test whether global levels
of double strand breaks are higher in cells deleted for Gfi1b, we performed
immunofluorescence experiments using an antibody to phospho-H2AX, a
modified histone found near double strand DNA breaks (71). We found higher
numbers of p-H2AX foci per cell in gfi1b” cells when compared to wild-type cells
(Figure 15A,B). Since RAG proteins are capable of generating double-strand
breaks that could have a deleterious effect on cells, we interpret these data to
indicate that Gfi1b’s expression within the B cell compartment may prevent RAG
proteins from reaching levels high enough for them to generate multiple off-target
double-strand breaks per cell.

We went on to test whether the increased levels of RAG expression result in
sufficient DNA damage to induce a G1 cell-cycle arrest in cells treated with STI-
571. We performed PI staining on gfi1b-/- cells treated with STI-571 for a short
(6h) or long (20h) period and compared the cell cycle profile in these cells to that
of wildtype cells treated with STI-571. We observed that treatment with STI-571
leads to a much greater number of mutant cells in the G1 phase of the cell cycle
compared to their wildtype counterparts (Figure 16). Correspondingly, many
fewer cells were observed in S phase when Gfi1b was absent compared to
wildtype cells after 20h of STI treatment (Figure 16). In addition, a much greater
number of cells in the sub-G1 compartment was observed in cells lacking Gfi1b,
indicating that increased numbers of breaks in these cells may lead to apoptosis
(Figure 16). We verified that these cell cycle effects were specific to Gfi1b by
reconstituting a gfi1b-/- cell line with Gfi1b and treating these cells with STI-571.
Cell cycle profiles in the reconstituted cell line were nearly identical to those
observed in the wildtype cell line (Figure 17).

Multiple modes of RAG inhibition by Gfi1b

We and others have shown that FoxO1 directly activates RAG transcription
during B cell development (63, 72). We reasoned that Gfi1b’s effect on RAG
transcription might be mediated through an interaction with FoxO1 in addition to
its direct effects on the RAG locus. We addressed this hypothesis by asking
whether FoxO1 protein levels are altered when Gfi1b is overexpressed in AMuLV
pro-B cells. We observed that total levels of FoxO1 protein and mRNA were
decreased in cells overexpressing Gfi1b (Figure 18A and B). Conversely, levels
of FoxO1 are higher in cells lacking Gfi1b but not in cells that lack Gfi1 (Figure
18C). To test whether Gfi1b’s effect on RAG transcription is solely mediated
through FoxO1, we sorted RAG High cells overexpressing Gfi1b and asked
whether FoxO1 overexpression could restore RAG transcripts to a high level.
We found that overexpression of FoxO1 led to a partial rescue of RAG
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transcription (Figure 19), indicating that Gfi1b likely uses multiple pathways to
down-regulate RAG transcription in early B cells. We surmise that direct binding
of Gfi1b to the RAG locus (Figure 9) and indirect effects mediated by FoxO1 are
both responsible for maintaining low levels of RAG protein at the appropriate
stages in early B cell development.

ChIP-Chip analysis at the FoxO1 locus revealed a peak of Gfi1b binding at the 5’
intergenic region of FoxO1 (Figure 20A). These results were confirmed using
conventional ChIP and comparing enrichment of DNA sequences within the peak
and in a region 3’ of the peak that was not enriched in our ChIP-Chip analysis
(Figure 20B).

We observed that a 20h treatment of cells lacking Gfi1b with STI-571 led to
decreased levels of FoxO1 protein (Figure 21A), while this was not the case for
wild-type cells. In addition, we detected a steady decrease in FoxO1 protein
throughout the course of STI-571 treatment specifically in gfi1b” cells, but not in
wild-type cells (Figure 22). If Gfi1b is required to limit RAG levels during
rearrangement, then in its absence the cell may attempt to compensate for
dangerously high RAG levels by decreasing the positive regulator, FoxO1 via an
alternate mechanism. The fact that RAG levels remain quite high in the absence
of Gfi1b (Figure 14A) indicates that decreasing FoxO1 levels is not sufficient to
limit RAG levels during V(D)J recombination and that an additional factor is
required. If one role for Gfi1b is to limit RAG levels during rearrangement, we
would predict that in wild-type cells, Gfi1b would be upregulated following STI-
571 treatment. To test this, we monitored Gfi1b protein levels during the course
of STI-571 treatment and subsequent washout of the drug. We observed that
Gfi1b protein levels increase in response to STI-571 treatment, and are restored
to baseline levels once STI-571 is removed from the medium (Figure 21B). We
verified that RAG levels were modified by STI-571 treatment using quantitative
real-time PCR (Figure 23). We conclude from these data that there exists a
biological sensor for RAG levels within the cell, and that when they increase
beyond a particular threshold, repressors are induced to limit RAG expression.

Gfi1b controls a broad program of gene expression in AMuLV transformed
pro-B cells.

Gfi1b has been shown to be a critical regulator of gene expression within the
erythroid lineage. Indeed within this lineage it has been demonstrated using
ChIP-Chip analysis that Gfi1b binds to a large number of genes (15). We asked
whether Gfi1b has more global effects on gene expression in AMuLV
transformed pro-B cells by performing a gene expression micro-array experiment
in which Gfi1b-ER- expressing RAG high reporter cells were subjected to 12h of
tamoxifen treatment. RNA was isolated from treated and untreated cells and
transcript levels were compared via hybridization to an Affymetrix mouse gene
chip. We found that approximately 300 genes showed significant differences in
transcript levels (p<.01) when Gfi1b was overexpressed (Figure 24) as measured
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by an Anova statistical test (73). Of these, only 54 showed changes that were 2
fold or higher (Tables 4 and 5). Several genes known to be important for B cell
development showed significant changes on the array including SpiB, c-Rel,
Aiolos, Igp, Blk, Id2, and Zap70. We went on to validate our microarray results
using quantitative real-time RT-PCR. We found that several genes upregulated
upon Gfi1b overexpression have lower transcript levels when Gfi1b is deleted;
similarly, those genes that are downregulated when Gfi1b is overexpressed show
higher transcript levels in cells deleted for Gfi1b (Figure 25). We were able to
verify our microarray results in primary cells by overexpressing Gfi1b in a
reporter mouse wherein hCD4 is knocked into the kappa locus such that levels of
germline kappa transcription can be measured by monitoring levels of hCD4 (74)
(Figure 26). We found that levels of germline kappa transcription in cells
overexpressing Gfi1b lower than those overexpressing an empty vector (Figure
26). This likely represents an underestimate of the effect of Gfi1b on kappa
germline transcripts because the hCD4 gene is deleted once recombination
occurs. Because less rearrangement is taking place when Gfi1b is
overexpressed, one would expect that if there were no difference in germline
kappa transcription between cells overexpressing Gfi1b and cells overexpressing
an empty vector, then the percentage of cells expressing hCD4 would be higher
in Gfi1b overexpressing cells, contrary to what is observed. These results gave
us confidence that Gfi1b controls transcript levels of a large number of genes in
developing B cells, and may have a more global role in B cell development
beyond its affect on RAG transcription.

DISCUSSION

We have identified the transcriptional repressors of the Gfi family, Gfi1 and Gfi1b,
as potent negative regulators of RAG expression in B-lineage cells (Figures 1,3,
and 7). Gfi1 and Gfilb associate with chromatin modifiers such as HDACSs,
histone demethylases, and histone methyltransferases through their N-terminal
SNAG domains to reversibly repress their target loci (15). Accordingly, we
demonstrate that the integrity of the SNAG domain is required for Gfi1b-mediated
repression of RAG expression and that Gfi1b interacts with chromatin at the RAG
locus (Figures 9, 10).

We observed that while Gfi1 overexpression did cause significant
downregulation of RAG1/GFP in the “RAG high” cell line, this downregulation
was transient (Figures 3). We believe this to be due to the fact that cells
expressing high levels of Gfi1, as measured by high expression of the thy1.1
retroviral marker, were rapidly lost from the population over the course of a week
(Figure 4), presumably because overexpression of this factor was either toxic, or
conferred a significant growth disadvantage. However, we have not formally
excluded the possibility that the Gfi1 cDNA is simply not present within the
library. As discussed in chapter 2, pools of RAG1/GFP cells infected with cDNAs
were sorted twice, and the total time between infection and harvesting of
genomic DNA from RAG1/GFP cells was about 2.5-3 weeks. Thus, between the
time infection and the time of harvest, all Gfi1 overexpressing cells may have
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already been eliminated from the pool. While overexpression of either Gfi1b or
Gfi1 can cause RAG repression in cultured primary bone marrow cells, only the
deletion of Gfi1b, and not Gfi1, leads to high RAG levels in Abelson cells, and our
studies focused accordingly on Gfi1b.

Both Gfi1 and Gfi1b are expressed during the early stages of B cell development
(19, 21). Targeted disruption of Gfi1 in the mouse results in a defect in
differentiation from lin-, sca+, c-kit+ (LSK) multipotent progenitors (MPPs) to
early B220+ B cells (59). In addition, defects in IL-7 receptor signaling impairs B
cell development at the pro-B cell stage in Gfi1 knockout mice. While Gfi1’s
effect on B cell development has been well characterized (59), Gfi1b’s role within
the B cell compartment has yet to be determined since Gfi1b knockout mice die
at day 15 of gestation due to failure to produce mature red blood cells (49).

Since Gfi1b’s effect on RAG expression is reversible, we imagine that repression
of RAG by Gfi1b is compatible with the dynamic changes in its expression that
are necessary for B cells to progress through successive stages of development.
There are two stages during B cell development when RAG expression must be
reactivated following repression. RAG expression is inactivated during the
proliferative burst that follows in-frame IgHC locus rearrangement but is re-
expressed at the pre-B cell stage to allow the kappa locus to rearrange. The
second scenario involves the activation of receptor editing in the event that the
BCR generated during gene rearrangement is self-specific (75). Here, RAG
must be expressed so that successive light chain rearrangements can be
attempted in order to generate a non self-specific BCR. Whether this involves re-
activation of the RAG locus, or simply a failure to shut off the locus initially is
unclear. In either case, the reversibility of Gfi1b’s effects on RAG expression
could theoretically allow for modulation of RAG expression during development,
although this hypothesis has not been directly tested in this thesis. Once a
developing B cell has reached the immature stage of B cell development, Gfi1b
expression ceases (21). Since Gfi1b associates with histone methyltransferases
that provide modifications leading to recruitment of HP1 proteins, we hypothesize
that Gfilb may initiate the permanent silencing of the RAG locus in mature B
cells, but may not be required to maintain the silenced state.

In addition to directly binding to the RAG locus and modifying local chromatin
structure, Gfi1b also indirectly affects RAG levels by repressing FoxO1 (Figure
18), a critical transcriptional activator of RAG expression in developing B cells
(63). The interplay between these two proteins may be crucial for coordinating
when and where the RAG proteins are expressed. One possible model is that
FoxO1 is induced prior to the initiation of gene rearrangement and that this event
is followed by induction of Gfi1lb, which serves to limit RAG levels during
rearrangement by limiting the level of FoxO1 expression. The reduction in RAG is
consistent with developmental progression, since RAG is downregulated
following both heavy chain and light chain rearrangement.
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AMuLV transformed pro-B cells exit the cell cycle, activate RAG expression, and
then ultimately undergo apoptosis when cultured with the Abl-kinase inhibitor
STI-571. We find that cells lacking Gfi1b accumulate multiple DNA breaks per
cell, and that STI-571 treatment of these cells results in a more rapid G1 arrest
(Figures 15, 16). These observations lead us to suggest that Gfilb may be
responsible for keeping RAG levels in check during gene rearrangement to
prevent the promiscuous generation of DNA double strand breaks. It may also
be required to reduce RAG to baseline levels so that early B cells can progress
forward in development following gene rearrangement without risking additional
DNA damage. This may be especially important for early B cells undergoing the
proliferative burst that marks the transition between the pro-B and the pre-B cell
stages, since DNA damage is particularly problematic during DNA replication.

RAG-mediated DNA double-strand breaks, if not repaired correctly, can be
deleterious to B cells and lead to premature senescence, apoptosis, or
chromosomal abnormalities, such as large deletions or translocations. In some
cases, translocations activate oncogenes and result in the development of
leukemias and lymphomas (76, 77). B and T cells are unique in that DNA
damage is part of a programmed developmental pathway that each must
undergo in order to reach maturity. It is therefore hardly surprising that the
expression of the RAG proteins responsible for these programmed DNA breaks
is so tightly controlled during development. This tight control is underscored by
the fact that leukemias and lymphomas are rare despite the enormous number of
lymphoid cells produced in an individual’s lifetime. Understanding the factors
responsible for control of the RAG proteins not only provides insight into the
transitions that occur during development, but also how millions of B and T cells
are produced over the lifetime of an individual while only rarely resulting in
malignant disease.

Our microarray analysis revealed a suite of B cell-specific genes whose
expression is influenced by overexpression of Gfilb.  However, further
experiments are required to elucidate whether changes in transcription levels of
these factors have physiological consequences for early B cell development.

It remains to be seen whether Gfi1b has a role in suppressing RAG expression in
non-B lineage cells. Certainly Gfi1b is expressed in several other cell types (21)
and has been found to have a major role in the development of the erythroid and
megakaryocytic lineages (49). Whether the suppression of RAG expression by
Gfi1b plays a role in directing hematopoietic stem cells down a particular lineage
pathway is an intriguing question that remains unanswered.

CONCLUSIONS AND FUTURE DIRECTIONS

We conclude that Gfi1b can act as a negative regulator of the RAG locus in early
B cells. Gfi1b binds directly to the RAG locus, and is further able to modulate
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RAG activity by downregulating the transcription factor FoxO1. This activity may
be particularly important for maintaining genomic integrity by limiting RAG levels
in rearranging cells and preventing excessive numbers of DNA double strand
breaks. One model for how Gfi1b may work in vivo is diagrammed in Figure 27.
A wave of FoxO1 activity is responsible for activating the RAG locus so that
rearrangement can occur. This is followed by a wave of Gfi1b activity, which
limits RAG levels by acting directly on the locus and decreasing FoxO1 protein
levels. By limiting both RAG transcription and kappa germline transcription,
Gfi1b promotes termination of kappa locus rearrangement so that cells can
progress forward in development (Figure 27).

Microarray analysis reveals that Gfi1b can influence the transcription levels of a
host of B cell specific genes. Further work is required to elucidate whether Gfi1b
controls a broad- spectrum genetic program during early B cell development.
Similarly, our ChlP-chip analysis revealed that Gfi1b can bind to a number of
genes shown to have a role in B cell development. These include TdT, Runx1,
EBF, and ID3. Future studies will be required to elucidate whether Gfi1b has a
functional effect on the expression of these genes at various stages of B cell
development.

Although we have started to tease out the biological role for Gfi1b within the early
B cell compartment, its role outside the B lineage remains unexplored. In order
to understand whether Gfi1b plays a role in keeping RAG transcription off in non-
B and T lineages, we decided to take advantage of a rearrangement reporter
mouse developed in the lab of Dr. Rachel Gerstein (78). Expression of the RAG
proteins in this transgenic animal leads to the irreversible inversion and
expression of a GFP marker, thus permanently marking any cell with RAG
activity. Breeding of this transgenic animal to an inducibly floxed Gfi1b knockout
mouse will allow us to ask whether, in the absence of Gfi1b repressing activity,
RAG proteins are inappropriately expressed in non B and T lineages and/or in
various hematopoetic progenitor cells. If Gfi1b is responsible for repressing RAG
proteins until lymphoid lineage commitment, we would expect to see an increase
in GFP positive cells in the absence of Gfi1b in uncommitted early progenitor
cells of various types. These experiments should shed light on Gfi1b’s biological
role outside the lymphoid lineage.
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CHAPTER 4 The Role of Promoters and Enhancers in V(D)J Recombination
INTRODUCTION:

The Accessibility Hypothesis:

One of the most important insights into the regulation of V(D)J recombination
came with the discovery that transcription is correlated with actively rearranging
loci, and that this transcription promotes accessibility of RSS sequences to the
recombinase (1). Transcription at rearranging loci is dependent on the
transcriptional enhancers that are associated with each locus, as well as
promoters that exist upstream of V segments and in intergenic regions of
rearranging loci (reviewed in (2-4)).

The Role of Enhancers in V(D)J Recombination

A number of studies have demonstrated that removal of enhancers from
rearranging gene loci inhibits transcription and causes defects in V(D)J
recombination. In mice, deletion of the heavy chain Eu enhancer abrogates
transcription in the D-Jy region, causes an incomplete block in D-J
rearrangement (5), and a complete block in V-DJ rearrangements (5-7). In
contrast, kappa locus accessibility appears to be controlled by three separate
enhancers (8). Deletion of the intronic enhancer or the 3’ enhancer alone impair
V-J joining, while deletion of both these enhancers ablates both transcription and
rearrangement (9-12). The 3™ enhancer, called Ed, was identified on the basis
of hypersensitivity sites, but its function has not been tested in vivo. In pro-B cell
lines, it enhances transcription of luciferase constructs downstream of a Vk
promoter in an orientation independent manner (8). The TCR beta locus also
contains a transcriptional enhancer called ES (13). Deletion of this enhancer in
mice inhibits recombination in both DJ clusters, causing a block in T cell
development at the double negative stage. While transcription upstream of V3
segments in these mice is relatively normal, transcription originating from within
the DJ cluster is inhibited (14-18).

The Role of Promoters in V(D)J Recombination:

The role of promoters in rearranging loci has also been extensively studied in cell
lines and in mice. Using a TCRp minilocus, Sikes et al demonstrated that
moving a promoter from the beta locus, pDS1, 400 bp upstream of a rearranging
gene segment markedly decreased rearrangement of that segment (19).

Deleting pDS1 in mice inhibits recombination at the D31 cluster but not the D2
cluster (20). While deletion of pDj1 causes local effects on chromatin structure
around the promoter, chromatin surrounding Jp1 is unaffected, indicating that the
activation of promoters at rearranging loci causes local effects in chromatin
structure, and that the effects of enhancer activation are more global (21). These
authors postulate a holocomplex between enhancers and promoters in this locus.
Promoters upstream of V segments are also important for promoting their ability
to rearrange, as deletion of the V13 promoter ablates rearrangement of that
segment (22). Studies in the alpha locus also support the notion that promoters
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are important for promoting accessibility to the recombinase. A number of
groups have shown that deletion of the T early alpha (TEA) promoter decreases
rearrangement at the alpha locus (23, 24). In addition, transcription through a
rearranging gene segment appears to be necessary for rearrangement in the
alpha locus (25).

In the heavy chain locus, IL-7R deletion impairs production of germline
transcripts and recombination of distal V segments (26). While the pDQ52
promoter that lies 5’ of DQ52 has been shown to have both promoter and
enhancer activity (27), deletion of this element does not inhibit D-J
rearrangement, but does skew usage of particular gene segments (28, 29).

Deletion of both the proximal and the distal promoters at the kappa locus leads to
ablation of kappa gene rearrangement in cis in mice and in a pro-B cell line (30,
31). However, neither promoter has been deleted individually, although deletion
of the KI/KIl elements downstream of the proximal promoter inhibits
rearrangement while leaving transcription intact (31). It has recently been
demonstrated that it is primarily the distal promoter that has activity in mice (32),
so a targeted deletion of this promoter exclusively is required to fully understand
its effect on kappa rearrangement.

Transcription and Rearrangement Potential

While the accessibility hypothesis is an attractive model for targeting of the
recombinase to the appropriate gene locus at the appropriate developmental
window, several groups have carried out studies uncoupling transcription from
rearrangement potential. Early on, two groups demonstrated that transcription
was not sufficient to activate rearrangement (33, 34). Indeed a pax 5 null
mutation in mice results in a complete defect in rearrangement at the heavy
chain locus, even though some heavy chain gene segments are still transcribed
(35, 36). In addition, placement of the alpha locus enhancer, Ec, nextto a V3
gene segment is insufficient to induce rearrangement of this segment (37).

Conversely, several groups have demonstrated that rearrangement can take
place in the apparent absence of transcription. Inversion of a D3 promoter at a
rearranging minilocus does not prevent rearrangement, even though the
rearranging genes are no longer transcribed (19). In addition, tethering a
chromatin remodeler to a recombination substrate can induce recombination in
the absence of transcription (38). A very interesting observation was further
made in mice lacking the Eff enhancer. While these mice have nearly
undetectable levels of coding joint formation, their signal joint formation is less
severely impaired, and the level of double-strand break generation is also less
severely affected (18). These results indicate that there may be an additional
function for the presence of promoters and enhancers at rearranging loci beyond
that of accessibility.
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A Role for Promoters and Enhancers Beyond Accessibility?

A common organizational theme that has emerged from the study of rearranging
gene loci is that promoters are generally found upstream of rearranging gene
segments and enhancers are found downstream of rearranging gene segments.
In light of this observation and the data outlined above, we considered two
hypotheses about the position and function of promoter and enhancer elements
at rearranging loci that go beyond their role in promoting accessibility. We
hypothesize that DNA binding proteins may be recruited to these elements and
that association of these DNA binding proteins could be important for the process
of recombination. Specifically, association between factors bound at promoters
and enhancers may promote the looping out of intervening DNA and aid in the
“capture” of an RSS for paired cleavage by the recombinase (39). Association of
these factors could also be important for stabilizing the post-cleavage complex so
that coding ends do not dissociate prematurely before joining by the NHEJ
machinery. Evidence suggests that the RAG proteins remain tightly bound to
signal ends following cleavage (40). If RAG proteins are responsible for
preventing disassociation of signal ends, then interactions between DNA binding
proteins bound to promoters and enhancers could serve an analogous purpose
in holding coding ends together. Thus, association between DNA binding factors
bound at promoter and enhancer elements could tether the coding ends together,
preventing aberrant repair. We sought to test this hypothesis using a set or
rearrangement reporter constructs depicted in Figure 1 and described in detail
below.

MATERIALS AND METHODS:

Plasmid Construction:

The rearrangement reporter construct was created by Pfu mediated PCR of the
Eu heavy chain enhancer and a Vy gene-segment (VyKI) promoter (41) and
subsequent insertion into the pMX-delCJ (42) rearrangement reporter. The
internal ribosome entry site (IRES) was inserted upstream of GFP using
appropriate restriction sites. The Eu, VyKI, ires-GFP, RSS 12, RSS23, and
hCD4 fragments were excised in a single unit and inserted into the self-
inactivating pLV-UT-tTR-KRAB lentiviral vector obtained from Addgene.

Viral Infections:

Lentiviral constructs were co-transfected with VSVG and pMD2G into 293T cells
using Lipofectamine 2000 as described above and virus was harvested and used
to infect cell lines as described in Ch 3.

RESULTS:

In an effort to understand how interactions between promoters and enhancers
influence recombination, we engineered two rearrangement reporter constructs
depicted in Figure 1. Both constructs contain a 12 and a 23 RSS that flank an
ires-GFP sequence. In addition, both constructs contain a V heavy chain
promoter, VyKI (41) upstream of the RSS sequences, and a hCD4 cDNA
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downstream of the RSS sequences. Thus, upon recombination, the RSS
sequences and the ires-GFP between them are looped out of the chromosome
and GFP expression is lost. At the same time, the hCD4 sequence is brought
into proximity of the VyKI promoter and is consequently expressed once the cell
has undergone a recombination event. In other words, any cell that has
undergone a recombination event loses GFP expression and gains hCD4
expression. Both constructs are cloned into a self-inactivating lentiviral backbone
in order to avoid the influence of the viral long terminal repeats on accessibility of
the substrates. The difference between the two constructs lies in the placement
of the heavy chain Eu enhancer. In the “opposite side” construct, this enhancer
is placed just downstream of the hCD4 element, whereas in the “same side”
construct the enhancer is placed just upstream of the VyKI promoter.

We reasoned that if elements that bind to enhancers and promoters associate
with each other to form a stable holocomplex, and if this complex is necessary to
prevent disassociation of coding ends following RAG cleavage, then placement
of the enhancer upstream of the VyKI promoter would prevent this stabilization.
If this were the case, a possible consequence of moving the enhancer upstream
of the promoter would be a normal level of RAG cleavage, but a defect in the
ability to form coding joints. With respect to the rearrangement reporters, this
phenotype would be reflected in comparable levels of GFP loss between
populations of reporter cells, but a decrease in the amount of hCD4 expression in
reporter cells infected with the “same side” construct as compared to reporter
cells infected with the “opposite side” construct.

Similarly, if elements bound to promoters and enhancers associate with each
other to aid in the “synapsis” phase of recombination, reporter cells infected with
the “same side” construct may show lower levels of rearrangement than their
‘opposite side” counterparts.

To compare recombination efficiencies between cells infected with the “opposite
side” construct and those infected with the “same side” construct, we first
infected the E47+/+ pro-B cell line with each construct and sorted out GFP
positive cells by flow cytometry. We then treated sorted, GFP positive cells with
STI-571 overnight, washed out the drug, and monitored recombination over 5
days by measuring GFP and hCD4 expression (Figure 2). Treatment with STI-
571 resulted in a dramatic increase in the number of GFP negative, hCD4
positive cells in the population, indicating that the rearrangement reporter was
adequately accessible to the RAG proteins in cells infected with either construct.
However, we did not detect significant differences in rearrangement efficiencies
between reporter cells infected with the “same side” construct when compared to
cells infected with the “opposite side” construct (Figure 3) as measured by
comparing the number of hCD4 positive cells induced by STI-571 treatment. We
conclude from these data that placement of the enhancer and promoter on the
same side of the rearranging substrate in this particular reporter does not
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significantly alter the cell’s ability to undergo RAG cleavage events or efficiently
join the coding ends generated from those events.

In collaboration with Christian Vettermann, we went on to generate an
“‘enhancerless” version of the rearrangement reporter. This reporter was
identical to the “same side” construct, except that the enhancer was excised. We
went on to assay recombination efficiencies in cells infected with this
‘enhancerless” reporter and compared them to those obtained with the “same
side” reporter (Figure 4). Interestingly, while reporter cells infected with the
“‘enhancerless” rearrangement construct had lower levels of transcribed GFP
(Figure 5), transcription was not abrogated by any means. Despite the fact that
transcription was still present in these cells, they showed markedly lower levels
of recombination upon treatment with STI-571 when compared to cells infected
with the “same side” rearrangement reporter that contained the enhancer
upstream of the promoter (Figure 4B). In three independent experiments the
enhancerless construct consistently shows an approximately 3-fold reduction in
rearrangement when compared to the construct containing the enhancer. These
data indicate one of two possibilities. The first is that transcription through the
rearranging substrate is not sufficient to generate efficient recombination
efficiency in this reporter. If this is the case, we interpret these data to indicate
that the presence of the enhancer may play a critical role in governing the ability
of a given substrate to undergo recombination, but that this role is independent of
its position with respect to the promoter. The second interpretation is that a
threshold level of transcription is required for efficient rearrangement, and that
this threshold is not reached in the enhancerless construct, thus decreasing its
rearrangement potential.

DISCUSSION:

We set out to test the hypothesis that interactions between promoters and
enhancers play an important role in V(D)J recombination. More specifically, we
wanted to know whether proteins bound to promoters and enhancers could
associate with each other to a) aid in bringing two RSS sequences into proximity
for RAG cleavage (synapsis) and/or b) stabilize coding ends within the post-
cleavage complex to prevent dissociation of these ends prematurely before
joining of the coding ends by the NHEJ machinery. While our data do not
support our hypothesis, there are a number of limitations to this particular
experimental system. Most importantly, recombination substrates in their
physiological context are positioned at much greater distances than those
represented in our reporter constructs, which were limited by the requirement to
be able to efficiently package the virus. Itis possible that recombining substrates
in their physiological context are more dependent on promoter/enhancer
interactions to bring them into close proximity for RAG cleavage, while those in
our system are positioned quite close together to start with, and thus may not
depend on these interactions. One way to test this idea would be to generate a
knock-in mouse wherein the endogenous heavy chain enhancer is deleted, and
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replaced with an enhancer just upstream of the promoter in the D-J interval. This
would test the same idea in a more physiological context.

Second, while we envisioned a simple looping model, the 3 dimensional
architecture of a recombining locus may be substantially more complex, and it
may be sufficient to simply have the required accessibility control elements
present within a certain vicinity of the recombining substrates to effect the
necessary architecture, thus eliminating the need for the promoter and enhancer
to be on opposite sides of the recombining substrates. In addition, the
physiological architecture found at the endogenous recombining loci may not be
recapitulated in our reporter system, since the distances are altered and a large
number of the endogenous locus elements are missing in the reporter.

Third, it's possible that our hypothesis is correct and that association between
factors bound to promoters and enhancers is necessary to stabilize coding ends
within the post-cleavage complex. However, if cells that fail to form coding joints
are eliminated from the culture by apoptosis, we would not be able to detect
these events, since our flow cytometry analysis is conducted only on live cells. It
may be interesting to compare levels of apoptosis in cells infected with the
different reporters and treated with STI-571. Alternatively, if large deletions result
from destabilized coding ends, our assay system would not allow us to
specifically detect these events using the fluorescent markers within the
reporters.

Intriguingly, while moving the heavy chain enhancer within the recombination
reporter had little effect on rearrangement, eliminating the heavy chain enhancer
severely crippled reporter rearrangement (Figure 4), even though transcription of
the GFP reporter remained intact (Figure 5). Like others, (18, 19, 33-38).

we have thus uncoupled transcription from rearrangement potential in this
reporter system. This observation adds additional credence to the idea that the
presence of an enhancer has a role beyond that of accessibility, and may aid in
the process of coding joint formation. Two easy ways to test this hypothesis
would be to a.) compare the level of double-strand breaks generated in
constructs with or without the enhancer, and b.) compare frequencies of signal
joint formation between the two constructs. If the presence of the enhancer has
a specific role in promoting coding joint formation, we would expect level of
double-strand break and signal joints to be comparable regardless of the
presence of the enhancer, as was observed in Ef deficient mice (18). We have
so far not been able to determine exactly why the absence of the enhancer has
such a strong effect on recombination potential, but a number of possibilities leap
to mind.

It has been recently shown that RAG proteins bind to trimethylated H3K4 (43),
and that this modification influences RAG cleavage (44, 45). Itis possible that
the presence of the enhancer is required to recruit the necessary
methyltransferase. In the absence of this modification, RAGs may not be
efficiently recruited to the recombining substrate. This could be easily tested by

96



performing ChIP and comparing levels of trimethylated H3K4 within the reporter
in the presence or absence of the enhancer.

Another possibility is that the enhancer recruits nucleosome remodelers, and that
in the absence of such remodelers, RAG accessibility to the RSS sequences is
restricted. This is supported by experiments demonstrating that RAG cutting is
prevented by the presence of a nucleosome over an RSS (46).

CONCLUSIONS AND FUTURE DIRECTIONS:

We conclude from this set of experiments that the presence of an enhancer on
the same side or the opposite side of a promoter in a rearrangement reporter
construct does not have a significant effect on the frequency of recombination.
However, removal of the enhancer significantly decreases the recombination
potential of this reporter construct.

One set of experiments that could help to elucidate the role for the enhancer in
this reporter system would be to identify and characterize protein complexes
bound to the promoter sequence in the presence or absence of the enhancer.
This could help determine whether factors being recruited by the enhancer are
indeed associating in complexes with promoter binding factors.
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