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Preface

Previous observations, generated by many in the field, have provided a first
glimpse into the epigenetic mechanisms that underpin lymphocyte and myeloid
development. We are only now beginning to merge the multitude of observations
into a common framework. At the same time it has become more difficult for the
individual mind to comprehend more than a tiny focused fraction of it. The studies
described in this volume serve as a starting point to familiarize one self with the
multifarious differences in epigenetic designs that orchestrate the progression of
developing blood cells. They also may serve as a general paradigm for the
mechanisms that underpin the control of eukaryotic gene expression.

My thanks are due to the authors of this volume and Anne Clauss, Assistant
Editor.
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Roles of Lineage-Determining
Transcription Factors in Establishing
Open Chromatin: Lessons From
High-Throughput Studies

Sven Heinz and Christopher K. Glass

Abstract The interpretation of the regulatory information of the genome by
sequence-specific transcription factors lies at the heart of the specification of cellular
identity and function. While most cells in a complex metazoan organism express
hundreds of such transcription factors, the underlying mechanisms by which they
ultimately achieve their functional locations within different cell types remain
poorly understood. Here, we contrast various models of how cell type-specific
binding patterns may arise using available evidence from ChIP-Seq experiments
obtained in tractable developmental model systems, particularly the hematopoietic
system. The data suggests a model whereby relatively small sets of lineage-
determining transcription factors jointly compete with nucleosomes to establish
their cell type-specific binding patterns. These binding sites gain histone marks
indicative of active cis-regulatory elements and define a large fraction of the
enhancer-like regions differentiated cell types. The formation of these regions of
open chromatin enables the recruitment of secondary transcription factors that
contribute additional transcription regulatory functionality required for the cell type-
appropriate expression of genes with both general and specialized cellular functions.
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1 Introduction

The genomic DNA in the cell nucleus encodes the information necessary to
specify each cell in a multi-cellular organism: it predetermines the protein
repertoire available to all cells of a given organism, as well as the regulatory
information that orchestrates the cell type-specific expression programs necessary
for development, cellular signal responses and homeostasis.

The primary genomic sequence is interpreted by sequence-specific transcription
factors, and proteins that recognize and bind to sequence motifs present in the
genomic sequence (Kadonaga 2004). Transcription factors act in a combinatorial
fashion to recruit co-regulators, which in turn recruit RNA polymerase II and
co-factors to effect transcription. Consequently, the regulatory code of the genome
consists of combinations of different transcription factor motifs, also called cis-
regulatory elements (CRE), which together with the inventory of transcription
factors expressed in a given cell determine cell type- and developmental stage-
specific transcriptomes and transcriptional programs (Davidson and Erwin 2006).

Gene deletion experiments have identified transcription factors that are essen-
tial for the generation of specific cell types (Orkin and Zon 2008). Recent technical
advances have enabled analysis of the genome-wide binding patterns of these
lineage-determining transcription factors. The insights from these studies highlight
functional characteristics of transcription factors and how they interact with each
other and with chromatin on a genome-wide level to interpret the genomic code.

2 Transcription Factors Co-Localize in a Cell Type-Specific
Manner

Genome-wide studies of transcription factor localization by ChIP-Seq have
revealed a surprising variability in transcription factor binding patterns (cistromes)
of a given factor in different cell types or at different stages of development (Cao
et al. 2010; Heinz et al. 2010; Jakobsen et al. 2007; Krum et al. 2008; Lefterova
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et al. 2010; Lin et al. 2010; Lupien et al. 2008; Odom et al. 2004; Palii et al. 2010;
Sandmann et al. 2006, 2007; Verzi et al. 2010). Surprisingly, the majority of the
cistrome differences are restricted to promoter-distal inter- and intragenic sites. At
the same time, different factors in the same cell type tend to co-localize to these
sites on a genome-wide scale, which correlates with the expression (Boyer et al.
2005; Chen et al. 2008; Heinz et al. 2010; Lefterova et al. 2010; Li et al. 2008;
Lin et al. 2010; MacArthur et al. 2009; Sullivan et al. 2010; Verzi et al. 2010;
Wilson et al. 2010).

To date, the following factors have been observed to co-localize in a cell type-
specific fashion in hematopoietic cells: RUNX1 and ETS1 in Jurkat T-ALL cells
as a model for CD4+ T cells (Hollenhorst et al. 2009), TAL1 with RUNX1 and
ETS1 in Jurkat cells as well as TAL1 with GATA1 in erythroblasts (Palii et al.
2010), STAT3 and IRF-4 in IL-21-treated CD4+ T cells (Kwon et al. 2009), SCL,
LYL1, GATA2, LMO2, ERG, FLI-1 and RUNX1 in the hematopoietic progenitor
line HPC-7 (Wilson et al. 2010), E2A, EBF1 and FOXO1 in Rag1-/- pro-B cells
(Lin et al. 2010), PU.1 and C/EBPa/b in macrophages (Heinz et al. 2010;
Lefterova et al. 2010), as well as PU.1 and OCT-2 in splenic B cells (Heinz et al.
2010), PPARc and PU.1 and C/EBPb in macrophages (Lefterova et al. 2010) and
SRF and PU.1 in macrophages (Sullivan et al. 2010).

3 Transcription Factors Collaborate to Gain Access
to Chromatinized DNA on a Genome-Wide Scale

3.1 Ternary Complex Formation Plays a Minor Role in Defining
Genome-Wide Transcription Factor Binding Patterns

The mechanisms underlying this cell type-specific and differential genomic tar-
geting of transcription factors remain poorly understood (Farnham 2009). Several
hypotheses have been put forward to explain both observations. A large majority
of the co-bound regions harbor the consensus motifs for the respective factors, and
these motifs do not differ between cell types or differentiation stages. Therefore,
both a tethering mechanism by which one factor binds to the region via another
that makes contact with the DNA and differential targeting of factors to varying
motifs due to, for example, post-translational modification of the binding speci-
ficity of the factors can be excluded.

Perhaps the most commonly proposed explanation is the assumption of protein–
protein interactions, which stabilize transcription factor-DNA interactions and thus
contribute to combinatorial targeting of transcription factors to different locations
in the genome (Lodish et al. 2007). This would account for both the co-localization
of transcription factors in a given cell type, and the differences in cistromes if
one of the interaction partners is not expressed or replaced by another one with
different specificity in a different cell type.

Roles of Lineage-Determining Transcription Factors 3



Cooperative DNA binding and targeting can indeed be observed when analyzing
motifs for factors known to participate in ternary complexes: for example, PU.1-IRF
half-site composite motifs with fixed distance between the respective motifs are
highly enriched in PU.1-bound regions in both macrophages and B cells (Fig. 1b).
IRF8 and IRF4 expressed are known to bind DNA only as ternary complexes with
PU.1 in these cells types (Eisenbeis et al. 1993; Pongubala et al. 1992). Similarly,
close analysis of the distance relationships between the enriched sequence motifs
in various transcription factor ChIP-Seq experiments reveals that the motifs for
some co-localizing factors frequently occur at a fixed distance from each other
(e.g. composites of ETS1:RUNX1 (Hollenhorst et al. 2009), C/EBP:AP-1 (Heinz
et al. 2010) and E2A:PU1 (Lin et al. 2010)), and several of these have been con-
firmed by co-immunoprecipitation and electrophoretic mobility shift assays.

Ternary complex formation imposes a distance requirement on the sequence
motifs for the interacting transcription factors, which can be either fixed or within
a very limited sequence distance range, depending on the anatomy of the involved
proteins (Ogata et al. 2003). However, for many of the co-bound factors, and even
for the above factors that can bind as ternary complexes, the majority of the
distance distributions for their co-occurring motifs is bell-shaped with maximum
distances of up to 150 bp (corresponding to 50 nm, 10 times the diameter of a
globular protein of 40 kDa) (Fig. 1b and (Heinz et al. 2010; Lin et al. 2010)). This
distance range by far exceeds the combined size of the proteins themselves, such
that direct protein–protein interactions above *20 bp would have to involve
looping of the intervening DNA. While looping has been observed for e.g. c-myb
and C/EBPb on the Mim-1 promoter at a motif distance of 82 bp (Ogata et al.
2003), the stiffness of intervening DNA stretches shorter than that would prohibit
direct protein–protein interactions. Additional bending by, for example, HMG
domain proteins (Love et al. 1995) could contribute to tighter bends in the
intervening DNA and allow closer interaction distances, but motifs for these
bending factors should also be co-enriched at these sites. For both adjacent and
looping-mediated protein–protein interaction, the helical nature and torsional
rigidity of DNA would require phasing of the motifs for the cooperating factors.
Together, this would lead to a tri-modal motif co-occurrence frequency distribu-
tion exhibiting motif phasing with a 10.4-base period as depicted in Fig. 1c, and
possibly additional motifs to be enriched at co-bound sites, which is contradicted
by the bell-shaped motif distributions and the enriched motif sets observed.

In summary, while ternary complex formation accounts for a small fraction of
the observed targeting of transcription factors to the genome, it does not explain
the majority of the observations.

3.1.1 A Case for Chromatin

Other suggested explanations for the observed differences in genomic targeting of
transcription factors involve the epigenome: in its natural state in a living cell, the
genomic DNA is packaged into chromatin, and the presence of nucleosomes
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restricts transcription factor access to the genomic information (Beato and
Eisfeld 1997).

One hypothesis proposes that ‘‘active’’ histone modifications, particularly histone
H3 lysine 4 mono- and dimethylation (H3K4me1/2), marks of active chromatin
(Heintzman et al. 2007) may direct binding of transcription factors (Lupien et al.
2008). This is in line with previous observations that transcription factors tend to bind
to regions marked by the aforementioned H3K4me1 (Robertson et al. 2008;
Heintzman et al. 2009). However, the majority of transcription factors is not expected

Fig. 1 Different modes of transcription factor co-binding give rise to characteristic motif
frequency distributions. Transcription factors (‘‘A’’ and ‘‘B’’) are depicted as globular proteins of
*40 kDa/5 nm diameter. Illustrations are approximately to scale. a Collaborative binding of
transcription factors in competition with nucleosomes. The schematic drawing illustrates binding
of two transcription factors to their cognate sites, thereby stably displacing nucleosomes (tetra-
partite circles circled by DNA) to flanking regions. Bottom Representation of the predicted bell-
shaped cumulative motif frequency distribution of one of the two factors when centering genomic
regions co-bound by both factors in this fashion on the motif of the other factor. This is the most
commonly observed type of motif distribution at co-bound genomic sites in ChIP-Seq
experiments. b Ternary complex formation without looping. Direct protein–protein-DNA
interactions without long-range bending of DNA impose strict motif distance requirements.
c Ternary complex formation with looping. Long-range bending of the intervening DNA
stabilizes ternary protein–protein–DNA interactions. Binding to motifs that are spaced too closely
and would require severe bending is prevented by the inherent stiffness of DNA. The torsional
rigidity of DNA below 400 bp length prevents protein–protein interactions at motifs that are not
facing each other, leading to phasing of the motif frequency pattern

Roles of Lineage-Determining Transcription Factors 5



to directly interact with modified histone tails, and additionally, this leaves unan-
swered the question how the histone modifications are targeted to different regions in
different cell types in a sequence-specific fashion in the first place.

3.1.2 Pioneer Factors Collaborate to Access the Chromatinized Genome

Alternatively, ‘‘pioneer factors’’ with the ability to bind to nucleosomal DNA and to
displace nucleosomes may generate open chromatin, and provide DNA access to
secondary transcription factors in a cell type-specific manner (Cirillo et al. 2002;
Ghisletti et al. 2010). This hypothesis places pioneer factors at the top of a hierarchy
of transcription factors, in line with their essential functions in lineage specification
and organogenesis (Zaret et al. 2008; Natoli 2010; Smale 2010). In this context, it is
important to note that many pioneer factors are expressed in multiple cell types,
where they exhibit cell-specific cistromes (e.g. FOXA1 (Lupien et al. 2008), MyoD
(Cao et al. 2010), PU.1 (Heinz et al. 2010) or C/EBPb (Lefterova et al. 2010). True to
the definition of a pioneer factor, these factors would be expected to bind to their
genomic binding sites irrespective of cell type and presence of other transcription
factors, and to localize to the same genomic locations in all cell types, which is not in
agreement with the observed ChIP-Seq and ChIP-chip results.

Intriguingly, de novo analysis of the motifs enriched at sites of cell type-specific
binding of both ‘‘pioneer factors’’ and factors not deemed ‘‘pioneers’’, shows that
transcription factors prefer to bind to genomic locations that contain both their
cognate motifs as well as motifs for lineage-determining ‘‘master regulators’’, or
pioneer factors (Benner et al. unpublished). The motif distance distribution of
co-binding factors is bell-shaped, and, as described above, extends to about 150 bp,
or approximately one nucleosome. This suggests a mechanism for genome-wide
targeting whereby binding of multiple transcription factors to adjacent motifs leads
to nucleosome displacement and stable transcription factor occupancy (Adams and
Workman 1995; Boyes and Felsenfeld 1996; Miller and Widom 2003). This
hypothesis accounts for the characteristics of the observed differential co-localiza-
tion discussed above: It is independent of protein–protein interactions (Adams and
Workman 1995; Vashee et al. 1998), and transcription factor targeting to the genome
depends on the complement of transcription factors and their concentrations in a
given cell. We will use the term ‘‘collaborative’’ binding to distinguish this mode of
joint binding to neighboring sites in the absence of direct protein–protein interactions
from cooperative binding due to direct protein–protein interactions.

3.1.3 Genome-Wide Data Supports a Collaborative Mechanism
of Transcription Factor Binding Patterning

A collaborative mechanism for cell type-specific targeting of transcription
factors is supported by several lines of evidence: Analysis of the cistromes of
PU.1 in B cell progenitors arrested at different stages due to ablation of either
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E2A, EBF1 or Rag1 reveals differential genome-wide targeting of PU.1 to PU.1
motifs in the vicinity of motifs for B cell-specific transcription factors that are
expressed and essential for progression of B cell development to the respective
stage (Heinz et al. 2010). Similarly, the E2A cistrome in EBF-deficient pre-pro-
B cells is depleted of E2A binding sites in the vicinity of EBF motifs relative
to the E2A cistrome in EBF-expressing Rag1-/- pro-B cells (Lin et al. 2010).
Additional evidence comes from retroviral reconstitution experiments in tran-
scription factor-deficient progenitors: C/EBPb in myeloid and PU.1 in B lym-
phoid progenitors lacking PU.1 or E2A, respectively, gain large numbers of
additional binding sites upon retroviral complementation with the missing
factors (Heinz et al. 2010). This occurs both upon short-term transduction of
E2A knock-out cells with E2A, or activation of a stably expressed PU.1-ER
fusion protein with tamoxifen in the case of PU.1 knock-out cells. The latter is
already present in the nucleus at low concentration in the un-induced state, and
tamoxifen treatment raises the nuclear concentration of the PU.1-ER fusion
protein by only ninefold (S. Heinz, unpublished observation). Nonetheless, this
leads to a marked increase in the number of C/EBPb-bound sites genome-wide
in the vicinity of PU.1 sites that gain PU.1-ER occupancy, highlighting the role
of different concentrations of collaborating factors in combinatorially defining
their genome-wide cistromes. The motifs for the respective factors at binding
sites gained upon reconstitution exhibit no specific distance requirements,
indicating absence of direct protein–protein interactions and collaborative
combinatorial targeting of PU.1 and associated factors to nucleosomal targets
sites.

3.1.4 Transcription Factor Concentrations Define the Joint
Binding Pattern

The notion of collaboration between transcription factors easily follows the impor-
tance of transcription factor motif clustering in the absence of strong sequence
conservation, which has been analyzed in detail for the even-skipped enhancer in
different fly species (Hare et al. 2008), and an importance for low-affinity binding
sites in gene regulatory networks (Segal et al. 2008). This model also predicts a role
for neighboring nucleosome positioning sequences in determining the threshold
binding concentrations for a given motif cluster (Mirny 2010). For example, high
versus low concentrations of PU.1 are required for macrophage and B cell differ-
entiation, respectively (DeKoter and Singh 2000). If we assume targeting of PU.1 to
be independent of other factors, and only to depend on the affinity of PU.1 for a given
motif, the lower PU.1 concentration in B cells versus macrophages should lead to a
smaller cistrome in B cells, which should be a subset of the one observed in mac-
rophages. This notion is contradicted by the genome-wide data: while it is true that
the PU.1 cistrome in B cells comprises less sites, it is not a mere subset of the
macrophage cistrome (Heinz et al. 2010), and similar cistromic differences have been
observed for other factors in disparate cell types (see above). In contrast, when
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assuming that PU.1 localization depends on the total combined concentrations of
PU.1 and other factors that bind to neighboring sites to exceed the threshold energy
for stably displacing nucleosomes from the motifs, then varying the concentrations of
PU.1 alone would change the observable PU.1 binding pattern according to the
cellular concentrations of the other transcription factors.

4 Lineage-Determining Transcription Factors
Prime Lineage-Specific Cis-Regulatory Modules

4.1 A Two-Tiered System of Transcription Factors?

Motif analysis of the genome-wide binding sites non-lineage-determining factors
such as BCL-6 and NF-jB (Barish et al. 2010), LXRb (Heinz et al. 2010) or SRF
(Sullivan et al. 2010) in macrophages and STAT3 in IL-21-treated CD4+ T cells
(Kwon et al. 2009) reveals that binding of non-lineage-determining factors frequently
occurs in the vicinity of the lineage-determining factors that are essential for the
generation of a given cell type. Likewise, loss of the lineage-determining factor leads
to loss of binding of non-lineage-determining factors at a large fraction in their sites.

For example, sites of IL-21-induced STAT3 binding in CD4+ T cells are highly
co-enriched for the motif for IRF-4 (Kwon et al. 2009), and conditional deletion of
Irf4 is accompanied by a dramatic loss of STAT3 binding at 85% of the sites bound in
wild-type CD4+ T cells. However, in stark contrast to the effects of lineage-deter-
mining factors, which appear to affect the cistromes of all other transcription factors,
loss or drastic increase in nuclear concentration of a non-lineage-determining factor
leaves the cistrome of lineage-determining factors unperturbed: activating STAT3 in
CD4+ T cells with IL-21 does not change the IRF-4 cistrome. Similarly, for the
lineage-determining factor PU.1, ablation of the genes encoding for the non-lineage-
determining factors Bcl6, Lxra/b or Srf in macrophages does not affect the PU.1
cistrome (Barish et al. 2010; Heinz et al. 2010; Sullivan et al. 2010), while PU.1 is
required to define a large fraction of their binding patterns.

This indicates a functional disparity between these two types of factors in terms of
their ability to define the landscape of accessible chromatin; whereas lineage-
determining factors together appear to influence the locations bound by all tran-
scription factors in a given cell genome-wide, non-lineage-determining factors seem
unable to influence binding-site selection by lineage-restricted transcription factors.

4.1.1 Lineage-Determining Factors Induce Histone H3K4 Mono-and
Di-Methylation Surrounding Their Binding Sites

Given the essential roles that promoters play in initiating and regulating tran-
scription, the finding that the majority of genome-wide differences in transcription
factor binding in different cell types do not occur at transcription start sites (TSS)
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was somewhat surprising. In fact, the majority of cell type-specific binding of
transcription factors occurs at promoter-distal sites (Cao et al. 2010; Heintzman
et al. 2009; Heinz et al. 2010; Lin et al. 2010).

This is in line with the important roles of distal regulatory elements in regu-
lating cell type-specific gene expression patterns: enhancers, repressors and locus-
control regions add an additional regulatory layer (Bulger and Groudine 2009),
leading to the stable, and high-magnitude differences in gene expression and
regulatory responses observed between disparate cell types in higher eukaryotes.

The majority of promoter-distal transcription factor binding sites is flanked by a
histone modification pattern comprising high levels of histone H3 mono- and
dimethylated on lysine 4 (H3K4me1hi) and low to undetectable levels of trime-
thylated histone H3K4 (H3K4me3lo) (Lupien et al. 2008; Robertson et al. 2008;
Ghisletti et al. 2010; Heinz et al. 2010; Lin et al. 2010), a histone modification
pattern first described as a mark of putative enhancers (Heintzman et al. 2007).
The H3K4me3lo/H3K4me1hi signature distinguishes these distal sites from
promoters, which are characterized by a distinct H3K4me3hi/H3K4me1lo pattern
(Heintzman et al. 2007).

Recent studies have revealed that the deposition of this mark is targeted by
transcription factor binding: Data for PU.1 in macrophages and myeloid progenitors
and E2A in pre-pro-B cells indicate that dynamic nucleosome displacement and
stable binding of lineage-determining factors precedes the deposition of the afore-
mentioned H3K4me1 mark to distal CREs (Heinz et al. 2010; Lin et al. 2010), and
loss of PU.1 in macrophages leads to concomitant loss of H3K4me1 in the vicinity of
previously PU.1-bound sites (Ghisletti et al. 2010). Similar observations have
recently been made in retinoic acid-induced differentiation of mouse pluripotent P19
cells to neural cells for FOXA1 (Sérandour et al. 2011), a prototypic pioneer factor
with critical roles in the formation of multiple tissues during embryonic development
(Friedman and Kaestner 2006). In contrast to the effects of lineage-determinants,
gain or loss of non-lineage-determining transcription factors such as LXRa/b (Heinz
et al. 2010), STAT1 (Robertson et al. 2008) or SRF (Sullivan et al. 2010) does not
significantly alter the H3K4me1 pattern around their binding sites. Correspondingly,
the motif sets most highly enriched in H3K4me1hi/H3K4me3lo promoter-distal
regions in a wide range of cell types comprise those of the essential tissue-specific
transcriptional regulators that are necessary for the generation of the respective cell
type, while motifs for non-lineage-determining transcription factors are not signif-
icantly enriched in these same regions (Heinz et al. 2010).

Thus, targeting of H3K4 mono- and dimethylation to promoter-distal sites appears
to be another characteristic feature of lineage-determining transcription factors.

4.1.2 Mechanistic Notes

We would like to speculate as to how and why methyl marks are being deposited
in the vicinity of promoter-distal binding sites of lineage-determining transcription
factors. Conceivably, lineage-determining factors could directly interact with and
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recruit methyltransferases to their binding sites, which would lead to H3K4
methylation flanking all binding sites of a given factor. This is unlikely, given that
*25% of the PU.1 sites bound de novo in an inducible model of macrophage
differentiation do not exhibit histone H3K4 methylation on flanking nucleosomes
(Heinz et al. 2010). A hint at a possible mechanism comes from the H3K4
methylation profiles seen around promoter-distal sites, which are similar to the
H3K4 methylation profiles several kilobases downstream of promoters
(H3K4me1 [ m2 [ me3), and reverse those observed directly at promoters
(H3K4me3 [ me2 [ me1). Therefore, we suggest that promoter-distal H3K4
mono- and dimethylation around transcription factor binding sites is deposited by
promoter-proximal MLL/COMPASS complexes that are brought into the vicinity
of the promoter-distal sites by the transcription-enhancing actions of the bound
transcription factors.

4.1.3 Signal-Dependent Transcription Factors Act on Primed CREs

In contrast to most lineage-determining factors, which exhibit cell type-restricted
expression patterns, many of the non-lineage-determining factors that do not
significantly affect the open-chromatin landscape are signal-dependent transcrip-
tion factors.

Rather than change the shape of the chromatin landscape, these secondary
factors appear to ‘‘read’’ it by binding to the exposed fraction of their cognate
motifs (Ghisletti et al. 2010; Heinz et al. 2010). Consequently, the cistromes of, for
example, STAT3 are drastically different in IL-21-treated CD4+ T cells (Kwon
et al. 2009) and embryonic stem cells (Chen et al. 2008), where in each case,
STAT3 binding predominantly occurs in the vicinity of binding sites for cell type-
defining transcription factors. Secondary factors recruit additional co-activators
such as p300 (Ghisletti et al. 2010; Barish et al. 2010), CBP (Kim et al. 2010) or
co-repressors e.g. HDACs (and likely entire co-repressor complexes) (Barish et al.
2010), to shape the transcriptome according to the cell type-specific chromatin
landscape that has been set up by the combinatorial action of cell type-specifying
regulators.

5 Implications for Cellular Development and Reprogramming

5.1 Putting it All Together

Single-locus studies have provided detailed insight into how promoter-distal CREs
gain competence, which involves step-wise opening and recruitment of tran-
scription factors (e.g. see Decker et al. 2009; Hoogenkamp et al. 2009). Together
with the insights from genome-wide studies discussed above, this paints a picture
whereby successive activation of lineage-determining transcription factors enables
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their combinatorial recruitment to chromatin. Their continued action leads to
remodeling and histone modification, or more generally, to epigenomic events that
together define the developmental trajectory of open and accessible chromatin.
The cell type-specific complement of open chromatin defines the accessible
genomic binding sites for second-tier factors, which translate signal responses into
cell type-specific transcriptional outcomes. The defining features that distinguish
primary and secondary factors remain to be determined, but they conceivably
include nuclear concentrations and the ability to interact with the chromatin
remodelers expressed in a given cell type/stage or activation state. Thus, whether a
given factor functions as primary ‘‘master regulator’’ or a secondary factor likely
depends on the cellular context.

Given that if lineage-determining transcription factors define regions of open
chromatin, they might also function to interpret the genomic code by shaping the
three-dimensional structure of the genome (Fullwood et al. 2009; Lieberman-
Aiden et al. 2009; Natoli 2010), by serving as adaptors for or facilitating binding
of structural proteins such as mediator, cohesin or CTCF, which mediate promoter-
enhancer interactions (Kagey et al. 2010; Schmidt et al. 2010), and may be
involved in defining chromatin topological changes observed, for example, at
antigen receptor loci during B cell and T cell development (Jhunjhunwala
et al. 2009).

5.2 Epigenomics as a Means to Identify the Factors Necessary
for Cellular Reprogramming?

The notion that binding of lineage-determining transcription factors leads to the
conjugation of methyl groups to histone H3K4 on neighboring nucleosomes is
corroborated by the results of de novo analysis of motifs associated with
H3K4me1+ regions: in all cell types examined, the motifs most highly enriched
are consensus motifs for the essential transcription factors driving the develop-
ment of a given lineage (Heinz et al. 2010). Namely in macrophages, the most
highly enriched H3K4me1-enriched motifs are consensus motifs for ETS,
C/EBP, AP-1 and RUNX. Conversely, in H3K4me1+ regions in embryonic stem
cells, the predominantly enriched sequence motifs are for KLF, SOX and OCT
factors as well as ESRRB. Members of these respective protein families are
sufficient to reprogram various cell types into induced macrophages (Xie et al.
2004; Laiosa et al. 2006; Feng et al. 2008; Bussmann et al. 2009) and pluripotent
stem cells (Takahashi and Yamanaka 2006; Feng et al. 2009), which suggests
that assessing the H3K4me1-associated motif pattern and identifying the overlap
with the set of expressed transcription factors may represent a facile way to
pinpoint the transcription factors necessary for cellular reprogramming into a
given cell type.
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5.2.1 Outlook

In conclusion, high-throughput sequencing-based methods not only continue to
produce novel insight into how differentiation processes both shape and are being
shaped by the epigenome, but they also allow a renewed look at the very basic
mechanisms that gene regulatory networks operate on top of, serving as a genome-
wide complement to detailed singe-locus studies.
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B Lymphocyte Lineage Specification,
Commitment and Epigenetic Control
of Transcription by Early B Cell Factor 1

James Hagman, Julita Ramírez and Kara Lukin

Abstract Early B cell factor 1 (EBF1) is a transcription factor that is critical for
both B lymphopoiesis and B cell function. EBF1 is a requisite component of the B
lymphocyte transcriptional network and is essential for B lineage specification.
Recent studies revealed roles for EBF1 in B cell commitment. EBF1 binds its
target genes via a DNA-binding domain including a unique ‘zinc knuckle’, which
mediates a novel mode of DNA recognition. Chromatin immunoprecipitation of
EBF1 in pro-B cells defined hundreds of new, as well as previously identified,
target genes. Notably, expression of the pre-B cell receptor (pre-BCR), BCR and
PI3K/Akt/mTOR signaling pathways is controlled by EBF1. In this review, we
highlight these current developments and explore how EBF1 functions as a tissue-
specific regulator of chromatin structure at B cell-specific genes.
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1 Prologue

Twenty years ago, Early B cell factor 1 (EBF1; first identified as EBF) was
detected as a novel DNA-binding activity specific for the Cd79a (mb-1) promoter
(Hagman et al. 1991; Feldhaus et al. 1992). This activity was restricted to nuclear
extracts from B cells. The discovery of EBF1 generated much excitement because
it was identified as a potential regulator of B lymphocyte lineage specification
and commitment. These roles of EBF1 were supported eventually by extensive
data. A series of seminal observations concerning EBF1’s structure, functions and
mechanisms of action in B lymphopoiesis were made in the past 3 years. Here, we
review the recent literature concerning EBF1 and its roles in the production of B
cells, the antibody-producing arm of the immune system.

2 Introduction

B lymphocytes produce antibodies in response to antigenic challenges. In the bone
marrow, these cells are generated from multi-potent progenitors (MPPs) that have
the ability to become a variety of hematopoietic cells. A key event during B cell
differentiation is the expression of Early B cell Factor 1 (EBF1), which drives the
specification of B lineage cells in concert with other DNA-binding proteins
including E2A and Pax5. How EBF1 accomplishes these functions has been a
mystery. Until very recently, even the structure of EBF1 and its mode of DNA
binding were unknown. Structural determinations have resolved many of these
issues and are discussed here in detail.

The ability of EBF1 to direct the differentiation of uncommitted progenitors is a
function of two of its intrinsic properties: EBF1 (1) activates transcription of B cell
specific genes including Pax5, which encodes a B lineage commitment factor
(O’Riordan and Grosschedl 1999) and (2) enforces commitment by repressing the
expression of drivers of alternative lineages (such as C/EBPa and Id2) (Pongubala
et al. 2008; Thal et al. 2009). Prior to lineage commitment of hematopoietic
progenitor cells, EBF1 directs expression of the B cell program and represses other
programs. Recent data suggest that B lineage specification and commitment are
each affected by the dosage of EBF1.
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In the past, biochemical methods identified a small number of potential gene
targets of EBF1. More recently, chromatin immunoprecipitation (ChIP) was used
to isolate DNA occupied by EBF1 in pro-B cells (Lin et al. 2010; Treiber et al.
2010b). These studies enabled the characterization of sequences bound by EBF1 in
vivo. The experiments revealed an unexpectedly high number of promoter,
enhancer and intergenic sites bound by EBF1. These DNA sequences were often
clustered with binding sites of other regulators within the B lineage network
(E2A, Runx1 and FOXO1). These studies also revealed epigenetic signatures of
activated and repressed genes in pro-B cells. An important conclusion of these
reports is that EBF1 is essential for initiating epigenetic changes in target genes
during early B cell differentiation. However, these activities require prior modi-
fications of chromatin and/or other factors, which may be responsible for lineage
priming that precedes B lymphopoiesis. The nature of these signals and their
origins is unknown and is a focus of speculation below.

An important distinction between EBF1 and other transcription factors is its
ability to activate the B cell program by epigenetic remodeling of chromatin in early
B cell progenitors. In this regard, EBF1 may interact directly with co-activators and
SWI/SNF chromatin remodeling complexes. At the early B cell-specific Cd79a
promoter, binding of EBF1 results in increased chromatin accessibility and
decreased DNA methylation (Gao et al. 2009). Recent genomic analyses of histone
modifications suggest a model of progressive gene activation predicated upon
modifications initiated prior to the expression of EBF1, as well as those that are
critically dependent on EBF1 itself.

3 Early B Cell Factor 1: Protein Structure and Function

3.1 Early Studies of EBF1

EBF1 (also known as EBF, O/E-1 and COE1) is a member of the EBF family of
transcription factors. Early studies detected EBF1 binding to a functionally
important palindromic site within the early B cell-specific Cd79a promoter
(Hagman et al. 1991; Feldhaus et al. 1992). The Cd79a promoter drives expression
of Ig-a, a transmembrane protein that is essential for display of the pre-B cell
receptor (pre-BCR) and the BCR on the B cell plasma membrane as well as for
signaling functions (Hombach et al. 1990; Campbell et al. 1991; Gold et al. 1991).
Biochemical studies of EBF1 revealed that it assembles stable homodimers in the
absence of DNA (Travis et al. 1993). Cloning and sequencing of cDNAs encoding
EBF1 revealed its novel protein sequence (Fig. 1a) (Hagman et al. 1993; Wang
and Reed, 1993). The major isoform of EBF1 is 591 amino acids, which includes a
*215 residue DNA-binding domain (DBD) and an atypical helical region com-
prising the helix-loop-helix-loop-helix (HLHLH) domain.

Biochemical and mutational studies confirmed the function of the DBD. The
amino acid sequence alignment of the DBD with those of other known DBDs
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Fig. 1 The structure of Early B cell factor 1 (EBF1). The domains of EBF are labeled and
colored consistently throughout. a A schematic representation of the domains in EBF11–591

includes the DNA-binding domain’s (DBD) unique zinc knuckle (gold). The DBD (blue), TIG/
IPT (teal) and HLHLH (magenta) domains all participate in EBF dimerization. The carboxyl
terminus includes the Ser/Thr/Pro-rich activation domain. The amino acids demarcating each
domain are numbered. b An expanded view of the zinc knuckle highlights the histidine and three
cystine residues that coordinate the zinc ion required for DNA binding. c The structure of an
EBF126–422 dimer bound to DNA (grey). The perspective is parallel to the helical axis of the DNA
molecule. The visible portion of the HLHLH domain, the TIG/IPT domain, the DBD domains
and the zinc knuckle motifs are indicated. The zinc ions are depicted as purple spheres. The
structure was generated using PDB file ID 3MLP (Treiber et al. 2010a) and was modeled using
Discovery Studio Visualizer 3.0, Accelrys Inc., San Diego, CA
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detected only very limited sequence identity (14% with the p65 subunit of NF-jB;
(Siponen et al. 2010). EBF1 homodimers bind efficiently to inverted repeat DNA
sequences consisting of two half-sites that are separated by a two base pair spacer.
In vitro measurements suggested that the optimal nucleotide target sequence of
EBF1 is 50-ATTCCCNNGGGAAT-30 (Hagman et al. 1995). Although it lacks
consensus zinc fingers, the ability of EBF1 to bind DNA is dependent on its
incorporation of zinc ions. Mutagenesis studies suggested that the metal ion is
coordinated by a single histidine and three cysteines within a fourteen residue
motif. The motif is termed the zinc knuckle and is required for DNA binding
(Fig. 1b) (Hagman et al. 1995; Fields et al. 2008).

Dimerization of EBF1 is essential for its function. The HLHLH domain of EBF1
was predicted to include three putative a-helical motifs (H1, H2A and H2B) similar
to those identified in basic-HLH family proteins (such as MyoD1); however, these
proteins only have H1 and H2 (Hagman et al. 1993). Homodimerization of EBF1
requires contributions of the DBD, HLHLH and the Transcription factor Immuno-
globulin (Ig)/Ig Plexin-like fold in Transcription factors (TIG/IPT) domain between
the DBD and HLHLH (Hagman et al. 1993; Hagman et al. 1995; Aravind and Koonin
1999). The carboxy-terminal region of EBF1 is enriched with serine, threonine and
proline residues and potently activates transcription when appended to a heterolo-
gous DBD (Hagman et al. 1995). Together, these studies helped delineate
functionally important sequences in EBF1, but they did little to reveal how the
protein folds, binds DNA or functions in vivo.

3.2 X-ray Crystallographic Analysis of EBF1 Structure

Recent structural determinations confirmed that EBF1 is the founding member of a
distinct family of DNA-binding proteins. Structural characterization of the EBF1
DBD revealed a ‘pseudoimmunoglobulin’ fold similar to those of Rel family proteins
(Siponen et al. 2010; Treiber et al. 2010a). The overall fold includes a core consisting
of an anti-parallel b-barrel that contains nine b-strands arranged in two interacting
sheets. An amino-terminal a-helix packs against the bottom of this structure.
A series of loops that extend from the Rel-like core are among the distinct features
of the EBF1 DBD. Protruding from the rest of the DBD, the zinc knuckle coor-
dinates zinc ions using three short a-helices within the His-X3-Cys-X2-Cys-X5-Cys
motif. This configuration, which is one of the smallest independently-folding
protein domains, is different from other types of zinc fingers (reviewed in
Klug 2010).

EBF1 (residues 26–240 or 26–422) crystallized as a dimer bound to an optimal
palindromic DNA sequence (Fig. 1c) (Treiber et al. 2010a). The structure revealed
much concerning DNA recognition by EBF1 and of other closely related family
members (e.g. EBF3). The complex has several novel features. Three distinct
motifs within each subunit of the paired EBF1 homodimer make contacts with the
major and minor grooves of the palindromic site. A highly unusual feature is the
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recognition of bases within both half-sites by each EBF1 monomer. Residues
within an extended loop between the b-strands of the DBD’s amino-terminus and a
carboxyl-terminal loop recognize the invariant bases within the major groove of
one half-site. The zinc knuckle makes contacts with the minor groove of the other
half-site. Thus, contacts made by each monomer within the homodimer assemble a
symmetric clamp that extends across both half-sites of the palindrome. This
configuration explains the requirement for a two base pair spacer between the two
half-sites recognized by EBF1 (Travis et al. 1993). Mutagenesis of contact resi-
dues confirmed their importance for DNA binding (Fields et al. 2008; Siponen
et al. 2010; Treiber et al. 2010a).

The DNA sequence used for crystallization with EBF1 (including 50-ATT-
CCCATGGGAAT-30) and the majority of EBF1 binding sites identified using
ChIP and bioinformatics are highly palindromic. In contrast, the EBF1 binding site
of the Cd79a promoters (50-AGACTCAAGGGAAT-30) is less symmetric. Thus,
the clamping mode of DNA binding may be critical for the ability of EBF1 to
activate promoters with less than optimal binding sites.

3.3 Structures of Other Domains in EBF1

Regions of EBF1 involved in homodimerization were crystallized both as individual
domains (Siponen et al. 2010) and in the context of dimers of residues 26–422 bound
to DNA (Treiber et al. 2010a). Folding of the TIG/IPT domain in an Ig-like structure
similar to Rel family members was confirmed. Some similarities were noted between
the TIG/IPT domain and human calmodulin-binding transcription activator 1
(CAMTA1), a member of a family of proteins that includes highly conserved DBDs
(CG-1) (Finkler et al. 2007). Packing of the TIG/IPT domain of EBF3 in crystals was
used to model interactions between interfaces of the homologous domains in EBF1,
suggesting that they contribute to the formation of multimers in solution (Siponen
et al. 2010). The HLHLH domain was defined only weakly in the context of the
DNA-bound EBF1 complex (26–422), with only one helix-loop-helix motif visible
in the complex (Treiber et al. 2010a). However, comparisons of EBF1 with related
b-HLH proteins (i.e., homodimers of E47; (Ellenberger et al. 1994) approximates
how the HLHLH may mediate homodimerization. More studies are needed to reveal
contributions of these domains to the DNA binding and function of EBF1.

4 Control of B Lymphopoiesis Requires a Network
of Proteins Including EBF1

Hematopoietic stem cells (HSCs) are the source of all major blood cell lineages. B
cells develop from HSCs following a series of progressively restricted rounds of
differentiation in the bone marrow (Fig. 2) (reviewed in Kondo 2010). Expansion
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of short-term HSCs is followed by the production of MPPs, which have the ability
to produce all hematopoietic lineages, but which lack self-renewing capacity.
Among the descendants of these cells, lymphoid-primed multi-potent progenitors
(LMPPs) are the earliest lineage cells to express receptors for Interleukin-7 (IL-7)
and maintain the ability to generate both myeloid and lymphoid cells (Adolfsson
et al. 2005). LMPPs differentiate into common lymphoid progenitors (CLPs),
which were first identified as Lin-IL-7Ra+c-KitLoSca1+ cells in bone marrow
(Kondo 1997). It is now understood that CLPs constitute heterogeneous popula-
tions that produce B, T or natural killer (NK) cells (reviewed in Ichii et al. 2010).

Generation of LMPPs requires transcription factors including PU.1 (Sfpi1), Gfi-
1 (Gfi1), Ikaros (Ikzf1) and E2A (multiple proteins expressed by the Tcfe2a gene)
(Reviewed in Ramirez et al. 2010), which regulate cells’ decisions to attain
myeloid versus lymphoid fates. The concentration, or dosage, of regulatory factors
helps determine the priming of cell differentiation (lineage priming) and sub-
sequent fate decisions. For example, the control of alternative myeloid or B
lymphoid fates of MPPs is a function of high or low concentrations of PU.1,
respectively (Dekoter and Singh 2000). Levels of PU.1 expression are specified by
the zinc finger protein Gfi-1, which promotes the development of B cells by
repressing Sfpi1, the gene that encodes PU.1 (Spooner et al. 2009). Ikaros directs
hematopoietic progenitors by promoting B cell-specific gene expression and Ig
heavy chain gene rearrangements (Reynaud et al. 2008). Lineage priming is
one of the mechanisms by which Ikaros directs cell fates toward lymphopoiesis
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T cell
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Erythroid
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B-
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EBF1 Expression
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Fig. 2 EBF1 expression in the context of hematopoiesis. Beginning with HSCs (hematopoietic
stem cells), progressive steps of cell-fate restriction result in the designated cell types and
lineages. MPPs (multi-potent progenitors) give rise to CMPs (common-myeloid progenitors),
which possess myeloid and lymphoid potential. Additionally, MPPs yield LMPPs (lymphoid-
primed multi-potent progenitors), which possess myeloid, lymphoid and NK cell potential.
Common-lymphoid progenitors (CLPs), can be trisected into a Rag1lok5- cells which are
confined to the NK lineage, b Rag1hi k5- cells which can develop into NK cells or T lymphocytes
and c Rag1hi k5+ cells which retain NK, T and B cell potential. Pre-B cells express the pre-B cell
receptor (pre-BCR), which is composed of Ig heavy chains and the surrogate light chain proteins
VpreB1 and k5. Immature and mature B cells express mature BCRs comprised of Ig heavy and
light chains. The relative levels of EBF1 expression in CLPs through mature B cells are
represented by the size of the green shaded block. Developmental steps that occur in the bone
marrow versus the periphery are indicated
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(Ng et al. 2009). This activity of Ikaros is essential for B and T cell development.
These processes are promoted directly by Ikaros’ binding to gene targets and
indirectly via its restriction of other transcriptional programs including those of
early progenitors and non-lymphoid lineages. Lineage priming by Ikaros may be a
consequence of its establishment of epigenetic modifications in chromatin at genes
that will be expressed in a tissue-specific manner following lineage commitment.

E2A also received attention recently as an essential primer of B lymphopoiesis.
Although expressed in both B and T cells, early studies showed that ablation of
E2A expression in mice resulted in the complete loss of B lineage cells (Bain
et al. 1994; Zhuang et al. 1994). The generation of hematopoietic cells including
CLPs, and subsequently, lymphoid cells, was dependent on the expression of E2A
proteins in HSCs (Dias et al. 2008; Semerad et al. 2009). E2A proteins also
promoted lymphoid development and suppressed myeloid fates in a dose-
dependent fashion. E2A-dependent lineage priming of lymphocyte-specific genes
may promote lymphoid fates. One of the proteins encoded by Tcfe2a, E12, drives
B cell development in Tcfe2a-/- MPPs (Bhalla et al. 2008). A consequence of E12
expression is the restoration of EBF1 expression, which is lost in the absence of
E2A. These activities of E2A proteins, together with co-occupancy of regulatory
modules with EBF1, suggest the importance of functional collaborations between
the two factors in B lymphopoiesis.

4.1 EBF1 and the Basis of B Lineage Fate Decisions

Many studies have implicated EBF1 as a primary determinant of B cell lineage
specification. The lack of EBF1 in Ebf1 knockout mice results in complete devel-
opmental arrest at a CLP-like stage of development (Lin and Grosschedl 1995).
Having lost a key regulator of B cell development, it is not surprising that these mice
exhibit: (1) loss of B cell-specific gene expression including key proteins required for
differentiation (Cd79a, B29/Cd79b, Vpreb1, Igll1(k5) and Rag1) and (2) a complete
absence of V(D)J recombination, which is necessary to assemble functional Ig genes.
In contrast, enforced expression of EBF1 in murine HSCs drives B cell development
at the expense of other hematopoietic lineages (Zhang et al. 2003). Moreover, in non-
lymphoid cells, EBF1 can activate at least part of the B cell program in the absence of
other upstream regulators (Kee and Murre 1998; Romanow et al. 2000; Goebel et al.
2001; Medina et al. 2004; Pongubala et al. 2008).

The central role of EBF1 in the B cell-specific network of transcription factors
was confirmed by Medina et al. (2004). The differentiation of PU.1-deficient
progenitor cells is arrested completely at the MPP stage. In these mutant cells,
enforced expression of EBF1 rescued B cell development, resulting in pro-B cells
that expressed key B cell-specific genes (e.g. the genes that fail to be expressed in
EBF1-deficient mice) and activated V(D)J recombination. While Pax5 genes were
turned on by EBF1, enforced expression of Pax5 alone did not rescue B cell
development similarly.

24 J. Hagman et al.



During normal hematopoiesis, EBF1 is first expressed at low levels in CLPs
(Dias et al. 2005; Roessler et al. 2007). Comparisons of CLPs derived from wild-
type versus EBF1-deficient mice revealed important roles of EBF1 in B cell
specification and commitment (Zandi et al. 2008). In the absence of EBF1,
populations of CLPs failed to express transcripts of key genes required for
functional B cells, including Cd79a, B29/Cd79b and Igll1. Additionally, EBF1
was required for the activation of transcription factor genes Pax5, Pou2af1
(OCA-B/BOB-1/OBF1) and Foxo1, which play important roles at later stages of
B cell development (Kim et al. 1996; Schubart et al. 1996; Nutt et al. 1999; Hess
et al. 2001; Dengler et al. 2008; Herzog et al. 2008; Srinivasan et al. 2009).
EBF1-deficient CLPs also failed to initiate Ig heavy chain gene D–J recombi-
nation. Together, these data provide evidence for lineage priming of B cell-
specific genes by EBF1 in CLPs.

More recently, CLPs were sub-divided into three populations that possess
different lineage potentials related to their expression of EBF1 (Månsson et al.
2010). CLPs that expressed low levels of both EBF1 and a GFP reporter of Rag1
expression gave rise to NK, B and T cells. Increased Rag1/GFP expression cor-
related with increased Ebf1 expression and restriction of lineage potential to B and
T lymphocytes. The mice used in these studies also possessed a Igll1 pro-
moter:human CD25 transgene, which served as a reporter for k5 surrogate light
chain expression. Single-cell multiplex PCR analysis confirmed that Rag1hik5+

CLPs correlated with the highest frequency of Ebf1 expression, expressed Pax5
transcripts and were restricted solely to the B lineage (similar to Hardy fraction A
cells). The authors concluded that EBF1 plays a crucial role in CLPs to direct B
cell lineage commitment (together with Pax5 and Ikaros; Nutt et al. 1999; Reynaud
et al. 2008).

How EBF1 is activated in a subset of B cell progenitors is an open question.
Expression of EBF1 is likely driven by E2A proteins. Regulation of EBF1 may
also involve FOXO1 because FOXO1 binding sites have been found in regula-
tory regions across the Ebf1 locus (Kee and Murre 1998; Smith et al. 2002; Lin
et al. 2010). Ebf1 transcription may be regulated by IL-7/STAT5 signaling as
well (Purohit et al. 2003; Dias et al. 2005; Kikuchi et al. 2005; Roessler et al.
2007). However, a recent report demonstrated that EBF1 is expressed in STAT5-
deficient pro-B cells that have been rescued by Bcl-2 (Malin et al. 2010).
Activation of Ebf1 genes may involve a stochastic mechanism in which acti-
vation of a single allele is a consequence of low levels of activating signals
in a subset of CLPs. Additionally, EBF1 may promote its own expression by
repressing Id2 and Id3 expression, which in turn suppress E2A activity
(Pongubala et al. 2008; Thal et al. 2009). Once activated by EBF1, expression of
Pax5 increases EBF1 expression via a positive feedback loop (Roessler et al.
2007). Moreover, EBF1 has been reported to upregulate its own expression
(Smith et al. 2002). The data are consistent with a cascade of factors that drive
cells toward increasing production of EBF1 by direct positive regulation
(Rothenberg 2007), which promotes the B cell fate while limiting other lineage
choices.
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4.2 Effects of Changes in Ebf1 Gene Dosage on B Cell
Development

As described above, transcription of Ebf1 genes begins in CLPs, where the factor
biases cells toward B lymphopoiesis. As cells progress from CLPs to functional B
cells, they pass through multiple intermediate stages (i.e. Hardy fractions) as
identified by the sequential expression of cell surface markers and V(D)J
recombination (reviewed in Hardy et al. 2007) (Fig. 2). Progression through the
various stages is characterized by the expression of increasing amounts of EBF1,
which is generated by complex regulation of the Ebf1 gene’s two promoters
(Roessler et al. 2007). In a process that is linked with upregulation of Pax5, levels
of Ebf1 transcripts increase significantly between ‘B-biased’ cells (Hardy fraction
A) and pro-B cells (fraction B). Ebf1 transcripts are upregulated ([five-fold) in the
transition of pro-B cells to pre-B cells (fractions C0 and D; Roessler et al. 2007; H.
Lei and J.H., unpublished data). The basis of the upregulation in fractions C0 and D
is unknown. However, expression of different concentrations of EBF1 as devel-
opment progresses suggests that its activities are, in part, dosage-dependent.

Dosage-dependent effects of EBF1 have been confirmed in heterozygous knock-
out mice with single functional Ebf1 alleles. Numbers of B cell progenitors and
mature B cells were reduced by half in fetal livers, bone marrow and spleens of
Ebf1+/- mice (Lin and Grosschedl 1995; O’Riordan and Grosschedl 1999; Lukin
et al. 2010). This effect was compounded by combining the Ebf1+/- genotype with
haplo-insufficiency of Tcfe2a or Runx1 genes, which encode transcription factors
that bind DNA cooperatively with EBF1. EBF1:E2A (E47) complexes assemble on
promoters including Igll1 (Sigvardsson et al. 1997). Combined haplo-insufficient
mice with single functional Ebf1 and Tcfe2a alleles (Ebf1+/-Tcfe2a+/-) displayed
defective development of pro-B cells together with reduced expression of B
cell-specific transcripts including Pax5, Rag1, Rag2, Vpreb1, Igll1 and Cd79a.
These studies also included the first observations that EBF1 directly regulates Pax5
promoter transcription. Together, these studies indicated the importance of col-
laborative interactions between EBF1 and E2A proteins.

EBF1 also binds DNA cooperatively with the Runx1 transcription factor, which
was first described at the Cd79a promoter (Maier et al. 2004). Bone marrow B cell
development exhibited a striking compound phenotype in Ebf1+/-Runx1+/-, or
ERhet mice (Lukin et al. 2010). Most effects were apparent at the pro-B-pre-B
boundary and at subsequent stages. This disruption occurs later than effects
observed in Ebf1+/-Tcfe2a+/- mice. Reduced levels of EBF1 alone decreased the
frequency of Igk light chain gene rearrangements significantly. Other effects of the
compound genotype included: (1) delayed shut off of early progenitor-specific
genes (c-Kit, Vpreb1 and Igll1), (2) delayed activation of stage-specific markers
(Ikzf3, Cd25 and Cd2) and (3) loss of most pre-B, immature and mature B cells,
which normally express the highest levels of EBF1. The data are consistent with
stochastic mechanisms requiring increased levels of EBF1 at the pro-B to pre-B
cell boundary.
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It is notable that Ebf1+/-Tcfe2a+/- and Ebf1+/-Runx1+/- compound haplo-
insufficient mice have defective B cell development, while other combinations of
heterozygous alleles (Pax5+/-Runx1+/-, Ebf1+/-Ikzf1+/- and Ebf1+/-Gfi1+/-) do
not exhibit compound effects in B cells (K.L. and J.H., unpublished data; H. Xu
and H. Singh, privileged communication). In mammals, the expression patterns of
most genes are not affected by haploinsufficiency (Qian and Zhang, 2008). Thus, it
can be concluded that cooperative interactions between factors at nearby sites may
provide special conditions resulting in reduced transcription in mice with com-
pound genotypes. An exception to this model was observed at the Cd79a promoter,
which binds EBF1 and Runx1 with robust cooperativity. Expression of Cd79a
transcripts was not affected in Ebf1+/-Runx1+/- compound haplo-insufficient mice.
A high frequency of co-occupancy of promoters and enhancers by EBF1 and E2A,
or by EBF1 and Runx1, has now been confirmed by genomic analysis at a wide
range of loci in developing B cells.

4.3 EBF1 and B Cell Lineage Commitment

Lineage commitment is defined as the fixation of cells in a single lineage or fate
with the loss of potential to generate cells of other lineages. In higher eukaryotes,
mechanisms governing lineage commitment are best understood in B cells due to
the discovery that Pax5 regulates this process (Nutt et al. 1999; Rolink et al. 1999;
Mikkola et al. 2002). Pax5 contributes to B cell development in three major ways:
Pax5 (1) regulates B cell-specific gene expression in concert with EBF1, E2A and
other factors (reviewed in Ramirez et al. 2010), (2) positively regulates the
expression of Ebf1 genes (Roessler et al. 2007) and (3) represses the expression of
a large spectrum of non-B cell specific genes (Delogu et al. 2006). Together, these
mechanisms help activate the B cell program while restricting the expression of
other programs in committed B cells.

Recent work by Pongubala and colleagues elucidated a role for EBF1 in regu-
lating B cell commitment (Pongubala et al. 2008). Lymphoid progenitors of Ebf1-/-

mice are unable to differentiate into B cells and possess increased potential to
generate myeloid, dendritic and NK cells in reconstituted mice. These cells also
produced CD4+CD8+ double-positive and single-positive T cells in RAG-deficient
mice. Increased expression of EBF1 in MPPs induced B cell development at the
expense of myeloid development in vitro. Importantly, EBF1 inhibited the ability of
Pax5-deficient cells to attain alternative fates. These data suggest that the expression
of EBF1 is a commitment signal to the B lineage in the absence of Pax5.

Clues as to how EBF1 promotes the B cell fate were derived from the analysis
of gene expression with and without EBF1. In transduced cells, EBF1 antagonized
expression of both C/EBPa and PU.1, major determinants of myeloid differenti-
ation. EBF1 also repressed expression of Id2 and Id3, which inhibit the functional
activities of E2A proteins (Pongubala et al. 2008; Thal et al. 2009). Id2, Id3 and
Cebpa genes (encoding C/EBPa) are targets of direct regulation by EBF1.
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The ability of EBF1 to repress genes characteristic of earlier progenitors and of
other lineages is also dosage-dependent. Pro-B cells of Ebf1+/- mice expressed
significantly higher levels of Ly6a/Sca1 than cells of wild-type mice (Lukin et al.
2011). The haplo-insufficient pro-B cells also expressed multiple NK cell-specific
genes, including Cd244 (2B4). These effects were more apparent in these pro-B
cells and occurred despite expression of Pax5. Enforced expression of EBF1 in
Ebf1+/-Runx1+/- pro-B cells increased expression of B cell markers including
Igll1 and repressed expression of NK-lineage genes including Cd244, Cd160,
Klrb1c (NK1.1) and Nfil3 (E4BP4), a transcription factor that contributes to NK
cell development (Gascoyne et al. 2009). The data suggest that normal levels of
EBF1 are required for B cell identity, which EBF1 maintains by repressing the
expression of non-B lineage-specific genes.

5 Identification of EBF1 Target Genes Using
Genome-Wide Analysis

The full extent of EBF1’s control of the B cell transcriptome was made apparent
recently in two extensive studies (Lin et al. 2010; Treiber et al. 2010b). These
publications made use of ChIP-based technologies to assess the breadth of EBF1
binding to regulatory modules in the chromatin of pro-B cells. Common themes
arising from these experiments included the extent of EBF1 DNA binding, which
was detected at [500 genes. These sites were localized within sets of genes
involved in a host of biological processes including pre-BCR, BCR and PI3K/Akt/
mTOR signaling, B cell adhesion, cell cycle control and migration. The studies
also correlated EBF1 DNA binding with the status of epigenetic marks on histones.
Notably, EBF1 binding correlated with histone modifications necessary for
appropriate transcriptional activation and repression characteristic of the B cell
program. This suggests that EBF1 plays a primary role in the epigenetic regulation
of B cell development.

5.1 Binding of EBF1 to a Vast Array of Sites in Pro-B Cells

Treiber et al. (2010b) used multiple methods to identify functionally important
binding sites of EBF1 in vivo. First, a ‘ChIP-on-chip’ approach was employed to
estimate the number of genes that are occupied by EBF1 in pro-B cells. Immu-
noprecipitated fragments were used to probe DNA tiling arrays consisting of
17,000 DNA fragments surrounding transcriptional start sites (TSS) of promoter
regions. As a result, 228 potential target genes were identified. The functional
importance of EBF1 binding to these genes was confirmed by comparing patterns
of gene expression in Ebf1-/- pre-pro-B cells without and with expression of
EBF1. A high percentage of potential target genes were activated by enforced
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EBF1 expression in EBF1-deficient cells, including the canonical EBF1 targets
Igll1 and Vpreb1. A second set of experiments examined consequences of the loss
of EBF1 following Cre-mediated deletion of floxed Ebf1 alleles in gene-targeted
mice. The loss of EBF1 due to Cre resulted in down-regulation of genes identified
in the ChIP-on-chip experiments. Overlap between the datasets of gain-of-function
and loss-of-function experiments confirmed the regulation of a subset of genes by
EBF1, including Hes1 (Notch pathway), Sox4 and Pou2af1. The experiments
confirmed the previous identification of Ceacam1 and the immunomodulatory
adaptor gene Dok3 as targets of EBF1 regulation (Månsson et al. 2007; Ng et al.
2007). The list of genes repressed by EBF1 also included Pdcd1 and Ctla4
(members of the CD28 family), Icosl (the ligand of the Icos receptor) and Hlx
(a homeobox factor that regulates Th1 differentiation). Overall, the patterns of
activated and repressed genes suggest a positive role for EBF1 in regulating B cell
signaling, including BCR, CD19 and the PI3K pathways, while repressing sig-
naling pathways that are important in other cell types. It is noteworthy that many
EBF1-regulated genes involved in pre-BCR and BCR signaling are co-regulated
by Pax5, underscoring the importance of the EBF1-Pax5 axis in the B cell
program.

To extend the analysis of EBF1 DNA binding to regions outside known pro-
moters, Treiber et al. sequenced libraries of DNA generated following immuno-
precipitation using anti-EBF1 antibodies or control input DNA. This deep
sequencing approach identified *4,500 binding sites occupied by EBF1 within
100 kb of annotated genes (corresponding to 5,025 genes). The data displayed a
high degree of concordance with previous ChIP-on-chip data, as over 94% of
previously identified sites were also detected using deep sequencing. Interestingly,
the sites were restricted to genes that are expressed specifically in B cells. Binding
was not observed on genes that are thought to bind EBF1 in other cell types
(i.e., forebrain neurons, adipocytes and osteoblasts). Therefore, EBF1 binding is
restricted to genes of the B cell program in B cells.

5.2 Co-occupancy of Genes by EBF1 and E2A

Lin and colleagues (Lin et al. 2010) used a ChIP-seq approach not only to detect
the presence of EBF1 at promoter, enhancer and intragenic regions of genes in
murine pro-B cells, but also focused extensively on co-occupancy by other factors
that contribute to the B cell fate (Lin et al. 2010). The compiled sequences were
used to generate the consensus 50-G/A/TC/GTCCCT/C/AA/G/TGGGA-30, which
is very similar to the optimized EBF1 site identified previously using binding site
selection in vitro (50-ATTCCCNNGGGAAT-30)(Travis et al. 1993). In addition to
detection of EBF1 DNA binding, ChIP-seq was used to localize binding sites for
E2A and the Forkhead protein FOXO1 in pre-pro-B and pro-B cells. While
comparative analysis detected only rare evidence of co-occupancy of sites (within
150 base pairs) by EBF1 and FOXO1. Nine percent of the 1,753 genes upregulated
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in pro-B cells were co-occupied by EBF1 and E2A. Interestingly, sites occupied by
E2A shifted significantly between pre-pro-B cells in the absence of EBF1 and pro-
B cells that express EBF1. Sites common to both E2A and EBF1 binding corre-
sponded to genes involved in processes required for B cell development, including
transcriptional regulators, cell differentiation, control of the cell cycle and sig-
naling via the PI3K pathway, overlapping significantly with the list of (Treiber
et al. 2010b). Together, these data confirm the importance of synergistic interac-
tions between EBF1 and E2A.

5.3 Epigenetic Regulation of Genes by EBF1

DNA binding by EBF1 has been linked with changes in epigenetic marks at target
genes. Lin and colleagues (Lin et al. 2010) correlated the binding of EBF1 and
other factors including E2A with a series of histone modifications associated with
transcriptional activation or repression. Interestingly, the presence of the E2A
protein E47 correlated with histone H3K4 monomethylation (H3K4me1) at target
genes, which included those co-regulated by EBF1. H3K4me1 likely constitutes
a mark of ‘poised’ chromatin, an intermediate state that facilitates additional
epigenetic modifications necessary for transcription (Robertson et al. 2008).
However, at co-regulated genes, increased acquisition of the active trimethylated
mark H3K4me3 and subsequent H3 acetylation was observed following DNA
binding by EBF1. These data imply that active transcription requires cooperation
between EBF1 and E2A.

Treiber et al. also noted differences in epigenetic marks in the absence or
presence of EBF1 in B cell progenitors (Treiber et al. 2010b). Three classes of B
cell-specific genes were identified that bind EBF1 at their promoters: activated,
repressed and poised. At activated promoters, chromatin in the vicinity of EBF1
binding sites gained the H3K4me2 mark during the transition between pre-pro-B
and pro-B cells, which may be concurrent with expression of E2A. H3K4me3 and
H3 acetylation were noted in pro-B cells that expressed high levels of Ebf1
transcripts. In contrast, promoters of repressed genes possessed variable degrees of
H3K4 methylation, but were more likely to maintain negative H3K27me3 marks.
Poised genes represent a group in which EBF1 modifications of chromatin,
including H3K4me2, are induced at early stages and in the absence of transcrip-
tion. However, EBF1-dependent transcription of these genes occurs only at later
stages (mature B cells). H3K4me2 was identified previously as a mark of devel-
opmental ‘poising’ at hematopoietic genes (Orford et al. 2008). Transcription of
these poised genes (including Cd40) in mature B cells is ostensibly due to the need
for other factors, which require the modifications implemented by EBF1 to acti-
vate transcription at later stages of development. Interestingly, one report suggests
that factors (i.e. Sox4) induce histone modifications (including H3K4me2) in
the chromatin of EBF1 target genes (Igll1-Vpreb1) as early as blood-forming
hemangioblasts (Liber et al. 2010). Together, these data have led to a revision of
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the characterization of EBF1 as a pioneer factor (Hagman and Lukin, 2005)
because EBF1 mediates changes in chromatin and facilitates the binding of other
proteins in a ‘hematopoietic context’ (Treiber et al. 2010b).

5.4 Multiple Mechanisms Activate Cd79a Transcription
in Early B Cells

For many years, the B cell-specific Cd79a promoter has served as a useful model
for defining requirements for gene activation in early progenitors, and thus, B
lineage specification. When fully activated, the TATA-less promoter (localized to
*200 base pairs) binds multiple lineage-restricted DNA-binding proteins
including EBF1, Runx1(and its obligate partner CBFb), E2A proteins and Pax5,
which recruits Ets family proteins to bind a composite site (Fig. 3) (Hagman et al.
1991; Travis et al. 1991; Feldhaus et al. 1992; Fitzsimmons et al. 1996;
Sigvardsson et al. 2002; Maier et al. 2004). Based on recent publications, it is
possible to propose a new model that incorporates factor binding, histone modi-
fications, nucleosome remodeling and DNA demethylation in the activation of
Cd79a transcription.

Prior to their activation, Cd79a promoters are maintained in a highly-condensed
state that is relatively inaccessible (Gao et al. 2009). Analysis of histone modifi-
cations in non-B cells and pre-pro-B cells lacking EBF1 suggests that a ‘hemato-
poietic’ state is maintained in Cd79a promoter chromatin prior to the expression of
EBF1 (Treiber et al. 2010a, b). Key features of this state may include: (1) repression
by Polycomb group proteins, which have been linked with repression of the Pax5
gene prior to its activation by EBF1 (Decker et al. 2009), (2) epigenetic modifi-
cations that facilitate EBF1 binding (Heinz et al. 2010; Liber et al. 2010), and/or (3)
interactions with E2A, Runx1 or other transcription factors. Recent data demon-
strated that E2A, which is expressed as early as HSCs, is sufficient for modifications
of histones at Cd79a promoters that include H3K4me1 (Lin et al. 2010). An
additional modification that has received less attention is DNA methylation, which
modifies CpG dinucleotides with 5-methylcytosine (reviewed in Jaenisch and Bird,
2003; Bonasio et al. 2010). Prior to the expression of EBF1, Cd79a promoters
possess only methylated CpGs, which are generally associated with inactive pro-
moters. In turn, hypermethylated chromatin with inactive histone modifications
provides a substrate for Mi-2/Nucleosome Remodeling and Deacetylase (Mi-2/
NuRD) complexes. Mi-2/NuRD includes subunits that bind methylated DNA,
deacetylate or demethylate histones and mobilize nucleosomes to assemble and
maintain compact chromatin (reviewed in Ramírez and Hagman, 2009).

Biochemical experiments suggest that, following its expression in CLPs/pre-
pro-B cells, EBF1 assembles complexes on Cd79a promoters with Runx1/CBFb
and E2A proteins. Experiments in murine EBF1-deficient fetal liver progenitors
and plasmacytoma cells demonstrated that EBF1 is sufficient to initiate DNA
demethylation and chromatin remodeling. These modifications increase local
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chromatin accessibility, but they do not lead to transcription in the absence of other
transcription factors (Gao et al. 2009). In both of these cellular models, expression of
Pax5 was important for the propagation of DNA demethylation and subsequent

+1–500

Histone H3 tail modifications
monomethyl-lysine
dimethyl-lysine
trimethyl-lysine
acetyl-lysine

methyl-CpG

K27

Inactive 
non-hematopoietic cells

K27K27

Poised/pre-activation
CLPs/pre-pro-B cells

Active
Pro-B cells

Mi–2/NuRD

+1–500

K4 K4

+1–500

K4 K4
EBF1

+1–500

K4 K4

K9
Pax5

Mi–2/NuRD

SWI/SNF Mi–2/NuRD

K9
Pax5

E2A

Runx1/
CBFβ

EtsEts

Fig. 3 A model of stepwise epigenetic modifications of Cd79a (mb-1) promoters during early B
cell development. Transcriptional activation of the Cd79a gene is necessary for progression to the
pre-B cell stage. Inactive Cd79a promoters in non-hematopoietic cells (right) are characterized
by histone H3K27 trimethylation, a mark of heterochromatin and repression. Chromatin at these
promoters is likely maintained in an inactive state by repressive Mi-2/NuRD chromatin
remodeling complexes (CRCs). During pre-activation of Cd79a genes in common lymphoid
progenitors (CLPs) and pre-pro-B cells (top left), H3K4 mono- and di-methylation is correlated
with binding of the transcription factor E2A to Cd79a promoters. Poised promoters generally
display low levels of mono-, di- and tri-methylated H3K4 and do not display significant levels of
H3K27 trimethylation. Binding of EBF1 initiates demethylation of promoter DNA and recruits
activating SWI/SNF CRCs, which result in nucleosome displacement (middle left). Activation of
Cd79a expression in pro-B cells involves the subsequent recruitment of other transcription factors
including Pax5 and Ets proteins and correlates with a displacement of repressive Mi-2/NuRD
complexes, b complete demethylation of promoter DNA, c increased H3K4 di- and trimethy-
lation with loss of monomethylation and d high levels of H3K9 acetylation (bottom left). This
model is based, in part, on data from Gao et al. (2009), Lin et al. (2010), Treiber et al. (2010b)
and unpublished data (J.R. and J.H.)
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transcription. These processes are dependent on SWI/SNF chromatin remodeling
complexes, which are recruited to the promoter following DNA binding by EBF1.
The activity of SWI/SNF is opposed functionally by Mi-2/NuRD. shRNA-mediated
depletion of Mi-2b (Chd4), a core catalytic subunit of Mi-2/NuRD, greatly enhances
activation of Cd79a promoters by EBF1 and Pax5 in plasmacytoma cells. Depleting
Mi-2b facilitates the propagation of DNA demethylation and allows for the
assembly of Pax5:Ets ternary complexes on unmethylated CpGs (Maier et al. 2003;
Maier et al. 2004). The mechanism by which EBF1, Pax5 and SWI/SNF exclude
Mi-2/NuRD from the Cd79a promoter is unknown. A dynamic competition likely
exists between EBF1 and other transcription factors that promote DNA demethyl-
ation versus the recruitment of Mi-2/NuRD to methylated CpGs.

Following the binding of Cd79a promoters by EBF1, Pax5 and other proteins,
additional changes in histone modifications take place. These activities may be
mediated by histone acetyltransferase (HAT) domains of the p300 co-activator,
which are recruited by EBF1 (Zhao et al. 2003; He et al. 2011). Interestingly, p300
can acetylate Pax5 directly, which increases its activity in some contexts (He et al.
2011). Efficient transcription is associated with a reduction in nucleosome density
across the promoter region (Gao et al. 2009; J.R. and J.H., data not shown) and an
increase in histone H3K4 trimethylation and H3 acetylation at flanking nucleo-
somes (Lin et al. 2010; Treiber et al. 2010b). Although much has been revealed
recently, additional experiments are needed to determine the identities and define
the temporal progression of factors that mediate the changes in chromatin structure
necessary for Cd79a transcription.

6 Conclusions

Initial investigations concerning EBF1 confirmed its regulation of key genes nec-
essary for early B cell development. These observations led to the hypothesis that
EBF1 participates in the specification and commitment of B cell progenitors. It is
now established that EBF1 instructs this lineage choice. In collaboration with a
hierarchy of partner proteins, including E2A, Runx1 and Pax5, EBF1 activates the B
cell transcriptome and represses programs of alternate hematopoietic lineages.

The elucidation of much of the structure of EBF1 provides important infor-
mation concerning its DNA binding, and provides clues to how it may interact
with other proteins and activate transcription. The structures provide a basis for
addressing aspects of its regulation, including the potential for modulating its
activity and integration with signaling pathways. Additional structural and func-
tional studies are needed to elucidate requirements for the three a-helices in the
HLHLH domain of EBF1, while only two a-helices suffice for functions of b-HLH
proteins. The role of the TIG/IPT domain also remains an enigma. Does it enhance
dimerization or does it have other functions?

Collaborative networks of transcription factors direct lineage specification in all
known developmental programs. Data confirms the essential role of EBF1 in the B
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cell network. As early as the CLP stage, EBF1 directs the expression of genes of
the B cell program. Failure to express sufficient levels of EBF1 results in reduced
ability to maintain commitment and limits production of B cells. Although it has
been determined that EBF1 regulates hundreds of genes in early B cells, many
questions remain. At early stages of development, how are different outcomes of
transcriptional activation or repression achieved by EBF1? EBF1 activates genes
largely in concert with E2A. Do interactions with other factors convert EBF1 into
a repressor? Does EBF1 regulate V(D)J recombination directly?

Recent studies have established multiple roles for EBF1 in modulating chro-
matin structure. However, the underlying mechanisms are yet to be revealed. Does
EBF1 recruit histone modifying enzymes and/or chromatin remodeling complexes
directly? How does EBF1 facilitate the demethylation of DNA? Are Mi-2/NuRD
complexes excluded from promoters by EBF1?

Regulation of early B cell development by EBF1 has provided a paradigm for
the control of transcription and cellular differentiation. EBF1 has also proven to be
an important regulator of signaling pathways in B cells. Future investigations
should address the functions of EBF1 in B cell responses to antigens.
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Epigenetic Features that Regulate IgH
Locus Recombination and Expression

Ramesh Subrahmanyam and Ranjan Sen

Abstract Precisely regulated rearrangements that yield imprecise recombination
junctions are hallmarks of antigen receptor gene assembly. At the immunoglobulin
heavy chain (IgH) gene locus this is initiated by rearrangement of a DH gene
segment to a JH gene segment to generate DJH junctions, followed by rear-
rangement of a VH gene segment to the DJH junction to generate fully recombined
VDJ alleles. In this review we discuss the regulatory features of each step of IgH
gene assembly and the role of epigenetic mechanisms in achieving regulatory
precision.
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1 Overview of the Immunoglobulin Heavy Chain Genomic
Organization

Immunoglobulin heavy chain (IgH) genes are assembled by somatic recombination
of variable (VH), diversity (DH) and joining (JH) gene segments that are spread over
2.5 Mb of the genome. The murine IgH locus contains approximately 150 VH gene
segments which, based on sequence homologies, are sub-divided into several gene
families. The most prominent of these are indicated in Fig. 1. VHJ558 and VH3609
gene families overlap at the 50 end of the locus and contain the largest numbers of VH

gene segments (Johnston et al. 2006). At the 30 end of the VH locus is the VH7183
family, which includes the 30-most VH gene segment VH81X that recombines at high
frequency during fetal B lymphopoiesis (Yancopoulos et al. 1984; Perlmutter et al.
1985; Lawler et al. 1987; Jeong and Teale 1988; Malynn et al. 1990; ten Boekel et al.
1997). Approximately 100 kb separate the VH locus from a cluster of DH gene
segments. The number of DH gene segments varies between 9 and 12 according to
the mouse strain. The 50-most DH gene segment, DFL16.1, and the several DSP
gene segments after it form a part of a repeated DNA unit (Bolland et al. 2007;
Chakraborty et al. 2007); repeats that lie in the middle of the cluster are more similar
to each other than the repeats that lie at either flank. Beyond the repeated structure,
the mouse genome contains one DST4 gene segment and then, after a gap of 18 kb,
the 30-most DH gene segment, DQ52. DQ52 is located less than a kilobase from the
first JH gene segment. This organization, whereby one DH gene segment lies very
close to JH gene segments and others lie further away in repeat structure, is found in
most mammalian species for which IgH locus sequence is available (Subrahmanyam
and Sen 2010). In mice, there is another DST4-like gene segment located approxi-
mately 60 kb 50 of DFL16.1; however, it appears to be used infrequently (Ye 2004).

2 The First Step of IgH Gene Assembly: DH to JH

Recombination

2.1 Features of DH to JH Recombination

Ig gene assembly is initiated by the recombination of a DH gene segment to one of
the four JH gene segments. DH gene segments are flanked on both sides by
recombination signal sequences (RSSs) that contain 12 bp spacers, whereas JH
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RSSs contain a 23 bp spacer. Thus, in principle, DH to JH recombination can
proceed with inversion or deletion of the intervening DNA. Yet, in the majority of
fully recombined VDJ alleles, the DJH junction is generated by deletional
recombination (Gauss and Lieber 1992). Wu et al. estimated the frequency of
inversional DH to JH recombination to be less than 0.1% in the adult bone marrow
(Sollbach and Wu 1995). Although these observations suggest that deletion is the
preferred mode of DH recombination, the idea is based on the analysis of func-
tional VDJ alleles and not from direct observation of primary DH rearrangements.
Therefore, it is possible that the results are skewed by other selection events.
Lieber et al. analyzed the compatibility of 50 and 30 DH-associated RSSs for
recombination to the JH RSS in the absence of additional confounding regulatory
variables (Pan et al. 1997). Using recombination substrates that allowed them to
quantify the level of recombination by either deletion or inversion in transient
transfection assays, they found that the recombination efficiency of the 50-RSS of DH

gene segments (that would be used in inversional recombination) is approximately
tenfold lower than the 30-RSS (that would be used in deletional recombination).
While these observations provide a partial explanation for deletional preference
during DH to JH recombination, it remains unclear why deletion is the favored route
for this step of recombination. We have previously proposed that DH recombination
by deletion may activate secondary VH recombination by reducing the distance
between the VH locus and the DH–Cl part of the locus on DJH recombined alleles
(Chowdhury and Sen 2001, 2004). However, the importance of deletional DH

recombination to VH activation has not been experimentally tested yet.

Fig. 1 Organization of the mouse immunoglobulin heavy chain gene locus. Schematic
representation of the approximately 3 Mb long germline heavy chain gene locus in mouse (not
to scale). The variable gene segments (VH) occupy approximately 2.5 Mb at the 50 end of the
locus (purple (left) shaded area) and are divided into distal (VHJ558 and VH3609), intermediate
and proximal (VHQ52 and VH7183) gene families. The distal genes cover approximately 1.5 Mb
of the locus with overlapping VHJ558 and VH3609 gene segments. The 12 intermediate VH gene
families (VH int) span about 700 kb; each family consists 1–6 gene segments. The proximal gene
families cover about 300 kb, and contain overlapping segments from VHQ52 and VH7183
families. The DH–Cl part of the locus (blue (middle) shaded area) occupies approximately 75 kb,
with the DH region consisting of the 50 most gene segment DFL16.1, intermediate DSP and DST4
gene segments and the 30 most gene segment, DQ52. There are four JH gene segments followed
by the intronic enhancer El and the exons coding for constant heavy chains Cl and Cd. The
intronic enhancer El and the promoter upstream of DQ52 (PQ52) are shown as yellow circles.
The rest of the constant region spans about 200 kb (yellow (right) shaded area) and consists of
coding exons for six other constant heavy chain isotypes and the 30 regulatory region (30RR,
yellow oval) which includes the 30 Ea enhancer and seven DNase I hypersensitive sites. Looping
sites at 50DFL, PQ52, El and 30RR are shown by black arrows
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Another feature of DH to JH recombination is that the two flanking gene seg-
ments, DFL16.1 and DQ52, are used more frequently in VDJ junctions than the
numerically larger number of DSP gene segments that lie in between (Feeney
1990; Tsukada et al. 1990; Bangs et al. 1991; Chang et al. 1992; Atkinson et al.
1994; Nitschke et al. 2001). Whilst the simplest interpretation of these observa-
tions is that flanking DH gene segments recombine more efficiently, it cannot be
ruled out that the fully rearranged alleles analyzed in these studies were selected
during B cell development. Furthermore, the snapshot view of functional alleles
also does not account for secondary DH–JH rearrangements that involve the joining
of DH gene segments upstream of the DJH junction to downstream JHs. Such
rearrangements would also skew the distribution of DJH junctions towards greater
utilization of DFL16.1 without invoking greater recombination efficiency for this
gene segment. Tsukada et al. (1990) carried out a quantitative analysis of the
efficiency of DH recombination in a temperature sensitive Abelson virus trans-
formed B cell line. By restricting their analysis to primary DH recombination, they
concluded that the two flanking gene segments recombined preferentially. Our
studies of DH utilization after transient RAG2 expression in a RAG2-deficient cell
line also reached the same conclusion (R. Subrahmanyam and R. Sen, unpublished
observations). Thus, it is likely that the two flanking DH gene segments are
inherently more recombinogenic. Preferential rearrangement of DFL16.1 and
DQ52 also ensures maximal diversity of DH usage, which would otherwise be
dominated by the more numerous, but less diverse, DSP gene segments.

2.2 Regulation of DH Recombination

The basis for selecting gene segments for recombination is generally viewed in the
context of the accessibility hypothesis of Alt and colleagues (Yancopoulos and Alt
1985; Cobb et al. 2006; Abarrategui and Krangel 2009). Its central tenet is that the
recombinase gains access to different loci in cells depending on their lineage and
developmental stage. For example, IgH genes are accessible to the recombinase
only in B cells, but not T cells; similarly, the IgH locus is accessible to the
recombinase earlier in B cell development compared to Ig light chain loci. The
earliest studies of the regulation of recombination pointed to a role for chromatin
structure based on the observation that accessible gene segments were sensitive to
digestion by DNase I (Yancopoulos and Alt 1985; Blackwell et al. 1986; Ferrier
et al. 1989). However, the nature of chromatin structural changes that confer
recombinase accessibility have only recently begun to be clarified. Studies in
transgenic and knockout mice show that accessibility is controlled by transcrip-
tional regulatory sequences such as promoters and enhancers (Thomas et al. 2009).
The evolving idea is that these sequences alter the epigenetic state of antigen
receptor loci making them permissive for recombination. These epigenetic chan-
ges include histone modifications, chromatin remodeling, DNA methylation,
sterile transcription and chromosome conformation.
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2.3 Epigenetic Features of the DH–Cl Domain

There are several striking features of the epigenetic landscape of the DH–Cl
domain of the IgH locus that may regulate DH recombination. First, this region
contains five tissue-specific DNase I hypersensitive sites (DHSs). Two of these
correspond to the transcription enhancer El located in the JH–Cl intron and a
promoter located 50 of DQ52 (PQ52) where sterile lo transcripts initiate
(Chowdhury and Sen 2001). The PQ52 DHS is abolished in the absence of El,
indicating that it is El-dependent (Chakraborty et al. 2009). This dependence
likely reflects El-dependent transcriptional activation of PQ52. Recently, three
new DHSs have been identified within 10 kb 50 of DFL16.1 (Featherstone et al.
2010). These DHSs contain binding sites for the transcription factor CTCF and two
of the sites have been shown to have insulator activity. Based on these observa-
tions, these DHSs have been proposed to mark the 50 boundary of the DH–Cl
domain. Finally, the region between El and PQ52, that contains DQ52 and the JHs,
is much more sensitive to DNase I without actually containing DHSs (Maes et al.
2006; Chakraborty et al. 2009). The basis for accentuated DNase I sensitivity of
this region is not understood.

Second, the histone modification pattern within the DH–Cl region is markedly
heterogeneous. Amongst DH gene segments, activation-associated histone modifi-
cations, such as H3 and H4 acetylation, and H3K4-dimethylation, are restricted to
DFL16.1 and DQ52. The majority of intervening DSP gene segments are, instead,
associated with the repressive modification of H3K9-dimethylation. Thus, most of
the 50 kb DH cluster has features of heterochromatin. We have previously proposed
that heterochromatinization of this region may be initiated at the DSP repeats by a
mechanism analogous to centromeric heterochromatin formation in S. Pombe
(Chakraborty et al. 2007; Subrahmanyam and Sen 2010). Consistent with the
presence of repressive histone modifications in this region, DSP gene segments are
also relatively insensitive to DNase I digestion compared to DFL16.1 and DQ52
(Chakraborty et al. 2009). Because these distinct differences in chromatin state
between flanking (DFL16.1 and DQ52) and intervening (DSP and DST4) DH gene
segments may account for the differences in their recombination efficiency, it is
important to understand how the state is generated and to identify the cis-regulatory
sequences and transcription factors involved. Interestingly, the highly DNase I
sensitive region encompassing the JH gene segments is also marked by the highest
levels of acetylated and H3K4-trimethylated histones compared to the rest of the
DH–Cl domain. The unique characteristics of this small domain are likely to be
important for IgH gene rearrangements and expression.

Third, tissue-specific DNA de-methylation is found only at PQ52 and El,
thereby correlating with the two best characterized DHSs (R. Selimyan and R. Sen,
unpublished observations). The region surrounding the DHSs upstream of
DFL16.1 has not been systematically analyzed for DNA methylation, thus leaving
open the question of whether all DHSs in the DH–Cl domain are targeted for
hypomethylation. It is interesting to note, however, that the JH cluster is not CpG
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demethylated, despite bearing many other hallmarks of epigenetic activation
described above. Fourth, lo and Il sterile transcripts initiate at PQ52 and El
respectively. The other DH gene segments are marked by low levels of anti-sense
transcripts that are directed away from Cl (Bolland et al. 2007; Chakraborty et al.
2007). Bolland et al. have proposed that these anti-sense transcripts initiate at El,
and proceed through the JH region and into the DSP and DFL16.1 gene segments.

2.4 Chromosome Conformation of the DH–Cl Domain

Chromosome conformation capture (3C and 4C) studies (Zhao et al. 2006; Sexton
et al. 2009; Vassetzky et al. 2009) of the pre-rearrangement IgH locus reveal
interactions of El with sequences 50 of DFL16.1 (50DFL) and with the 30 regu-
latory region (30RR) that is centered approximately 200 kb from El (C. Guo and
R. Sen, unpublished observations). The 30RR (see Fig. 1) consists of several DHSs
(HS 1, 2, 3a, 3b, 4–7) spread over approximately 35 kb (Garrett et al. 2005). The
cluster comprising HS 1, 2, 3a, and 3b lies within an inverted repeat region
extending 25 kb beyond the exons encoding Ca. These sites, which include the
30 Ea enhancer (Dariavach et al. 1991; Michaelson et al. 1995), are found only in
activated B cells (Giannini et al. 1993; Madisen and Groudine 1994), and likely
regulate switch region transcription associated with class switch recombination
(Manis et al. 2002; Wuerffel et al. 2007; Dunnick et al. 2009). Sites 4–7 are present
in a pro-B cell line and therefore may be functional at early stages of B cell
differentiation (Giannini et al. 1993; Michaelson et al. 1995; Saleque et al. 1997).
Interestingly, CpG residues within HS 4–7 are partially demethylated in pro-B
cells (Giambra et al. 2008), analogous to the demethylation seen at PQ52 and El .

These interaction studies are consistent with a three-loop configuration for the
30 end of the IgH locus (Fig. 2a). The smallest loop of approximately 5 kb is
generated by El-PQ52 interaction. The size of this loop is too small to be
convincingly determined by 3C studies, and its existence is inferred from the
observation that the PQ52 DHS and lo transcripts initiated at PQ52 are
El-dependent. This loop coincides with the region of maximum epigenetic acti-
vation described above and contains DQ52 and the four JH gene segments. It also
corresponds closely to the region that binds the highest levels of RAGl and RAG2
proteins within the germline IgH locus (Ji et al. 2010). Localization of RAG
proteins to this domain may be mediated by the recognition of high levels of
H3K4me3 by the PHD domain of RAG2 (Liu et al. 2007b; Matthews et al. 2007;
Ramon-Maiques et al. 2007) as well as RAG1 recognition of the JH-associated
RSSs (Ji et al. 2010). In this regard, the particularly accessible chromatin structure
of this region indicated by its excessive DNase I sensitivity may be an essential
feature of RAG1 recruitment to this region. Thus, the epigenetic state of this small
loop contributes in multiple ways to generate the RAG-rich recombination center.

The next biggest loop is generated by interaction of 50DFL sequences with El.
This 58 kb loop contains all DH gene segments other than DQ52. Most of this loop
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is marked by heterochromatin-associated H3K9me2 modification, is insensitive to
DNase I digestion and contains low levels of anti-sense transcripts. Only DFL16.1
lies in a pocket of active chromatin that corresponds to the base of the loop. The
spatial proximity of DFL16.1 to El in this configuration suggests that El may
have a role in inducing activation modifications at this location. Consistent with
this view, El-deleted IgH alleles lack the peak of histone acetylation at DFL16.1
(Chakraborty et al. 2009).

Finally, the largest loop is generated by interaction of El with sequences
located within HS5-7 of the 30RR. This part of the 30RR has been previously
shown to contain hyperacetylated histones H3 and H4 in pro-B cell lines (Giambra
et al. 2008) and its physical proximity to El suggests that El may contribute to
histone acetylation in this region as well. Preliminary studies with El-deficient
pro-B cell lines indicate that activation modifications within HS5-7 are partially
El-dependent (C. Guo and R. Sen, unpublished observations). Although histone

Fig. 2 Model for a dynamic three-loop configuration at the 30 part of the IgH locus (a) three-loop
configuration predicted from 3C and 4C studies of WT IgH alleles. The regulatory sequences El
(blue), PQ52 (purple), 30RR (yellow) and the looping site 50DFL (light blue) are shown as
diamonds that are clustered in this configuration. The smallest PQ52-El loop, shown in green,
contains DQ52 and the four JH gene segments. This region is maximally sensitive to nuclease
digestion, is marked with highest levels of acetylated histones H3/H4 and H3K4me3 and
coincides closely with the RAG1/2-rich recombinase center identified by Ji et al. (2010). The next
biggest loop in red (labeled DSPs) contains all other DH gene segments, with DFL16.1 (the
50-most DH gene) located close to the base of the loop near 50DFL. Most of this loop is marked
with heterochromatic H3K9me2 except at the bases (PQ52 and 50DFL). The largest loop, of
approximately 200 kb, forms between El and the 30RR; it contains the exons encoding all IgH
constant regions. b–d Alternative conformations of the 30 part of the IgH locus. The three-loop
configuration shown in (a) is likely in dynamic equilibrium with a variety of two-loop
configurations such as those shown in (b) and (d). c represents a situation where one of the DSP-
associated promoters transiently interacts with El, thereby bringing a DSP gene segment to the
base of the loop and close to the RAG-rich recombination center to allow DSP to JH

rearrangements
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modification status of most of this 200 kb loop has not been systematically
examined, H3 and H4 acetylation reduces to background levels within 6–8 kb 30 of
El and heterochromatic H3K9me2 is present at Cc3 exons (located 61 kb 30 of El)
and at Ca exons (located 162 kb 30 of El). Extrapolating from these albeit
restricted regions, we surmise that the rest of this loop is also likely to be in a
relatively inactive chromatin state in pro-B cells. Thus, other than at the RAG-rich
recombination center, the only pockets of epigenetically active chromatin in the
germline IgH locus are found at the bases of the two larger loops. Interestingly,
these are also the only regions that contain hypomethylated CpG DNA.

We note that biochemical chromosome conformation assays measure an
ensemble average of locus conformations. Therefore, the three-loop configuration
envisaged for this part of the IgH locus is unlikely to be a stable structure, or one that
exists in all pro-B cells. Rather the proposed loops represent sites of most probable
interactions and we imagine a dynamic state within cells where these loops form
and break continuously (Fig. 2b–d). Whilst the three-loop configuration may exist
in some cells within a population, or for some time within a cell, it will soon be
replaced by various other single- or double-looped transient configurations.

2.5 Functional Implications of the Structure
of the 30 IgH Domain

The most prominent feature of the proposed structure is that most DH gene seg-
ments (other than DQ52) are located within a domain that is tethered by El. We
have previously proposed that the pocket of activated chromatin around DFL16.1
may be responsible for its higher utilization in DH rearrangements compared to the
DSP gene segments, for example, by increasing RAG1/2 binding to active chro-
matin around this gene segment. The current observation that places DFL16.1 in
close physical proximity to El leads to a more satisfactory explanation for its
greater usage. Since El is located close to the RAG-rich JH region, proximity of
DFL16.1 to El brings DFL16.1 close to the RAG-rich domain. In this configu-
ration chromatin modifying enzymes associated with El induce epigenetic
alterations around DFL16.1 and RAG proteins tethered near the JHs can recognize
these alterations to initiate V(D)J recombination. The ‘symmetrical’ disposition of
DQ52 and DFL16.1 to the RAG-rich domain brought about by the 50DFL-El
looping may therefore provide the basis for over-utilization of these two gene
segments in DH to JH recombination (Feeney 1990; Tsukada et al. 1990; Bangs
et al. 1991; Chang et al. 1992; Atkinson et al. 1994; Nitschke et al. 2001).

The proposed structure explains the lower frequency of DSP gene rearrange-
ments compared to either DFL16.1 or DQ52. We suggest that this is because DSP
gene segments are located further away from the recombination center within the
prominent DFL-El loop. However, it also raises the question as to how RAG1/2
proteins bound at the recombination center ever find DSP gene segments to initiate
rearrangements. Our earlier studies demonstrate that promoters associated with
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DSP gene segments are activated for transcription after rearrangement, presumably
by interacting with El. That is, they are El-dependent promoters like PQ52. We
imagine that as the three major loops break and reform, it is possible that every so
often El associates with an unrearranged DSP promoter rather than with DFL16.1
(Fig. 2c). This would transiently bring that DSP gene segment and its associated
RSS into the vicinity of the RAG-rich JH region, thereby permitting DSP to
JH recombination to proceed (Fig. 2). Since the most frequent El loops
occur to DFL16.1, DSP rearrangements occur less frequently than DFL16.1
rearrangements.

The proposed structure also allows a plausible explanation for the observation
that a VH gene segment introduced very close to DFL16.1 appears to recombine
preferentially with DQ52 (located 50 kb away) rather than with germline DH gene
segments located closer (Bates et al. 2007). The location of the knocked-in VH

gene places it at the base of the 50DFL-El loop and therefore close to the DQ52-JH

containing RAG-rich domain. Normally, RAG-initiated cleavage at JH-associated
RSSs finds only DQ52- or DFL16.1-associated RSS within this chromatin domain,
thereby leading to primarily DQ52- or DFL16.1 to JH recombination. Even when
breaks occur at the DQ52-RSS, they would most readily find a complementary
JH-RSS for synapsis. However, with a VH-RSS in spatial proximity to DQ52 due to
50DFL-El interaction, RAG-initiated cleavage at DQ52 would find a comple-
mentary RSS associated with the knocked-in VH gene. Conversely, breaks at the
knocked-in VH-RSS induced by its spatial proximity to the RAG-rich domain
could synapse with the DQ52-RSS to promote VH to DQ52 rearrangement. This
hypothesis implies that the DFL16.1-RSS becomes relatively RAG-poor compared
to the DQ52-RSS because it is now located 5 kb away from the base of the loop.

A key feature of our model is that recombination to unrearranged DH gene
segments initiates within the RAG-rich DQ52-JH domain and proceeds within the
chromatin limits of the 50DFL-El loop. This leads to the prediction that if the
50DFL to El loop could be expanded to include VH gene segments, then VH to
germline DH rearrangements, particularly to DQ52, may be possible. For example,
in the absence of the 50DFL looping site, El would loop to some site in the VH

region, thereby bringing this region into spatial proximity of the RAG-rich
domain. Now RAG-induced initial cleavage at a DQ52 RSS could potentially find
a complementary RSS to synapse with not only at one of the JHs (leading to
canonical DJH rearrangement), but also near a spatially proximal VH gene segment
resulting in VH to DQ52 rearrangements. As discussed above, the proclivity of the
nearest VH gene segment for rearrangement would be affected by the distance of its
associated RSS from the base of the loop. Conversely, the propensity of DFL16.1
rearrangements would be reduced because this gene segment would no longer be
located near the base of a El-tethered loop.

This may explain in part the recent observations of Giallourakis et al. (2010),
who generated a large deletion in the IgH locus that spans the region from just 50 of
VH81X till just after DFL16.1. Such a deletion removes the 50DFL looping site and
places the most proximal VH gene segment about 9 kb 50 of the nearest DSP gene
segment. Whereas VH recombination is normally restricted to the B lineage, they
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found that VH7183 genes at the modified IgH locus rearranged in thymocytes.
Breakdown of the strict regulation of VH recombination led Giallourakis et al. to
propose the presence of an important regulatory element in the deleted region. The
50DFL looping site is a likely candidate for being this putative regulatory element.
In the absence of this element, El would loop to the next available upstream site
which, based on the recombination results, probably lies within the proximal
VH7183 gene family. In this configuration, one or more VH gene segments would
be incorporated into this loop and those that lie close to the base of the loop will be
in spatial proximity to the RAG-rich recombination center. In other words,
the spatial location of one or more VH gene segments would be analogous to the
position of DH gene segments on wild-type alleles. Since DH genes are known to
rearrange in thymocytes, analogously positioned VH gene segments may become
similarly permissive for recombination.

We have previously proposed that DH rearrangement by deletion may have
been selected as the preferred mode of DJH recombination because deletion
brings VH genes closer to the DH–Cl domain, and thereby possibly under the
influence of El (Chowdhury and Sen 2004). The looped configuration of the
DH–Cl region provides another perspective on the lack of inversional DH to JH

recombination. In the case of DH recombination by deletion, the PQ52 DHS is
lost (except when DQ52 recombines) and a different DH-associated promoter is
brought near JH. Promoter activation by proximity to El leads to transcription
and increased nuclease accessibility at the DJH junction (see below). The
resulting configuration resembles the germline situation with El interacting with
two regulatory sequences: the promoter associated with the rearranged DH gene
segment and 50DFL. On alleles that rearrange DH with inversion, the locus would
retain PQ52 at a different position relative to El and DFL16.1. Such a config-
uration would contain three regulatory sequences (the rearranged DH promoter,
PQ52 and 50DFL) that could potentially ‘sequester’ El activity. Such a chro-
matin configuration could be detrimental to VH recombination, for example by
reducing El–dependent activation of the DJH junction for RAG-induced cutting
or diffusing the RAG-rich recombination center over a larger portion of the
genome.

3 The Second Step of IgH Gene Assembly: VH to DJH

Recombination

The second step of IgH gene assembly leads to the recombination of a VH gene
segment to the DJH junction. VH recombination proceeds by deletion and the
shortest recombinational event deletes approximately 100 kb of intervening DNA
(when the 30 most VH gene, VH81X, recombines to the 50-most DH segment,
DFL16.1). Utilization of distal VHJ558 or VH3609 families requires juxtaposition
of gene segments located more than 2 Mb away from the DJH junction. Thus, it is
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quite remarkable that VH recombination occurs precisely to the RSS associated
with the DJH junction and not to RSSs associated with unrearranged DHs located 50

of the DJH junction. Specificity of VH recombination is further highlighted by the
fact that the closest germline DH gene segment is only 4 kb 50 of the DJH junction.
The basis for this specificity may lie in several epigenetic features that distinguish
DJH junctions from the multiple unrearranged DH gene segments that lie 50 to it.

3.1 Chromatin Structural Changes that Accompany DH to JH

Recombination

DH to JH rearrangement activates transcription from the promoter located 50 of the
recombined DH gene segment. This is evident from increased transcription
as well as increased RNA polymerase recruitment selectively to DJH junctions
(Chakraborty et al. 2007). DJH junctions present on El-deleted IgH alleles are
transcriptionally inactive indicating that rearranged DH promoters are activated by
El (unpublished observations). Interestingly, DH-associated promoters appear to
be bi-directional, leading to increased transcription towards and away from the Cl
exons. However, levels of the anti-sense oriented transcript (directed away from
Cl) decrease rapidly with increasing distance from the promoter, perhaps due to
de-stabilization of this transcript by lack of splicing or ineffective transition of
RNA PolII to its elongating form.

The simplest way to explain activation of DJH promoters, but not upstream
germline DH promoters, by El is that El activates transcription effectively only
from the most proximal promoter. In the unrearranged IgH locus, the problem of
tandem promoters and selective activation of the most El-proximal promoter is
less acute. Prior to DH rearrangement the promoter most proximal to El is PQ52
and this interaction results in lo transcripts. Because of the gap between DQ52 and
the next DH gene segment, the next closest DH-associated promoter is approxi-
mately 21 kb from El. Perhaps El cannot activate this promoter because of the
distance, or because of sequestration of El by PQ52 and 50DFL sequences, or
because of the heterochromatic nature of the intervening region between PQ52 and
the upstream DH gene segments. After DH rearrangement, however, PQ52 is
deleted (except in the special case of DQ52 rearrangement) and the promoter
associated with the rearranged DH gene segment takes its place. Now the closest
upstream promoter is less than 5 kb from the rearranged DJH promoter. Yet, El
activity is restricted to the DJH promoter, indicating that the upstream germline DH

promoter cannot effectively compete for El.
Several epigenetic features distinguish DJH junctions from unrearranged DH

gene segments. First, recombined DH gene segments lose repressive H3K9me2
modifications that are present at germline DSP and DST4 gene segments. Loss of
H3K9me2 is accompanied by gain of hyperacetylated histones H3 and H4,
moderate levels of H3K4me2 and high levels of transcription-associated
H3K4me3 (R. Subrahmanyam and R. Sen, unpublished observations).
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Second, DJH junctional DNA is selectively (CpG) hypomethylated (R. Selimyan
and R. Sen, unpublished observations). Third, the region surrounding DJH junc-
tions becomes more sensitive to DNase I digestion than the same DH gene segment
in germline configuration. The most remarkable feature of all these changes in
chromatin structure is that they are restricted to the DJH junction and do not exceed
more than a few kb 50 (R. Subrahmanyam and R. Sen, unpublished observations).
Our working hypothesis is that this confluence of epigenetic activation at DJH

junctions facilitates VH recombination to the DJH-associated RSS, while excluding
the more numerous RSSs associated with unrearranged DH gene segments.
Consistent with this idea, RAG recruitment to DJH rearranged alleles is also
focused near the DJH junction and does not extend to unrearranged DH gene
segments located within a few kb 50 (R. Subrahmanyam and R. Sen, unpublished
observations). The close correlation between RAG recruitment and epigenetic
state of DJH junctions further strengthens the idea that chromatin structure dictates
where the highest levels of RAG proteins are bound.

The high levels of activating modifications at DJH junctions can be understood
quite simply. Prior to DH rearrangements JH regions have the highest levels of
nuclease accessibility and activation-associated histone modifications. Thus, DH

recombination brings a DH gene segment into this active domain. Since the
chromatin state of the JH region is El-dependent (Chakraborty et al. 2009), the
recombined DH gene segment comes under the influence of El. It is more difficult
to explain why the influence of El drops off so rapidly 50 of the DJH junction. One
possibility is that chromatin modifying enzymes, such as histone acetyltransfer-
ases, that are delivered by El are not sufficiently processive in order to migrate
further 50. It must also be recalled that the region immediately 50 of the recombined
DH has several features of heterochromatin in the germline configuration. If this
state accompanies the rearranging DH gene segment, then for active chromatin
marks to spread into the 50 DJH region these negative histone modifications must
first be removed. Therefore, it follows that if H3K9me2 demethylases are not
concurrently recruited to the upstream DH gene segments, the heterochromatic
state would persist. Furthermore, we have previously shown that maintenance of
H3K9me2 in the DSP repeats requires continuous deacetylation (Chakraborty et al.
2007). This raises the possibility that histone deacetylases may be brought in with
the rearranged gene segment actively precluding the spread of active chromatin
into adjacent germline DH gene segments. Finally, it is possible that elevated anti-
sense transcription just 50 of the DJH junction may play a role in preventing the
spread of active chromatin. Our working model is that the distinctive chromatin
state of DJH junctions compared to upstream unrearranged DH gene segments
plays an important role in targeting VH recombination to the DJH-RSS. Thus,
unraveling the mechanisms that generate this boundary are essential to fully
understand the specificity of V(D)J recombination. Future studies of the location
and function of histone deacetylases or demethylases that maintain the boundary
between the active DJH junction and inactive germline DHs will likely be infor-
mative in this regard.
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3.2 How does DJH Recombination Activate VH Recombination?

The chromatin structure of germline and DJH recombined alleles provides a
plausible model for secondary VH recombination. The close correspondence
between active histone modifications, nuclease sensitivity, and the location of
RAG proteins on unrearranged and DJH-rearranged alleles suggests that RAG
proteins are recruited to these sites as a consequence of chromatin structure.
To initiate V(D)J recombination, RAG proteins bind to local JH-associated RSSs
and scan the ‘‘environment’’ for a complementary RSS to synapse with. The
looped configuration of the DH-El region discussed in the preceding sections
provides proximity to DH-associated RSSs and, in particular, DFL16.1- and DQ52-
associated RSSs which are spatially close to the RAG-rich JH region. Once JH-
associated RAG proteins ‘find’ a DH RSS, synapsis occurs and DH to JH recom-
bination proceeds. After DH rearrangement, the 50-DH RSS is in the RAG-rich
domain together with RSSs associated with remaining unrearranged JH gene
segments. If JH RSS-associated RAG1/2 initiate a new round of rearrangements,
the outcome is secondary DH recombination. However, if RAG1/2 bound to the
DJH-associated RSS initiate recombination, then productive synapsis can occur
only with a VH RSS. Once such a partner is found, VH to DJH recombination can
proceed. In this model VH recombination occurs after DH recombination because
only then is the 50-RSS of a DH gene segment located within the recombination
center to initiate recombination. The situation with DQ52 remains murky. Both
DQ52 RSSs are located within the recombination center in the germline state.
Hence, why does RAG binding to the 50 DQ52 RSS not initiate VH to DQ52
rearrangements? Our working hypothesis is that this is due to the local availability
of JH-associated complementary RSSs and the relative unavailability of the VH-
associated complementary RSSs. As noted in our interpretation of the Bates et al.
and Giallourakis et al. studies in the preceding section, such rearrangements do
indeed proceed when a VH region is artificially placed in spatial proximity to
DQ52. The model proposed above does not require secondary activation of VH

gene accessibility, for example by additional regulatory sequences that are acti-
vated after DJH recombination. Rather, VH genes may be fully accessible prior to
initiation of rearrangements, but recombine only after DH-RSSs are brought into
the RAG rich domain by DH to JH recombination. Early accessibility of VH genes
is supported by the observation that sterile VH transcription is easily apparent on
germline IgH alleles (Yancopoulos and Alt 1985).

3.3 Regulation of VH Gene Recombination

The genomic region that encodes VH gene segments spans 2.5 Mb in the mouse
(Johnston et al. 2006). Within this are located 110 functional VH gene segments
and 85 pseudo-VH gene segments. Based on sequence similarity VH genes can be
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divided into 16 families. The VHJ558 gene family contains the largest numbers of
functional gene segments and is located in the 50 1.6 Mb of the VH locus. Members
of the VH3609 family are interspersed with VHJ558 genes within this region. The
30-most VH gene family comprises members of the VH7183 family, of which
7183.2.3 (also known as VH81x) is the 30-most functional VH gene segment. The
VH7183 family extends approximately 300 kb and is interspersed with genes of the
VHQ52 family. The remaining 700 kb of the locus between J558/3609 and 7183/
Q52 families contains 12 other gene families including VHS107, VHSM7, VH36-
60, VH11, VHVGAM3.8, VHJ606 and VH10. Each of these VH gene families
contains only 1–6 members. VH7183 and VHQ52 families, which together consist
of approximately 19 gene segments, are often referred to as proximal VH genes
because they are located closest to the DH–Cl part of the locus. Conversely,
VHJ558 and VH3609 families, consisting of 60 gene segments, are referred to as
distal VH genes.

VH gene recombination is regulated in three important ways. First, VH

recombination follows DH recombination during B cell development. A plausible
mechanism for this was discussed in the preceding section. Second, several lines of
evidence demonstrate that recombination of proximal and distal VH gene segments
is regulated very differently. This aspect of VH gene regulation is discussed below.
Thirdly, VH recombination is subject to feedback inhibition, which accounts for
allelic exclusion at the IgH locus. Allelic exclusion and the mechanisms that
mediate it have been discussed in recent reviews (Cedar and Bergman 2008;
Vettermann and Schlissel 2010; Hewitt et al. 2010) and will not be discussed here.

3.4 Differential Regulation of Proximal and Distal VH

Recombination

Recognition that proximal and distal VH genes are differentially regulated came
from the observation that proximal VH genes recombined much more frequently
than distal VH genes during fetal B cell ontogeny (Yancopoulos et al. 1984;
Perlmutter et al. 1985; Lawler et al. 1987; Jeong and Teale 1988; Malynn et al.
1990; ten Boekel et al. 1997). Based on current information, the simplest expla-
nation for this is that IL-7/IL-7R signaling pathway, which is important for distal
VH recombination, is not a major player in fetal B lymphopoiesis (Carvalho et al.
2001; Miller et al. 2002). Instead, signaling via thymic stromal lymphopoietin
(TSLP) and Flt3 ligand appears to dominate in the fetus (Vosshenrich et al. 2003,
2004; Jensen et al. 2007, 2008), suggesting that these cytokines activate proximal
VH recombination. In the adult bone marrow IL-7 and Flt3L work together to
activate the entire VH repertoire for recombination. Consequently, double-deletion
of IL-7 and Flt3L results in a complete block of B cell development (Jensen et al.
2008). The mechanism by which TSLP and Flt3L activate proximal VH gene
recombination remains to be determined.
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The importance of IL-7/IL-7R signaling for distal VH gene recombination is
evident not only from the analysis of IL-7- or IL-7R-deficient mice (Corcoran
et al. 1998; Carvalho et al. 2001), but also from the analysis of STAT5A/
B-double-deficient mice (Bertolino et al. 2005) and from the partial rescue of
B lymphopoiesis in IL-7R-deficient mice by transgenic expression of a consti-
tutively active form of STAT5b (Goetz et al. 2004). The IL-7/IL-7R pathway
works by altering the chromatin state and transcriptional status (a measure of
accessibility) of distal VH genes (Chowdhury and Sen 2001; Johnson et al. 2004;
Stanton and Brodeur 2005). This has been proposed to be mediated by recruit-
ment of STAT5 to germline VH gene promoters via interaction with DNA-bound
octamer binding proteins (Bertolino et al. 2005). However, it should be noted
that the substantial evidence in favor of a direct effect of IL-7R signaling on
distal VH recombination has been contested by a recent study. Malin et al.
(2010) found that the B cell developmental defect caused by conditional deletion
of STAT5 could be rescued by transgenic expression of Bcl2. In this study,
distal VH genes recombined efficiently in the absence of IL-7R signaling leading
the authors to conclude that IL-7/IL-7R interaction provides cell viability rather
than developmental signals. The possible sources of the apparent discrepancy
between this and earlier studies have been addressed by Skok and colleagues
(Hewitt et al. 2010).

Additionally, three transcription factor deficiencies selectively affect distal VH

recombination. The best characterized of these is Pax5, a B lineage-selective
paired domain transcription factor whose germline deletion blocks B cell
development at the pro-B cell stage (Urbanek et al. 1994). Cells that accumulate
in the bone marrow of Pax5-deficient mice have normal DH to JH recombination
(Nutt et al. 1997) and mostly proximal VH to DJH recombination (Hesslein et al.
2003). Pax5 binding sites have been identified in a subset of mouse and
human VH gene segments (Zhang et al. 2006), where this transcription factor
may directly recruit RAG proteins by protein/protein interactions. Recently,
Busslinger and colleagues have shown that Pax5 binds close to multiple mem-
bers of the VH3609 gene family in the distal part of the murine VH locus (Ebert
et al. 2011). Many of these locations also bind the transcription factors E2A and
CTCF, thereby forming a composite element of approximately 470 bp. This
element has been named Pax5-associated intergenic repeat (PAIR) and 14 PAIR
elements with varying degrees of similarity have been identified. Interestingly,
PAIR sequences serve as promoters in transfection assays and may be a source
of anti-sense oriented transcripts in the distal VH locus. Their location within the
IgH locus and association with Pax5 has led to the proposal that they may
mediate Pax5-dependent chromosome compaction and distal VH gene recombi-
nation (Ebert et al. 2011).

YY1 is a ubiquitously expressed zinc finger transcription factor with homology
to the Drosophila melanogastor gene, polycomb (Calame and Atchison 2007).
B lineage-specific deletion of YYl results in a developmental block similar to that
of Pax5-deficiency. In pro-B cells from these mice DH and proximal VH gene
recombination are unaffected, but distal VH recombination is substantially reduced
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(Liu et al. 2007a). The third transcription factor that regulates VH recombination is
Ikaros; however, the situation with Ikaros deficiency is more complex. In the
absence of Ikaros, B cell development is blocked at the pro-B cell stage with
hardly any proximal or distal VH recombination (Reynaud et al. 2008). However,
Ikaros deficiency also leads to reduced RAG expression. To determine whether the
phenotype of Ikaros-deficient pro-B cells is entirely dependent on the lack of RAG
protein, Reynaud et al. ectopically expressed RAG1 and RAG2 in Ikaros-deficient
precursors. They observed only proximal VH gene recombination in these RAG-
reconstituted pro-B cells, suggesting that Ikaros deficiency selectively affects distal
VH recombination. Consistent with this interpretation, sterile transcription of
distal VH gene segments, but not proximal VH gene segments, is attenuated in
Ikaros-deficient pro-B cells. Finally, B lineage-specific deletion of the histone H3
lysine 27 methyltransferase Ezh2 also blocks distal VH recombination in pro-B
cells (Su et al. 2003).

The mechanism(s) by which Pax5, YY1, Ikaros and Ezh2 enhance distal VH

recombination is not known. It is interesting, however, that all of these proteins are
involved in gene repression. Ikaros and Pax5 are context-specific gene activators
or repressors. The repressive function of Ikaros is manifest in the context of the
NuRD co-repressor complex (Kim et al. 1999; Sridharan and Smale 2007),
whereas that of Pax5 is mediated via Groucho-related co-repressor complexes
(Eberhard et al. 2000). YY1 and Ezh2 are mammalian orthologs of polycomb
group genes that were characterized as transcriptional repressors in Drosophila
melanogastor (Muller and Kassis 2006; Schwartz and Pirrotta 2007). Despite this
apparently unifying characteristic, it is unclear whether these proteins participate
directly or indirectly at the VH locus, whether they act in the same, or parallel,
pathways of VH activation and how the proximal VH genes are excluded from their
influence.

While considering the mechanisms by which distal and proximal VH genes
are differentially regulated, it is important to note that it is not clear how far
into the VH7183/VHQ52 region proximity effects extend. The VH7183/VHQ52
gene families occupy approximately 300 kb of genomic DNA 50 of DFL16.1
and contain 19 functional gene segments. In WT C57BL/6 strain, the utilization
of these gene segments appears to be inversely proportional to the distance from
the DH–Cl part of the locus (Williams et al. 2001). That is, the most 30 VH

gene segments rearrange more frequently than those that lie at the 50 end of the
7183/Q52 family. Because degenerate primers are often used to assay V(D)J
recombination in various genetic deficiencies, a positive signal could come from
the closest 2–3 VH gene segments, or from a more equal distribution of all the
gene segments in these families. Indeed, the distribution of proximal VH gene
utilization could be different even within the several genotypes that are cur-
rently considered to not affect proximal VH recombination. It is likely that
accurate estimates of where proximity effects end will be important for future
mechanistic understanding of the distinctive regulation of proximal VH gene
recombination.
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3.5 Epigenetic Features that Could Mediate Differential
VH Gene Recombination

3.5.1 Spatial Configuration of Distal and Proximal VH Genes

Using fluorescence in situ hybridization (FISH) with BAC probes that recognized
different parts of the VH locus, Kosak et al. (2002) were the first to demonstrate
that the 50 and 30 VH gene families are brought into spatial proximity in pro-B cell
nuclei. They referred to the phenomenon as locus compaction and reasoned that
such conformational changes facilitated recombination by bringing together dis-
tantly located gene segments. Using three-color FISH, Sayegh et al. (2005) pro-
vided evidence that compaction involved chromosome looping. In taking FISH
analysis a step further these authors examined the spatial relationship between
distal, or proximal, VH gene families and the constant region part of the IgH locus.
The correlation between locus compaction and VH recombination was further
extended by Busslinger and colleagues who found that the IgH locus did not
undergo locus compaction in Pax5-deficient pro-B cells (Fuxa et al. 2004). Since
the observation in Pax5-/- pro-B cells, lack of locus compaction has also been
observed in Ikaros and YY1-deficient pro-B cells where distal VH gene recombi-
nation is reduced (Liu et al. 2007a; Reynaud et al. 2008). Importantly, FISH
analyses also showed that spacing between proximal VH genes and the Cl part of
the IgH locus was not affected in YY1- or Pax5-deficient pro-B cells. Thus, these
studies demonstrate that spatial reconfiguration of proximal and distal VH genes
occur by different mechanisms.

The three-dimensional (3D) structure of the germline IgH locus has been ele-
gantly inferred from a combination of 3D-FISH studies and trilateration analyses
(Jhunjhunwala et al. 2008). By comparing E2A-deficient pre-pro-B cells with
RAG2-deficient (but E2A-sufficient) pro-B cells, Jhunjhunwala et al. noted several
important features of the IgH locus. In pre-pro-B cells, the spatial distance mea-
surements made by FISH fit best with the computational major loop subcom-
partment (MLS) model. In this configuration, the IgH locus can be represented as a
set of domains (sub-compartments) with each domain consisting of multiple
chromosomal loops. The proximal VH genes are already located close to the DH/JH

gene segments in this configuration, but the distal VH genes are not. The trila-
teration studies therefore also strengthen the idea that proximal and distal VH

compaction is mediated by different mechanisms. Upon further differentiation to
pro-B cells, the orientation of the proximal VH genes changes relative to the DH/JH

gene segments and, most importantly, the distal VH genes are brought into spatial
proximity to the 30 end of the IgH locus. This reconfiguration of distal VH genes in
pro-B cells likely represents the step of locus compaction that is abrogated in the
absence of Pax5, YY1 and Ikaros. These observations also show that proximal and
distal VH compaction occur at different stages of differentiation. Assuming that
re-orientation of proximal VH genes that occurs during pre-pro-B to pro-B tran-
sition would not be detected by the earlier two-color FISH studies, we suggest that
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compaction between proximal VHs and the DH–Cl part of the locus that is seen in
Pax5- and YY1-deficient pro-B cells represents a pre-pro-B-like MLS structure.
Overall, the close correlation between distal VH compaction visualized by FISH
and distal VH recombination strongly argues that locus compaction is directly
involved in V(D)J recombination.

3.5.2 Distinct Histone Modifications may Regulate Proximal
and Distal VH Recombination

The earliest evidence for differential epigenetic regulation of VH gene recombi-
nation was the demonstration that IL-7/IL-7R signaling resulted in histone H3 and
H4 hyperacetylation of distal but not proximal VH genes in primary pro-B cells
(Chowdhury and Sen 2001). It was inferred that the requirement for ex vivo
treatment of pro-B cells with IL-7 was due to limiting cytokine concentrations
in vivo. Incubation with IL-7 ex vivo provided uniform activation of most cells in
culture and permitted biochemical changes to be detected. The striking observation
that representative VHJ558, but not VH81X, gene segments became hyperacety-
lated suggested differential regulation of the distal and proximal parts of the VH

locus. An obvious caveat in these studies, which were carried out before the
genomics era, was that the observations were based on a few gene segments
and extrapolated to more general conclusions. For example, it was not clear
whether IL-7-induced hyperacetylation was widespread amongst VHJ558 family
members or restricted to a few gene segments. Nor were the boundaries of the
IL-7-inducible domain delineated in these studies. Nevertheless, these basic
findings were reproduced in different contexts, including cell culture models
(Stanton and Brodeur 2005), specific genetic knockouts (STAT5A/B) (Bertolino
et al. 2005) and by FISH studies (Roldan et al. 2005), thereby substantiating a role
for IL-7 in activating distal VH gene segments.

Recently Feeney and colleagues provided a unique perspective on the differ-
ential regulation of proximal and distal VH gene recombination. Taking a cue from
the lack of distal VH gene recombination in Ezh2-/- pro-B cells, they examined
the distribution of H3K27me3 (the product of Ezh2 activity) across the VH locus in
pro-B cells. Strikingly, only the region encompassing the proximal VH7183 gene
family contained H3K27me3, whereas the distal VHJ558 and VH3609 gene fam-
ilies were reciprocally marked with activation-associated H3K36me3 (Xu et al.
2008). In Pax5-deficient pro-B cells and fetal liver pro-B cells, both of which
undergo largely proximal VH recombination, H3K27me3 levels were reduced at
the VH7183 genes. They concluded that inhibitory modifications of the proximal
VH genes may be essential for distal VH recombination, perhaps by suppressing
proximal VH recombination. This is interesting because it raises the idea, for the
first time, that the choice of distal VH recombination may depend upon a ‘com-
petition’ between mutually antagonistic epigenetic modifications of distal versus
proximal VH genes. Alhough the relationship between Pax5 and proximal VH

H3K27me3 is not clear, one possibility is that Pax5 binding sites in the VH7183
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family may recruit Ezh2 to this region. Why this does not occur in fetal liver pro-B
cells remains to be determined. As noted before, identifying the limits of the
H3K27me3 domain and the relative location of Pax5 binding sites will be useful in
understanding the mechanisms involved.

3.6 Coordinating Locus Compaction and Histone
Modification of VH Genes

It is interesting to consider the relationship between chromosome conformation
and histone modification state of the VH genes. One key observation is that RAG-
deficient pro-B cells already have the IgH locus in a compacted state, yet
hyperacetylation and sterile transcription of distal genes requires additional IL-7
treatment. The simplest interpretation of this observation is that chromatin com-
paction and distal VH gene segment hyperacetylation are independently regulated.
Analysis of Pax5-deficient pro-B cells also leads to a similar conclusion. Hesslein
et al. (2003) found that distal VH genes were actively transcribed and marked with
hyperacetylated histones in Pax5-deficient pro-B cell cultures. Because the IgH
locus is de-contracted in Pax5-deficient cells, these observations indicate that locus
compaction is not a pre-requisite for IL-7-induced histone hyperacetylation and
transcription of VH genes. That distal VH recombination is impaired in both Pax5-
and IL-7-deficiency therefore leads to the important conclusion that compaction
and local chromatin changes are both essential for distal VH recombination.

How could these two pathways synergistically activate distal VH recombina-
tion? Our working hypothesis is that IL-7-induced chromatin structural changes
generate accessibility that is necessary for DJH-bound RAG proteins to bind to
complementary RSSs associated with VH gene segments, while Pax5-induced
compaction brings distal VH gene segments close to the DJH part of the IgH locus.
In other words, in the absence of Pax5, distal VH gene segments may be struc-
turally accessible to RAG recombinase, but they would be located too far from the
RAG-rich recombination center near DJH junctions to effectively recombine.
Conversely, distal VH genes would be spatially close to the recombination center in
the absence of IL-7, but in the absence of STAT5-dependent chromatin structural
changes the RSSs would be inaccessible to synapse with DJH bound RAG proteins.
Another way in which histone hyperacetylation may promote distal VH recom-
bination comes from the observation that the movement of one IgH allele to
centromeric heterochromatin in activated mature B cells is prevented by
co-stimulation with IL-7 (Roldan et al. 2005). Since distal VH genes are inducibly
hyperacetylated by IL-7 treatment of mature B cells (Chowdhury and Sen 2003),
these observations suggest that histone acetylation prevents translocation of IgH
alleles to centromeric heterochromatin. It is possible that even at the pro-B cell
stage, IL-7-induced distal VH acetylation reduces the tendency of distal VH genes
to translocate to centromeric heterochromatin and thereby maintain accessibility to
RAG proteins.
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Beyond its role in locus compaction, Pax5 has also been proposed to regulate
the histone modification state of distal VH genes. Johnson el al. found that distal VH

genes in Pax5-deficient pro-B cell cultures were marked with the repressive
H3K9me2 mark (Johnson et al. 2004). They concluded that presence of H3K9me2
inhibited distal VH recombination in Pax5-deficient pro-B cells as had been
demonstrated with model recombination substrates (Osipovich et al. 2004). In
view of the activation-associated modifications of distal VH genes in Pax5-defi-
cient pro-B cells described above, these observations are counterintuitive because
they indicate that distal VH genes contain both activating and repressive histone
modifications in Pax5-deficient pro-B cells. This is reminiscent of bivalent chro-
matin observed in embryonic stem cells where transcription-associated H3K4me3
and repression-associated H3K27me3 modifications are simultaneously associated
with a subset of gene promoters (Bernstein et al. 2006). The proposed recombi-
nation inhibitory effect of the repressive H3K9me2 mark at bivalently marked
distal VH gene segments also correlates with very low levels of transcription of
bivalent ES cell genes. However, it remains possible that the apparently contra-
dictory modifications noted in these studies may be due to different VH gene
segments being queried, different parts of VH gene segments being queried or
differences between the cell populations used in each study. Together with the
Feeney study (Xu et al. 2008), these observations underscore the importance of
repressive histone modifications in regulating VH gene recombination. It is inter-
esting that presence of Pax5 leads to reduced H3K9me2 at the distal VH genes and,
concurrently, increased H3K27me3 at the proximal genes. Additional studies will
no doubt clarify the role of Pax5 in differentially modulating these two forms of
negative modifications.

4 Conclusions

Work from many laboratories has made the IgH locus one of the best characterized
developmentally regulated loci. Much is known about the several cis-elements that
regulate IgH transcription and recombination, the various trans-acting factors that
bind to these promoters and enhancers, and the broader role these factors play in
B lymphocyte development. In recent years much of the activity in this area has
focused on epigenetic mechanisms that participate in the control of IgH expres-
sion. In this review we summarize the salient epigenetic features that help to
explain some of the accumulated observations associated with IgH expression.
Concurrently, we identify aspects that remain murky and sometimes offer the
possible mechanisms whose validity awaits to be established by experimentation.
A case in point is the control of DH gene rearrangements. The known epigenetic
features of the pre-rearrangement DH-Cl part of the locus offers insights into the
over-representation of the two flanking DH gene segments in VDJ recombined
alleles. At the same time the available epigenetic and genetic information does not
offer a ready explanation of how intervening DH gene segments ever recombine, or
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why the majority of DH rearrangements occur by deletion, rather than inversion, of
the intervening DNA. Thus, for the latter we propose possible mechanisms that we
expect will stimulate experimentation and, no doubt, criticism. Other currently
unsolved questions we discuss are the secondary onset of VH recombination, the
precision of VH recombination to the rearranged DJH junction and the differential
regulation of distal versus proximal VH gene recombination. While these questions
may be considered by some in the community to be ‘‘details’’, we are optimistic
that chromosomal chemistry of the IgH locus stands at the threshold of true
mechanistic understanding.
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Local and Global Epigenetic Regulation
of V(D)J Recombination

Louise S. Matheson and Anne E. Corcoran

Abstract Despite using the same Rag recombinase machinery expressed in both
lymphocyte lineages, V(D)J recombination of immunoglobulins only occurs in
B cells and T cell receptor recombination is confined to T cells. This vital seg-
regation of recombination targets is governed by the coordinated efforts of several
epigenetic mechanisms that control both the general chromatin accessibility of
these loci to the Rag recombinase, and the movement and synapsis of distal gene
segments in these enormous multigene AgR loci, in a lineage and developmental
stage-specific manner. These mechanisms operate both locally at individual gene
segments and AgR domains, and globally over large distances in the nucleus. Here
we will discuss the roles of several epigenetic components that regulate V(D)J
recombination of the immunoglobulin heavy chain locus in B cells, both in the
context of the locus itself, and of its 3D nuclear organization, focusing in particular
on non-coding RNA transcription. We will also speculate about how several newly
described epigenetic mechanisms might impact on AgR regulation.
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1 Introduction

The role of the adaptive immune system is to produce B and T lymphocytes
expressing an enormous repertoire of monoclonal high affinity antigen receptors
(AgR) capable of responding to a huge diversity of foreign antigens. The first step
in the generation of corresponding AgR diversity is V(D)J recombination of AgR
loci. The AgR loci contain hundreds of genes in three groups, V (variable), D
(diversity), and J (joining) that are assembled together in multiple combinations to
generate a vast repertoire of sequences encoding unique antigen recognition
motifs. The Rag1 and Rag2 recombinase enzymes, which catalyse the cleavage
component of VDJ recombination, are expressed only in lymphocytes, thereby
restricting V(D)J recombination to B and T cells. Recombination of individual
AgR is further restricted to either B cells or T cells and specific developmental
stages therein, by a dynamic and exquisitely co-ordinated set of epigenetic
mechanisms. These processes collectively maintain AgRs in a closed chromatin
conformation to ensure that Rag-mediated DNA double-strand breaks only occur
in the appropriate AgR locus, open up appropriate AgR loci, and silence AgR loci
again to prevent further recombination. For example, the immunoglobulin heavy
chain locus (Igh) is never fully recombined in T cells. The Greek prefix ‘epi’
means ‘over’ or ‘above’. Thus ‘epigenetic’ describes any change, over and above
alteration in the DNA sequence itself, that influences the development of an
organism (Holliday 1990). These mechanisms include DNA methylation,
post-translational histone modifications, non-coding RNA (ncRNA) transcription,
ATP-dependent chromatin remodeling, nuclear localisation, DNA looping, locus
pairing. On the basis of one of the first discoveries of ncRNA transcripts in the
genome, and before some of the other epigenetic mechanisms had been discov-
ered, the much-cited Accessibility Hypothesis proposed some 25 years ago that
ncRNA transcription in the Igh locus reflected an open chromatin state, and that
differential chromatin accessibility of antigen receptor gene segments to the
recombinase machinery regulated the lineage- and stage-specificity of recombi-
nation (Yancopoulos and Alt 1985; Stanhope-Baker et al. 1996). Thus this was one
of the first epigenetic ‘models’. Since then, we have come to understand that the
antigen receptor loci, in particular Igh, Igk, TCRb, and TCR a/d are the largest loci
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in the genome, and arguably the most complex, since before ultimate transcription
of their successfully recombined VDJ gene, they must undergo at least one and
often two rounds of V(D)J recombination, select one allele for expression and
silence the other allele. They share this feature of mono-allelic expression with the
imprinted genes and the olfactory receptor genes. V(D)J recombination itself
requires simultaneous activation of 10s or 100s of genes, and targeted movement
of those genes towards each other in the nucleus. This necessitates coordinated
large-scale chromatin opening and physical DNA movement unprecedented in
conventional gene expression.

In this review we will concentrate on the Igh locus as a mechanistic paradigm of
epigenetic regulation of V(D)J recombination. The Igh locus consists of 195 V
genes, 10 D genes, 4 J genes, and 8 constant region genes within a 3 MB sequence
(Fig. 1). (Johnston et al. 2006) The Igh becomes accessible for recombination in
pro-B cells, but here too epigenetic mechanisms dictate a strict order of accessi-
bility and recombination: a D gene segment always recombines with a J segment
before a V gene segment is appended to the DJ recombined gene segment—hence
called D to J before V to DJ recombination (Fig. 1). Furthermore, D to J
recombination occurs on both alleles but V to DJ recombination initially occurs
only on one allele. If this recombination event produces an in-frame VDJ transcript
that forms a functional Igh polypeptide, it is expressed on the cell surface in the
context of the pre-BCR. It then signals back to the nucleus to prevent further V to
DJ recombination on the second Igh allele, using epigenetic silencing mechanisms
that largely reverse the opening mechanisms required for V to DJ recombination.
This process is termed allelic exclusion, and ensures monoallelic expression of

Fig. 1 Schematic diagram of V(D)J recombination of the mouse immunoglobulin heavy chain
locus during B cell development. Purple rectangles: V (variable) genes; grey rectangles: D
(diversity) genes; orange rectangles: J (joining) genes; green rectangles: C (constant) genes, not
to scale. Top line: two homologous unrecombined Igh loci; middle line; both Igh loci D to J
recombined using different D and J genes; bottom line: one of the two Igh loci has undergone
further V to DJ recombination. On the right, the B cell stages at which these Igh locus
configurations predominate are displayed. The pre-B cell has the preBCR on the cell surface
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AgR loci, which is vital to generate B cells with high affinity antibodies (Corcoran
2005). In this review, we will discuss features at the level of the Igh locus itself,
including ncRNA transcription and regulatory elements, as well as the dynamic
nuclear organization of these loci, while also highlighting important similarities
and differences in the other AgR loci.

2 Epigenetic Mechanisms at the Level of the Igh Locus

DNA methylation was the first epigenetic process identified (Holliday 1990) and
accordingly, the first epigenetic studies of the Igh locus investigated changes in
DNA methylation, and concluded that DNA demethylation paralleled V(D)J
recombination, and was necessary but not sufficient (Storb and Arp 1983; Engler
and Storb 1999). However, lack of sequence information precluded detailed
interrogation of V region CpG targets. Igkappa alleles undergo monoallelic
demethylation, which appears to favor V–J recombination, but it is not clear
whether this is a directive effect (Mostoslavsky et al. 1998). More recently it was
shown that V(D)J recombination of Igh V genes can still occur when the DNA is
methylated (Johnson et al. 2004), but further studies are required to establish
whether and how this epigenetic mark plays a role in Igh recombination.

2.1 Histone Modifications

The picture is clearer for post-translational histone modifications that alter the
association of DNA with nucleosomes. Dynamic changes in several histone
modifications precede and follow recombination of individual Igh domains, and
have been suggested to contribute to the order of chromatin opening and closing
for V(D)J recombination. In pro-B cells preparing for Igh V(D)J recombination,
alterations occur first over the DJ region, and include increases in DNase I sen-
sitivity, histone acetylation, H3K4 methylation and nucleosome remodeling by
BRG1 over DH and JH genes (Chowdhury and Sen 2001; Morshead et al. 2003;
Maes et al. 2006). There appears to be an Eu-independent phase of intermediate
chromatin opening, including removal of H3K9me2 marks, and acquisition of
H3K4me2 modification. H3K9me2 removal is necessary for H3K9 acetylation,
which recruits RNA PolII (Chakraborty et al. 2009). Subsequently, repressive
histone H3K9 dimethylation is lost, and active histone modifications including
histone H3 and H4 acetylation are acquired across the V regions in a step-wise
manner. Following V(D)J recombination, active histone modifications are reduced
(Chowdhury and Sen 2001, 2003; Maes et al. 2001; Johnson et al. 2003; Morshead
et al. 2003; Johnson et al. 2004).

Notably, candidate gene approaches have identified, for example H3K4me2, at
individual V genes or small gene families, because they have been specifically
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interrogating those genes (Johnson et al. 2004). In contrast, locus-wide analysis of
H3K4me3, a signature of active promoters, has revealed surprisingly few peaks of
enrichment in the V region, given that each V gene has a bona fide promoter, and
indeed the peaks of enrichment appear to be in intergenic regions (Malin et al.
2010). However it is, perhaps uniquely, difficult to interpret this sort of data for
AgR loci, since a fundamentally relevant question still has not been answered. In
the Igh for example, does the V region of an individual Igh allele, containing 195
genes, have all, or just a few, or even only one of its V genes accessible for
recombination at the appropriate time? If for example, the answer is only one, and
this occurs in a stochastic fashion such that only one allele in 195 has this gene
active, then in a mixed cell population, this would appear as the background in
competitive genome-wide mapping studies. To address this issue, technically
challenging approaches including single cell CHIP-seq may need to be employed.

Much of this data, while strongly supporting a key role for dynamic histone
modifications in controlling accessibility for V(D)J recombination, is nevertheless
correlative, and awaits loss of function studies to determine the hierarchical
importance of individual histone modifications. The importance of one such
repressive histone modification, H3K27 trimethylation, was functionally suggested
by a targeted deletion of the H3K27 histone methyltransferase, ezh2, which caused
reduced recombination of D-distal V genes, although it was unclear whether this
was due to a direct loss of H3K27 trimethylation at the Igh locus itself, or an
indirect effect due to activation of an unknown factor (Su et al. 2003). This
conundrum was resolved by locus-wide mapping of H3K27me3, which showed
that, somewhat counter-intuitively since 30 V genes recombine slightly earlier than
50 V genes, H3K27 trimethylation is normally confined to V genes at the 30 end of
the V region, while H3K36 trimethylation, which characterizes transcribing gene
bodies predominates at the 50 end of the V region (Xu et al. 2008). The ensuing
model proposed that H3K27 trimethylation inactivates the 30 V genes, to enable
the 50 V genes to recombine. Thus its loss may confer a sustained recombination
advantage on the 30 V genes, with the perceived outcome as reduced 50 V gene
recombination. Indeed, loss of ezh2 has also been reported to cause reduced DNA
looping (discussed below), but this may be secondary to the preferential usage of
30 V genes, such that looping simply occurs less frequently because recombination
of 30 V genes has occurred more frequently. Furthermore, the well-documented
bias in favor of 30 V gene usage in V(D)J recombination in fetal liver,
coincides with an absence of H3K27me3 marks at 30 V genes in these B cells
(Xu et al. 2008).

3 Non-Coding RNA Transcription

In the burgeoning epigenetic field, non-coding RNA transcription has only recently
gained recognition as an epigenetic mechanism. This is largely due to recent
genome-wide transcriptional analyses showing that the vast majority of transcribed
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mammalian genomic sequences are non-protein-coding (Carninci et al. 2005;
Kapranov et al. 2007; Mercer et al. 2009). These findings have overturned the
‘central dogma’ that DNA makes RNA makes protein, and dramatically changed
how we think about genome regulation. These non-coding RNAs fall into several
distinct categories, all of which play previously unsuspected key roles in gene
regulation (Mercer et al. 2009). Here we will focus on long non-coding RNAs, a
term conventionally used to define any ncRNA transcript of more than 200 bp. In
the mouse genome, long ncRNAs number approximately 30,000 (Carninci et al.
2005) and they constitute the majority of transcribed sequences in the human
genome (Kapranov et al. 2007).

Historically, the Igh locus was the one of the first loci shown to express non-
coding RNA transcripts (Yancopoulos and Alt 1985). Strikingly, these transcripts
were specifically expressed from Igh domains poised for V(D)J recombination.
This transcription was originally termed ‘sterile’ or ‘germline’ to distinguish it
from coding transcription from V(D)J recombined genes, but we will refer to it as
non-coding (nc) in compliance with the current terminology. The first ncRNA
transcripts initiate on unrecombined Igh alleles, from the intronic enhancer El (Il
transcript) (Lennon and Perry 1985), and from the PDQ52 promoter/enhancer,
upstream of the most J-proximal D gene segment, DQ52 (l0 transcript)
(Thompson et al. 1995) (Fig. 2). After D to J recombination, the DJ gene segment
produces Dl transcripts (Reth and Alt 1984) and ncRNA transcription initiates
over the V genes (Fig. 2) (Yancopoulos and Alt 1985; Corcoran et al. 1998).
Similar non-coding RNA transcripts have been identified in all antigen receptor
loci poised for recombination (Corcoran 2005). There has been much debate
regarding whether this genic ncRNA transcription has a bona fide function, as
opposed to simply being a passive output of gene promoters activated for V(D)J
recombination. Numerous in vitro studies have addressed the question, some
supporting a directive role, while others have found no relevant function
(Abarrategui and Krangel 2009), but to date the function of this genic transcription
has not been interrogated in vivo.

Fig. 2 Dynamic changes in non-coding RNA transcription of the Igh locus during V(D)J
recombination. Transcripts are represented by green arrows; intronic enhancer Eu: dark blue
oval. Top line: unrecombined Igh locus; bottom line: DJ recombined Igh locus poised for V to DJ
recombination
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4 Intergenic Transcription

Most studies of ncRNA transcription in the AgR loci have focused on recombining
gene segments. In numerous multigene loci, including b-globin, T helper 2, and the
MHC complex, an additional process, termed intergenic transcription, processes
through silent chromatin to generate extensive domains of modified chromatin that
encompass active genes and their regulatory elements, and facilitate additional
specific chromatin unfolding over genes (Gribnau et al. 2000; Masternak et al. 2003;
Bernstein et al. 2005). Indeed intergenic transcription through enhancers is essential
for activation of numerous target genes (Ho et al. 2006; Kim et al. 2010). Chromatin
reorganization is achieved in part by the recruitment of histone acetyltransferases
(HATs), histone methyltransferases (HMTs), and SWI/SNF ATP-dependent chro-
matin remodeling complexes by RNA polymerase II (PolII) as it progresses through
the chromatin (Wilson et al. 1996; Ng et al. 2003). Furthermore, transcription
promotes replication-independent histone exchange for variant histone H3.3, enri-
ched with active modifications (Mito et al. 2005). Intergenic transcription is thought
to initiate in silent chromatin with the aid of ‘pioneering factors’, although these
have not yet been found (Orphanides and Reinberg 2000). This transcription-
dependent higher order chromatin remodeling has been proposed to allow large
developmentally regulated loci, such as the AgR loci, to loop out of their chromo-
some territories and become actively transcribed (Volpi et al. 2000).

5 Antisense and Intergenic Transcription in the Igh
Locus V Region

The chromatin remodeling processes initially discovered in the Igh V region
discussed above, were confined to V genes. These small-scale alterations are
separated by large intergenic regions (Johnston et al. 2006), and thus are insuffi-
cient to remodel silent chromatin throughout the locus in non-B cells (Johnson
et al. 2004). We hypothesized that a large-scale process such as intergenic tran-
scription would be necessary to make all of the V genes accessible efficiently. We
analyzed transcription throughout the Igh VH region, using RNA-FISH to visu-
alize primary transcripts on individual alleles in single cells. These studies
revealed that intergenic transcription occurs throughout the Igh V region in B cell
progenitors. It is absent on germline alleles that have not yet undergone DH to JH
recombination, is expressed on the majority of DHJH recombined alleles, and is
lost following V to DJ recombination (Bolland et al. 2004) (Fig. 2). Thus it is
strictly developmentally regulated. Furthermore, these transcripts occur at rela-
tively high frequency, similar to housekeeping genes, which is very unusual for a
non-coding transcript, and RNA-FISH signal patterns demonstrate extensive
transcription on individual alleles. Collectively, these data indicate that Igh V
region intergenic transcription is a large-scale functional mechanism.
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Surprisingly, this intergenic transcription occurred exclusively on the antisense
strand with respect to the Igh V genes, which are all transcribed in the same
orientation, towards the DJ region. Classically associated with imprinted loci, in
which it silences gene expression in cis on one allele to facilitate monoallelic
expression (Sleutels et al. 2002; Nagano et al. 2008), antisense transcription is now
understood to play a myriad of roles, both activating and silencing in higher
eukaryotes. A large proportion of transcription units have overlapping sense and
antisense transcription, which is often coordinately regulated (Katayama et al.
2005). Antisense transcription is sometimes antagonistic at coding gene promoters
(He et al. 2008), but on the other hand, it is also required to activate neighboring
genes in multigene clusters, by disrupting interaction with repressive PcG com-
plexes and recruiting activating Trithorax (TrX) complexes (Rinn et al. 2007;
Sessa et al. 2007).

Since V antisense transcription occurs only after D to J recombination has
occurred, and occurs on both DJ recombined alleles, at a stage when the V region
must now open up for V to DJ recombination, this favors a role for antisense
intergenic transcription in opening up the VH region on both DJ recombined
alleles which are poised for V to DJ recombination. This study was the first report
of intergenic transcription in V(D)J recombination. We proposed that this large-
scale transcription remodels the entire Igh VH region, thus facilitating subsequent
more focused changes in chromatin structure over V genes before V to DJ
recombination (Bolland et al. 2004).

6 Antisense and Intergenic Transcription in the Igh D Region

These discoveries raised the question of whether similar transcription preceded
other V(D)J recombination events. We subsequently found that antisense intergenic
transcription also occurs throughout the DH (60 kb) and JH regions of the mouse Igh
locus, specifically on germline alleles poised for DH-to-JH recombination, again at a
stage when the chromatin must be made accessible. Notably, it initiates immediately
upstream of, and is regulated by the intronic enhancer El (Bolland et al. 2007).
Targeted deletion of El causes a defect in the DH-to-JH recombination (Perlot et al.
2005; Afshar et al. 2006), but it is not yet clear how this occurs mechanistically, since
several processes are affected. Deletion of El results in loss of both Il (Afshar et al.
2006) and D antisense transcription, over the 60 kb region (Bolland et al. 2007). This
suggests that El controls DH-to-JH recombination at least in part by activating
antisense transcription (Fig. 2). Subsequent acquisition of H3K4 trimethylation
requires El, and this modification is recruited by RNA PolII, supporting a directive,
hierarchical role for transcription, regulated by Eu (Chakraborty et al. 2009). In vitro
studies showing that germline transcription of Ig loci precedes acquisition of post-
translational histone modifications, support this model (Xu and Feeney 2009).
Interestingly, SWI/SNF ATP-dependent chromatin remodeling complexes are
required for V region antisense transcription, and El dependent Il, lo, and
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D antisense transcription, suggesting that SWI/SNF remodeling may supply the
‘pioneering’ activity required to initiate intergenic transcription in the closed
chromatin of Igh domains (Osipovich et al. 2009).

This transcription occurs over the 50DFL16 D gene, as well as at the middle DSP
D genes. Nevertheless, an alternative hypothesis has been proposed, that antisense
transcription may contribute to repression of the middle DSP genes by formation of
dsRNA and heterochromatinization, although no dsRNA was detected
(Chakraborty et al. 2007), nor any sense transcription over DSP genes (Bolland
et al. 2007). Strikingly, the only region where both sense and antisense transcripts
have been observed is over the DQ52 gene and the J genes, which are coordinately
up-regulated by El (Bolland et al. 2007), and in a hyper accessible chromatin
domain (Maes et al. 2006), implying that they do not produce dsRNAs that lead to
heterochromatin. Clarification of these alternative models will require removal of
this transcription in vivo to unambiguously determine its functional role.

7 In vivo Function for Intergenic Transcription in V(D)J
Recombination

Importantly, proof that intergenic transcription is functionally required for V(D)J
recombination has been provided by gene targeting studies that ablated intergenic
transcription in the Tcra locus J region in vivo (Abarrategui and Krangel 2006;
2007). Two different effects were observed. Loss of transcription over genes
lacking their own adjacent promoters inhibited their recombination, suggesting
that upstream intergenic transcription reading through these gene segments was
required to make them accessible, and indeed loss of this transcription prevented
Rag1 binding to these J genes (Ji et al. 2010a). Moreover, H3K4me3 marks were
also lost, which may reduce binding of RAG2 recombinase (Matthews et al. 2007).
Conversely, downstream J genes with adjacent promoters were activated, sug-
gesting that intergenic transcription normally exerted transcriptional interference
over these promoters, which may contribute to ordering of recombination.

Notably, intergenic transcription in the Tcra locus originates from the sense
strand. Since strand origin of transcription is unlikely to be important for general
chromatin opening, these studies support the model that antisense transcription
contributes to chromatin opening in the Igh locus. However, there are key
differences that preclude a direct comparison. In the TCRa locus, intergenic tran-
scription antagonizes genes with promoters, while in the Igh V region, every V gene
has its own transcribing promoter (Johnston et al. 2006), but arguably if antisense
transcription inhibits these, it would be by a different mechanism. Secondly, the
TCRa J array has 61 J genes within 65 kb. In contrast, the 2.5 MB Igh V region, with
average distances of 10–20 kb between V genes requires chromatin unfolding on a
much larger scale, which importantly involves DNA looping. The unidirectionality
of antisense transcription may favor this process. We are currently testing this model
by transcription ablation in vivo (Andy Wood et al. manuscript in preparation).
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Importantly, an in vivo ‘gain of function’ model has recently been generated in
the Igh locus that directly supports a functional role of antisense transcription in
Igh V(D)J recombination. The 100 kb sequence between the Igh V and D regions
was deleted, to functionally test the hypothesis that it contained regulatory ele-
ments that control ordered VDJ recombination (Giallourakis et al. 2010) (see
below). The consequences included de novo appearance of antisense transcripts
from D-proximal V genes in T cells, which directly correlated with de novo V–D
recombination events using those V genes in T cells, which normally do not
undergo V to DJ recombination. Furthermore, T cells normally undergo limited
Igh D to J recombination, but the deletion caused a dose-dependent increase in D
antisense transcription, coupled with increased frequency of D to J recombination
events. These findings validate our model that antisense transcription has an
directive activating influence on V(D)J recombination.

8 Rag Binding

All of the above mechanisms have a common goal—to make the AgR accessible
for Rag binding. Recent studies have clarified the nature and extent of Rag
binding, both at AgR loci, and throughout the genome. The JH region and the
DQ52 gene form a separate even more open chromatin domain to the rest of the
DH region (Chowdhury and Sen 2001; Morshead et al. 2003; Maes et al. 2006),
and accordingly the DQ52 gene is preferentially used in early DH-to-JH recom-
bination. Recent genome-wide CHIP-seq analysis of Rag1 and Rag2 binding has
shown remarkably focused binding of both recombinases at J genes and J-proximal
D genes (e.g., DQ52) in several antigen receptor loci, compared with surprisingly
low binding frequency at V genes, suggesting that the highly open chromatin
structure may promote preferential Rag targeting to J genes and contribute to
recombination order (Ji et al. 2010b). However, the caveats previously mentioned
for quantification of histone modifications in bulk populations also apply to a
simple interpretation that the Rags bind only to the J genes. Intriguingly, Rag2 was
required for Rag1 binding to the Igh J region, but not to the other AgRs, although
the reason for this difference is unknown. Rag2, which binds H3K4me3 marks
(Matthews et al. 2007), was also shown to bind to over 99% of H3K4 trimethylated
sites in the genome, suggesting that its binding is not particularly specific to the J
regions. Genome-wide binding of Rag1 generally did not overlap with Rag2
binding, and in this case, an open chromatin structure and the presence of an RSS
were the critical components.

These recent studies prompt a reconsideration of the Accessibility Hypothesis,
which originally proposed that keeping a particular AgR silent prevents Rag access
for recombination. Indeed this remains true for the TCRs in B cells and vice versa,
but inherent in this was the notion that the Rags only bound AgRs. Extraordinarily,
since Rag2 binds promiscuously throughout the genome, the key question for the
future, both to understand V(D)J recombination, and genomic integrity is: What
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provides the specificity that prevents Rag-mediated DNA DSBs occurring
throughout the genome? The spotlight has now fallen on Rag1, both as the chief
orchestrator of binding specificity of the Rag complex to the AgR loci, and also as
the gate-keeper of genomic integrity, since fortuitously both Rags are required to
induce aberrant recombination events. Thus it is now more important than ever to
answer the long-standing question: how does the Rag complex bind? Rag1 first,
Rag2 first, or a preformed complex of the two?

The accessibility hypothesis has only recently been tested directly due to the
recent generation of antibodies against Rag1 and Rag2, previously notoriously
difficult to generate. These studies directly analyzed Rag1 binding to the TCRa and
TCRb loci in vivo in mouse models of promoter, enhancer, and transcription
dysfunction, and demonstrated that enhancers were required for global recruitment
of Rag1, and that promoters and intergenic transcription were required for local
recruitment to individual genes (Ji et al. 2010a). Overall, these studies validate the
Accessibility Hypothesis by directly showing for the first time the effect of loss of
these aspects of chromatin organization on Rag1 binding.

The original premise of the Accessibility Hypothesis was that locus opening
and Rag binding were two separate, sequential events. Now it appears they are
directly and inextricably linked, since one of the histone modifications that opens
up the loci has the dual function of recruiting Rag2. Interestingly, Rag1 has its own
histone modifying activity. Its N-terminal RING domain interacts with and pro-
motes monoubiquitylation of histone H3, which appears to be required for the
joining step in vivo, making an important link between the cutting and joining
steps of this reaction (Grazini et al. 2010). Together these observations pose the
question: Is there a unique histone code for V(D)J recombination?

9 Do ncRNA Transcripts Play a Role in V(D)J Recombination?

If transcription is important for V(D)J recombination, several questions follow—
How does it act? Is transcription ‘one-off’ to initate chromatin opening, or con-
tinuous to maintain open chromatin? To initiate unfolding of silent chromatin,
intergenic transcription might only need to process through a DNA domain once or
twice. However, continuous intergenic transcription is often required to maintain
open chromatin by actively preventing binding of repressive PRC H3K27 HMT
and by recruitment of activating TrX H3K4 HMT complexes (Schmitt et al. 2005;
Sessa et al. 2007; Rinn et al. 2007). We find that intergenic transcription is more
frequent in the 50 half of the V region (Adam Bowen, manuscript in preparation).
Conversely, H3K27me3 modification is confined to the 30 end of the V region (Xu
et al. 2008). An intriguing possibility is that continuous intergenic transcription in
the 50 half prevents this part of the V region from acquiring the repressive
H3K27me3 mark, and thus keeps the chromatin in an open state permissive for
DNA looping (discussed below).
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In addition to the process of large-scale intergenic transcription, numerous
studies have revealed roles for intergenic RNAs, which point to multiple roles in
gene regulation, including activation of accessory proteins, transport of tran-
scription factors (Ponting et al. 2009), and recruitment of repressive chromatin
modifiers in cis (Nagano et al. 2008; Zhao et al. 2008). Recent genome-wide
analyses have uncovered large classes of novel, conserved intergenic transcripts.
These include the long intervening non-coding RNAs or LincRNAs. These tran-
scripts have a highly conserved histone modification signature, consisting of a
peak of H3K4me3, with an adjacent stretch of H3K36me3, that occurs 1000s of
times within intergenic regions at least 5 kb from annotated genes in both mouse
and human genomes (Guttman et al. 2009). These marks are normally associated
with coding gene promoters and gene bodies respectively. Characterization of
lincRNAs has revealed multiple regulatory functions (Guttman et al. 2009). One of
the best understood is the 2.2 kb (HOTAIR HOX Antisense Intergenic RNA).
HOTAIR transcription upstream of and antisense to its adjacent HoxC genes
maintains a domain of open chromatin that stops spreading of heterochromatin into
the region, at least in part by recruiting H3K4me3 modifications (Rinn et al. 2007).
Conversely, the HOTAIR transcript itself appears to repress transcription from the
HoxD cluster in trans on a separate chromosome, by acting as a ‘molecular
scaffold’ to recruit and organize the concerted actions of two repressive chromatin-
modifying enzymes: the H3K4 histone demethylase, LSD1 (Tsai et al. 2010), and
PRC2 (Rinn et al. 2007). Indeed 20% of lincRNAs recruit PRC2, (Khalil et al.
2009) and large non-coding RNAs may represent a trafficking system that guides
ubiquitous chromatin modifying complexes to specific targets, both in cis and in
trans (Koziol and Rinn 2010). Such lincRNAs can have many targets (Huarte et al.
2010). It will be interesting to determine whether some of the other 80% of
lincRNAs transport activating chromatin modifying complexes. The RNA does not
bind to homologous sequence but the RNA secondary structure may play a key
role in binding of complexes and recognition of DNA sequences (Koziol and Rinn
2010). Transcription from a single non-coding locus can thus have both activating
and repressive roles in gene expression, both in cis and in trans.

A function for ncRNA transcripts has not yet been demonstrated in any AgR
locus. Since antisense intergenic transcripts are more abundant in the 50 half of the
V region, and H3K27me3 is recruited exclusively to the 30 end, (Xu et al. 2008) an
alternative model to the one above is that transcripts from the 50 end may guide the
PRC2 complex to the 30 end in cis, in a similar manner to Airn (Nagano et al.
2008). Alternatively, ncRNAs could act in trans to downregulate the homologous
Igh allele in a similar manner to HOTAIR from HoxC silencing HoxD (Rinn et al.
2007), since in both cases there is an imperative to silence another allele. If
ncRNA transcripts have an activating function, they might recruit activating his-
tone modifiers for further chromatin opening at specific sites. To answer the
question of whether transcription or the transcripts are important, in vivo ablation
of transcription will not be enough. This will require nuclear knockdown of the
ncRNA transcripts, a technique that has had variable success, and will be chal-
lenging for the very long ncRNAs in the Igh.
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10 Regulatory Elements Governing the Igh Locus

Apart from El, which as discussed above is required for efficient D to J recom-
bination (Perlot et al. 2005; Afshar et al. 2006), there is a surprising paucity of
regulatory elements identified to date in the Igh locus. Two candidate enhancers, at
the PDQ52 gene and 50 of the V region failed to demonstrate a major role in V(D)J
recombination in vivo (Nitschke et al. 2001; Pawlitzky et al. 2006; Perlot et al.
2010). Thus the search for a V region regulatory element continues unabated.

Intriguingly, a large family of conserved elements, termed Pax5-activated
intergenic repeat (PAIR) elements have recently been identified. Eleven of these
PAIRs are located upstream of VH3609 genes in the distal part of the Igh V region.
They bind Pax5, E2A, CTCF, and Rad21, all of which are implicated in DNA
looping, and exhibit active histone modifications and associated antisense tran-
scription, which are dependent on Pax5 and confined to pro-B cells (Ebert et al.
2011). Representative members display promoter or enhancer activity in vitro and
the authors propose that these elements may be the elusive elements proposed to
direct long-range interactions of the distal V region with the DJ region to facilitate
V to DJ recombination, perhaps by forming the base of rosette loops (discussed
below) (Jhunjhunwala et al. 2008). Functional analysis of these elements will be an
important avenue for future studies.

Importantly, in addition to individual reports that transcription through
enhancers is essential for activation of target genes (Ho et al. 2006), genome-wide
studies of conserved RNAs sharing features with lincRNAs, have demonstrated
that a large subset have enhancer-like function in human cells. They can operate up
and downstream of gene targets from considerable distances and on the opposite
strand (Orom et al. 2010). Importantly, the functionality of the RNAs themselves,
rather than the process of their transcription, was established by ncRNA knock-
down. Moreover, genome-wide studies of neuronal enhancers have revealed
widespread enhancer-associated transcripts or eRNAs that directly correlated with
expression of target genes (Kim et al. 2010). It is tempting to speculate that some
of the antisense transcripts in the Igh V region may play the role of the elusive
enhancer.

In addition to enhancers of V(D)J recombination, elements that contribute to
ordered recombination in other ways have been predicted to be present in AgR
loci. Several recent studies have focused on insulators, which possess both barrier
(boundary) function to prevent spreading of histone modifications (e.g., those
associated with heterochromatin), and enhancer-blocking activity that protects
promoters from the activity of enhancers or silencers. This almost invariably
requires CTCF binding, which has been proposed to isolate chromatin domains by
facilitating looping out of DNA (Phillips and Corces 2009). Insertion of a V gene
immediately upstream of the mouse Igh D region in vivo disrupted ordered
recombination, suggesting that it had circumvented an unknown upstream insu-
lator (Bates et al. 2007). We recently characterized the 96 kb V–D intergenic
sequence, strategically located between the mouse Igh V and D regions, and found
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that it contained several conserved lineage-specific DNase hypersensitive sites,
including two adjacent sites, HS4 and HS5, close to the D region. These elements
bound CTCF, and had potent enhancer-blocking activity in vivo. The two CTCF
sites were also previously identified in a CHIP-chip microarray (Degner et al.
2009). Furthermore, HS4 and HS5 are situated at an interface between active and
repressive histone modifications, indicating boundary function. This location also
coincides with a dramatic decrease in the antisense transcription which has pro-
gressed several kb upstream of the first D gene (Featherstone et al. 2010). We have
proposed that these insulators prevent D antisense transcription from progressing
further towards the V region and remodeling V region chromatin. These findings
lend mechanistic support to a recent study that combined DNA-FISH with
mathematical modeling to provide the first model of dynamic structural alterations
in the Igh locus at sequential stages of B cell development (Jhunjhunwala et al.
2008). The authors showed that a DNA sequence adjacent to the HS4/HS5 insu-
lators, as well as Eu and the intervening DJ region, are sequestered adjacent to the
30RR by DNA looping in uncommitted pre-pro-B cells that have not undergone D
to J recombination. They suggest that this geographical separation prevents the
participation of V genes in the first round of recombination. We propose that HS4
and/or HS5, mediate this separation by DNA looping to interact with CTCF sites
in the 30RR (Garrett et al. 2005). In Rag-/-pro-B cells poised for V(D)J recom-
bination, the Igh locus conformation alters to re-position the DJ region and its
upstream V–D sequence proximal to the V region (Jhunjhunwala et al. 2008). HS4
and HS5 may facilitate this repositioning towards the V region in pro-B cells,
perhaps by engaging with CTCF binding sites in the V region (Degner et al. 2009)
(discussed below).

The V–D knockout described above (Giallourakis et al. 2010) provides important
in vivo validation of our model, since it results in loss of the two insulators in vivo,
leading to de novo antisense transcription and recombination in the 30 end of the Igh
V region in T cells, strongly suggesting that these insulators normally prevent
transcriptional read-through and activation of 30V genes in lymphocytes that have
not yet undergone D to J recombination. Loss of the V–D region in T cells also
increased antisense transcription in the D region, and D to J recombination. This
suggests that the insulators or other elements in the V–D region also modulate the DJ
region in T cells, only a minority of which undergo Igh D to J recombination. V and
D antisense transcription were also increased in Rag2-/-pro-B cells, and it will be
important to determine whether this reflects a modulating effect of the V–D region
on Igh V to DJ or D to J recombination in their normal B cell context.

11 Nuclear Organization of V(D)J Recombination

Both enhancers and insulators engage in looping and 3D DNA movement within
the nucleus. Recent advances in the generation of genome-wide data sets and
methods that interrogate the 3D association of gene loci with each other have
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transformed our understanding of gene regulation, and revealed layers of com-
plexity and sophistication never before envisaged. The nucleus, often considered
to be an unorganized heterogeneous mixture of DNA and associated proteins, is
proving to be a highly organized cellular organelle containing numerous special-
ized sub-compartments (Spector 2003). DNA is generally constrained within
chromosome territories, which maximizes DNA packaging efficiency (Cremer and
Cremer 2010). However, chromatin retains the flexibility to easily fold and unfold
individual genomic loci, and to spatially segregate open and closed chromatin
into distinct compartments (Lieberman-Aiden et al. 2009). Furthermore, genomic
loci undergo numerous chromosomal associations, both in cis and in trans
(Schoenfelder et al. 2010b). Thus, long-range chromosomal associations between
genomic regions, and their repositioning in the 3D space of the nucleus, are
now considered to be key contributors to the regulation of gene expression
(Schoenfelder et al. 2010a). Thus one of the simple but profound challenges facing
biologists studying gene regulation today is to forget the imprinted picture of DNA
as a long, straight, isolated piece of string with genes dotted along it, and squiggly
RNA transcripts passively emanating from these dots, but rather to think of it as a
highly folded and dynamically changing convoluted structure, intertwined with
many other long pieces of strings, from which RNAs emerge with many diverse
functions. Nowhere is this more imperative than in the Ig loci, where complex 3D
looping is the modus operandi!

The AgR are a classic paradigm for DNA movement, since V(D)J recombi-
nation requires juxtaposing of distal gene segments. In non-B cells the Igh is
sequestered at the inner nuclear membrane, tethered by the 5 end of the V region
(Yang et al. 2005), which may limits its accessibility for transcription and
recombination (Reddy et al. 2008). In pro-B cells the locus relocates to the nuclear
interior, which is enriched in permissive euchromatin (Kosak et al. 2002). The DJ
region repositions first, and this order is very likely to contribute to ordered
recombination. D to J recombination and V to DJ recombination of DJ-proximal V
genes region proceed without further large-scale DNA movement. However, since
the middle and distal V genes are spatially distant from the DJ region, they require
an additional 3D conformational change to bring them close enough to the DJ
region for a V gene to synapse with a DJ gene segment for recombination. This is
achieved by DNA looping, or contraction, which brings distal V genes in close
proximity to the DJ region (Roldan et al. 2005; Sayegh et al. 2005), such that both
proximal and distal V regions are at a similar distance from the DJ region in 3D
nuclear space and thus equally available for recombination (Jhunjhunwala et al.
2008). Several models have been proposed to depict the kinds of loops formed.
The most sophisticated, which combines extensive DNA-FISH measurements with
mathematical modeling and trilateration, predicts that the Igh V region chromatin
fibre folds into bundles of loops, in a rosette-like conformation (Jhunjhunwala
et al. 2009), and that these loops form around a hollow containing the DJ region
(Lucas et al. 2011). Several transcription factors are required for looping, although it
remains unclear whether they play direct roles at the locus, or act indirectly. These
include Pax5, YY1, ikaros (Fuxa et al. 2004; Liu et al. 2007; Reynaud et al. 2008).
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Furthermore, based on the recent findings of CTCF/cohesin binding sites in stra-
tegic locations throughout the Igh V region (Degner et al. 2009) and our own work
(Ciccone et al. unpublished results), and within the V–D intergenic region, there is
also a strong possibility that CTCF and cohesin participate in looping. The CTCF
sites found invariably close to the 3 RSS at Igh 30V genes may facilitate looping of
these 3 genes to provide ‘equal opportunity for all’ (Lucas et al. 2011). The CTCF
sites in the distal part of the V region are mostly intergenic and their potential
mode of action is less clear. However, HS4 and HS5 in the V–D region
(Featherstone et al. 2010) are strategically placed to provide a focal point for
looping of these distal CTCF sites adjacent to the DJ recombined gene segment.
Notably, DNA looping still occurs in the absence of Rags, although at reduced
frequency, suggesting that large-scale movement of the V regions in cis to facil-
itate V to DJ recombination is not dependent on the Rag complex. This is
important when considering the long-standing question: How do the Rags bring
the RSSs from two gene segments together? The ‘capture model’ (Jones and
Gellert 2002) proposes that Rags binds one RSS, then ‘captures’ the second. If the
Rags are not required for large-scale looping, this suggests that such capture takes
place at a local level after the V region has looped to the DJ region, rather than
playing an active part in large-scale Igh locus movement.

An additional layer of nuclear organizational control has recently been dis-
covered, termed locus pairing (Hewitt et al. 2009). Previously it was assumed that
V to DJ recombination occurred independently on the two Igh alleles in separate
regions of the nucleus and that the asynchronous choice of one allele that even-
tually produced a productive Igh rearrangement was the stochastic result of an
inherently inefficient process. However, this study demonstrates that the homol-
ogous Igh alleles often reposition adjacent to each other, and that this is dependent
on the Rag complex, and sets the stage for V(D)J recombination. Although this
level of inter-locus coordination, and indeed this additional movement within the
nucleus is surprising, this kind of pairing is not without precedent, since the two
X chromosomes pair briefly before X-inactivation (Bacher et al. 2006). In both
cases there is a common goal of silencing one of the homologous alleles. V(D)J
recombination can still occur without pairing and it will be important to determine
how and why the two recombination contexts differ.

12 The Role of Transcription in Nuclear Organization
of V(D)J Recombination

Where does non-coding RNA transcription fit in? Rather than taking place ran-
domly in the nucleus, transcription is concentrated in metastable pre-formed sub-
nuclear foci of active RNA PolII complexes, termed transcription factories
(Mitchell and Fraser 2008). Factories transcribe several genes simultaneously, and
these genes can be up to 40 MB apart in cis, or on separate chromosomes (Osborne
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et al. 2004, 2007). Genes co-transcribed in the same factory often have related
functions, which collectively constitute a functional transcriptional ‘interactome’
(Schoenfelder et al. 2010b). Importantly for V(D)J recombination, the Igh locus
must move in 3D nuclear space to find a transcription factory in which non-coding
RNA transcription can take place, and we propose that juxtaposing of distal
transcribing parts of the Igh locus in a transcription factory directs them into a
favorable setting for V(D)J recombination.

First, we have shown that the non-coding transcript Il, generated from the Igh
El intronic enhancer, is transcribed almost continuously in pro-B cells undergoing
V(D)J recombination (Bolland et al. 2004), and throughout B cell development
(Osborne et al. 2007). This frequency of transcription only occurs in a minority of
coding genes, termed supergenes, which tend to be important markers of lineage-
specific function (Fraser 2006). It is unprecedented in non-coding genes, and thus
Im may be the first ‘super-intergene’ identified (Fraser 2006). Importantly, this
means that it is constantly associated with a transcription factory (Fig. 3) (Osborne
et al. 2004). In mature activated B cells, this continuous Il transcription results in
frequent co-localisation of the Igh with the transcribing proto-oncogene myc in a
transcription factory, and this proximity of actively transcribing and open chro-
matin may contribute to the Igh-myc translocations characteristic of Burkitt’s
lymphoma (Osborne et al. 2007). Furthermore, enhancers can relocate genes away
from the nuclear periphery by recruiting them to a transcription factory (Ragoczy
et al. 2006). El may thus recruit the DJ region to a transcription factory, where it is
retained by continuous Il transcription, providing a stable focal point for D to J
recombination (Fig. 3). Second, thereafter DNA looping of V genes in close
proximity for V to DJ recombination may occur at least in part because large parts
of the non-coding V region dynamically engage with this transcription factory.
Consequent co-association of a particular individual V gene with the DJ region in
the same factory may position it favorably for V to DJ recombination (Fig. 3).
Furthermore, ‘specialized’ transcription factories are formed by frequent associ-
ation of common transcription factors that co-ordinate transcription of co-regu-
lated genes (Schoenfelder et al. 2010b). The AgR loci are a classic example of
co-regulated genes that might preferentially co-associate in a transcription factory.
As mentioned above, CTCF may nucleate a ‘recombination factory’ of 30 V genes
(Lucas et al. 2011). Since the 50 V genes have a common requirement for several B
cell-specific factors that regulate histone modifications, ncRNA transcription
(Stat5, ikaros, ezh2) (Bertolino et al. 2005; Reynaud et al. 2008) or looping (Pax5,
YY1, ezh2, ikaros) (Fuxa et al. 2004; Liu et al. 2007; Reynaud et al. 2008),
we favor a model in which one or indeed a coordinated network of these factors
direct co-association of distal V genes with the DJ gene segment, and specify a
specialized transcription-dependent recombination factory, and this will be an
important avenue for future investigation.

Third, there is accumulating evidence to support a novel architectural role for
ncRNA transcripts in establishing and maintaining subnuclear structural com-
partments (Clemson et al. 2009; Sasaki et al. 2009; Sunwoo et al. 2009). Recent
live-imaging studies have shown that both the act of transcription and the nuclear
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RNAs themselves are required for nucleation, formation, and maintenance of a
variety of nuclear bodies including nuclear speckles, paraspeckles, and Cajal
bodies, employing a variety of RNAs (Mao et al. 2011; Shevtsov and Dundr 2011).
The widespread nature of this mechanism in the substructures studied thus far
indicates that RNA-primed biogenesis of nuclear bodies is a general feature of
nuclear organization, which is likely to play a role in transcription factories also.
While a specific subnuclear compartment for recombination has not yet been
identified, the common mechanism of generating ncRNA transcripts may hold the
key to how distal parts of the locus are held together for recombination. Given the
size of the AgR loci and the need for stable proximity to DJ, it has been suggested
that ncRNAs may modulate the higher order folding of the Igh loci in separate
chromatin domains to facilitate proximity of all parts of the V region to the DJ
region (Jhunjhunwala et al. 2009), and an interesting challenge for the future will
be to model dynamic patterns of ncRNA expression, in a similar manner to
modeling of Igh DNA sequence movement (Jhunjhunwala et al. 2008). The pos-
sibility that Igh ncRNAs might have a structural role resonates with several studies
that show that, in addition to well documented Matrix Attachment Regions
(MARs) flanking Eu (Jenuwein et al. 1997), the Igh V region has an unusually high
number of MARs. These MARs exhibit heterogeneous binding of matrix-binding
proteins, including SATB2 and BRIGHT, associated with repression and activa-
tion respectively, and this heterogeneity has been proposed to contribute to
unequal V gene usage (Goebel et al. 2002). MARs organize chromatin into
topological loops by anchoring DNA to the non-histone proteins of the nuclear
matrix. If ncRNAs nucleate structure, they may recruit matrix-binding proteins to
facilitate attachment of Igh loops to the nuclear matrix. Conceptually, the model of
a stable nuclear sub-structure holding loops of the Igh together for transcription

Fig. 3 Model of nuclear organization of Igh V to DJ recombination. Orange circle: RNA Pol II
transcription factory; red rectangles: V genes; dark green rectangle: DJ recombined gene; light
green rectangles: D genes; purple oval: Eu enhancer; red ovals: RAG1 and RAG2; blue line:
‘looped’ conformation of DNA sequence. One loop is depicted for simplicity, but as described in
the text, there may be multiple loops; red squiggly lines: RNA transcripts. The diagram on the left
depicts part of the V region and the recombined DJ gene segment juxtaposed in a single
transcription factory due to simultaneous transcription: intergenic transcription from the V region
and DJ transcription. Continuous Iu transcription is depicted from Eu. AV gene and the DJ
segment are now in close proximity and the RAG recombinase complex is depicted nearby. The
diagram on the right depicts the possible aftermath of V to DJ recombination: the VDJ gene
segment remains in the transcription factory for high frequency transcription, and an excision
circle is generated
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and recombination, whether mediated by ncRNA or not, is an attractive one.
Transcription over the RSS and recombination involving DNA double-strand
breaks are likely to be mutually exclusive. Thus intergenic transcription is an ideal
‘buddy system’ since engagement of intergenic sequences in the transcription
factory will bring the V genes to the factory, but not too close to interfere with
recombination (Fig. 3), or if so only briefly, while it will keep the V gene close to
the factory for a relatively long time, since the long intergenic transcripts will take
a considerable time to be transcribed, or ‘reeled in’ to the factory (Papantonis
et al. 2010).

Finally, we have focused on epigenetic mechanisms, particularly non-coding
RNA transcription at the level of the Ig loci, but genome-wide analyses are now re-
defining our understanding of genome-wide genome regulation, and now the scene
is set to discover the role of ncRNAs in lymphocyte development as a whole. Just
as dynamic changes in expression of key transcription factors originally separated
B cells from macrophages, or indeed T cells, in the future dynamic expression of
lineage-specific ncRNAs may hold the epigenetic key. Some exciting studies have
already demonstrated that numerous dynamic and functional alterations in the non-
coding RNA repertoire occur through T cell development (Pang et al. 2009), so
one can envisage the future discovery of a B cell-specific non-coding RNA ‘master
regulator’ akin to the ncRNA produced in the p53 DNA damage response
(Huarte et al. 2010).

13 Concluding Summary

Here we have explored our current understanding of some of the epigenetic
mechanisms that regulate V(D)J recombination of the Igh loci to generate a
diverse immunoglobulin repertoire. We have shown that in addition to localized
epigenetic changes at Igh gene segments, the Igh loci undergo large-scale, stage-
specific non-coding RNA transcription and have discussed its potential function
and mode of action. Moreover, we have explored putative functions of ncRNAs as
traffickers, structural components, and enhancers of Igh recombination. An
important goal for the future will be to verify regulatory elements recently found,
and to discover novel elements that activate the Igh V region. We have depicted
the dynamic movement of Igh loci necessary for epigenetic activation of V(D)J
recombination, and have proposed how the nuclear organization of V(D)J
recombination and transcription may be intricately intertwined. With the aid of
emerging technologies and modeling methods, an important goal for the future
will be to generate an integrated and dynamic epigenetic model of V(D)J
recombination incorporating all of the aspects discussed.
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Genetic and Epigenetic Regulation
of Tcrb Gene Assembly

Michael L. Sikes and Eugene M. Oltz

Abstract Vertebrate development requires the formation of multiple cell types
from a single genetic blueprint, an extraordinary feat that is guided by the
dynamic and finely tuned reprogramming of gene expression. The sophisticated
orchestration of gene expression programs is driven primarily by changes in the
patterns of covalent chromatin modifications. These epigenetic changes are
directed by cis elements, positioned across the genome, which provide docking
sites for transcription factors and associated chromatin modifiers. Epigenetic
changes impact all aspects of gene regulation, governing association with the
machinery that drives transcription, replication, repair and recombination, a
regulatory relationship that is dramatically illustrated in developing lymphocytes.
The program of somatic rearrangements that assemble antigen receptor genes in
precursor B and T cells has proven to be a fertile system for elucidating rela-
tionships between the genetic and epigenetic components of gene regulation.
This chapter describes our current understanding of the cross-talk between key
genetic elements and epigenetic programs during recombination of the Tcrb
locus in developing T cells, how each contributes to the regulation of chromatin
accessibility at individual DNA targets for recombination, and potential mech-
anisms that coordinate their actions.
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Abbreviations
RSS Recombination signal sequence
Tcrb T cell receptor b locus
Tcra T cell receptor a locus
DN Double negative
DP Double positive
Eb Tcrb enhancer
PDb1 Db1 promoter
ChIP Chromatin immunoprecipitation
Rag Recombination activating gene
ACE Accessibility control element
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1 Introduction

The B and T cell antigen receptors present an enormously diverse and highly
adaptable repertoire to protect us from an ever-evolving world of pathogens.
Receptor diversity is achieved via the random assembly of exons encoding
hypervariable domains for immunoglobulin (Ig) and T cell receptor (Tcr) genes in
precursor B and T lymphocytes, respectively (Feeney 2009; Krangel 2009). The
assembly process consists of a tightly regulated series of genomic rearrangements,
termed V(D)J recombination, which refers to the variable, diversity, and joining
gene segments that are targeted for recombination in each precursor cell.
A functional antigen-binding domain requires that one V segment, selected from a
large pool, ligate to one of several downstream J segments; or in loci that contain
D elements, one V must be joined to one D following its rearrangement to a
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selected J element. The enzymatic mechanisms that govern V(D)J recombination
are conserved between B and T cells (Schatz and Spanopoulou 2005). Generally
speaking, recombination proceeds via: (1) binding of lymphocyte-specific RAG-1
and RAG-2 proteins to recombination signal sequences (RSSs) that flank all gene
segments, (2) assembly of a synaptic recombination complex that includes the
recombinase and two compatible gene segments, (3) introduction of double-strand
DNA breaks between synaptic RSSs and their associated coding segments, (4)
coding end modification, and (5) coding joint formation via ubiquitous DNA repair
pathways.

Although the various recombination events that occur within antigen receptor
loci utilize the same enzymatic machinery, individual gene segments differ dra-
matically in their competency and availability for rearrangement. These important
features govern the efficiency of recombination and are controlled by cell lineage-
and developmental stage-specific mechanisms (Thomas et al. 2009). A major
component of these regulatory mechanisms is the modulation of chromatin, a
macromolecular complex of DNA and histone octamers, which can impede RAG
binding and cleavage of RSSs. Noting that unrearranged Igh gene segments are
transcribed in a developmental- and lineage-specific pattern that parallels their
recombination, Yancopoulos and Alt (1985) proposed that differential control of
chromatin accessibility at gene segments may account for the specificity of
recombination (Yancopoulos and Alt 1985).

Launching from this seminal finding, the question of how gene segments are
rendered accessible or inaccessible to recombinase has been a subject of intense
research over the intervening 25 years. A wealth of data correlates recombinase
accessibility with other epigenetic marks of chromatin opening, and has implicated
a number of genetic elements including enhancers, promoters, and specific RSSs
as determinants of recombination efficiency (Osipovich and Oltz 2010). None-
theless, the spectrum of mechanisms employed by precursor lymphocytes to
regulate RSS accessibility has remained stubbornly elusive. In this chapter, we
describe our current understanding of accessibility control mechanisms used by
thymocytes to assemble functional Tcrb genes, with a focus on the extensive cross-
talk that occurs between genetic elements and epigenetic pathways.

2 Tcr Gene Assembly During Thymocyte Development

B and T cells develop from a bone marrow-derived common lymphoid
progenitor (Murre 2009). Extrathymic progenitors migrate from the bone marrow
to the subcapsular region of the thymic cortex, where they differentiate into
early thymocyte progenitors, or ETPs (formerly CD4-CD8- DN1), a process that
requires induction of several key genes including c-kit, CD44 and RAG-1/2
(Porritt et al. 2004). Early thymocyte development proceeds along a defined
pathway beginning with CD44+CD25- ETPs, which then commit to the T cell
lineage at the CD44+CD25+ DN2 stage, followed by the CD44-CD25+ DN3 and
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CD44-CD25- DN4 stages (Hayday and Pennington 2007). Although ETPs and
DN2 cells retain limited proliferative capacity, a daily influx of extrathymic
progenitors is required to sustain T cell development. The cell cycle is arrested in
DN3/4 thymocytes, the major populations in which V(D)J recombinase completes
assembly of the Tcrb, Tcrd and Tcrg loci. Generation of in-frame joints on both the
Tcrd, and Tcrg loci leads to expression of a complete cd TCR on the cell surface,
cessation of further V(D)J recombination, and emigration of a new cd T cell from
the thymus. However, cd cells ultimately account for \10% of circulating T
lymphocytes. Rather, the majority of DN thymocytes complete assembly of Tcrb
before they express a functional cd TCR (Hayday and Pennington 2007).

The mouse Tcrb locus encompasses *700 kb of chromosome 6 (Fig. 1). The
vast majority of the locus (*624 kb) is dedicated to 31 functional Vb elements
and two arrays of trypsinogen genes that flank the bulk of Vb elements. The 30

portion of the locus (*40 kb) contains two separate DJbCb clusters, each com-
posed of a single Db element positioned 50 of six functional Jb elements and a
constant region. Downstream of the DJbCb clusters, the locus contains the only
known enhancer, Eb, and a single inverted Vb (Vb31, formerly Vb14). DN thy-
mocytes assemble Tcrb in two steps, initiating with D-to-J recombination on both
alleles followed by mono-allelic rearrangement of a DJ joint with one of the 31 Vb
segments (Krangel 2009). This staged assembly process is intimately linked to
thymocyte development; both DJb cassettes initiate recombination in late ETP/
DN2 cells, while Vb elements do not become recombinationally active until the
DN3 stage of development (Livak 2004).

Although only one in three V-to-DJb rearrangements are expected to maintain a
proper translational frame, serial organization of the two DJb cassettes on each
Tcrb allele provides individual thymocytes with as many as four opportunities for

D 1
J 1

C 1

D 2
J 2

C 2 E

V 31

V
100 kb

PD 1

5’PD 2 3’PD 2

PV 31

D J V

β

β β
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β

Fig. 1 Genetic organization of the mouse Tcrb locus. The 30 portion of the locus containing the
two DJCb gene segment clusters and Vb14 is enlarged in the middle panel. The lone Db1
promoter and dual Db2 promoters are shown (blockarrows) along with the Eb enhancer (circle).
RSS organization of Tcrb is shown in the lower panel. 12-RSSs (filled triangles) are positioned 50

of the D and J segments, and 23-RSSs (opentriangles) are positioned 30 of the D and V segments
(Vb31 is inverted)
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successful Tcrb gene assembly. Completion of Tcrb recombination in DN3 cells
serves as an obligate checkpoint for continued thymocyte development. So-called
b selection is initiated by the pre-TCR, a signaling complex consisting of the
newly expressed TCRb protein, CD3 co-receptors, and the surrogate TCRa pro-
tein, called pTa. Expression of pre-TCR on a DN4 thymocyte triggers a series of
irreversible events that include the cessation of additional Tcrb recombination
(allelic exclusion), up-regulation of CD4/CD8, and a proliferative burst that is
closely followed by Tcra recombination in the CD4+ CD8+ double positive (DP)
progeny (Brady et al. 2010). Allelic exclusion at Tcrb does not prevent continued
assembly of Tcrd and Tcrg alleles in DP cells. However, because Tcrd is posi-
tioned within the Tcra locus, activation of Va-Ja recombination deletes Tcrd and
dramatically limits the production of cd cells (Krangel 2009).

Analogous rearrangement and development patterns are observed for the Ig
heavy and then light chain loci during B cell development (Cobb et al. 2006). As
with Tcrb in DN thymocytes, Igh genes are assembled in bone marrow B220+

CD43+ pro-B cells via a two-step process in which D-to-J is followed by V-to-DJ
recombination. Assembly of an in-frame V(D)JH joint leads to a burst of prolif-
eration and developmental progression to pre-B cells where the Igk and Igl light
chain genes are assembled.

The ordered nature of recombination in developing lymphocytes requires
recombinase to be directed initially to one set of gene segments, and then redi-
rected to a second set of gene segments within the appropriate developmental
windows. If recombination is controlled at the level of gene segment accessibility
to recombinase, how then is accessibility tethered to lymphocyte development?
The chromatin structure that characterizes eukaryotic DNA can provide a signif-
icant barrier to RAG-1/2 binding at RSS targets (Kwon et al. 2000; Stanhope-
Baker et al. 1996), and a variety of studies have shown that transcriptional
promoters, enhancers, and other regulatory elements alter chromatin structure and
impact recombinational accessibility (Osipovich and Oltz 2010). Using Tcrb as a
model to ultimately understand the epigenetic changes in chromatin structure that
regulate antigen receptor gene accessibility, we begin with a discussion of the
genetic elements that coordinate Tcrb assembly.

3 Genetic Determinants of Recombination Efficiency

3.1 RSSs and Ordered Tcrb Assembly

All RSSs are composed of a conserved palindromic heptamer that abuts the V, D,
or J coding sequences. Each heptamer is separated from an A/T-rich nonamer
element by less conserved spacer sequences of either 12 or 23 bp in length. During
recombination, the RSS is predominantly bound by the RAG-1 subunit of
recombinase, which spans the spacer sequence to simultaneously contact both the
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nonamer and heptamer elements in a near-planar fashion (Swanson and Desiderio
1998). Indeed, the differential spacer lengths accommodate RAG-1 binding
requirements by allowing just over one (12 bp) or two helical turns (23 bp)
between the conserved elements. Deletion or addition of even a single base in the
12-RSS or 23-RSS spacer dramatically impair RAG-1 binding (Steen et al. 1997).
RAG-2 functions primarily as a co-factor, reading the transcription-dependent
deposition of histone H3 lysine 4 trimethylation (H3K4me3), and enhancing RAG-
1 binding, presumably at H3K4me3-enriched RSSs (Matthews et al. 2007;
Swanson et al. 2009).

The precise distribution of 12- versus 23-RSSs is consistent among gene seg-
ment types within a locus. For example, all Va gene segments are flanked by 23-
RSSs, while all Ja segments are flanked by 12-RSSs. Although the stoichiometry
of recombinase remains undefined, multi-subunit complexes of RAG-1/2 likely
assemble on a single available RSS, and then capture a second RSS to form a
synaptic cleavage complex (Jones and Gellert 2002; Mundy et al. 2002). Synapses
are only formed between two RSSs of different spacer lengths, a restriction known
as the ‘‘12-23 rule’’ (Eastman et al. 1996), which prevents recombination between
equivalent gene segments (e.g., V-to-V or J-to-J recombination). In the Tcrb and
Tcrd loci, V elements are flanked by 23-RSSs, J elements by 12-RSSs, and the
intermediate D elements are flanked 30 by 23-RSSs (for D-to-J recombination) and
50 by 12-RSSs (to accommodate V-to-DJ joining). In these loci, 12-23 restriction is
insufficient to limit direct V-to-J or internal D-to-D joining (common in Tcrd, but
infrequent in Tcrb). Rather, additional mechanisms act beyond the 12-23 rule
(B12/23) to enforce Db utilization (discussed in more detail below).

Consistent with the relatively short length of RSS elements and their simplified
structural requirements, a number of cryptic RSS elements have been identified at
hotspots for leukemic translocations (e.g., within c-Myc) (Jankovic et al. 2007),
and many more have been predicted to reside across the human genome (Cowell
et al. 2003). Indeed, recombinase-dependent translocations have been found in a
large number of lymphoid cancers, fusing critical growth control genes with
transcriptionally active antigen receptor genes (Jankovic et al. 2007). Nonetheless,
inappropriate recombinase targeting is remarkably infrequent, again suggesting
that the genetic determinants of recombination must operate within a larger reg-
ulatory framework that mediates their accessibility to recombinase.

3.2 Transcriptional Promoters and Enhancers

The complexity of regulatory mechanisms governing the assembly of antigen
receptor loci is underscored by the requirement that one or more enhancers,
usually positioned 30 of the V, D, J clusters, must communicate with a large
collection of promoter elements splayed over great distances. Each V element is
flanked by a 50 promoter that is responsible for driving expression of functionally
rearranged Ig or Tcr genes, while separate promoters positioned within D or J gene
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segment clusters drive expression of sterile transcripts prior to locus assembly
(Abarrategui and Krangel 2009).

In Tcrb, germ-line transcription across the two DbJbCb clusters requires a lone
30 enhancer (Eb), which facilitates activation of promoters flanking each of the two
Db segments (McMillan and Sikes 2008; Sikes et al. 1998). PDb1, the first germ-
line Tcrb promoter discovered, is positioned immediately 50 of the Db1 12-RSS,
and utilizes a TATA element situated within the RSS spacer to initiate tran-
scription of Db1 coding sequences. PDb1 binds a variety of ubiquitous and T cell-
restricted transcription factors including SP1, GATA-3, and members of the ETS,
RUNX and bHLH families, most of which also bind Eb (Doty et al. 1999; Sikes
et al. 1998; Tripathi et al. 2000). Mice lacking either Eb or PDb1 are dramatically
impaired for Tcrb gene assembly. Indeed, Eb-deficient mice recapitulate the total
loss of Tcrb assembly seen in RAG-deficient animals (Bories et al. 1996; Bouvier
et al. 1996), whereas targeted deletion of PDb1 specifically attenuates DJb1
rearrangement without altering DJb2 or subsequent Vb-to-(Db2)Jb rearrange-
ments (Whitehurst et al. 1999). These distinct phenotypes suggest that Eb mod-
ulates chromatin accessibility across both DJb clusters (*20 kb), while the
contributions of individual promoters are much more localized.

Promoters controlling transcription within the DJb2 cluster have been defined
only recently, with separate elements situated upstream and downstream of the
Db2 coding sequence. Analogous to PDb1, the 50PDb2 promoter is positioned
immediately upstream of Db2 and binds the GATA-3, RUNX-1 and E47 tran-
scription factors (McMillan and Sikes 2009). However, in striking contrast to
PDb1, the 50PDb2 is inactive prior to Db2-to-Jb2 recombination. Rather, germ-
line transcription in the Db2Jb2Cb2 cassette is driven by an NFjB-dependent
promoter located several hundred bp downstream of Db2 (30PDb2) (McMillan and
Sikes 2008). Repression of 50PDb2 activity is mediated by the constitutively
expressed bHLH protein, USF-1, which binds a target E-box in the spacer
sequence of the Db2 12-RSS. Evidence in cell lines and thymocytes treated with
UV radiation suggests that induction of the p38 MAPK, perhaps in response to
recombination-dependent activation of DNA repair pathways, leads to loss of
USF-1 binding at Db2 and the activation of 50PDb2 (McMillan and Sikes, sub-
mitted). Thus, in DN2 thymocytes, active transcriptional promoters are situated
adjacent to Db1 but significantly downstream of Db2 prior to recombination.
Following DbJb recombination, 50PDb2 is activated and both DJb1 and DJb2
joints are transcribed as thymocytes and prepare for DJb recombination with
distant Vb gene segments.

In contrast to Db promoters, relatively little is known about the developmental
regulation of promoters that drive Vb transcription. These promoters are respon-
sible for germ-line and rearranged expression of associated Vb elements, share a
common cAMP response element-like decamer motif, and may also bind ETS and
RUNX family proteins (Halle et al. 1997). It is likely that Vb promoters also
mediate access to recombinase in a manner similar to the Db promoters. Indeed,
knockout of the Vb14 (formerly Vb13) promoter led to a tenfold decrease in Vb14
rearrangement, while replacement of PVb14 with the SV40 minimal promoter
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essentially restored wild-type levels and appropriate timing of Vb14 recombina-
tion (Ryu et al. 2004). Unlike Db promoters, however, Vb promoters do not appear
to require Eb for their transcriptional activation in DN3 cells (Mathieu et al. 2000).
How Tcrb promoters and enhancers function as accessibility control elements
(ACEs) has become an area of intense focus and will be discussed at length below.

4 Epigenetic Determinants: Regulating RSS Chromatin
Accessibility

4.1 The Epigenetic Landscape

Genomic DNA is packaged in the eukaryotic nucleus as chromatin, a flexible and
dynamic nucleoprotein structure in which DNA is wound around repeating cores
of histone proteins (dimers of histones H2A, H2B, H3, and H4). In addition to
compacting the genome, chromatin provides an epigenetic platform for regulating
the access of DNA binding proteins (Jenuwein and Allis 2001; Khorasanizadeh
2004). Seminal studies have correlated covalent modifications, including CpG
methylation, histone acetylation, and histone methylation, with a gene’s state of
chromatin condensation and, by extension, its accessibility (Osipovich and Oltz
2010). Condensed heterochromatic genes are silent, and tend to be enriched for
hypermethylated CpG dinucleotides and for histone H3 that carries methyl tags on
lysine 9 (H3K9me). Conversely, accessible genes are organized in relaxed
euchromatin that is largely devoid of CpG or H3K9 methylation, and instead is
enriched for acetylation of various H3 and H4 lysine residues (H3ac and H4ac)
(Jenuwein and Allis 2001). The transcriptional status of a gene also correlates with
the local patterns of histone modifications. Transcriptionally silent genes are
enriched for H3K27 trimethylation (H3K27me3), whereas transcribed genes are
enriched for H3K4me3 at their promoters (Hublitz et al. 2009; Lee et al. 2010).
Together with a variety of other histone tags, these methylation marks provide a
sensitive, multi-layered mechanism to independently regulate the activity of dis-
crete chromatin regions in response to environmental, metabolic, or developmental
signals.

The epigenetic organization of antigen receptor genes is a critical determinant
of their recombinational accessibility. Like most DNA binding proteins, RAG-1
and -2 are extremely sensitive to the chromatin state of their DNA targets. In vitro
chromatinization of double stranded RSS templates impairs RAG-mediated
cleavage (Golding et al. 1999; Kwon et al. 2000; Stanhope-Baker et al. 1996).
Antigen receptor loci in non-lymphoid cells exist in a facultative heterochromatic
state marked by elevated levels of repressive methylation at CpG and H3K9
(Mathieu et al. 2000; Osipovich et al. 2004). RAG-1/2 proteins ectopically
expressed in such cells fail to target endogenous antigen receptor genes, though
they readily recombine RSSs in naked DNA substrates introduced by transient
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transfection (Schatz and Baltimore 1988). The epigenetic landscape of antigen
receptor loci is strikingly different in developing lymphocytes. For example, Tcrb
in DN thymocytes is largely devoid of CpG methylation (Chattopadhyay et al.
1998), and is enriched for H3/H4 acetylation (Ji et al. 2010a; Morshead et al. 2003;
Tripathi et al. 2002) as well as foci of H3K4me3 (Ji et al. 2010b). Following Tcrb
assembly and b selection, heterochromatic marks are restored across much of the
remaining germ-line Vb segments in DP cells, in which allelic exclusion is
enforced (Tripathi et al. 2002).

Developmental changes in the epigenetic landscape of Tcrb are largely due to
the actions of Eb as well as promoters proximal to Vb and Db elements. Loss of
enhancer activity in Eb-deficient mice converts the Tcrb epigenetic landscape from
an open to a closed state in DN cells, leaving the DbJbCb and Vb31 regions
hypermethylated at CpG dinucleotides and associated with histones bearing
H3K9me rather than acetylation marks (Fig. 2) (Mathieu et al. 2000). In contrast
to enhancer-dependent chromatin opening, deletion of PDb1 has little impact on
the histone acetylation within the DJb1 cluster (Ji et al. 2010a; Sikes et al. 2002).
Additionally, PDb1 deletion does not seem to impair the general accessibility of Jb
gene segments but specifically impairs restriction endonuclease access at sites
immediately proximal to Db1 (Oestreich et al. 2006). Indeed, direct analysis of
nucleosome phasing in Tcrb shows that, even in the absence of PDb1, the Db1
23-RSS and Jb1.1 12-RSS remain essentially free of histones (Kondilis-Mangum
et al. 2010). It is intriguing therefore that RAG-1 binding is dramatically attenu-
ated across the entire DJb1 cluster in PDb1-deficient mice (Ji et al. 2010a). This
apparent disconnect between chromatin accessibility and recombinational acces-
sibility shows that while enhancer-dependent chromatin opening may be essential,
it is not sufficient to direct recombinational accessibility in the absence of pro-
moter activity.

4.2 Promoter-mediated DbJb Recombination

The most obvious function of promoters with regard to recombinase accessibility
is transcriptional activation, which induces a variety of chromatin alterations both
upstream of and within transcribed sequences (Li et al. 2007). This general concept
meshes well with the seminal observations that drove the accessibility model, i.e.,
the tight correlations between germ-line transcription and recombination of anti-
gen receptor gene segments (Van Ness et al. 1981; Yancopoulos and Alt 1985).
These links were bolstered by targeted enhancer deletions, which not only block
recombination and opening of regional chromatin, but also germ-line transcription
(Osipovich and Oltz 2010). But does transcription directly contribute to recom-
binational accessibility, or is it simply a by-product of promoter activities that are
necessary to drive recombination?

To directly test the role of transcriptional read-through in gene segment
rearrangement, the Krangel laboratory generated Tcra knock-in mice with
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concatenated arrays of transcriptional terminator elements inserted upstream of
Ja61 or downstream of Ja56 (Abarrategui and Krangel 2006). Blockade of tran-
scriptional elongation suppressed Tcra recombination and reduced histone acety-
lation in the untranscribed Ja segments located downstream of the introduced
terminator. Impaired recombination has since been directly correlated with
reduced RAG-1 binding to Ja gene segments that lie downstream of the terminator
(Ji et al. 2010a). These studies established transcriptional read-through as a critical
component of the mechanisms that render downstream Ja segments accessible to
recombinase.
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Fig. 2 Model of the epigenetic landscapes that regulate recombinational accessibility across the
DJb1 and DJb2 cassettes. a Schematic of DJb organization (not drawn to scale). Each Db with
flanking RSS elements (blacktriangles), germ-line promoters (blockarrows), and first 3 Jb
segments are shown. b In the absence of Eb (upperpanel), both DJb cassettes are organized into
dense nucleosomal arrays (shadedcircles) that bear H3K9me and H3K27me3 marks (black and
grey circular tags, respectively). Nucleosome abundance at each location is indicated by shading.
When Eb is present (lowerpanel) it folds back to help recruit multiple factors including histone
acetyltransferases (HAT) and methyltransferases (HMT), SWI/SNF, and multiple transcription
factors (T9F) to the Db1 and 30Db2 promoters. Eb induces replacement of H3K9me with
H3K9ac (diamonds) and leads to promoter activation, which in turn triggers replacement of
H3K27me3 with H3K4me3 marks (stars), a dramatic reduction in nucleosome density,
transcriptional read-through (blackarrows), and accessibility of Db and Jb RSSs to RAG-1/2
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In seeming contrast however, rearrangement of Tcrb transgenic reporters is
unaffected by inversion of PDb1, a mutation that essentially abolishes transcription
through the Db1 and Jb1 segments (Sikes et al. 2002). Given that PDb1 is essential
for DbJb recombination, the unexpected insensitivity of recombination to PDb1
inversion suggests that localized Db accessibility is not directly dependent on
transcriptional read-through. Rather, other promoter-directed activities, such as
transcriptional initiation, must underlie PDb ACE function.

Promoters assemble distinct and complex networks of regulatory factors that
allow for cell type- and developmental stage-specific control of neighboring gene
expression. However, replacement of PDb1 with heterologous promoters readily
restores DJb1 recombination in chromosomal Tcrb miniloci (Sikes et al. 1999),
suggesting that ACE function is not a property unique to the PDb1 promoter. If
recombinational accessibility at DbJb segments requires a general feature of
promoter activation, but not transcriptional elongation, it remains likely that
chromatin changes associated with assembly of transcription complexes at PDb
drive RAG access at the nearby Db RSS. Indeed, when PDb1 is moved from its
native location (50 of Db1) to sites between Db1 and Jb1.1 or 30 of Jb1.2, the
efficiency of D-to-J recombination is severely compromised (Sikes et al. 2002).
Thus, PDb1 acts as a highly localized ACE.

In what may be a related observation, Db2-to-Jb recombination is inefficient
relative to Db1-to-Jb joining in DN thymocytes (Born et al. 1985; Haars et al.
1986; Uematsu et al. 1988). Given the highly localized ACE function of Db
promoter(s), the initial use of a more distal promoter, situated between Db2 and
the Jb2 cluster (30PDb2) (McMillan and Sikes 2008), may provide a satisfying
explanation for reduced Db2Jb recombination in ETP/DN2 cells. The skewing of
initial rearrangements to the Db1Jb1 cluster is potentially significant for sculpting
TCRb repertoires because delayed formation of DJb2 joints offers each Tcrb allele
a second opportunity to rescue out-of-frame Vb-to-DJb1 joints by forming an in-
frame V(D)Jb2 rearrangement.

What may be at the heart of localized PDb1 ACE function? Assembly of a
functional transcription complex at promoters involves the recruitment of
numerous factors that covalently modify histones (e.g., H3K4me3) and that
remodel DNA:histone associations (Li et al. 2007). The C-terminal region of
RAG-2 contains a plant homeodomain (PHD) finger that facilitates RAG binding
to H3K4me3 (Liu et al. 2007; Matthews et al. 2007), which in turn stimulates the
endonuclease function of bound RAG complexes (Shimazaki et al. 2009). Muta-
tions in RAG-2’s PHD finger severely compromise recombination and lead to
SCID or Omenn Syndromes (Couedel et al. 2010), immunodeficiencies charac-
terized by the failure of lymphocytes to properly recombine antigen receptor
genes, suggesting a central role for H3K4me3 in recombinational control. Given
that H3K4me3 marks transcriptionally active genes, perhaps PDb focuses RAG
proteins at the Db and Jb RSSs by driving H3K4me3 deposition at these
gene segments. Consistent with this model, RAG binding (Ji et al. 2010a)
and H3K4me3 levels (Abarrategui and Krangel 2006) are reduced at Ja seg-
ments immediately downstream of a heterologous transcriptional terminator.
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Despite such findings, it remains unclear whether H3K4me3, in and of itself, is
sufficient to render Db segments accessible to recombinase.

Promoters and enhancers are particularly potent chromatin reorganization
centers that offset local nucleosome packaging, rendering these elements hyper-
sensitive to DNAse I digestion. Both Eb and PDb1 overlap DNAse I hypersen-
sitivity sites mapped within Tcrb (Chattopadhyay et al. 1998), and PDb1 disrupts
nucleosome organization over a several hundred bp region spanning Db1
(Kondilis-Mangum et al. 2010). Given the inhibitory effect of nucleosomes on the
ability of RAG proteins to bind RSSs in vitro, promoter-mediated depletion of
nucleosomes may be central to recombinase accessibility at Db1. The Db2 seg-
ment, on the other hand, is several kb from the nearest DNAse I hypersensitivity
site, and appears to be fully contained within a single nucleosome in DN thy-
mocytes (Kondilis-Mangum et al. 2010). As such, the higher nucleosome density
associated with Db2 RSSs may further impair RAG binding and contribute to the
relative inefficiency of Db2 recombination.

Nucleosomes are displaced from active promoters by chromatin remodeling
complexes, such as SWI/SNF, which bend promoter DNA and facilitate recruit-
ment of the TFIID complex (Saha et al. 2006). It follows that an essential aspect of
promoter ACE function may be its capacity to displace histones from neighboring
RSSs. Consistent with this model, tethering of SWI/SNF adjacent to Db1 is suf-
ficient to drive DbJb recombination in the absence of PDb1 and its collection of
cognate transcription factors (Osipovich et al. 2007). The requirement for pro-
moter-mediated recruitment of SWI/SNF to displace Db1 nucleosomes may
explain two aspects of PDb1 ACE function: its apparent transcriptional indepen-
dence and its position-dependence (Sikes et al. 2002). As chromatin remodeling
activity is focused further away from the Db1 23-RSS, one anticipates that RAG
access to the RSS would diminish.

Both D-J-Cb cassettes are: (1) transcriptionally activated in ETPs (McMillan
and Sikes 2008) (2) equivalently enriched for H3/H4ac and H3K4me3 (Ji et al.
2010a, b), and (3) indistinguishably decorated with RAG-1/2 in DN thymocytes
(Ji et al. 2010b). Yet as mentioned above, there is a significant difference in the
recombination efficiency of these clusters, with DJb1 joints accumulating much
more rapidly than DJb2 joints (Born et al. 1985; Haars et al. 1986; Uematsu et al.
1988). The disparity between RAG binding and the efficiency of individual DJb
rearrangements could reflect the semi-quantitative nature and limited resolution of
RAG-ChIP assays, one would expect the binding of RAG-1 to be lower at Db2
than at Db1 if accessibility is regulated at the level of RAG recruitment. Conse-
quently, the apparent equivalence of RAG-1 binding at Db1 and Db2 might be due
to difficulties in resolving RAG bound at the Db RSSs from RAG bound at the
proximal Jb RSSs positioned only a few hundred bp downstream. Indeed, RAG-1
and RAG-2 binding levels at either Jb1.1 or Jb2.1 are equal to or greater than those
measured at the corresponding D elements (Ji et al. 2010b). As technologies
advance, more refined experiments will be necessary to tease apart RAG occu-
pancy and recombinational competency among the DJb clusters, findings that
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would be broadly applicable to understanding recombination efficiencies at all
antigen receptor loci.

4.3 Promoter-Mediated Accessibility of Vb-to-DbJb

Recombination

Vb gene segments are recombinationally inert in ETP and DN2 cells that execute
Db-to-Jb joining, and only begin to rearrange at the DN3 stage of thymocyte
development (Livak 2004). Compared with DJb assembly, Vb-to-DJb recombi-
nation in DN3 cells requires the opening of chromatin over a more extensive array
of gene segments, spanning over 600 kb. As noted earlier, deletion of either Eb or
PDb1 blocks both Db1-to-Jb and Vb-to-(Db1)Jb recombination (Bories et al.
1996; Bouvier et al. 1996; Whitehurst et al. 1999). However, neither of these cis
elements directly controls Vb accessibility or recombination (Mathieu et al. 2000).
Rather, their role during Vb rearrangement is likely restricted to maintaining
recombinase accessibility at rearranged DJb elements.

If chromatin accessibility over the large Vb cluster is independent of PDb and
Eb, what is controlling this critical aspect of Tcrb gene assembly? The coordinated
timing of Vb expression and rearrangement suggests that, like their Db counter-
parts, Vb promoters may control accessibility at associated gene segments via
chromatin changes that accompany transcriptional activation. Consistent with this
model, deletion of the Vb14 promoter specifically inhibits rearrangements
involving Vb14, a defect that can be rescued with a heterologous promoter (PSV40)
(Ryu et al. 2004). Moreover, insertion of the Tcra enhancer, Ea, upstream of Vb15
specifically increases the frequency of Vb15 recombination in DN3 cells (Jackson
et al. 2005). These data suggest that Vb recombinational accessibility is regionally
controlled by individual Vb promoters. Whether these promoters act independently
or in concert with unidentified Tcrb enhancers remains to be resolved.

5 Regulating Locus Assembly Beyond 12/23

Tcrb is organized such that 12-RSSs are found 50 of each Db and Jb segment, and
23-RSSs are positioned 30 of the Vb and Db segments (Fig. 1). Consequently, Vb-
to-Jb, Vb-to-Db, and Db-to-Db rearrangements would all be in accord with 12/23
restrictions. Nonetheless, these alternative rearrangements are observed only rarely
in developing thymocytes, suggesting that Db inclusion in Tcrb rearrangements is
enforced at a level beyond 12/23 (Sleckman et al. 2000). Clearly, recombinational
accessibility is intimately associated with a gene segment’s epigenetic organiza-
tion. However, in addition to the ACE activities of PDb1 and Eb, multiple
studies have suggested critical roles for Db RSSs as genetic determinants
of recombination efficiency, regulating ‘‘Beyond 12/23’’ (B12/23) restrictions
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(Tillman et al. 2004). For example, inappropriate Vb-to-Jb assembly can be induced
when the native RSS flanking either of these gene segments is replaced with a Db
RSS (e.g., replacing the Vb 23-RSS with the Db1 23-RSS) (Bassing et al. 2000; Wu
et al. 2003). Additionally, transfected RSS-containing substrates fully recapitulate
B12/23 assembly in non-lymphoid cells and cell-free extracts containing purified
RAG proteins, confirming that Db RSSs are encoded with the capacity to direct
ordered Tcrb assembly (Drejer-Teel et al. 2007; Jung et al. 2003).

How does the Db RSS enforce B12/23 restriction? Biochemical evidence
suggests that RAG proteins first bind at one RSS, and then capture a second,
compatible RSS into a synaptic complex (Jones and Gellert 2002; Mundy et al.
2002). The RAG proteins then initiate recombination by inducing ss DNA breaks
(nicks) that are resolved through a transesterification reaction into closed hairpin
coding ends and blunt signal ends. An analysis of RSS nicks on Igk alleles sug-
gests a ‘‘12-RSS first’’ model in which RAG proteins initially bind an accessible
12-RSS, and then capture a compatible 23-RSS (Curry et al. 2005), a model that
would require RAGs to first bind Jb 12-RSSs and capture a Db 23-RSS. How the
‘‘12-RSS first’’ model would accommodate the apparent dominance of the Db
23-RSS in regulating B12/23 is unclear. However, two independent studies
have recently suggested an alternative model for DbJb recombinational control.
Oligonucleotide capture in DN thymocytes found that Tcrb RSS nicks are pre-
dominantly found at the 23-RSS flanking Db1 and Db2, and not at the Jb 12-RSSs,
suggesting that RAG first binds the Db 23-RSS, and then captures a Jb 12-RSS
(Franchini et al. 2009). At the same time, ChIP analyses of RAG binding indicate
that both Db and Jb RSSs are bound by RAG-1 and RAG-2, while upstream and
downstream Vb elements remain unbound (Ji et al. 2010b). These tightly focused
‘‘recombination centers’’ appear to be the primary sites of RAG recruitment prior
to Tcrb assembly, and suggest that RAG binding is not restricted to the 12-RSS,
but occurs on all RSSs within a recombination center.

While facilitating D-to-J recombination, the Db RSSs appear to possess
intrinsic targeting activities that further restrict premature Vb-to-Db rearrange-
ment (Franchini et al. 2009). Given the extreme proximity of the Db 12- and
23-RSSs (separated by only 12 nucleotides of Db coding sequence), preferential
binding of RAG-1/2 to the downstream Db1 23-RSS may impede access to the
upstream Db1 12-RSS, thereby restricting Vb assembly until the Db 23-RSS is
removed by D-to-J recombination. In what may be a related finding, the AP-1
transcription factor, c-Fos, binds to a site in the Db1 23-RSS, and may also hamper
RAG cleavage at the Db1 12-RSS until after Db-to-Jb joining (Wang et al. 2008).
Moreover, biochemical evidence indicates that c-Fos interacts directly with
RAG-2, and potentially with RAG-1, perhaps enhancing RAG deposition at the
Db1 23-RSS, while simultaneously impeding RAG binding at the Db 12-RSS.
However, it remains unclear whether c-Fos might hinder RAG access to the Db1
12-RSS by allosteric or competitive inhibition.

Repression of 50PDb2 in germline DJb2 clusters is mediated by Upstream
Stimulatory Factor 1 (USF-1), which binds to a conserved E-box positioned within
the 50Db2 12-RSS spacer (McMillan, et al., submitted). Although USF-1 could
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potentially restrict inappropriate Db1-to-Db2 recombination via allosteric mech-
anisms similar to those discussed for c-Fos, its ability to prevent germ-line tran-
scription of Db2 may be more significant in explaining the nucleosomal
organization and reduced efficiency of DJb2 assembly (Born et al. 1985; Haars
et al. 1986; Kondilis-Mangum et al. 2010). Likewise, evidence suggests that when
the Db1 23-RSS is removed from its normal chromosomal context near PDb1, it
can no longer impose B12/23 restriction on gene segment assembly, regardless of
c-Fos binding (Wu et al. 2003; Yang-Iott et al. 2010). Taken together, these
separate findings suggest that Db RSSs, particularly the 23-RSSs that mediate
DbJb joining, actively coordinate Tcrb recombination efficiencies at a level
beyond 12/23, but within the context of a promoter-driven epigenetic landscape.

6 Long-range Changes in Locus Conformation

During antigen receptor gene assembly, two compatible RSSs must join together
with the RAG proteins in a synaptic cleavage complex. Whereas Db and Jb
elements are closely spaced in the 30 portion of Tcrb, formation of synaptic
complexes between rearranged DJb elements and upstream Vbs require spanning
over 600 kb of linear DNA sequence. Like nonadjacent links in a chain, distant
RSS elements can only interact with one another if the chromatin fiber to which
they belong is bent or looped to bring them into juxtaposition. Indeed, chromatin
fibers are extremely flexible and in continuous motion, necessary properties given
that 2 m of eukaryotic DNA must be compacted to fit within a roughly 10 lm
nucleus. Euchromatic wrapping of the DNA around histone cores and even further
helical stacking of these nucleosomes in the 30 nm heterochromatin fiber only
partially accounts for the compaction necessary to accommodate nuclear con-
straints. Significantly higher levels of compaction are achieved as chromatin fibers
undergo repeated dynamic reorganization from relatively localized shifts between
euchromatin and heterochromatin to global reorganization of chromosomal arms
in dividing cells.

Higher order chromatin structures can be predicted if the chromatin fiber is
treated as a polymer of repeating segments that fold via a random walk model.
This approach has suggested a variety of potential structures, the most basic of
which include worm-like, freely jointed, and self-avoiding chains (Jhunjhunwala
et al. 2009). Worm-like chains are continuously flexible, folding upon themselves
like strings. In the latter two models inflexible chromatin segments are connected
by hinge regions very much like the links of a bicycle chain, which can either fold
upon themselves (freely jointed) or fold to avoid intersecting segments (self-
avoiding). Although each model offers the potential for dramatic chromatin
compaction, none of these free random walk models can account for geometries
observed for mitotic chromosomes. More confined models propose that the
chromatin fiber is tethered in 3–5 Mb intervals to a flexible backbone (random
walk/giant loop model) or in smaller 1–2 Mb intervals to central linker molecules,
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forming a chain of rosettes (multiloop subcompartment model) (Jhunjhunwala
et al. 2009). Indeed, chromatin rosettes have long been observed (Okada and
Comings 1979; Paulson and Laemmli 1977), and have been proposed to underlie V
segment juxtaposition with downstream DJ segments in both the Igh and Tcrb loci
(Bonnet et al. 2009; Jhunjhunwala et al. 2008).

Recent high resolution FISH mapping of Igh during early B cell development
suggests that chromatin does not always fold with the same uniform periodicity
predicted by random walk/giant loop or multiloop subcompartment models
(Jhunjhunwala et al. 2008). Prior to lineage commitment, pre-pro-B cells appear to
organize Igh into 1 Mb rosettes that are consistent with predictions of the multi-
loop subcompartment model. However, upon transition to the pro-B cell stage and
the onset of V(D)J recombination, the VH region undergoes a dramatic compac-
tion that juxtaposes V segments with the downstream DHJH segments. Based on
these findings, the authors conclude that chromatin fibers likely fold into loops and
multiloop rosettes of varying size and spacing, and that this folding is extremely
dynamic (Jhunjhunwala et al. 2008).

The long-range folding observed for VH gene segments is unlikely to be a
unique feature of the Igh locus or even of antigen receptor loci in general. Similar
long distance intra- and inter-chromosomal interactions are required at multiple
points in the life of eukaroytic cells to drive the processes of gene expression,
sister chromatid cohesion, and meiotic crossing over, to name a few (Miele and
Dekker 2008; Wallace and Felsenfeld 2007). What types of protein factors might
then be responsible for anchoring chromatin loops? Chromatid cohesion depends
on the recruitment of a ring-like complex of Cohesin proteins that encircle target
DNA (Dorsett 2010). Over the last 15 years, Cohesin has also been linked to stem
cell maintenance, developmental regulation, and proliferation via interactions with
two distinct DNA binding proteins, the CCCTC-binding factor, CTCF, and the
transcriptional coactivator, Mediator (Kagey et al. 2010; Parelho et al. 2008;
Wendt et al. 2008). Both modes of Cohesin action may be important in the
chromosomal partitioning that occurs during antigen receptor gene assembly.

Cohesin–CTCF interactions were first uncovered in studies of CTCF’s role as
an insulator-binding protein (Wendt et al. 2008). Insulators are positioned
throughout the genome where they segregate chromosomal domains, blocking the
spread of either repressive or open chromatin and/or preventing promoter–
enhancer interactions (Bell et al. 1999; Wallace and Felsenfeld 2007). CTCF has
recently been shown to bind a variety of sites throughout the Ig heavy and light
chain loci (Degner et al. 2009). With regard to function, a series of CTCF sites
upstream of DH segments are predicted to act as insulators that block association
of the VH elements with El enhancers (Featherstone et al. 2010). Feeney and
colleagues have shown that Cohesin co-localizes at these CTCF sites within Igh
(Degner et al. 2009). Complexes of CTCF and Cohesin sprinkled across the 2.5 kb
VH domain could well account for Igh loops that form in pro-B cells, compacting
the locus into a rosette structure, which brings VH segments into close proximity
with the DJH segments, thereby facilitating the formation of synaptic cleavage
complexes (Sayegh et al. 2005). While CTCF sites have yet to be identified at
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Tcrb, their involvement in Ig gene assembly, the need to insulate Vb chromatin
during DJb recombination, and the need to bring Vb RSSs into proximity with the
DJb RSSs make the investigation of CTCF at Tcrb a high priority.

All antigen receptor loci, including Tcrb, undergo a dramatic contraction coin-
cident with long-range recombination (V-to-DJ or V-to-J). Chromosome confor-
mation capture (3C) and 3D-FISH studies demonstrate that Tcrb folds into
contractive loops in DN thymocytes, bringing Vb elements into spatial proximity
with DJb and Eb elements (Skok et al. 2007). Locus contraction on unrearranged
alleles is reversed in DP cells where V-DJb recombination is prohibited by allelic
exclusion. Looping that allows Tcrb to form an Igh-like rosette structure would
overcome obvious spatial barriers to Vb:DJb synapsis. The Krangel laboratory has
shown that the Eb-proximal Vb31 segment (only 3 kb downstream of Eb) as well as
Vb segments situated immediately upstream of a functionally rearranged V(D)Jb
exon retain chromatin accessibility in DP cells, though they do not rearrange effi-
ciently at this developmental stage. In contrast, more distal Vb segments on rear-
ranged alleles are condensed into facultative heterochromatin (Jackson and Krangel
2005). These findings likely reflect the developmentally controlled unfolding of
Tcrb upon DN to DP transition, which could reinforce allelic exclusion by a com-
bination of several mechanisms, including: (1) releasing upstream Vb’s from the Eb
activation domain, (2) forming a gradient of heterochromatic condensation
upstream of the VDJ exon, and (3) spatially segregating the upstream Vb segments
to inhibit synapsis. The precise mechanisms that govern locus contraction and
relaxation in developing thymocytes remain an important area for future studies.

In this regard, Cohesin is an attractive candidate for the regulation of Tcrb
contraction. As stated above, Cohesin interacts with CTCF, as well as the tran-
scriptional coactivator, Mediator. Recent studies suggest that Mediator:Cohesin
complexes lacking CTCF facilitate the formation of DNA loops between pro-
moters and enhancers that drive transcriptional activation (Kagey et al. 2010).
Indeed, 3C studies show that Eb loops to directly contact PDb1 and PDb2 regions
in DN thymocytes (Fig. 2) (Oestreich et al. 2006). If Mediator and Cohesin are
found to direct loop formation between Eb and Db segments, they may play
similar roles in contracting the Vb portion of Tcrb. It remains of great interest to
determine whether Vb contraction occurs in Eb-deficient DN thymocytes.
Although Vb transcription appears to be independent of Eb (Mathieu et al. 2000),
a block in Tcrb contraction following enhancer deletion would suggest that Eb
does contribute to Vb recombination, perhaps by recruiting factors like Cohesin
and Mediator or even CTCF to drive locus contraction.

7 Tcrb Allelic Exclusion

The enormous breadth of our antigen receptor repertoire is generated from large
numbers of lymphocytes, each expressing receptors bearing a signature antigen
specificity. A potentially harmful byproduct of random receptor generation by
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V(D)J recombination is the significant possibility of creating lymphocytes that
assemble an autoreactive Ig or TCR. Indeed, multi-layered cellular mechanisms,
collectively called tolerance, destroy or render inactive such autoreactive B and T
cell clones. The potential for producing autoreactive clones would be even greater
if precursor lymphocytes were allowed to fully assemble both alleles of each
antigen receptor gene. However, the vast majority of mature lymphocytes exhibit
mono-allelic expression of rearranged Ig and Tcr genes (Brady et al. 2010). This
phenomenon, called allelic exclusion, is analogous to other mono-allelic regula-
tory processes that are critical for vertebrate development, including X chromo-
some inactivation and imprinting, which are mediated by epigenetic and
transcriptional repression (Zakharova et al. 2009).

Mature B and T cells generally possess a single in-frame VDJ rearrangement at
Igh, Igk, or Tcrb loci (Brady et al. 2010; Wucherpfennig et al. 2007), suggesting
that allelic exclusion prevents assembly of a second functional gene. Indeed,
expression of a functionally rearranged Tcrb transgene in thymocytes blocks
Vb-(D)Jb rearrangements on both endogenous Tcrb alleles (Bluthmann et al.
1988; Uematsu et al. 1988). Assembly of an in-frame V(D)Jb joint leads to cell
surface expression of TCRb protein as part of the pre-TCR complex, and analyses
of Tcrb recombination and thymocyte development in pTa-deficient mice dem-
onstrate that pre-TCR signaling is an essential trigger for allelic exclusion
(Aifantis et al. 1998).

Although Tcrb transgenes effectively block endogenous Vb recombination,
they do not prevent Db-to-Jb rearrangement, arguing that allelic exclusion is
specifically imposed at the level of Vb accessibility (Uematsu et al. 1988).
However, Tcrb is contracted in DN cells, removing the spatial constraints that
prevent juxtaposition of upstream Vb segments with the DJb joints (Skok et al.
2007). Additionally, at least the Vb13-2 segment (formerly Vb8.2) is bi-alleli-
cally transcribed in DN2/3 cells prior to Vb recombination (Jia et al. 2007).
If Vb RSS elements are transcribed and juxtaposed with DJb joints in DN cells,
how might Tcrb assembly and expression be limited to a single allele? When the
Busslinger and Krangel laboratories examined nuclear localization of Tcrb
domains in DN cells, they found that the distal Vb region tended to associate
with pericentromeric heterochromatin, a profoundly repressive environment
(Schlimgen et al. 2008; Skok et al. 2007). Whereas the Busslinger group found
this association with heterochromatin to be monoallelic (Skok et al. 2007), the
Krangel group found it to be more frequent and stochastic (Schlimgen et al.
2008). They suggest that such stochastic associations may provide a repressive
environment necessary to limit bi-allelic Vb recombination. Consistent with this
model, insertion of Ea into the upstream Vb array reduced the frequency of
association with pericentromeric heterochromatin and impaired allelic exclusion
(Schlimgen et al. 2008). Together, these studies suggest that the enriched het-
erochromatic association of Vb gene segments in DN cells may play a crucial
first step in imposing Tcrb allelic exclusion by limiting Vb recombination on the
second (heterochromatic) allele.
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Additional factors beyond Vb proximity must also contribute to Tcrb allelic
exclusion. Indeed, Vb31 is positioned immediately 30 of Eb, which obviates the
need for locus contraction in its juxtaposition with DJb elements. Despite this
proximity, allelic exclusion is efficiently imposed on Vb31 in DN/DP thymocytes.
A partial explanation for this contraction-independent regulation may be that Vb
RSS elements are relatively poor substrates for RAG-mediated cleavage in vitro
(Jung et al. 2003), and are restricted in vivo to only two potential synaptic cleavage
partners (DJb1 or DJb2). Indeed, allelic exclusion of Vb31 can be broken when its
RSS is replaced with much more efficient RSSs that flank Db1 (Wu et al. 2003;
Yang-Iott et al. 2010). In sum, the current evidence supports a model for Tcrb
allelic exclusion in which both the genetic determinants and epigenetic organi-
zation of Vb elements in DN cells stack the odds against simultaneous bi-allelic
Vb recombination.

If initial Vb-to-DJb assembly is stochastic, and reflects one allele’s chance
reorganization into a recombinationally accessible state before the second allele,
how does pre-TCR signaling block additional Vb rearrangements before the RAG
proteins are inactivated and removed? The bHLH protein E47, a splice variant of
the E2A protein, binds E box elements at multiple Vb segments, the DJb cassettes,
and Eb (Agata et al. 2007). In keeping with this distribution, E47 is critical for
50PDb2 activity and Db-to-Jb recombination (Agata et al. 2007; McMillan and
Sikes 2009). During b selection, the process by which feedback inhibition leads to
allelic exclusion and developmental progression, E47 expression is down-regulated
while expression of the antagonistic Id3 protein is up-regulated. The consequence
of these related events is that E47 occupancy across Tcrb declines during b
selection. The Murre laboratory has shown that feedback inhibition through the pre-
TCR reduces E47 binding and chromatin accessibility at Vb promoters. Moreover,
enforced expression of E47 specifically increases the frequency of Vb-to-(D)Jb but
not Db-to-Jb rearrangement in DN cells, and leads to the accumulation of Vb signal
joints in both DN and DP cells (Agata et al. 2007). These data suggest that E47 may
not only be critical for Vb recombinational accessibility, but that its loss during b
selection is an essential component of allelic exclusion.

Once imposed, allelic exclusion at Tcrb must be maintained in DP cells that are
actively rearranging Tcra. Whereas Tcrb loci are essentially fully contracted in DN
cells, unrearranged alleles are decontracted in DP cells, preventing the juxtapo-
sition of DJb segments with upstream Vb segments (Skok et al. 2007). When Ea
was inserted upstream of Vb15, its presence led to enhanced Vb usage in DN cells.
In DP cells, the Ea insertion dramatically enhanced Vb15 chromatin accessibility
and germ-line transcription; however, it failed to break allelic exclusion (Jackson
et al. 2005). Analyses of RAG binding and decontraction of loci that harbor the Ea
knock-in have not been reported. However, decontraction of Tcrb in DP cells
provides a physical barrier against DJb synapsis with upstream Vb elements,
perhaps providing an explanation for the control of this Vb cluster ‘‘beyond
accessibility’’. Consistent with this possibility, repositioning of Vb14 to a site only
6.8 kb upstream of Db1 partially subverts allelic exclusion, suggesting that dis-
tance from the DJb elements may be critical for suppressing rearrangement of
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upstream Vb segments (Sieh and Chen 2001). Thus, the current evidence suggests
that stochastic association with pericentromeric heterochromatin limits Tcrb
recombination to the other allele. Successful recombination and pre-TCR
expression leads to feedback inhibition that triggers chromosomal relaxation and
reverses V-DJ juxtaposition on the unrearranged allele in DP cells. Coupled with
the sub-optimal recombination efficiency of Vb RSSs, these chromosomal con-
straints initiate an allelic exclusion process that is enforced by the loss of E47 and
chromatin accessibility. However, numerous questions remain to be resolved.
Dissection of the potential mechanisms for mediating Tcrb allelic exclusion is
likely to remain a research focus for several years to come, as insights drive the
need for increasingly robust, refined, and developmentally dynamic assay systems.

8 Conclusions

In the 25 years since Yancopoulos and Alt (1985) first proposed the recombina-
tional accessibility model, a wealth of data has amassed to support their central
hypothesis—that germ-line transcription and associated cis-elements guide antigen
receptor gene assembly. Technologies unavailable at the time have since shown
that antigen receptor loci indeed reorganize their chromatin into accessible and
inaccessible configurations during lymphocyte development and alter their three-
dimensional structures to bring distal gene segments into spatial proximity
(Thomas et al. 2009). We now know that enhancers, promoters, and consequential
germ-line transcription are each central to chromatin accessibility and recombi-
nation (Abarrategui and Krangel 2009; Osipovich and Oltz 2010). Chromatin
accessibility also provides a necessary environment by which genetic differences
between RSSs favor the developmental order of gene segment pairing (Curry et al.
2005; Franchini et al. 2009; Ji et al. 2010a). Recent findings have begun to
implicate specific transcription factors, chromatin remodelers, and histone modi-
fiers as protein mediators of accessibility (Agata et al. 2007; Osipovich et al. 2007,
2004; Wang et al. 2008). Nevertheless, the mechanisms that stitch these various
components into a single program that is informed by and, in turn, informs lym-
phocyte development have proven elusive.

Emerging studies have also raised questions regarding the nature of antigen
receptor chromatin in stem cells that have not yet committed to a lymphocyte
lineage. Similar to many genes that encode regulators of growth and development,
initial evidence suggests that Igh and Tcr genes are primed for activation in
embryonic and hematopoietic stem cells. For example, the TEA promoter binds a
number of transcription factors in DN thymocytes, even in the absence of Ea
(Hernandez-Munain et al. 1999). This promoter is also hypomethylated and
associates with H3K4me marks, despite its transcriptional silence (Sikes et al.
2009). In addition, the Vb14 segment is enriched in hematopoietic stem cells for
H3K4me3 and H3K27me3 (Weishaupt et al. 2010). This bivalent marking with
activation- and repression-associated modifications appears to be critical for
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transcriptional priming of developmentally regulated genes prior to their activation
and may also prove to be critical for antigen receptor gene assembly. Analysis of
the mechanisms that might act well before locus activation as priming events, and
how these actions might coordinate with signals specific to a stem cell’s micro-
environment and developmental state should prove enlightening. In this regard, the
Smale laboratory has shown that the pTa enhancer is primed in ES cells, where it
is bound by key transcription factors and is protected from CpG methylation (Xu
et al. 2009). Importantly, they find that developmental priming is essential for pTa
expression later in thymocyte development (Xu et al. 2007), illustrating the
significance of epigenetic programs that start long before lineage decisions
have been made.

The intimate cross-talk between genetic determinants and their epigenetic envi-
ronment promises to yield insights that go far beyond antigen receptor assembly.
Developmental gene regulation is a central pillar of vertebrate biology, providing the
foundation for cellular specialization. A much better understanding of the triggers
and programs that direct developmental gene regulation will be critical if we are to
realize the enormous potential offered by medical advances like stem cell therapy. As
a more mechanistic understanding of the epigenetic programs that guide antigen
receptor assembly and instruct lymphocyte development emerges, we are poised to
make incisive discoveries about their impacts on health and disease.
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environmentally responsive transcription factor mobilization overlaying an epi-
genetically stabilized base gene expression state. For example, ‘‘poising’’ of
promoters could offer preferential access to T-cell genes, while repressive histone
modifications and DNA methylation of non-T regulatory genes could be respon-
sible for keeping non-T developmental options closed. Here, we critically review
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aspects of T-cell identity. Much of epigenetic marking is dynamically maintained
or subject to rapid modification by local action of transcription factors. Repressive
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1 The Problem of T-Cell Identity

Cohorts of T-lineage cells develop from hematopoietic precursors throughout fetal
and much of postnatal life in mammals. Basic T-lineage properties, including the
gene rearrangements leading to expression of a clonally individual T-cell receptor
for antigen (TCR), are conferred by differentiation in the thymus (T lineage
commitment). However, T-cell development also continues after these properties
are established. Not only are mature T cells long-lived cells with extensive pro-
liferative potential, but also they continue to specialize after leaving the thymus.
In response to antigen, they select and mobilize any of a variety of gene expression
programs for effector responses, and then reinforce these programs for preferential
access during stimulation events in the future (effector subset commitment). The
distinct effector programs that mature T-cells can deploy in response to antigen
challenge (O’Shea and Paul 2010; Zhou et al. 2009; Zhu et al. 2010; Spits and Di
Santo 2011) are of great medical significance, since they determine not only what
the T cells are likely to do, but also what intercellular interaction molecules they
will express to influence the functions of other immune cells. An early split,
occurring within the thymus, separates the mostly CD4+ TCRab+ ‘‘helper’’ cells
from the mostly CD8+ TCRab+ ‘‘cytotoxic’’ cells. Then among the CD4+ cells,
antigen-triggered functional specialization generates distinct cytokine-producing
T-cell subsets which have been designated Th1, Th2, Th17, and Treg cells. In each
of these major effector programs, the CD4+ T-cell has its differentiation guided by
a combination of subset-specific cytokine receptor signaling, subset-specific STAT
factor mobilization, and subset-specific ‘‘master’’ transcription factor action
[reviewed by (O’Shea and Paul 2010; Zhu et al. 2010; Murphy and Stockinger
2010; Wilson et al. 2009; Zhou et al. 2009)]. Thus, a set of divergent gene net-
works can be mobilized for antigen-dependent differentiation, each influenced by
intrinsic, autocrine, and paracrine environmental effects. There is considerable
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interest in how stably or reversibly cells commit to any of these subsets, and some
of the emerging answers are reviewed briefly below.

There are actually multiple subtypes of T cells besides these major CD4+

TCRab+ ‘‘Th’’ subsets. Some are additional variants of CD4+ effectors, such as
Th9, Th22, and Tfh cells, which may diverge from the other effector types through
mechanisms that are under intense discussion (Murphy and Stockinger 2010; Spits
and Di Santo 2011). In addition, several more divergent T-cell lineages branch off
from all major TCRab lineages in the thymus. These include TCRcd subsets that
not only use different genes to encode their receptors but also have distinctive
homing, cytokine expression, and response threshold properties; and in addition,
NKT and possibly also CD8aa ‘‘innate type’’ T cells that follow different trig-
gering rules from conventional TCRab CD4+ T cells (Meyer et al. 2010; Park et al.
2010; Kreslavsky et al. 2009; Spits and Di Santo 2011; Das et al. 2010;
Gangadharan et al. 2006). The initial determinant spurring choice of one of these
developmental pathways is often the particular TCR the cell expresses, and its
interaction with particular ligands expressed in the thymic environment. Never-
theless, the result in each case is to assemble within the cell a particular gene
regulatory network that will be the framework for all the cells’ responses to future
stimulation. All these diverse variants of T cells are testimony to the versatility and
dynamism of ‘‘the T cell program’’. However, the developmental problem posed
by T-cell differentiation is actually broader and even more challenging than the
distinctions among these subsets.

Despite the flexibility, the initial programming that enables a precursor to become
a T-lineage cell at all creates a major core identity that is not flexible, and is
apparently irreversibly set. The activation-dependent specialization differences are
superimposed on this background of stability. Not only do rearranged TCR genes
stay rearranged (as they must), but the cells also faithfully preserve a stable program
of lineage-specific gene expression that has nothing to do with gene rearrangement,
maintaining transcription of genes that encode the invariant TCR complex signaling
components CD3c, d, e and TCRf, the lineage-specific kinases Lck, ZAP70, and Itk,
and the crucial signaling adaptor molecules Lat, SLP76 (Lcp2), and GADS (Grap2).
All these genes are largely or completely T-cell specific in their RNA expression
(http://www.immgene.org) (Heng et al. 2008). Thus, they must be maintained by a
specific aspect of T-lineage regulatory state that is held constant, even while the cells
dynamically alter their transcriptional program choices in response to their envi-
ronments. The contrast between stable T-lineage identity functions and versatile,
multi-option, actively modulated effector functions is much more obvious in the case
of T cells than in the case of B cells. Moreover, wherever they migrate and whatever
signals they encounter, mature T cells do not regain access to genes associated with
some of the alternative developmental programs that were available to their early
precursors, such as the myeloid or B-cell programs.1 Thus, some fundamental

1 An interesting partial exception is the progenitor cell, B cell, and myeloid cell associated
transcription factor PU.1, discussed below.
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aspects of the T-cell developmental program are not only established earlier, but also
established much more robustly, than effector function specialization. How does this
work?

In this review, we start with two general models, combinatoriality and hit-and-
run regulation, for understanding the T-cell state. The take-home lessons from
well-established paradigms of effector gene expression in later T-cell development
are reviewed. We then evaluate more critically how transcription factor action and
epigenetic modification intersect, using more recent data from genome-wide
analyses. Finally, the principles that emerge are applied to consider the current
evidence for the regulatory origins of the T-cell gene expression program, and the
crucial questions that need to be tackled in the future.

2 Combinatoriality

Stability of some gene expression patterns while others are changing can be
explained simply by the use of different transcription factor combinations to
control stable and dynamically regulated genes. Gene expression as a rule depends
on combinations of factors both in development and in physiological responses to
activation signals, and the precise combinations of inputs needed are dictated by
the structure of gene-specific cis-regulatory elements. Thus, whether or not a
particular factor is rate-limiting for activation of a given target gene generally
depends on what other factors are available to collaborate, and a different
requirement may apply at other target genes of the same factor. An extreme case is
that of the T-cell cytokine gene, Il2, which depends on a complex ensemble of
differentially activated transcription factors, all of which can make rate-limiting
contributions to its expression (Bunting et al. 2006; Rothenberg and Ward 1996;
Jain et al. 1995). Like other transiently activated cytokine genes, it requires inputs
from the acutely mobilized signal-response transcription factors AP-1, NFAT, and
an NF-jB family member such as c-Rel. When Il2 is induced, transcription ter-
minates almost immediately when cyclosporin A or FK506 is used to interrupt the
availability of one of these factors, and in these cases the entire transcription factor
ensemble rapidly dissociates from the promoter-proximal enhancer of the gene
(Garrity et al. 1994; Chen and Rothenberg 1994; Rao et al. 2001). Thus, if it were
the case that all T cells stably expressed certain core transcription factors, then it is
theoretically possible that any genes that need to be expressed stably could simply
require combinations of these constant factors. Then, in this scenario, genes
involved in dynamic subset specialization would be distinguished by their
requirement for different combinations of transcription factors which might need
to include at least one factor that was not part of the core, but rather dependent on
context or environmental signals. Indeed, this is a way that STAT factors are used
to regulate T-effector subset differentiation genes, as noted below. Such a com-
binatorial gene control model is consistent with known features of gene regulation
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(Davidson 2006) and does not necessarily require any hierarchy in mechanisms
leading to different degrees of expression stability among different genes.

3 Epigenetics and Hit-and-Run Gene Regulation

There is an alternative way that some gene expression ‘‘decisions’’ could be made
more permanent than others, however, and over the recent years this alternative
has attracted great interest. The constraint that some transcription factors need to
be expressed with perfect stability or excluded continuously can be removed if the
genome itself can be selectively masked by modifications of chromatin that are
passively maintained from generation to generation. If intrathymic differentiation
could position specific epigenetic modifications so as to block or favor particular
genes for expression in the future, then these components of the T-cell program
would be selectively buffered against regulatory change while others could vary
freely during immune responses.

Epigenetic mechanisms were first described to explain the hit-and-run action of
the factors that establish Hox complex gene expression patterns, which are then
sustained for long-term organization of body plans in embryonic development of
many kinds of animals (Grimaud et al. 2006; Schwartz and Pirrotta 2007). Epi-
genetic modifications of chromatin domains are also found associated with the
long-term silencing of repeated gene arrays (Garrick et al. 1998), and implicated in
position effect variegation of transgenes inserted near heterochromatin (Williams
et al. 2008). Several examples in T-cell gene regulation have set additional
precedents for the ability of epigenetic regulatory mechanisms to mediate durable
changes in gene accessibility, raising or lowering these genes’ thresholds for future
activation. Silencing of CD4 expression in the CD8+ lineage depends on Runx
factor repressive activity within the thymus, but after the cells are mature,
repression of CD4 is less sensitive to Runx/silencer interactions (Taniuchi et al.
2002; Telfer et al. 2004). Conversely, while activation of CD4 in mature CD4+

lineage cells depends on a proximal enhancer, once maturation has occurred CD4
expression continues even if this enhancer is deleted (Chong et al. 2010). Effector
response genes in memory CD8+ cells become easier to activate than in naïve T
cells also, due to epigenetic modifications of the chromatin at these loci that
preserve a partially open state even when the genes are not currently induced
(Araki et al. 2009, 2008). The idea of a hit-and-run mechanism for cell-type
specification would be particularly appealing to explain T-cell differentiation,
because the key events in the establishment of a T-cell identity occur during
interaction with a transient Notch pathway signal in the thymus, which is then
discontinued and becomes dispensable after commitment (Petrie and Zuniga-
Pflucker 2007; Rothenberg et al. 2008).

Well-studied examples of epigenetic changes occur during commitment of a
mature, antigen-activated CD4+ T cell to one or another effector subtype
(Cuddapah et al. 2010; Murphy and Stockinger 2010; Amsen et al. 2009; Wei et al.

T-Cell Identity and Epigenetic Memory 121



2009; Wilson et al. 2009; Nakayama and Yamashita 2009; Ansel et al. 2006;
Reiner et al. 2003), as summarized below. During CD4+ T cell effector polari-
zation, genes of the favored pathways become easier to activate and those of the
disfavored pathway become harder to activate than in the naïve cells. In these
cases, clear shifts are seen in the patterns of CpG DNA methylation and in
chromatin compaction restricting DNase sensitivity around subset-specific cyto-
kine genes. In addition, covalent modification of histone proteins in nucleosomes
appear to mediate many of the effects of transcription factors on chromatin,
enabling prior transcription factor activity to influence future nucleosome con-
formation, DNA methylation, and ultimately gene expression.

Most histone marks are thought to favor or reinforce the regulatory effects
(activation, repression, etc.) in the course of which they were first deposited
(Kouzarides 2007). Thus they are thought to stabilize the induced gene expression
pattern in a kind of positive feedback, helping to make differentiation irreversible.
‘‘Activating’’ marks like histone H3 K(9,14) acetylation or H3 K4 trimethylation,
‘‘accessibility’’ marks like H3 K4 mono- or di-methylation, and ‘‘repressive’’ marks
like H3K27 trimethylation or H3K9 trimethylation can then affect the tightness of
nucleosome packing and the ease of access of transcription factors or RNA poly-
merase II to their target sequences in the DNA. ‘‘Repressive’’ histone marks also
recruit DNA methyltransferases which strengthen repression by methylating local
CpG residues. Not only is this associated with recruitment of chromatin conden-
sation proteins, but also it can directly block future recognition of target sites by
stimulatory transcription factors (Polansky et al. 2010; Maier et al. 2003). At the
same time, combinations of ‘‘activating’’ and ‘‘repressive’’ histone marks can occur
at the same loci (‘‘bivalent’’ marks), and these are strongly associated with instability
of expression, perhaps increasing the sensitivity of the gene to future activating or
repressive signals (Cui et al. 2009; Bernstein et al. 2006).

4 Interplay Between Cellular History and Current Activation
State: Examples from Cytokine Gene Control

Cytokine gene regulation in mature T cells has yielded strong case studies for how
epigenetic modifications can mediate the interplay between prior and current
transcription factor activity. This extensive literature has been authoritatively
reviewed (Wilson et al. 2009; Cuddapah et al. 2010; Murphy and Stockinger 2010;
Balasubramani et al. 2010; Zhu et al. 2010; Amsen et al. 2009; Ansel et al. 2006)
and is only briefly summarized here. The main take-home lessons have come from
the Th2 cytokine gene cluster, including Il4, Il13, and Il5, and from the extensive
array of elements that regulate the signature Th1 cytokine gene, Ifng. Both the Th2
and the Th1 cytokine loci are activated by TCR signaling, but in mutually
exclusive patterns in polarized effector cells. In contrast, naïve T cells respond to
TCR activation by activating other loci preferentially, such as the Il2 locus; they
can only weakly and slowly induce expression of either the Th1 or Th2 signature
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cytokine loci. Yet the transcription factors activated by TCR signaling that directly
induce all these genes, including the Ca2+/calcineurin-dependent factor NFAT, are
apparently the same in all cases. Thus, the difference in inducibility among Th1
cytokine, Th2 cytokine, and Il2 loci appears to reside in the prior accessibility
marking that these loci undergo during differentiation from naïve to antigen-
activated polarized cells.

The IL-4 mobilized transcription factor Stat6 plays a major role in establishing
the permissiveness of the Th2 cytokine gene complex for activation (Lee and Rao
2004; Wei et al. 2010), which is then sustained by binding by the product of
another Stat6 target gene, the Stat6-upregulated transcription factor GATA-3
(Onodera et al. 2010; Ouyang et al. 2000; Yamashita et al. 2004). As cells dif-
ferentiate into Th2 effectors, new, subset-specific DNase hypersensitive sites
appear that are opened and maintained by Stat6 and GATA-3 binding. Importantly,
these maintain a distinct condition of ‘‘active’’ chromatin that persists much later,
between bouts of TCR-signaling, in the Th2 memory state. Thus, the active
chromatin configuration around the locus is not simply an adjunct to active tran-
scription nor dependent on ongoing NFAT recruitment to the promoter. The
permissive state is associated not only with DNase hypersensitive sites but also
with depletion of CpG methylation across the Th2 cytokine gene promoters, as
well as the presence of ‘‘accessible’’ histone marks. This permissiveness pre-
sumably underlies the preferential recruitment of factors like NFAT to the Il4
promoter in these cells, the next time TCR signaling is reactivated. The Th1
cytokine genes are not equivalently clustered, but the regulation of the ‘‘signature’’
Th1 cytokine gene Ifng has now been described in detail (Balasubramani et al.
2010; Schoenborn et al. 2007; Chang and Aune 2007). At the Ifng locus, an array
of elements, extending to about 60 kb upstream and about 50 kb downstream of
the transcription unit itself, turns out to be required for correct, fully efficient
expression. Again, DNase hypersensitivity of these elements is greatly enhanced
by Th1 differentiation and reduced by Th2 differentiation. Several of these key
elements are directly engaged by the Th1 transcription factors T-bet (Tbx21) and
Stat4 (Schoenborn et al. 2007; Wei et al. 2010; Balasubramani et al. 2010). These
cases illustrate chromatin modifications that go along with lineage-specific
memory and stable differentiation, and which can be separated from activation of
pol II-dependent transcription per se.

5 Reversibility and Plasticity of Histone Marks

Nevertheless, histone marks are clearly subject to modification in response to
changes in engagement of sequence-specific transcription factors [reviewed by
(Natoli 2010)]. It is notable that across the genome the great majority of the
‘‘positive’’ marks, H3K4me2 and H3K4me3, are localized in discrete islands, with
clear peaks implying a site-specific deposition mechanism (see examples in
Fig. 1). Indeed, changes in histone marks can be a symptom of current
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transcription factor binding. For example, activation of the combination of factors
that turns on Il2 transcription can rapidly increase DNA accessibility to DNase and
restriction endonuclease digestion (Ward et al. 1998; Rao et al. 2001) and
demethylate CpG residues in the promoter-proximal region (Bruniquel
and Schwartz 2003; Murayama et al. 2006). This coincides with de novo acety-
lation of histone H3 over several kilobases upstream of the promoter (Adachi and
Rothenberg 2005; Chen et al. 2005).

Alteration of local histone modifications is a general correlate of the tran-
scription factors at work. Binding of the crucial myeloid and B-cell factors PU.1
and EBF1 can rapidly induce mono- and/or di-methylation of H3K4, respectively,
when they bind their target sites (Ghisletti et al. 2010; Heinz et al. 2010; Treiber
et al. 2010). Nucleosome remodeling and local conversion of H3K4me1 into
H3K4me2 or me3 marking, causing the H3K4me1 marked region to flatten and
‘‘spread’’, is also seen as a rapid, direct response to the local binding of E2A,
EBF1, or PU.1 (Heinz et al. 2010; Lin et al. 2010).

Repressive marks as well as activation marks can be dynamic. The specific
loss of ‘‘open’’ H3K4me3 marks can be triggered quickly by the withdrawal of
Notch signaling, which causes the Notch-sensitive transcription factor RBP-Jj
(or CSL = CBF1, Suppressor of Hairless, Lag-1) to switch from binding a
coactivator to binding a corepressor complex containing the H3K4me3-specific
demethylase KDM5A (Jarid1a, RBP-2) (Liefke et al. 2010). Conversely, con-
version of na T cells into Th2 cells involves elimination of long-standing
H3K27me3 marks from an upstream regulatory region of Gata3 (Fang et al.
2007; Amsen et al. 2007) (Fig. 1b). The transcription factor Tbx21 (T-bet) can
directly strip H3K27me3 repressive marks from the promoters of some of its
target genes, by recruitment of demethylases like Jmjd3 and Utx (Miller and
Weinmann 2010). Finally, even the supposedly prohibitive modification of CpG
DNA methylation has elegantly been shown to be removable by the combined
action of transcription factors E2A, EBF1, and Runx1 in early B-cell develop-
ment (Maier et al. 2004). Clearly, in order to promote these epigenetic

Fig. 1 Examples of histone marking patterns in neighborhoods of strongly expressed T-cell
genes. a ZAP70, in human CD4+ T cells [data from (Barski et al. 2007)]. b Gata3, in four subsets
of murine CD4+ T cells: 1, naïve T cells; 2, Th1 T cells; 3, Th2 T cells, and 4, ‘‘natural’’
regulatory T cells (nTregs) [data from (Wei et al. 2009)]. Plots show enrichments of chromatin
immune precipitation with antibodies against the indicated modified histones and RNA
polymerase II, displayed as histograms against the human (hg18, panel a) and murine (mm9,
panel b) genomes on the UCSC genome browser (http://genome.ucsc.edu). WIG files for a were
downloaded from http://dir.nhlbi.nih.gov/papers/lmi/epigenomes/hgtcell.html. WIG files for
b were constructed from raw data deposited in a public repository by Wei et al. and converted
from mm8 to mm9 coordinates before plotting. H2A.Z, H3K4me1, H3K4me2, and H3K4me3 are
all markers for accessibility and/or activation. H3K27me3, H3K9me2, H3K9me3, and
H4K20me3 are all implicated in repression. H3K79me3 is associated with actively elongating
polymerase. The repression mark H3K27me3 and the activation mark H3K4me3 are particularly
useful, as shown in b. Magenta arrows indicate the genes of interest and their directions of
transcription. In b, the blue arrow shows the site of upstream regulatory element for Gata3 that is
selectively demethylated in Th2 cells

b
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modifications, the factors must have access to the DNA and the previous marks
cannot be viewed as deterministic.

These considerations challenge the picture that histone modification patterns
give past transcription factor action a lasting dominance over the scope of
future transcription factor action. Such marks may not, for example, distinguish
prohibited from temporarily quiet genes in a given cell type. Instead, they may
offer access to a different, more focused, more developmentally interesting kind
of insight. Histone marking patterns in a steady-state condition reflect the site-
specific integrations of prior and current regulatory inputs. Thus, the location
of changes in histone marking, across the time of a developmental transition,
will be highly selective, and will reveal specific cis-elements where key
transcription factors must be acting within that time frame to promote that
change.

6 Combinatorial Transcription Factor Action
and Epigenetic Modification

Genome-wide methods allow new light to be shed on the rules governing the
reciprocal interaction of transcription factors with the epigenetic modification
apparatus. One question is to evaluate globally how much transcription factor
binding may really be limited by prior epigenetic modification, if that can be
separated from the concurrent action of other transcription factors. Another is what
determines the epigenetic consequences of a transcription factor’s binding in a
given cellular and DNA sequence context.

The foundational determinant of transcription factor binding occupancy is of
course target site sequence recognition. Powerful high-throughput technologies for
assessing binding by purified transcription factors in vitro have now provided a
greatly improved measure of the quantitative preferences that particular tran-
scription factors show for diverse site variants, when they are binding on their own
(Berger and Bulyk 2009). However, the actual distribution of sites that tran-
scription factors bind in vivo is not always congruent with the set of sites that they
would be predicted to bind even based on these improved bioinformatic grounds.
For most factors, only a subset of canonical sites are bound in vivo at any one time,
and also there is significant recruitment to sites where no predicted target site
exists (Badis et al. 2009; Gordân et al. 2009). These findings suggest that the sites
where factors actually work in a given cell type can be affected positively by
interaction with other factors, not just limited by site masking or through chro-
matin constraints.

Although transcription factors generally bind to many fewer sites than could be
predicted on sequence grounds alone, the sites they bind are not simply predictable
by degree of match to a measured position weight matrix. More importantly, they
are cell type specific. A factor such as PU.1 is expressed at different levels in
B lineage cells, myeloid lineage cells, and early T cells, but it binds to distinct
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patterns of sites in all three (Heinz et al. 2010) (Zhang et al. unpublished results).
Although myeloid lineage cells express the highest amounts of PU.1, they fail to
engage PU.1 at a number of genomic sites where it is bound in the much lower
expressing B or early T-lineage cells (Heinz et al. 2010) (Zhang et al. unpublished
results). This implies that classical mass-action is not the sole discriminant for site
selection. In a similar way, E2A binding in pre-pro B cells occupies some sites that
it will not occupy later in definitive pro-B cells (Lin et al. 2010), despite increasing
overall expression of E2A at the later stage. Is the site discrimination in these cases
caused by masking through repressive chromatin? To date, the only genome-wide
assessment of chromatin ‘‘closing’’ can be provided by the mapping of repressive
histone marks. In our own studies of early T-cell precursors, PU.1 site selectivity
does not appear to result from masking by H3K27me3 marks in general (Zhang
et al. unpublished results).

Instead, some contextual information that may be provided by other tran-
scription factors determines where a factor will bind. One example is the devel-
opmental role of EBF1 in recruitment of E2A to a large number of new sites in
early B cell precursors, sites where E2A can bind in close proximity to EBF1 and
where new H3K4 methylation marks are formed (Lin et al. 2010). Another likely
example is the selective binding and activity profile of EBF1 when ectopically
expressed in a hematopoietic, as opposed to a nonhematopoietic, cellular context
(Treiber et al. 2010). Finally, the B and myeloid lineage factor PU.1 is recruited to
different spectra of binding sites in myeloid and B cell contexts, in large part
because of its need to interact with C/EBP family factors in the former and with
E2A and/or Oct family factors in the latter (Heinz et al. 2010). C/EBP factors and
PU.1 can each recruit the other to bind to joint cis-elements. The implication is that
a large fraction of binding is itself combinatorially defined.

Whether binding by interacting factors must be strictly coordinate or whether it
can be mediated through a ‘‘pioneer’’ mechanism seems to vary according to the
factors involved and the cis-regulatory sequences that are in play. When consti-
tutively expressed transcription factors bind DNA, they may create a favored
recruitment site for later-mobilized transcription factors, mediated through local
histone modifications. For example, constitutively expressed PU.1 in myeloid cells
can guide activation-dependent factors selectively to myeloid-specific response
genes, very likely because it can induce permissive local H3K4 monomethylation
and nucleosome remodeling at sites where it has bound (Natoli et al. 2011;
Ghisletti et al. 2010; Heinz et al. 2010). Although the PU.1 binding is insufficient
to turn on these activation-dependent target genes itself, it can focus the activity of
the activation-dependent factors on a subset of their potential genome-wide targets
for efficient and cell-type specific responses. In these cases, combinatorial tran-
scription factor action is still important, but epigenetic changes allow different
participants to be brought to the site asynchronously.

Although factors such as PU.1, E2A, and EBF1 often induce ‘‘accessibility’’
histone marks at their binding sites, for each of these factors there is also a
minority of sites bound in vivo where these marks are induced barely if at all, even
with strong transcription factor occupancy (Lin et al. 2010) (Zhang
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et al. unpublished results). Why can these factors induce H3K4 modification in
some but not all cases? The combinatorial binding analyses of Lin et al. (2010)
suggest that E2A binding alone has a different functional role from E2A binding
together with cofactors such as FoxO1 and EBF1. Thus, factor-factor interactions
beyond those needed to stabilize occupancy may explain how recruitment of Set7/
9 and MLL-type H3K4 methyl transferases, which are thought to generate mono-
and dimethyl H3K4 respectively (Allis et al. 2007), may fail to occur at some sites.
A crucial open question is whether these H3K4-undermethylated sites are simply
nonfunctional sites, or whether they reflect deployment of the transcription factor
for a subset of their functional roles that may not involve ‘‘accessibility’’, such as
chromosome looping or repression. There is a clear precedent from the activation
and repression of different classes of target genes in erythroid cells by GATA-1, in
collaboration with different partners and with the induction of different epigenetic
marks (Yu et al. 2009; Fujiwara et al. 2009; Tripic et al. 2009; Cheng et al. 2009).

7 A Problem of Repression

The stability of repression is central to some of the most important questions about
the inheritance of cellular identity. Cellular identity clearly involves prohibiting
certain genes from being expressed, even while other genes can be on or off at
different times, and it would be valuable to understand the biochemical distinction
between permanent repression and conditional repression, if the mechanisms are
actually different. For activating marks, the functional connection is easy to make.
Acetylated histone H3 and H3K4 trimethylation not only are highly correlated
with the sites of currently active promoters across the genome (Wang et al. 2008;
Orford et al. 2008; Heintzman et al. 2007; Barski et al. 2007; Johnson et al. 2007;
Roh et al. 2006); these are marks that are actively emplaced by the coactivator
complexes recruited by positive regulatory factors, including p300/CBP, GCN5,
and PCAF (KAT2A, B, and KAT3A,B), and MLL factors (KMT2 family),
respectively, and they are then functionally implicated in the recruitment of RNA
pol II cofactors [reviewed by (Allis et al. 2007; Kouzarides 2007)]. In contrast,
H3K27me3 only indicates one type of Polycomb Repression Complex (PRC)
2-dependent repression. Other repressive marks have been described, but none are
comprehensive (Barski et al. 2007). Those repression marks that are present may
also be less sharply localized than activating marks. It is more frequent for an
entire transcription unit or extended stretch of intergenic DNA to be associated
with H3K27me3 marks than with H3 acetylation or H3K4 di- or trimethylation
‘‘activating/accessibility’’ marks.

When a transcription start site is modified by H3K27me3 and/or H3K9me3 in
the absence of overt activating marks, then the gene is normally silent. However,
this is not the only form of silencing that is found, in part because a gene can be
silent due to a lack of local activators, interaction with a remote silencing ele-
ment, or sequestration in a ‘‘silencing’’ compartment of the nucleus whether or
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not its promoter-proximal region has been modified with these marks. Filion
et al. (2010) have shown that the genome of Drosphila melanogaster can be
divided among five types of histone marked chromatin, where most of the genes
that are transcriptionally silent are in domains that lack all known ‘‘repressive’’
as well as ‘‘activating’’ marks. This unmarked fraction is considerably larger in
mammalian cells (Barski et al. 2007) (Zhang et al. unpublished results), where it
includes a major fraction if not a majority of the silent loci. These ‘‘empty’’
genes, untranscribed but lacking both activating and known repressive marks,
provide little insight into the mechanisms that have turned them off originally or
keep them silent afterwards.

It is not clear whether all silent genes should require active repression or direct
promoter blockade in order to stay silent. Many genes could remain silent pas-
sively, simply because the transcription factors that they require are themselves
repressed. Interestingly, in our own studies, silent transcription factor genes are
much more likely to bear H3K27 or H3 K9 trimethylation markings than the
average for silent genes in the genome overall (Zhang, unpublished data).
This may be a common feature of development from Drosophila to human, as an
overwhelming majority of the PRC-repression target genes conserved between
D. melanogaster and human appear to encode transcription factors (Schuettengruber
et al. 2007). It is more likely for non-transcription factor target genes to remain silent
without defined repressive marks.

It is likely that some transcriptional repressor proteins used in T-cell devel-
opment work as a rule by specific mechanisms that bypass a need for PRC2-type
complexes. In our own analyses of developing T-cell precursors (Zhang et al.
unpublished results), repressive H3K27me3 marks are not present on the CD4
intronic silencer (Taniuchi et al. 2002) in DN cells, at stages when this silencer is
acting, nor on the intergenic silencer between Rag1 and Rag2 (Yannoutsos et al.
2004) at stages when these genes are also repressed. The CD4 silencer seems not
to be maintained by DNA methylation either (Zou et al. 2001). Since both CD4
and Rag1/Rag2 silencers are Runx dependent, it is possible that Runx factors as a
rule use a repressive mechanism other than H3K27me3 or DNA methylation.
Recent evidence suggests that Runx-mediated repression can involve interchro-
mosomal interactions, which occur in particular nuclear membrane-associated
compartments of the nucleus (Collins et al. 2011), possibly mediated by the known
nuclear matrix binding activity of Runx factor C-terminal domains (Zeng et al.
1998). In any case, these exclusions mean that the absence of H3K27me3
(or H3K9me3) marks need not mean the absence of a repressive mechanism.

These findings make it difficult to use a single ‘‘snapshot’’ of a long-repressed
gene to locate the regulatory element(s) through which the initial repression
occurred. The power of epigenetic analysis will be greatly enhanced when diag-
nostic indicators for additional classes of repression can be discovered. However,
valuable information can emerge nonetheless when time-resolved changes in
repressively marked domains are detected.
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8 Epigenetic Marking Events in T-Lineage Gene Activation
from Stem-Cell Precursors

For T-cell development, the challenge is to explain the combination of persistence
of central identity together with plasticity of functional characteristics. What kind
of information about the programming of T-cell identity can we expect to obtain
through mapping of epigenetic changes? If data are only available from mature
T cells, the ‘‘activation’’ marks at annotated promoters are likely to agree with
current transcriptional activity, and are not particularly helpful to explain the
nature of the process that established this active gene expression. But we can ask
whether and where distinctive epigenetic marks may have been deposited through
the mechanisms that explain the long-term exclusion of non-T lineage properties.
Also, looking beyond the transcription start sites themselves, we can use epige-
netically marked regions to locate candidate sites for cis-regulatory elements of
both T and non-T lineage genes. And most powerfully, if we can examine
immature T cells, as well, to track the pattern of epigenetic marking across the
genome through developmental time, we may be able to explain the separate
mechanisms that operate during the distinctive staging of the T-cell specification
and commitment process.

The origin of the ‘‘persistent’’ T-cell properties may itself have an inter-
esting epigenetic component because of the way the T-cell program is acti-
vated in developing thymocytes. It requires many days of Notch pathway
signaling, under the influence of Notch ligands in the thymus, in order to
establish T-cell gene expression and lineage commitment [reviewed by (Ro-
thenberg et al. 2008; Petrie and Zuniga-Pflucker 2007)]. However, afterwards
the Notch signal becomes dispensable for CD4+ and CD8+ cell production
(Wolfer et al. 2001; Tanigaki et al. 2004). Thus, even the onset of T cell
identity raises the question of why such a sustained exposure to Notch path-
way signals in the thymus is needed, persisting over days, in order to activate
the T-cell program and eventually to block off other potential programs for-
ever. The highly staged progression toward lineage commitment preceding
TCR gene rearrangement would be consistent with a stepwise mechanism in
which initial regulatory factor induction could lead to epigenetic changes that
make cis-regulatory elements of a few target genes more accessible to addi-
tional regulatory factors, thus allowing the targets to be turned on or off once
these additional factors are available [cf. references (Heinz et al. 2010;
Hagman and Lukin 2005)]. If some target genes in these cases encode tran-
scription factors themselves, then this process can be iterated several times,
reaching more and more target genes as distinct sets of regulatory genes come
into play. But is this true? At present, the published literature offers a few
tantalizing clues.

Not all T-cell genes begin from an inaccessible state in stem and progenitor
cells. In multipotent hematopoietic stem cells, low-level gene expression appears
to proceed simultaneously at a range of loci that are ordinarily associated with
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mutually exclusive cell fates, a phenomenon known as multilineage priming
(Ji et al. 2010; Ng et al. 2009; Weishaupt et al. 2010; Månsson et al. 2007;
Pronk et al. 2007; Miyamoto et al. 2002; Hu et al. 1997). Some of the earliest hints
for poised chromatin as a mechanism for multilineage priming in stem cells
included DNase hypersensitivity of T-lineage specific elements in multipotent
cells (Wotton et al. 1989). A recent study has now compared multiple histone
marks and pol II occupancy patterns across the genome in hematopoietic stem
cells, multipotent progenitors, and more restricted progenitors on the one hand and
mature peripheral T cells on the other hand (Weishaupt et al. 2010). A number of
genes with T-cell specific expression patterns and strong activation marks in
mature T cells were found to be poised for activation with H3K4me3 marks in
stem and progenitor cells long before transcription began, while others had their
promoters bivalently marked (with H3K4me3 or H3Ac, and H3K9me3 or
H3K27me3). Still other T-cell specific genes were apparently devoid of any marks
in the stem and progenitor compartment (Weishaupt et al. 2010). The prevalence
of poised genes and genes not obviously silenced raises the question of what
trigger these genes are waiting for. However, this inference does not reveal the
timing and ordering of epigenetic modification relative to gene activation.

T-cell gene expression is induced in several waves during the differentiation
of pro-T cells both in vivo and in vitro (Yui et al. 2010; David-Fung et al. 2009;
Tydell et al. 2007; Kawazu et al. 2007; Dik et al. 2005; Taghon et al. 2005;
Tabrizifard et al. 2004). There is a general trend toward full mobilization of a
‘‘T-cell identity’’ gene expression program by the DN3 stage (Rothenberg et al.
2008), but no single ‘‘on switch’’ activates T-cell genes at a stroke. Thus there
could be a role for epigenetic constraints that need to be removed stepwise at
certain key loci. Our own studies are tracking the shifting patterns of epigenetic
modification across the genome as they correlate with transcriptional changes at
successive stages in this process (Zhang et al. unpublished results). To date,
however, in the published literature, epigenetic changes during murine T-cell
specification itself have been traced most closely at the level of changes in DNA
CpG methylation (Ji et al. 2010). The major increase in T-cell gene expression in
the DN2 and DN3 stages is marked by dramatic demethylation of CpG sites
around genes involved in T-cell identity, including Lck, Tcf7 (encoding TCF-1),
and Bcl11b (Ji et al. 2010) (http://charm.jhmi.edu/hsc/). The demethylation of
Bcl11b in particular appears tightly coupled with the activation of this highly T-
lineage specific gene (Yui et al. 2010). Thus, the transcription factors activated
during and immediately after the DN1 stage can specifically recruit demethy-
lating enzymes to these DNA sequences, or else selectively block maintenance
methylation of these sites during proliferation, opening up access for recognition
by the next tier of DNA-binding proteins. This rich trove of evidence is likely to
yield considerable insight into the gene regulation mechanisms in early T cells.
However, there is still much to learn about the component processes that
interlock to activate the T-cell program.

T-Cell Identity and Epigenetic Memory 131



9 Epigenetic Repression of Non-T-Cell Genes
During T-Lineage Commitment

T lineage commitment depends in principle on both positive and negative regu-
lation. T-cell essential positive regulatory factors need to be activated and their
expression stabilized to maintain T-cell identity gene regulation. In parallel, reg-
ulatory genes used in alternative pathways need to be repressed or kept perma-
nently silent. Although effects on alternative-lineage cytokine receptor gene
expression and homing receptor expression are also likely to be important for
shaping the process of lineage restriction in vivo, as discussed elsewhere
(Rothenberg 2011), a particularly central cell-intrinsic aspect is the silencing of
transcription factors that could provide access to non-T cell developmental pro-
grams (Table 1). These alternative-fate regulatory genes in fact are likely to be
silenced through several distinct waves of repression, because access to different
non-T fates is lost at distinct stages in T-cell specification (Rothenberg 2011). One
alternative, the NK cell program, remains closely linked to the T-cell program in
regulatory terms and arguably continues to underlie mature cytolytic T cell
function. Only one transcription factor yet described appears to distinguish NK
cells from T cells, the zinc finger factor Zfp105 (Chambers et al. 2007; Li et al.
2010b) (http://www.immgen.org). But other fate alternatives have clearly distinct
regulatory features that separate them from virtually all mature T cells. Thus,
T-lineage commitment can be predicted to involve establishment of durable,
robust repressive mechanisms at a specific set of important regulatory loci.

Loss of access to the B cell program should entail loss of inducibility of the
crucial B-cell specific factors EBF1 and Pax5 (Mandel and Grosschedl 2010;
Lukin et al. 2008; Cobaleda et al. 2007). Loss of access to the dendritic cell
program is likely to involve loss of PU.1 (Carotta et al. 2010; Lefebvre et al.
2005), just as loss of access to other myeloid programs should entail loss of PU.1
and C/EBP family factors (Laiosa et al. 2006; Wölfler et al. 2010). Another pro-
gram that must be repressed is the pluripotent stem/progenitor cell state itself,
since pre-commitment T-cell precursors initially express a group of regulatory
factors that are strongly implicated in stem and progenitor cell proliferative
expansion or self-renewal. These factors include products of the known proto-
oncogenes Tal1 (SCL), Lyl1, Hhex, Lmo2, Bcl11a, Erg, and HoxA cluster genes as
well as the Hox cofactor Meis1, PU.1 (Sfpi1) and Gfi1b (Yui et al. 2010;
Rothenberg et al. 2010), all of which are implicated in stem and progenitor cell
development and maintenance. Thus, silencing of these genes may play a role in
the irreversibility of T-lineage choice. Expression of the stem/progenitor cell
regulatory state is evidently fairly stable, as it persists into the DN2 stage when
pro-T cells have visibly responded to Notch signaling and have already begun
upregulating T cell identity genes. The stem/progenitor regulatory genes must then
be actively repressed through a T-lineage specific mechanism, because in Bcl11b-
deficient pro-T cells they continue to be expressed abnormally (Li et al. 2010a).
Given this integral role in early T-cell precursors, it is particularly interesting to
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consider how the stem/progenitor regulatory genes are eventually taken out of
action.

Published data sets for mature T cells indicate that some of the alternative-
lineage genes are indeed repressed through the imposition of epigenetic silencing
marks (Fig. 2, Table 1). Pax5 and Ebf1 are heavily marked with H3K27me3
across their 5’ ends and known regulatory elements in multiple effector subsets of
mouse and human CD4+ T cells (Weishaupt et al. 2010; Wei et al. 2009; Barski
et al. 2007) (Table 1; e.g. Fig. 2c). The single NK-specific regulatory gene that is
not expressed in any known subsets of T cells, namely Zfp105, is covered with
repressive marks in mature T cells as well. Similarly, stem/progenitor-cell genes
Gata2, Tal1, Lmo2, and Bcl11a have all acquired strong repression marks in
mouse and human mature CD4+ T cells (e.g. Fig. 2a, d). However, a role for
alternative modes of repression is evident in the cases of PU.1 (Sfpi1 gene)
(Fig. 2b). PU.1 is silenced during T-lineage commitment in the DN2-DN3 tran-
sition, but is devoid of known repressive marks in mature CD4+ T cells (Weishaupt
et al. 2010; Wei et al. 2009; Barski et al. 2007). This is potentially associated with
the ability of PU.1 to be ‘‘reawakened’’ during differentiation into the Th9 type of
effector T cells, one response path for mature CD4+ cells after antigen stimulation
(Chang et al. 2010). However, Th9 cells constitute a rare subset, and for the
overwhelming majority of T cells PU.1 remains permanently silent. Several other
genes similarly appear to be silenced without strong repressive marks, and for
these it is currently difficult to use epigenetic information to elucidate the timing
and sites of action of T-lineage specific repressive mechanisms.

For the genes that are silenced with H3K27me3 deposition, two interesting
questions arise. First, is the deposition of this mark an integral part of transcrip-
tional silencing, or may it simply be allowed to occur once the actual tran-
scriptional repression event has taken place? Can appearance of repressive marks
follow afterwards, in the aftermath of developmental repression? For example,
there are genes that have their promoters flanked by islands of strong H3K27me3
modification even when they are expressed, similar to the case of Gata3 (Fig. 1b).
In these cases, conceivably, the ‘‘open’’ state maintained at the promoter might
depend on a continuous ‘‘antirepression’’ mechanism that limits the spread of this
negative regulatory feature. If these genes stop being actively induced, it is pos-
sible that negative marks could be propagated across cis-elements of the gene
simply as a result of prolonged absence of the activating complexes that previously
kept them at bay.

Second, is the repression denoted by H3K27me3 marking truly permanent? In
fact our own results (Zhang et al. unpublished) provide a number of cases where
these marks can be removed rather quickly when developmentally important genes
are activated. Furthermore, there are some surprising examples from the data of
(Wei et al. 2009), where H3K27me3 marking appears to be partially reversible
(Table 1). In these cases, genes that are fully repressed in thymocytes (Zhang et al.
unpublished data) and naïve T cells alike may have their repression marks
seemingly attenuated during antigen-dependent effector specialization in Th1 or
Th2 cells, even if the genes are not re-expressed. It is interesting that T-cell
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activation appears to result in the transfer of the histone H3K27 methyltransferase
Ezh2 to the cytoplasm (Su et al. 2005; Hobert et al. 1996). If this indeed depletes
the nuclear pool, then T cell activation could temporarily create a less restrictive
chromatin environment for repressed genes with each round of DNA replication.
Thus, something else besides the presence of the repressive marks defines their
permanence in cases like Pax5, where no known reactivation mechanism appears
to exist.

10 Concluding Remarks: Open Prospects

To explore how different regulatory mechanisms, durable and reversible ones, may
be superimposed upon each other in T-cell development, epigenetic analysis offers
a glorious harvest of detailed, gene-specific observations. However, it still presents
some difficulties for explaining developmental programs. The information con-
veyed by specific histone and DNA methylation marks at a given moment in time
is purely correlative, and so far, much of the use of this information has been to
ratify what is already observed at the RNA expression level. For prediction or
understanding of future gene activity and its constraints, there is still much to be
learned. The H3K(9,14) Ac mark is tightly correlated with active promoters
through its functional connection with RNA pol II recruitment, while the
H3K4me3 modification marks both active and potentially active promoters (Hei-
ntzman et al. 2007). However, these give no clear way of distinguishing an
inactive promoter that will be activated soon from one that was active but will
never be active again. For repression, the H3K9me3 and H3K27me3 marks are
highly correlated with silencing, but there are many silenced genes and possibly
multiple silencing mechanisms that they miss. More poignantly, some genes that
are covered with repressive marks and invested with CpG methylation at one stage
may be strongly activated at a later stage, and we lack ways to distinguish pro-
spectively the cases in which this is or is not possible.

Much interest has focused on the epigenetic status of known promoter regions
that can be associated with known gene transcripts. Bioinformatically, due to rich

Fig. 2 Distinct modes of repression of lineage-inappropriate genes in T cells. a Gata2 in human
CD4+ T cells: an example of ‘‘broad’’ H3K27me3-mediated repression of a gene that was
expressed in the earliest precursor stages. b SPI1 in human CD4+ T cells: an example of
repression without any repressive marks. Note the lack of any of the marks, H3K27me3,
H3K9me2, H3K9me3, and H4K20me3, which are thought to mediate repression. c Pax5 in four
subsets of murine CD4+ T cells: an example of ‘‘broad’’ H3K27me3-mediated repression of a
gene which may never have been expressed in T-cell precursors. d Bcl11a in four subsets of
murine CD4+ T cells: an example of promoter-associated H3K27me3-mediated repression of a
gene that is expressed in T cells until DN3 stage. In c, d: 1, naïve T cells; 2, Th1 T cells; 3, Th2 T
cells, and 4, nTregs. Magenta arrows indicate the genes of interest and their directions of
transcription. Data for a, b were from (Barski et al. 2007), as in Fig. 1a. Data for c, d were from
(Wei et al. 2009), as in Fig. 1b

b
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genome annotation, this is the low-hanging fruit. However, the greatest payoff
from epigenetic mapping is likely to come from the ability to visualize regulatory
regions that are not part of known promoters or included in known transcription
units. Some of these may actually be promoters of novel genes, including non-
coding RNA genes, while others are distal cis-elements for known genes. In either
case, the pattern of cis-elements that are in play is cell type specific and stage-
specific, profoundly influenced by the way stage-specific transcription factors can
affect histone modifications at their binding sites, as already described for PU.1,
EBF1, and T-bet. Epigenetic marking patterns around developmentally regulated
genes often suggest the presence of cis-elements that can be up to 100 kb away
from the promoter or more, but visible because of histone modifications paralleling
those at the promoter. Such elements may be crucial in order to eventually account
for the regulation of the gene in various biological contexts.

With respect to T cells, a particularly interesting question is whether there is
any link between different mechanisms of gene silencing and hierarchies of ‘‘fate
exclusion’’ in development. The T-cell developmental pathway originates from
hematopoietic committed cells in which lineage-irrelevant genes are permanently
silent. Cells then appear to undergo an early exclusion of the erythroid and
megakaryocytic developmental fates, followed by restrictions on myeloid fate,
exclusion of the B cell fate, and then elimination of dendritic-cell and remaining
myeloid potential together with loss of ‘‘stem/progenitor’’ properties (Rothenberg
2011). The NK-cell alternative may be eliminated last. One might imagine two
extreme scenarios to account for these events. In the first, the depth of repression
marking could be cumulative, so that non-hematopoietic and erythroid genes
would be most heavily marked and NK cell genes the least heavily marked.
Alternatively, at the opposite extreme, the heaviest repression marks might need to
be applied in order to halt ongoing transcription, but eventually become dis-
pensable as not only the gene itself but also the positive regulatory factors that
once promoted its expression remain untranscribed. The incompleteness of our
tools to detect different modes of repression limits the conclusions that can be
drawn, but there are already data in hand to call into question both extreme
models. The stem-cell genes Lmo2 and Gata2 carry repression marks in mature
T cells, while the erythroid transcription factor gene Gata1 remains in apparently
open chromatin; yet H3K27me3 marks bury the B-cell specific Pax5 and Ebf1
genes, while the later-silenced PU.1 gene (Sfpi1) remains ‘‘open’’ (Table 1)
(Barski et al. 2007; Wei et al. 2009; Weishaupt et al. 2010).

These results imply that distinct silencing marks may be less indicators of the
‘‘silent state’’ as a whole, or of genealogical hierarchy, than traces of the highly
specific mechanism that acted to repress a given gene during a specific gene
network transaction. In this way, they may be bringing us closer than we expected
to the actual regulatory factors that are the causal forces in developmental lineage
commitment.

The scope of evidence provided by genomic mapping of epigenetic marks in a
given cell type is enormous, but the ability to use this evidence to answer specific
developmental questions is enhanced and greatly focused when maps are
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compared from cells at successive stages of development. This follows from the
goal of explaining changes in gene expression, which are necessarily derivatives of
transcriptional activity with respect to time. The marked histone peaks that are
relevant to the change in expression of a particular gene are most likely to be those
that undergo a change in modification in parallel. Thus, rather than simply creating
an impossibly large amount of data to analyze, sequential epigenetic analysis
across a developmental process helps to narrow the field of focus to those par-
ticular transcription units and epigenetically marked regions that change status
between stages. Cis-regulatory analysis of mammalian genes has not been as
prominent in the past decade as it was earlier, partly because many strategies based
on ‘‘Ockham’s razor’’ logic have proven disappointing. However, by selecting the
full set of candidate cis-elements identified as islands of dynamically specific
epigenetic marking, and using modern gene transfer methods such as BAC
transgenesis to assess their function, important regulatory questions should now
come within range of solution.
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Encoding Stability Versus Flexibility:
Lessons Learned From Examining
Epigenetics in T Helper Cell
Differentiation

Kenneth J. Oestreich and Amy S. Weinmann

Abstract It is currently unclear whether our classifications for T helper cell
subtypes truly define stable lineages or rather they represent cells with a more
flexible phenotype. This distinction is important for predicting the behavior of
T helper cells during normal immune responses as well as in pathogenic condi-
tions. Determining the mechanisms by which T helper cell lineage-defining
transcription factors are expressed and subsequently regulate epigenetic and
downstream gene regulatory events will provide insight into this complex ques-
tion. Importantly, lineage-defining transcription factors that regulate epigenetic
events have the potential to redefine the fate of the cell when they are expressed. In
contrast, factors that regulate the events downstream of a permissive epigenetic
environment will only have the capacity to modulate the underlying gene
expression profile that is already established in that cell. Finally, mechanisms
related to the antagonism versus cooperation between the lineage-defining factors
for opposing T helper cell subsets will influence the characteristics of the cell.
Here, we provide an overview of these topics by discussing epigenetic states in
T helper cell subtypes as well as the mechanisms by which lineage-defining
factors, such as T-bet, regulate gene expression profiles at both the epigenetic and
general transcription level. We also examine some of what is known about the
interplay between the T helper cell lineage-defining transcription factors T-bet,
GATA3, Foxp3, Rorct, and Bcl-6 and how this relates to the proper functioning of
T helper cell subsets. Defining the mechanisms by which these factors regulate
gene expression profiles will aid in our ability to predict the functional capabilities
of T helper cell subsets.
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Bcl-6 B cell lymphoma-6
Foxp3 Forkhead box P3
H3K4 Histone 3 Lysine 4
H3K27 Histone 3 Lysine 27
HAT Histone acetyltransferase
HDAC Histone deacetylase
Jmjd3 Jumonji C domain-containing protein 3
RORct RAR-related orphan receptor gamma
T-bet T-box expressed in T cells
Tfh T follicular helper cell
Th T helper
Treg Regulatory T cell
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1 T Helper Cell Lineages

It has long been recognized that naïve helper T cells can differentiate into spe-
cialized subsets that are designed to clear specific pathogens. T helper 1 (Th1) and
Th2 cells were originally defined by their ability to stably produce IFNc to
coordinate the immune response to intracellular pathogens, or alternatively, IL-4 to
coordinate the response to extracellular pathogens, respectively (Mosmann et al.
1986). More recently, however, it has become clear that T helper cells do not
solely fit into the constraints of a model consisting of mutually exclusive Th1
versus Th2 lineages. We now know that several other T helper cell subtypes exist
and contribute to the proper functioning of the immune response. Th17 cells are
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required for the clearance of extracellular bacteria and their dysregulation is now
thought to play a pathogenic role in a number of autoimmune states (Langrish
et al. 2005; Yen et al. 2006). Regulatory T cells (Treg) are required to keep
immune responses in check, and the absence of these cells results in overwhelming
systemic autoimmunity (Shevach 2009; Vignali et al. 2008). Another specialized
subtype, T follicular helper cells (Tfh), is required for promoting B cell help and
the loss of this subset severely impacts the generation of appropriate antibody
responses (Crotty 2011; Yu and Vinuesa 2010). It also should be noted that several
other T helper cell subtypes have recently been suggested based on cytokine
expression profiles, but to date it is unclear if these are stable subtypes or rather
represent a more transient state of a helper T cell (Murphy and Stockinger 2010;
O’Shea and Paul 2010; Zhou et al. 2009). The phenotypes and importance of each
of these helper T cell subsets has been expertly reviewed in depth elsewhere
(Reinhardt et al. 2006; Zhou et al. 2009; Zhu and Paul 2008). Here, we will instead
focus on the mechanisms by which lineage-defining transcription factors regulate
the epigenetic states and transcriptional profiles of a helper T cell and how this
relates to our concept of a stable lineage versus a more flexible subset.

2 Lineage-Defining Transcription Factors in Helper
T Cell Development

The cytokines and chemokines that are secreted by innate immune cells in
response to their initial encounter with a pathogen influence the ultimate identity
of a helper T cell. This is because the environmental milieu that a naïve helper
T cell encounters following activation regulates its differentiation by inducing
specific cytokine-signaling pathways to promote the expression of unique lineage-
defining transcription factors in that cell (O’Shea and Paul 2010; Zhu et al. 2010).
Importantly, the combination of transcription factors present will then establish a
specialized gene expression program in the T helper cell to create a functional
subtype that is designed to coordinate the immune response to clear the encoun-
tered pathogen. For instance, innate immune cells will secrete cytokines such as
IL-12 and IFNc during the process of their initial encounter with an intracellular
pathogen such as Listeria monocytogenes. Helper T cells that become activated in
this environment will upregulate T-bet, destining them to express a Th1 gene
expression profile. In contrast, a naïve helper T cell will upregulate GATA3 when
they become activated in an environment where innate immune cells express IL-4.
The expression of GATA3 will then contribute to the establishment of a Th2 gene
expression profile. As illustrated by these two examples, the identity of the
lineage-defining transcription factor(s) that are expressed will control the overall
gene expression program and functional characteristics of the helper T cell.

Much research has been performed to identify and characterize the lineage-
defining transcription factors that regulate T helper cell fate decisions. T-bet is
required for Th1 cells, GATA3 for Th2 cells, RORct for Th17 cells, Foxp3 for
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Treg cells, and the transcriptional repressor Bcl-6 for Tfh cells (Hori et al. 2003;
Ivanov et al. 2006; Johnston et al. 2009; Nurieva et al. 2009; O’Shea and Paul
2010; Szabo et al. 2000; Yu et al. 2009; Zheng and Flavell 1997). Importantly, if
these factors are absent, the T helper cell subtype that they define will not develop.
Therefore, the requirement for these factors is absolute. However, this is not to say
that defining a helper T cell expression profile is as easy as determining whether
one of these lineage-defining factors is present in the cell. In fact, it is now
becoming clear that multiple T helper cell lineage-defining factors can be
expressed in overlapping patterns, which may have profound consequences on the
fate of the cell (Hegazy et al. 2010; Koch et al. 2009; Murphy and Stockinger
2010; Oestreich et al. 2011; Wei et al. 2009). Thus, one has to consider the totality
of the transcription factors that are expressed in a given helper T cell as well as
their functional capabilities in that context. This means that in order to predict
the cellular profile, it is necessary to understand both the expression pattern and
the mechanistic interplay between the lineage-defining transcription factors in a
given cell.

3 Chromatin and Gene Expression

To understand the process by which T helper cells differentiate into functionally
distinct subtypes, we will require detailed knowledge of the epigenetic differences
between naïve helper T cells and each T helper cell functional subtype. Deter-
mining these epigenetic states, and the mechanisms by which they are established,
will aid our predictions concerning the inherent stability or flexibility of T helper
cell subsets. The chromatin or epigenetic state encompassing a gene and its reg-
ulatory regions provides an environmental and cell-type specific context to ensure
that the expression of a particular gene is properly regulated in a given setting.
This is because the DNA sequence for each gene is the same in every cell, but the
‘‘reading’’ of the DNA to allow for context-specific expression is different.
Therefore, it is the chromatin or epigenetic environment for a gene that provides a
means to package the DNA sequence so that it can be interpreted differently in
unique cellular settings. Ultimately, the characteristics of the epigenetic environ-
ment directly influence the gene expression profile of an individual cell. There are
a plethora of modifications that can occur on each histone, with the combination of
these modifications representing one component of the epigenetic environment for
a given gene.

Dynamic gene regulation, when a gene is rapidly induced from a resting state, is
often associated with dramatic increases in histone acetylation (Jenuwein and Allis
2001). This is likely due to the recruitment of histone acetyltransfereases (HAT) in
numerous co-activator and general transcription complexes. In contrast, develop-
mental gene regulation is more often associated with changes in the composition
of histone methylation states (Koyanagi et al. 2005; Mikkelsen et al. 2007;
Ruthenburg et al. 2007; Shilatifard 2006). Historically, histone methylation has
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been thought to represent a completely stable epigenetic modification. However,
with the identification of demethylase enzymes, it is becoming more appreciated
that although there is stability to this modification, methylation can be develop-
mentally regulated by specifically targeting the enzymatic machinery that creates
and removes the methyl marks (Miller et al. 2008; Mosammaparast and Shi 2010;
Shi 2007).

For the purposes of our discussion on helper T cell differentiation, we will place
our focus on two well-studied histone methylation states, H3K4-methylation and
H3K27-methylation, which are associated with permissive or repressive epigenetic
states, respectively. It is also important to note that the co-localization of H3K4-
methylation and H3K27-methylation, which has been termed bivalent chromatin,
is suggested to represent a poised epigenetic state in progenitor cells for genes that
are not yet fully expressed, but rather have the potential to be turned on or off in
the subsequent developmental stage of the cell (Bernstein et al. 2006; Wei et al.
2009). To introduce some of our current understanding for lineage-specific epi-
genetic states in T helper cells, we will discuss research examining the chromatin
structure at key cytokine loci as well as the loci of the lineage-defining tran-
scription factors for T helper cells. In particular, extensive studies have analyzed
the Ifng and Th2 cytokine loci due to their critical importance in modulating the
immune response and the knowledge gained from these studies has also served as a
general model for the role that epigenetic events play in developmental and
inducible gene regulation. Ifng and Th2 cytokine gene regulation has been expertly
reviewed elsewhere (Amsen et al. 2009; Schoenborn and Wilson 2007). Here,
we will focus only on the epigenetic events that strictly correlate with their
expression in specific T helper cell subsets as well as the role that the lineage-
defining transcription factor T-bet plays in establishing the epigenetic environment
at the Ifng locus.

4 Chromatin Structure at Key Cytokine
and Lineage-Defining Factor Loci

One characteristic used to define T helper cell lineages is the expression of
signature cytokines. Not surprisingly, each of the hallmark cytokine gene loci have
a distinct epigenetic profile depending on whether they are expressed in a given
T helper cell subtype (Ansel et al. 2003; Wilson et al. 2009). To illustrate this
point, epigenetic profiling experiments have been performed in both a targeted
fashion at cytokine loci as well as at the genome-wide level in multiple T helper
cell lineages (Akimzhanov et al. 2007; Mukasa et al. 2010; Schoenborn et al. 2007;
Wei et al. 2009; Zhou et al. 2004). These studies have in part contributed to the
current paradigms correlating epigenetic states and the status of developmental
gene expression. As an example, the Ifng locus is associated with permissive H3
and H4 lysine acetylation, as well as H3K4-methylation modifications in Th1 cells
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where it is expressed (Chang and Aune 2005; Hatton et al. 2006; Lewis et al. 2007;
Schoenborn et al. 2007; Wei et al. 2009). In contrast, in naïve helper T cells or
alternative T helper cell subtypes that do not express Ifng, the locus is associated
with the repressive H3K27-methylation mark (Miller et al. 2008; Wei et al. 2009).
Similar correlations between these epigenetic modifications and either an active or
repressed gene expression state are also found at the Th2 cytokine loci and more
recently at the Il17a–Il17f loci (Akimzhanov et al. 2007; Baguet and Bix 2004;
Fields et al. 2004). Importantly, the epigenetic status of the gene in unique
T helper cell subsets has strictly correlated with the T helper cell-restricted
expression patterns for these cytokine loci.

Despite these paradigm ‘‘on-or-off’’ examples in which permissive and
repressive epigenetic states are exclusively found in a canonical pattern correlating
with T helper cell-specific cytokine expression profiles, recent data have also
demonstrated that other categories of genes, in particular lineage-defining
transcription factors, remain in a somewhat more plastic chromatin signature in
multiple T helper cell subtypes (Wei et al. 2009). As mentioned above, a chro-
matin structure containing both permissive and repressive epigenetic marks is
referred to as a bivalent state, which is thought to represent a poised, but not yet
fully committed epigenetic status for that gene. For T helper cells, this may mean
that these loci have the potential to be silenced or expressed. The decision to
resolve the epigenetic state will be dependent on the signaling pathways that are
upregulated in response to the cytokine milieu present. Importantly, both the
Tbx21 locus (which encodes T-bet) and the Gata3 locus remain in a bivalent
chromatin structure in multiple T helper cell subtypes suggesting that they retain
the potential to be expressed longer than was previously appreciated (Wei et al.
2009) (Fig. 1). Thus, our prediction becomes that the stability of a T helper cell
may be challenged if an environmental stimuli induces the expression of these
factors in an opposing T helper cell lineage.

Determining the T helper cell-type specific bivalent status of the lineage-
defining transcription factors helps us infer the potential for flexibility in T helper
cell gene expression profiles. If the transcription factors for an opposing lineage
retain the ability to be expressed, an inherent potential remains for that lineage to
alter its underlying gene expression profile in response to environmental stimuli.
Significantly, a bivalent chromatin structure can be found at the gene loci encoding
the lineage-defining factors for Th1, Th2, and Th17 cells in the regulatory T cell
population (Wei et al. 2009). This suggests that regulatory T cells have the
potential to express a number of different lineage-defining factors depending upon
the environmental conditions. Indeed, this epigenetic prediction has been observed
with specialized regulatory T cell subsets that express T-bet or RORct (Koch et al.
2009; Osorio et al. 2008). Importantly, the expression of these factors in regulatory
T cells appears to create a specialized gene expression program that allows Treg
cells to control pathogen-specific immune responses (Koch et al. 2009; Oldenhove
et al. 2009).

The lack of a bivalent epigenetic state can also infer stable pathways that are
less likely to be influenced in response to environmental cues after the T helper

150 K. J. Oestreich and A. S. Weinmann



cell subtype has developed (Murphy et al. 1996; Wei et al. 2009). For instance, the
Rorc locus (which encodes RORct) is found in a repressive epigenetic state in
both Th1 and Th2 cells suggesting that it becomes permanently extinguished in
these cell populations (Wei et al. 2009). Thus, a Th1 or Th2 cell will be less likely
to express RORct and have flexibility toward the Th17 phenotype (Fig. 1).

Tbx21  

Th1 cell  Th2 cell   
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Th17 cell  
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Ifng  

K27 
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Fig. 1 The bivalent chromatin structure at the loci encoding lineage-defining factors may lead to
flexibility between T helper cell types. This schematic displays three T helper cell types (Th1,
Th2, and Th17). Inside each cell, the loci for the three lineage-defining factors are shown with an
open chromatin structure (H3K4me3), a closed chromatin structure (H3K27me3), or a bivalent
chromatin structure (both H3K4me3 and H3K27me3). In each cell type, high levels of H3K4me3
correspond to the expression of the lineage-defining factor for a given cell type (T-bet for Th1,
GATA3 for Th2, and RORct for Th17). In turn, the expression of this transcription factor then
leads to the upregulation of the hallmark cytokine for each lineage. Interestingly, bivalent
chromatin structure may allow for transitions between the T helper cell types indicated by the bi-
or uni-directional arrows. Note that only a uni-directional arrow exists between Th17 and Th1 or
Th2 cells because the Rorc locus is not associated with a bivalent chromatin structure in Th1 and
Th2 cells, but is rather found in a strictly repressive chromatin state

Encoding Stability Versus Flexibility 151



Collectively, the data generated examining these epigenetic patterns in T helper
cells suggest that under specialized circumstances, certain lineage-defining factors
may be expressed in a subset that was traditionally thought to be an opposing
lineage, while others may be less dynamic and follow a more canonical view for
their expression profile (Krawczyk et al. 2007; Wei et al. 2009). These epigenetic
possibilities invoke an intriguing, and in some pathogenic cases, a potentially
problematic scenario, in which specific combinations of lineage-defining tran-
scription factors may be expressed in a single T helper cell type. Experiments
addressing both the regulation and consequences for such scenarios are just
starting to be performed, and as discussed below, it appears that the co-expression
of lineage-defining transcription factors may be more common than once thought.

5 Simultaneous Expression of Lineage-Defining Factors:
Friend or Foe?

To further support the epigenetic evidence that key transcription factors retain
flexibility in their expression profile longer than previously appreciated, there are
now a number of examples demonstrating the co-expression of two or more
lineage-defining transcription factors in a single T helper cell subtype.
For instance, studies have shown that the Th1 lineage-defining factor T-bet can be
expressed in Tfh, Th17, and Treg subsets (Koch et al. 2009; Mukasa et al. 2010;
Nurieva et al. 2009; Oldenhove et al. 2009; Wei et al. 2009). Furthermore,
although Th2 cells were originally thought to be a fully differentiated stable cell
lineage, a recent study identified a ‘‘Th2+1’’ cell, in which a Th2 cell upregulated
T-bet expression in inflammatory conditions and gained many of the effector
functions of a Th1 cell (Hegazy et al. 2010). Another example of this phenomenon
is observed in the balance between the lineage-defining factors of the Th17 and
Treg cell populations where the ability of RORct to transactivate target genes is
attenuated when it is co-expressed with Foxp3 (Zhou et al. 2008). The bivalent
epigenetic state encompassing the lineage-defining transcription factors now
provides a potential explanation for these observations because with appropriate
environmental stimulation to alter the balance of the bivalent chromatin toward the
more permissive state, the cell then will be able to express a second lineage-
defining transcription factor because it was not permanently extinguished in
repressive chromatin structure.

These observations now raise an important question. If multiple lineage-
defining factors are expressed in a given T helper cell type, how will this impact
the functional characteristics of the cell? To answer this question, we will need to
determine how the expression (or co-expression) of lineage-defining transcription
factors in a classically viewed opposing T helper cell subtype will alter the gene
expression profile of the cell. This will require a detailed knowledge of the
activities for each factor, both alone as well as in combination. Collectively,
defining the mechanisms by which each transcription factor functionally regulates
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target gene expression will allow us to predict the consequences for their over-
lapping expression patterns in specialized scenarios during the immune response.

6 The Role for T-bet in Th1 Cells

The studies that have been performed determining the role for the lineage-defining
transcription factor T-bet in Th1 cell differentiation illustrate the plethora of
activities a single factor can perform and the value this knowledge can have for
understanding the meaning behind its expression in a given cell population. T-bet
is a T-box transcription factor that was originally identified due to its restricted
expression in Th1 cells relative to Th2 cells (Szabo et al. 2000). T-box factors have
long been known to play required roles in many developmental systems, and
T-bet’s role in T helper cell differentiation is no exception (Naiche et al. 2005).
Indeed, experiments examining mice deficient in T-bet conclusively demonstrated
its required role in Th1 cell differentiation (Finotto et al. 2002; Szabo et al. 2002).
Interestingly, however, subsequent studies have shown that T-bet is not exclu-
sively expressed in Th1 cells, but can also be expressed to varying degrees in
several other T helper cell subtypes, as well as other immune cell types (Beima
et al. 2006; Koch et al. 2009; Mukasa et al. 2010; Oldenhove et al. 2009).
Significantly, its expression in these cell populations is functionally important,
which raises the question of whether the T helper cell types that retain the ability to
express T-bet after their initial differentiation will also have inherent flexibility in
their phenotype. Before exploring the implications for these findings, we will first
discuss what is currently known about the mechanisms by which T-bet is able to
functionally establish gene expression profiles and how this knowledge impacts
our view for the potential role T-bet is playing in these distinct cell types.

7 T-bet Regulates Prototypic Th1 Genes

Part of the role T-bet plays in establishing the Th1 cell phenotype is by activating
the prototypic genes that classically define the characteristics of a Th1 cell.
In particular, T-bet directly induces both Ifng and Cxcr3 gene expression (Fig. 1).
Several studies have shown that T-bet is able to associate with the Ifng and Cxcr3
promoters in Th1 cells and that this interaction is required for their expression
(Beima et al. 2006; Cho et al. 2003; Lewis et al. 2007; Lugo-Villarino et al. 2003;
Szabo et al. 2002). Importantly, the follow-up studies examining the mechanisms
by which T-bet regulates prototypic Th1 gene expression are shedding light on
both the series of events that are required for the expression of these genes as well
as the functional potential that T-bet possesses to more broadly regulate target
genes in a given context (Miller and Weinmann 2010). This research, in combi-
nation with the epigenetic studies that have characterized the Ifng locus in helper
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T cell development, are providing a strong basis to appreciate the events that are
required for establishing key aspects of helper T cell lineage potential.

8 T-bet Interacts with Chromatin-Modifying Complexes

T-bet’s ability to physically associate with and functionally recruit chromatin-
modifying complexes to target genes has emerged as one important mechanism by
which it regulates gene expression patterns (Lewis et al. 2007; Miller et al. 2008;
Miller et al. 2010). This is particularly significant because it means that T-bet is
not limited by the epigenetic environment present in the cell at the time it is
expressed, but rather T-bet is involved in establishing new epigenetic states. Thus,
T-bet, and other lineage-defining factors that are able to functionally modify the
chromatin environment at their target genes have the potential to alter the inherent
characteristics of a given cell upon their expression.

Significantly, T-bet is able to physically associate with several unique chro-
matin-modifying complexes, with each having distinct functional implications for
regulating the expression of target genes (Fig. 2). T-bet has the potential to
functionally reverse a repressive chromatin environment through its association
with the H3K27-demethylase Jmjd3 (Miller et al. 2008; Miller et al. 2010). As
mentioned previously, H3K27-methylation serves as a repressive epigenetic
modification that silences genes during development and the cytokine genes that
define unique T helper cell subsets are often found to have high levels of H3K27-
methylation in both naïve helper T cells as well as the alternative T helper cell
lineages that do not express the given cytokine (Wei et al. 2009). Thus, T-bet’s
ability to physically recruit an H3K27-demethylase containing complex to regu-
latory regions means that when T-bet is expressed, it has the fundamental ability to
reverse the repressive chromatin landscape at its target genes in both naïve helper
T cells as well as alternative T helper cell types. This means that instead of being
limited by a repressive epigenetic state in a T helper cell lineage, T-bet has the
capacity to change it.

T-bet is also able to physically interact with an H3K4-methyltransferase
complex to functionally establish the permissive H3K4-methylation state at target
genes (Lewis et al. 2007; Miller et al. 2008) (Fig. 2). Therefore, T-bet has the
functional capacity to both reverse the repressive H3K27-methylation state of its
target genes as well as establish a more permissive H3K4-methylation epigenetic
state. Interestingly, T-bet’s ability to associate with the H3K4-methyltransferase
and H3K27-demethylase complexes requires physically separable residues in the
T-box domain (Miller et al. 2008). This provides the potential for precise control
of the epigenetic modifications present at a given target gene instead of a strictly
all-or-nothing change from a repressive to a fully permissive epigenetic state. One
can hypothesize that this may be important for creating gene-specific epigenetic
patterns reflective of the need to finely tune the composition of the genes that are
expressed in unique circumstances. Therefore, not all responses will necessarily
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result in identical changes to the gene expression profile, and ultimately functional
characteristics, of the cell.

In addition to creating a more permissive epigenetic state through modifying
the status of histone methylation, T-bet also functionally induces a broader general
remodeling of the chromatin at target genes. This is because Jmjd3, the H3K27-
demethylase that complexes with T-bet, also physically associates with a Brg1-
containing SWI/SNF-remodeling complex in a demethylase-independent manner
(Miller et al. 2010). Therefore, the interaction between T-bet and Jmjd3 has the
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Fig. 2 T-bet utilizes chromatin-dependent and chromatin-independent mechanisms to regulate
gene expression and drive Th1 cell development. In this schematic, a Th1 target gene is displayed
initially with a high level of the repressive H3K27me3 modification. Following the initiation of
Th1 development, T-bet associates with the locus, physically recruiting H3K27-demethylase
(HDM) and H3K4-methyltransferase (HMT) complexes to functionally remove the H3K27me3
mark, while adding the H3K4me2 mark, respectively. The resulting accessible chromatin
structure allows for either gene activation via T-bet-dependent transactivation in the case of a
gene expressed in Th1 cells (pro-Th1 gene), or repression via the T-bet-dependent recruitment of
the transcriptional repressor Bcl-6 (anti-Th1 gene). In this manner, T-bet can direct Th1 lineage
commitment by both upregulating prototypic Th1 gene targets and repressing genes associated
with the formation of alternative T helper cell types
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capacity to mediate both the transition from the repressive H3K27-methylation
state as well as a general opening of the chromatin that can effectively uncover
binding sites for other regulatory factors. Once again, the separable nature of
Jmjd3’s H3K27-demethylase activity versus its ability to physically associate with
the SWI/SNF chromatin-remodeling complex provides flexibility to perform these
functions in a context-specific fashion. One hypothesis is that the H3K27-
demethylase activity will be more prominent during developmental transitions,
while the general chromatin-remodeling activity will play a greater role in
terminally differentiated cell types. Collectively, in building a mechanistic hier-
archy to logically predict the effects for the expression of the lineage-defining
transcription factors, T-bet expression has the potential to induce widespread, yet
highly specific, alterations in the epigenetic and general chromatin landscape of
the cell.

9 Chromatin-Dependent Mechanisms for Other T Helper
Cell Lineage-Defining Factors

In addition to the in-depth studies determining the mechanisms by which T-bet
modulates the epigenetic environment, research examining other T helper cell
lineage-defining factors has also been performed. A number of elegant experi-
ments have correlated the expression of various T helper cell lineage-defining
factors with changes in chromatin structure at key cytokine loci and have identified
some of their interacting partner proteins. For example, during Th2 differentiation,
the GATA3-dependent activation of the Th2 cytokine loci is accompanied by the
induction of permissive histone modifications (Baguet and Bix 2004; Fields et al.
2002; Lee et al. 2006). Significantly, these epigenetic changes are dependent upon
the presence of GATA3 (Ansel et al. 2006; Lee et al. 2001; Lee et al. 2000). The
exact mechanism by which GATA3 regulates permissive histone modifications is
still being explored. Additionally, other studies have shown that GATA3 may also
play a role in regulating DNA methylation (Hutchins et al. 2002; Makar et al.
2003). Like histone modifications, DNA methylation represents another important
epigenetic event that influences the ability of transcription factors to access their
DNA binding elements in a given cell (Wilson et al. 2009). Taken together, it is
clear that GATA3 also plays a role in functionally regulating epigenetic states.

Genome-wide studies examining Foxp3 binding patterns have provided strong
evidence that Foxp3 inherently functions as a T helper cell lineage-defining
transcription factor by both activating and repressing gene expression in regulatory
T cells (Zheng et al. 2007). In part, Foxp3 appears to utilize epigenetic mecha-
nisms to regulate its target genes. Importantly, Foxp3 has been found in multi-
protein complexes that include chromatin-remodeling proteins such as Brg1 and
Mbd3 (Li and Greene 2007). In addition, recent data suggest that Foxp3 may also
functionally regulate the chromatin structure and expression of a subset of target
genes through its ability to interact with other transcription factors such as STAT3
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and Eos (Chaudhry et al. 2009; Pan et al. 2009). Collectively, the research per-
formed to date suggests that the T helper cell lineage-defining transcription factors
T-bet, GATA3, and Foxp3 function at least in part by regulating the epigenetic
environment of the cells in which they are expressed. Experiments to identify the
molecular mechanisms utilized by the other lineage-defining transcription factors
in T helper cells are just beginning and should yield important insights into their
functional capabilities as well.

10 Chromatin-Independent Activities for T-bet

In addition to regulating the epigenetic environment, lineage-defining factors also
influence gene expression events that occur subsequent to chromatin remodeling.
Here again, studies examining T-bet illustrate this point. Significantly, T-bet’s
ability to create a permissive chromatin environment is required but not sufficient
to activate endogenous Ifng and Cxcr3 gene expression (Lewis et al. 2007; Miller
et al. 2008). These data have indicated that T-bet possess a general transactivation
potential that is independent from its chromatin-remodeling functions and this
activity is required for the upregulation of at least a subset of target genes. The
exact mechanism(s) for this activity are currently unknown, but it demonstrates the
importance for the series of events that occur after a permissive epigenetic state
has been established to determine the final gene expression outcome. This point is
further illustrated by recent findings elucidating a mechanism by which T-bet can
functionally repress a subset of target genes that are important for regulating
alternative T helper cell lineages (Oestreich et al. 2011). In this case, T-bet
physically associates with the transcriptional repressor Bcl-6 and recruits it to a
subset of target promoters to downregulate gene expression in Th1 cells (Oestreich
et al. 2011) (Fig. 2). This interaction effectively converts T-bet into a site-specific
transcriptional repressor in some circumstances. The association between T-bet
and Bcl-6 also highlights the potential for creating unique gene expression profiles
when two lineage-defining transcription factors are expressed in the same cell
(Fig. 3). Next, we will discuss mechanisms by which the co-expression of clas-
sically viewed opposing lineage-defining transcription factors can impact gene
expression in T helper cell subsets.

11 Mechanisms for Antagonism Between
Lineage-Defining Factors

The classical view for the mechanisms by which opposing T helper cell lineage-
defining factors regulate each other’s functional activities is through antagonism.
Numerous studies have demonstrated that the T helper cell lineage-defining factors
can interfere with both the expression level and functional capability of the
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opposing factor in order to promote the differentiation of a single T helper cell type
(Hwang et al. 2005; Lazarevic et al. 2011; Zhou et al. 2008). At the level of
expression, often times the factors contribute, either directly or indirectly, to the
repression of the opposing lineage-defining factors’ gene transcription. For
instance, the Tfh factor Bcl-6 has been suggested to directly repress the expression
of the alternative T helper cell lineage-defining factors (Nurieva et al. 2009;
Yu et al. 2009). Recently, an indirect mechanism by which T-bet antagonizes the
expression of Rorc, the lineage-defining factor for Th17 differentiation, was
uncovered (Lazarevic et al. 2011). In this case, T-bet interacts with Runx1 and
prevents it from positively regulating the Rorc locus. Thus, both direct and indirect
repression mechanisms contribute to the downregulation of the gene expression for
the alternative transcription factor.

At the level of protein complex formation, inhibition mechanisms that are both
physical and functional in nature have been identified. The lineage-defining factors
T-bet and GATA3 have been shown to form a physical complex that impairs Th2
cell formation (Hwang et al. 2005). This interaction leads to the inactivation of the
Th2 gene expression program by blocking the association of GATA3 with its
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Fig. 3 The balanced expression of lineage-defining transcription factors may determine the
identity of a T helper cell. In this schematic, a Th1 versus Tfh cell are shown. T-bet is in excess
relative to Bcl-6 in a Th1 cell, while the opposite expression pattern is found in the Tfh cell. The
high expression levels of T-bet allow it to physically associate with and recruit Bcl-6 to a subset
of T-bet target genes in Th1 cells. Importantly, because Bcl-6 is limiting, its association with
T-bet prevents it from binding to its own DNA-binding elements. In contrast, in the Tfh cell, the
overall abundance of Bcl-6 ensures that it can associate with its own target genes, creating a Tfh
cell-specific gene expression profile. One can imagine similar scenarios for the co-expression of
other T helper cell lineage-defining factors
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target genes. Similarly, an interaction between Foxp3 and RORct, the Treg and
Th17 cell lineage-defining factors, respectively, has been shown to preferentially
favor Treg formation by inhibiting the RORct-dependent activation of IL-17 (Zhou
et al. 2008). In both of these scenarios, the lineage-defining factor that is in excess
may effectively sequester the opposing factor from its target genes. Therefore, the
inherent functional activities of the transcription factors are not altered, but rather
the limiting factor is not appropriately targeted to their classic binding sites.

12 Functional Cooperation Between Lineage-Defining Factors

Despite these well-known cases in which T helper cell lineage-defining tran-
scription factors oppose one another, emerging research now suggests that perhaps
in some circumstances they may also work together to promote the proper func-
tioning of a given T helper cell type. Conceptually, this changes the way that we
have sometimes simplistically viewed the expression of a lineage-defining tran-
scription factor in a T helper cell as evidence that the cell must then have certain
characteristics. Instead, it is now becoming clear that the overall composition of
the factors present in a given epigenetic background will ultimately be responsible
for determining the functional characteristics of the cell. This is why elucidating
the mechanisms by which each factor regulates gene expression, both alone and in
combination, is so important because it will give us the ability to predict the
functional consequence for the co-expression of T helper cell lineage-defining
factors in normal as well as pathogenic states.

The demonstration that the Th1 lineage-defining factor T-bet works together
with the Tfh lineage-defining factor Bcl-6 to establish a Th1 signature gene
expression profile is a good example to illustrate this point (Oestreich et al. 2011).
Importantly, the interaction between T-bet and Bcl-6 inherently alters the func-
tional capacity of T-bet and allows it to directly repress a subset of target genes in
Th1 cells (Oestreich et al. 2011) (Fig. 2). Part of the mechanism that allows for an
effective collaboration between two opposing lineage-defining transcription factors
must be in the balance between their expression levels in different cellular settings.
For instance, in Th1 cells, T-bet is expressed at high levels while Bcl-6 is
expressed at comparatively low levels (Crotty et al. 2010; Oestreich et al. 2011). In
Tfh cells, the opposite expression profile is found with high levels of Bcl-6 and
relatively low levels of T-bet (Johnston et al. 2009; Nurieva et al. 2009; Yu et al.
2009). Therefore, one model for the mechanism by which the presence of Bcl-6 is
needed to promote a Th1 gene expression profile without tipping the balance of the
cell toward a Tfh phenotype is that the high T-bet to Bcl-6 ratio causes the
majority of Bcl-6 to form a complex with T-bet, leaving little free Bcl-6 available
(Fig. 3). This means that the majority of the Bcl-6 found in a Th1 cell is recruited
by T-bet to its target genes, and because T-bet is in excess, there still is a sig-
nificant amount of T-bet that is targeted to gene loci without Bcl-6 in complex.
This allows T-bet to simultaneously direct both gene activation and repression
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programs in a Th1 cell. Although this is a simplified scenario (because both T-bet
and Bcl-6 have numerous protein interaction partners), it serves to illustrate how
the balance between the expression levels for normally opposing lineage-defining
transcription factors may contribute to the regulation of complex, yet highly
specific, gene expression profiles. Taken together, the balance of the factors
present could promote the T-bet-dependent recruitment of chromatin-remodeling
complexes, activating complexes, and Bcl-6 repressive complexes to subsets of
target promoters in Th1 cells, while inducing a different series of events in Tfh
cells or alternative T helper cell subsets.

13 Predicting the Functional Significance
for the Co-Expression of Lineage-Defining
Transcription Factors in T Helper Cells

It has now become clear that T helper cell lineage-defining transcription factors
can be found in overlapping patterns and these expression patterns can have
variable consequences dependent upon the nuclear and epigenetic environment
of the cell. This topic has significant implications for understanding the inherent
stability or flexibility for T helper cell subsets. Mechanistically, we will need to
understand the functional capabilities of each factor to predict the possible
consequences for their expression in specific cellular settings. We will also need
to know the global epigenetic background of the cell. The transcription factors
that are able to influence the chromatin environment will be at the top of a
mechanistic hierarchy because they are not limited by the current epigenetic state
of the cell. Thus, if a T helper cell lineage-defining factor remains in a bivalent
epigenetic state and an environmental stimulus induces its expression in an
alternative lineage, it will have the ability to dramatically alter the characteristics
of the cell because it is not limited to modulating only the genes that are
currently in a permissive epigenetic state in that T helper cell type. In contrast,
the transcription factors that are only able to associate with regulatory regions
that are already found within an accessible chromatin structure are inherently
more limited in their potential. Specifically, they will only have the ability to
modulate the current gene expression program, but not intrinsically change the
underlying profile. Therefore, these transcription factors will be further down the
hierarchy because they do not control their own ‘‘fate’’ in regard to which target
genes they can regulate in a given cell, but rather the epigenetic environment of
the cell directs their potential.

In addition to assessing the role for the lineage-defining factors in regard to the
epigenetic environment of the cell, it will also be important to determine the
physical interactions between the factors. Significantly, physical interactions will
have the potential to alter the functional capabilities of one or both of the factors in
a given setting. In some cases, this may mean that the simultaneous expression
of two factors will impact the functional capacity of each transcription factor.
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We observe this with the association between T-bet and Bcl-6, where this inter-
action allows T-bet to effectively target a specific gene repression program in
addition to its more classical role as a transcriptional activator. Therefore, the
results for the combinatorial expression of two or more lineage-defining factors in
T helper cells will not be as simple as a sum of the individual activities.

The complex nature by which T helper cell-specific gene expression programs
are established prevents us from simply pooling all of our mechanistic data for the
lineage-defining transcription factors and predicting a final outcome on the fate of
the cell. However, by defining the epigenetic states in T helper cell subsets and the
mechanisms by which they are established and maintained, we come a step closer to
understanding the inherent stability or flexibility of T helper cells. The regulation of
the events that occur downstream of the epigenetic environment also represent an
important area of control because the interplay between transcription factors will
modulate the underlying gene expression programs established in a given cellular
environment. As we uncover the molecular events that are regulated by each T
helper cell lineage-defining transcription factor, it becomes more realistic to achieve
a goal of logically predicting the potential that the expression of a specific factor will
have in a given context. This will aid in our ability to assess possible functional
consequences on T helper cell activity in normal and pathogenic settings.
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The Epigenetic Landscape of Lineage
Choice: Lessons From the Heritability
of Cd4 and Cd8 Expression

Manolis Gialitakis, MacLean Sellars and Dan R. Littman

Abstract Developing ab T cells choose between the helper and cytotoxic
lineages, depending upon the specificity of their T cell receptors for MHC
molecules. The expression of the CD4 co-receptor on helper cells and the CD8
co-receptor on cytotoxic cells is intimately linked to this decision, and their
regulation at the transcriptional level has been the subject of intense study to better
understand lineage choice. Indeed, as the fate of developing T cells is decided,
the expression status of these genes is accordingly locked. Genetic models
have revealed important transcriptional elements and the ability to manipulate
these elements in the framework of development has added a new perspective on
the temporal nature of their function and the epigenetic maintenance of gene
expression. We examine here novel insights into epigenetic mechanisms that have
arisen through the study of these genes.
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1 Introduction

1.1 The T cell Helper versus Cytotoxic Lineage Choice
as a Model for Bi-potential Fate Decisions

Development of even the most complex organisms can be broken down into a
series of bi-potential fate decisions: apoptosis versus survival, proliferation versus
quiescence, differentiation versus renewal, etc. During differentiation, these choi-
ces yield cells that are increasingly restricted in lineage potential until a terminal,
functional fate is reached (i.e. a neuron, an epithelial cell, a helper T cell, etc.).
While some stages of differentiation are plastic, bifurcation points are reached at
which a cell cannot reverse course and take on alternative fates. Mechanistically,
this involves the activation of a lineage-specific transcriptional program (specifi-
cation) and repression of the programs of alternative lineages (commitment).
In many cases, these transcriptional programs must stably endure many rounds of
mitosis. This is in part achieved through the binding of sequence-specific tran-
scription factors, but is also thought to be regulated by heritable epigenetic marks,
which overlay important lineage information on primary DNA sequence. As we
discuss below, TCRab T cell development, and specifically the choice between the
CD4+ helper and the CD8+ cytotoxic T cell fates, is an ideal model for studying the
epigenetic mechanisms of bi-potential decisions and their maintenance.

The majority of T cells in the body expresses TCRab and develop in the thymus
from bone marrow-derived precursors [reviewed in Rothenberg et al. (2008)].
At the earliest developmental stages, these T cell progenitors are referred to as
double negatives (DN), owing to a lack of CD4 and CD8 co-receptor expression on
the cell surface. DN cells proceed through multiple stages of lineage restriction
and differentiation, including commitment to the TCRab, rather than the TCRcd
lineage [reviewed in Ciofani and Zuniga-Pflucker 2010)]. At the DN stage, cells
rearrange the gene encoding the TCR b chain, and in-frame productive VDJ
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rearrangement of one allele allows cells to pass the b selection checkpoint and
proceed through multiple rounds of division. b-selected cells then up-regulate CD4
and CD8, becoming CD4+CD8+ double positive (DP) cells. DPs commence TCR a
chain gene rearrangements and eventually follow one of three fates tied to the
TCR: (1) unsuccessful Tcra rearrangement results in death by neglect; (2) rear-
rangements that yield TCRs with high avidity for self peptide-MHC result in
negative selection; and (3) rearrangements that yield TCRs of intermediate avidity
result in positive selection [reviewed in Starr et al. (2003)].

Following positive selection, T cells commit to either the CD4+CD8- helper
lineage or the CD8+CD4- cytotoxic lineage, depending on MHC specificity. CD4
and CD8 are co-receptors for MHCII and MHCI, respectively, and during lineage
choice their expression is matched to TCR specificity for either class of major
histocompatibility molecules. How TCR specificity for MHC translates into
co-receptor expression and lineage choice is still a matter of debate and multiple
models have been proposed [reviewed in Singer et al. (2008)]. Early models
suggested that the decision was either stochastic, or instructive through quantita-
tively or qualitatively different signals. It is now thought more likely that lineage
choice is instructed by the duration of co-receptor facilitated TCR-MHC signaling.
Following positive selection, all T cells downregulate Cd8 transcription, becoming
CD4+CD8lo cells and attenuating potential signaling through MHCI-specific TCRs
(Sarafova et al. 2005). Importantly, placing Cd4 expression under the control of
Cd8 regulatory elements results in MHCII-specific cytotoxic T cells (Sarafova
et al. 2005). This result is consistent with a shorter signal, following positive
selection of MHCI-specific TCRs, leading to the cytotoxic T cell fate, and a longer
lasting signal, through recognition of MHCII, resulting in the helper T cell fate.

Significant progress has been made in recent years in understanding the
transcriptional network that underlies CD4+ versus CD8+ lineage choice and com-
mitment [reviewed in Naito and Taniuchi (2010)]. Three transcription factors have
emerged as being especially important. Gata3 appears to specify the helper lineage,
which is subsequently sealed by the action of the BTB-POZ transcription factor
ThPOK. Gata3 upregulates ThPOK, but that activity is not sufficient, as it is addi-
tionally required for helper cell differentiation independently of ThPOK (Hernandez-
Hoyos et al. 2003; Pai et al. 2003; Wang et al. 2008b). ThPOK is required for CD4 T
cell development, and constitutive ThPOK expression that can redirect MHCI-spe-
cific T cells to the helper lineage in a GATA3-dependent manner (He et al. 2005; Sun
et al. 2005; Wang et al. 2008b). It is thought that ThPOK functions as a commitment
factor, antagonizing the CD8-specific transcriptional program (Egawa and Littman
2008; Muroi et al. 2008; Wang et al. 2008a). One of the factors that ThPOK
antagonizes is the runt domain transcription factor Runx3, which is critical for
cytotoxic lineage development (Egawa et al. 2007; Taniuchi et al. 2002a). Runx3,
analogous to ThPOK, is thought to act as a commitment factor that suppresses the
helper transcriptional program (Egawa and Littman 2008). In addition, Runx3 is
required for reactivating Cd8 expression and silencing Cd4 expression in MHCI
selected cells, as will be discussed in more detail later (Sato et al. 2005; Taniuchi et al.
2002a, b). In addition to these critical regulators, a number of other transcription
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factors have been reported to play a role in lineage choice, including Myb and Tox in
helper cell development, and MAZR and STAT5 (downstream of IL-7 signaling) in
cytotoxic T cell development [reviewed in Naito and Taniuchi (2010)].

Considering the exquisite correlation between CD4 and CD8 expression and
helper and cytotoxic lineage commitment, respectively, studying the transcrip-
tional regulation of Cd4 and Cd8 has long been a strategy to uncover the factors
that define lineage choice. Indeed the importance of Runx and MAZR proteins to
lineage choice was first identified through examination of the Cd4 and Cd8 loci,
respectively (Bilic et al. 2006; Taniuchi et al. 2002a). The fact that the loci are
transiently co-expressed in DP cells and stably expressed or repressed in helper
and cytotoxic cells, also makes them an excellent model to study transcriptional
regulation and the mechanisms that control temporary versus permanent gene
expression states. Below, we will review recent advances in the epigenetic regu-
lation of the Cd4 and Cd8 loci; these provide insights into general mechanisms of
transcriptional regulation during differentiation.

1.2 Molecular Mechanism of Transcriptional Regulation
and Epigenetic Propagation

To fit the few meters of DNA that exist in every eukaryotic nucleus, cells must
tightly pack their genetic material. The nucleosome, consisting of 147bp of DNA
wrapped around a histone octomer, is the basic packaging unit and forms the
classic ‘‘beads on a string’’ structure observed in electron microscopy images
(Olins and Olins 1974). Histone proteins H2A, H2B, H3 and H4 (two each in a
histone octamer) are positively charged and have intrinsic DNA binding affinity,
independent of nucleotide sequence. Histone H1 binds between adjacent nucleo-
somes, creating a higher order structure called the 30nm chromatin fiber [reviewed
in Woodcock and Ghosh (2010)].

Nucleosomal packaging can physically impede transcription by RNA poly-
merase and thus different degrees of packing can modulate transcriptional out-
comes [reviewed in Orphanides and Reinberg (2000)]. Looser packed,
transcriptionally permissive chromatin is termed ‘‘euchromatin’’, while more
tightly packed, repressive chromatin is called ‘‘heterochromatin’’. These chromatin
states are dynamic during development and in response to extracellular signals.
Covalent modifications of histone proteins (especially their protruding amino-
terminal tails) and DNA are thought to be the biochemical basis for the distinction
between heterochromatin and euchromatin. Initially, histones were found to be
acetylated and this correlated with looser wrapping of the DNA (Allfrey 1966).
Additional post-translational modifications have been identified, including meth-
ylation, phosphorylation, ubiquitination and sumoylation. Genome-wide study of
such modifications has allowed the correlation of some specific modifications with
gene activity (Barski et al. 2007; Heintzman et al. 2007; Ji et al. 2010; Roh et al.
2007). For example, tri-methylation of Histone H3 lysine 9 (H3K9), H3K27,
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H4K20 and H3K79 are associated with repressed chromatin states and hetero-
chromatin. In contrast, H3K4me1-3, histone acetylation (H3Ac and H4Ac), and
mono-methylation of H3K9 and H3K27 are associated with gene activation and
euchromatic regions. Thus, different modifications on different residues, the same
modification on different residues and the abundance of a single modified residue
may all have unique effects on transcription. In addition to histones, DNA itself
can be modified by methylation on cytosine residues, a mark that has generally
been correlated with gene silencing (Bachman et al. 2003; Fuks et al. 2000), but
may also facilitate transcription in certain contexts (Wu et al. 2010).

Chromatin modifications do not act in a vacuum; their effect on transcription
depends not only on the specific residue modified, but also on the surrounding
residues and their modifications [reviewed in Campos and Reinberg (2009)]. Further,
combinations of multiple modifications may result in a context-dependent outcome
on transcription [reviewed in Lee et al. (2010)]. For example, H3K9me3 generally
recruits HP1 to repress transcription, but in combination with phosphorylation of the
adjacent H3S10, HP1 binding is abrogated and repression may be relieved (Fischle
et al. 2005; Mateescu et al. 2008). Thus histone and DNA modifications superimpose
a rich layer of information about the underlying DNA sequence.

Several enzyme classes, usually in the context of multi-factor complexes,
catalyze chromatin modifications. Generally, these complexes do not recognize
specific DNA sequences, but are recruited by sequence-specific transcription
factors or recognition of specific histone modifications. Further, complexes exist to
write and erase most chromatin modifications. Histone acetyltransferases (HAT)
add acetyl groups, while histone deacetylase (HDAC) enzymes eliminate them.
Enzymes also exist to methylate and demethylate lysines and arginines. Even
DNA methylation, which is considered the most stable modification, may be
erased by the recently characterized Tet proteins which can modify 5-methylcyt-
osine, resulting in a 5-hydroxymethylcytosine that may prevent maintenance DNA
methylation, or may be replaced by an unmethylated cytosine residue through a
base excision repair pathway (Tahiliani et al. 2009); alternatively, 5-hydroxym-
ethylcytosine could have a stand-alone function (Ficz et al. 2011). Taken together,
this means that chromatin modifications can be dynamically written and erased
from the genome in the process of regulating transcription.

The functional outcome of DNA and histone modifications is at least in part
brought about through their interaction with specific protein motifs. Acetylated
lysines are recognized by bromodomains, while chromodomains, PHD fingers, and
WD40 repeats bind methylated lysines. Meanwhile, methylated cytosines are read
by methyl binding domains. Engagement of these modifications by individual
protein subunits may recruit or modulate the activity of multi-factorial chromatin
modifying complexes. Importantly, several proteins can read different modifica-
tions simultaneously to regulate their binding to nucleosomes (Bartke et al. 2010).
Thus the ‘‘histone language’’ can be read with the aid of multiple adaptors, linking
histone, and DNA marks to functional outcome.

Transcriptional activity, in addition to being correlated with specific histone
modifications, has been correlated with nucleosome depletion at promoter regions
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(Lee et al. 2004; Ozsolak et al. 2007) prior to transcriptional initiation (Petesch and
Lis 2008). It has long been known that functional DNA elements are hypersensitive
to endonucleases, and such DNase I hypersensitive sites (DHS) (Wu et al. 1979)
occur upon nucleosome depletion. Studies of IFNb gene activation during viral
infection revealed that a nucleosome masking the transcription start site (TSS) and
TATA box was remodeled by the histone acetylation-recruited SWI/SNF chromatin
remodeling complex, allowing for TFIID recruitment (Agalioti et al. 2000). Binding
of the TFIID subunit TBP to the TATA box induced the nucleosome to slide further
downstream, exposing the transcription start site and allowing for transcription
(Lomvardas and Thanos 2001). Thus there is a complex interplay between chro-
matin marks, their readers, writers, and erasers, and sequence-specific transcription
factors in the regulation of transcription.

Views of transcriptional regulation have changed dramatically in recent years.
Transcription is no longer thought to occur only in a linear fashion with regulatory
elements controlling the expression of their downstream genes. Rather, it is thought
to be a dynamic process involving the movement of chromatin fibers to allow
co-regulated genes to come together in subnuclear space. Osborne et al. (2004)
found that active genes co-localize with reservoirs of active RNA polymerase II in
what are termed ‘‘transcription factories’’. Subsequently, Spilianakis et al. showed
that genes on different chromosomes (the Il4 locus on chromosome 11 and Ifng on
chromosome 10) could interact in a developmentally regulated manner and this
interaction had a functional role in the expression of both loci, since deletion of a
regulatory element on one chromosome could affect the expression of a locus on the
other (2005). Such long-range movements can affect not only gene activity, but can
also have an impact on the transcriptional competence of loci. For example, transient
IFNc signaling induces persistent association of the MHCII locus with promyelo-
cytic leukemia (PML) nuclear bodies, which perpetuates histone marks through
mitoses. Thus the locus is maintained in a poised state, sensitizing it to respond to
lower doses of IFNc, with faster kinetics (Gialitakis et al. 2010).

Where does epigenetic regulation fit into all of this? Differentiation is a dynamic
process that relies on the inheritance of gene expression patterns. Although almost all
cells within an organism have the same genetic material (antigen receptor loci
excluded), the transcriptional outcomes, and thus cell type/lineage, can differ dra-
matically. An extra layer of stably inherited information, unique to each cell type, is
provided by epigenetic modifications. Strictly speaking, epigenetic marks are not
contained in the primary genetic sequence, but are stable and heritable even in the
absence of their sequence-specific initiating events. For example, H3K27 trime-
thylation, is both catalyzed and recognized by the PRC2 methyltransferase complex
(Hansen et al. 2008). The PRC2 subunit, EED, binds H3K27me3 both to recruit the
PRC2 complex and to allosterically activate its methyltransferase activity, setting up
a positive feedback loop to propagate the epigenetic mark through cell division
without need for sequence-specific factors (Margueron et al. 2009). In this context,
many chromatin modifications are not in fact epigenetic. They may be by-products of
the current transcriptional state of a locus, or they may require the continued action of
sequence-specific factors or events that initiated them. These are interesting to study
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in the context of how a gene is acutely transcribed or repressed, but may not help to
explain how the transcriptional program of a helper or cytotoxic T cell can be stably
maintained through many mitoses. In what follows, we discuss what the Cd4 and Cd8
loci have to teach us about heritable epigenetic regulation of gene expression.

2 Epigenetic Regulation of Co-Receptor Loci

2.1 Epigenetic Regulation of the Cd4 Locus

Cd4 expression is controlled by multiple regulatory elements (Fig. 1a). DHS
mapping revealed several putative regulatory elements in the locus (Adlam and Siu
2003; Sands and Nikolic-Zugic 1992; Sawada and Littman 1991), and eventually
led to the identification of three enhancers: the distal (E4D) and proximal enhancers
(E4P) at *24 and *13 kb upstream of the Cd4 TSS, respectively, and the thy-
mocyte enhancer (E4T) at *36 kb downstream (Adlam and Siu 2003; Sawada and
Littman 1991; Wurster et al. 1994) (Reviewed in detail by Taniuchi et al. (2004)]. In
combination with the Cd4 promoter, E4P drives T cell-specific transgene expression
in multiple mouse lines (Blum et al. 1993; Hanna et al. 1994; Killeen et al. 1993).
The developmental window during which E4P shows activity, however, was not
entirely clear: while some studies found it to be active in DN and pre-selection DP
cells through to mature helper and cytotoxic T cells (Blum et al. 1993; Hanna et al.
1994; Killeen et al. 1993; Manjunath et al. 1999; Sawada et al. 1994; Siu et al. 1994),
others indicated that E4P activity begins post-positive selection (Adlam et al. 1997).
In addition, it appears that, in the context of transgenes, E4P may lose activity in
mature T cells following TCR stimulation (Manjunath et al. 1999). E4D exhibits T
cell line-specific activity in transient transfection assays (Wurster et al. 1994), but its
in vivo relevance for Cd4 regulation has not been demonstrated and, moreover, the
homologous human sequence has been implicated in control of the adjacent LAG-3
gene (Bruniquel et al. 1998) and the combination of E4D and E4P in reporter
transgenes drives expression in B cells and macrophages (Siu et al. 1994). Finally
E4T has been suggested to drive expression in DPs, but only in combination with
E4P (Adlam and Siu 2003). Taken together, these sometimes-conflicting studies
have identified three possible Cd4 enhancers and ascribed them independent,
overlapping and cooperative functions at different developmental stages.

Germline and conditional targeting of two of these enhancers, E4P and E4T, has
helped to determine their relevant functions (Chong et al. 2010) (Fig. 1c). E4T was
found to be dispensable for Cd4 expression in TCRab T cells, but required for
expression on a subset of lymphoid tissue inducer (LTi) cells in the small intestine
lamina propria, now commonly referred to as innate lymphoid cells. In contrast,
E4P was required for Cd4 expression in pre-selection DP cells. However, CD4 was
expressed following positive selection in E4P thymocytes, suggesting the existence
of a yet unidentified ‘‘maturation enhancer’’. Importantly, E4P activity was dis-
pensable in the periphery, as its Cre-mediated deletion in mature CD4+ T cells did
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not affect Cd4 expression. Moreover, E4P is required at the DP stage for stable,
high-level CD4 expression in mature cells, as will be discussed later. Thus this
study indicated that Cd4 transcription is potentiated at the DP stage by E4P, and
suggested that, after positive selection, it is regulated by an unidentified maturation
enhancer whose heritable activity would be initiated in concert with E4P.

(a)

(b)

(c)

Fig. 1 Epigenetic regulation of Cd4 transcription and silencing. a Genomic organization of the
Cd4 locus: proximal enhancer (E4P, green box), exon 1 (1, blue box) and silencer (S4, red box).
b S4 deletion at different developmental stages reveals epigenetic silencing of Cd4. In WT
cells, Cd4 is silenced in immature DN and mature cytotoxic T cells, but is expressed in DP cells.
Germline deletion of S4 leads to inappropriate expression of Cd4 in DN and cytotoxic
T cells. Inducible S4 deletion at the transition to the DP stage results in expression in cytotoxic
T cells. However, inducible S4 deletion in cytotoxic T cells does not lead to ectopic expression,
indicating that Cd4 is heritably silenced in mature cells (i.e. independently of S4). c E4P deletion
at different developmental stages reveals epigenetic maintenance of Cd4 expression. In WT mice,
Cd4 is expressed in DP cells and in mature helper T cells. E4P deletion in the germline, or at the
transition between the DN and DP stages, results in DP cells that fail to express Cd4 prior to
positive selection, and in unstable Cd4 expression in helper T cells. Inducible E4P deletion in
helper cells does not affect Cd4 expression, indicating epigenetic maintenance of expression
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Restriction of Cd4 expression to DPs and mature helper T cells is conferred by
the activity of Runt domain-containing transcription factors that bind to sites in a
silencer element (S4). S4 was initially identified as a 434 bp element in the first
intron of Cd4, which suppressed transgene expression in DN and CD8+ T cells
(Sawada et al. 1994). Germline deletion of S4 resulted in expression of CD4 in all
T cells starting at the DN stage, indicating that this element was responsible for
suppressing developmental stage-inappropriate Cd4 expression (Fig. 1b) (Leung
et al. 2001; Zou et al. 2001). Subsequently, silencer activity was found to be
mediated by Runx1 and 3, in DN and cytotoxic T cells, respectively (Taniuchi
et al. 2002a, b). Germline mutations in Runx binding motifs in S4 led to CD4
expression in DN and mature CD8 thymocytes. Further, deletion of Runx1
revealed that it is indispensable for Cd4 silencing in DN cells. In contrast, Runx3
deletion led to variegated Cd4 expression in mature CD8+ cells, indicating a role
for Runx3-mediated silencing later in development. Thus Runx1 and 3 have stage-
specific roles in mediating Cd4 repression through S4.

In collaboration with other factors, Runx1 and 3 mediate two developmental
stage-specific modes of Cd4 silencing: reversible and permanent. In DN cells,
silencing is reversible, as Cd4 transcription must be activated upon transition to the
DP stage. What is the mechanism? One model that can be constructed from recent
data would involve active antagonism of E4P function by Runx1. The HEB and
E2A bHLH transcription factors, which are crucial for E4P-mediated Cd4 acti-
vation between the DN and DP stages (Jones and Zhuang 2007; Sawada and
Littman 1993), are preloaded onto E4P at the DN stage (Yu et al. 2008). In the
presence of S4, however, p300 recruitment to E4P, and thus transcriptional acti-
vation, is impaired (Yu et al. 2008). This antagonism of p300 recruitment could be
mediated by long-range interactions between S4, bound by Runx1, and E4P, as was
recently reported (Jiang and Peterlin 2008). In accord with this model, the bHLH-
ZIP transcription factor AP4 binds E4P, interacts with Runx1, and is required for
efficient silencing of Cd4 in DN cells (Egawa and Littman 2011). Thus, a physical
interaction between Runx1 and AP4 may bring E4P and S4 into close proximity, so
that Runx1 or other silencer-associated factors can antagonize co-activator
recruitment by HEB, E2A, and other positively acting factors. Additionally
Runx1-AP4 mediated interaction between S4 and E4P could prevent recruitment of
E4P-bound transcriptional co-factors such as P-TEFb to the promoter, precluding
elongation by RNA PolII until the DP stage (Jiang et al. 2005) (Fig. 2).

It should be noted that reversible Cd4 silencing in DNs is likely more com-
plicated than this model suggests. Genetic studies have demonstrated that the
BAF57 and BRG subunits of the SWI/SNF-like chromatin remodeling complexes
are critical for Cd4 silencing in DN cells (Chi et al. 2002, 2003). Interestingly,
dominant negative BAF57 expression or T cell-specific Brg deletion results in
decreased chromatin accessibility and Runx1 binding at S4 accompanied by CD4
de-repression in DN cells (Wan et al. 2009), indicating that SWI/SNF contributes
to reversible silencing by remodeling chromatin to allow for Runx1 recruitment.
In contrast to SWI/SNF, the NuRD chromatin remodeling complex has been
implicated in reversing Cd4 silencing. Deletion of the Mi2b NuRD subunit allows
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Cd4 silencing to continue past the DN stage (Naito et al. 2007). Taking into
account that NuRD is generally considered a repressive chromatin remodeling
complex, it is tempting to speculate that NuRD could remodel S4 chromatin to a
state inaccessible to Runx1, eliminating silencer function during the transition
from DN to DP. Taken together, it appears that reversible silencing requires
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chromatin remodeling by SWI/SNF, which allows Runx1 to bind to S4 and interact
with E4P-bound AP4, thus actively repressing transcriptional elongation at Cd4.

In contrast to transient Cd4 silencing in DN cells, silencing in mature cytotoxic
T cells appears to be permanent and mediated epigenetically (Fig. 1b). Mutation of
individual critical transcription factor binding sites in S4 (including one Runx
binding motif) led to partial, but uniform, CD4 de-repression in DN cells, but
variegated CD4 expression on CD8+ T cells (Taniuchi et al. 2002a, b). This
variegated pattern is reminiscent of position effect variegation (PEV) of transgene
expression, which is mediated by heterochromatin spreading from adjacent loci
and its stable propagation through multiple mitoses (Fodor et al. 2010). The epi-
genetic nature of Cd4 silencing was confirmed by the finding of continued stable
silencing of CD4 expression through multiple rounds of cell division following
Cre-mediated deletion of S4 in mature CD8+ T cells (Zou et al. 2001). Thus
S4 initiates Cd4 silencing during development, and this silenced state may be
epigenetically propagated in the absence of S4.

These data indicate that epigenetic silencing of Cd4 involves two distinct
mechanisms: (1) a silenced state is first initiated after positive selection by factors
associated with S4, and (2) silencing is maintained in mature cells independent of
S4. Runx3 binding to S4 is clearly required for the initiation of silencing, but not
maintenance (Taniuchi et al. 2002a, b). To understand maintenance, we initially
assessed DNA methylation, as it is required to maintain heterochromatin-dependent
X chromosome inactivation (Sado et al. 2000). We found that pharmacological
inhibition of DNA methyltransferase activity with 5-azacytidine did not induce CD4
expression in proliferating CD8+ cells, and argued that DNA methylation does not
have a key role in maintenance (Zou et al. 2001). However, the time frame of the
experiment, with a relatively small number of mitoses, precluded reaching a
definitive conclusion, and this issue needs to be further explored with mice mutant
for DNA methyltransferase genes. Intriguingly, overexpression of the heterochro-
matin protein HP-1b partially rescued silencing in mice in which silencer function
was compromised by deletion of the binding motif for a critical, but yet unidentified,
transcription factor, indicating that HP-1 proteins, and the H3K9 methylation marks

Fig. 2 A model for Cd4 regulation during development. a At the DN stage, S4 interacts with the
E4P enhancer, preventing it from interacting with, and activating, the Cd4 promoter. This
interaction could be mediated through association between E4P-bound AP-4 and S4-bound
Runx1. b In DP cells, S4 is inactivated, allowing E4P to interact with the Cd4 promoter to drive
transcription. Deletion of E4P suggests that it may activate a yet unidentified maturation enhancer
(E4M), or collaborate with this enhancer to activate an epigenetic state required for subsequent
high-level, stable Cd4 expression in mature helper T cells. c In mature helper cells, Cd4 is
expressed independently of E4P, possibly due to epigenetic mechanisms or E4P-mediated
activation of the putative E4M enhancer. d In cytotoxic T cells, Cd4 is silenced by S4 in a Runx3
and possibly HP-1 dependent manner. Runx3 could recruit transcriptional co-repressors such as
SUV39H1 and Groucho/TLE to the locus to deposit repressive histone marks, such as Histone
H3K9 methylation. These marks could in turn recruit HP-1 to epigenetically suppress
transcription. The role of DNA methylation remains to be further investigated and thus is not
shown here. TCF-1a/LEF-1 binding on E4P is not shown

b
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that they recognize, may contribute to silencing (Taniuchi et al. 2002b) (Fig. 2d). In
accord with this finding, Runx transcription factors can associate with the Groucho/
TLE corepressor complex and the SUV39H1 H3K9 methyltransferase to mediate
repression (Levanon et al. 1998; Reed-Inderbitzin et al. 2006). The Runx3 VWRPY
motif is required for interactions with Groucho/TLE (its importance for interactions
with SUV39H1 is unknown) and for epigenetic Cd4 silencing in mature CD8+ cells
(Yarmus et al. 2006), indicating that the Groucho/TLE co-repressor or other factors
that interact with Runx3 through this domain are required for silencing. Importantly,
the Runx1 VWRPY motif is dispensable for its silencing function in DNs (Telfer
et al. 2004), highlighting the two modes of Cd4 silencing: transient in DNs and
permanent/epigenetic in CD8+ T cells.

What other mechanisms could be involved in the initiation and maintenance of
epigenetic Cd4 silencing? X chromosome inactivation (XCI) is reminiscent of this
process as an X chromosome inactivation center (Xic) is crucial for XCI in the
inner cell mass (in mice), but is not necessary to maintain the inactive X in a
silenced state in more differentiated cells (Brown and Willard 1994; Wutz and
Jaenisch 2000). Interestingly, the non-coding XIST (nc)RNA encoded within the
Xic is required for initiation but not maintenance of XCI (Csankovszki et al. 1999).
Similarly, imprinted genes are silenced on one parental allele through the action of
ncRNAs (Reviewed in O’Neill 2005). Thus it will be interesting to determine
whether ncRNAs play a role in either the initiation or maintenance of the silenced
state of Cd4. An interesting possibility is that Runx3 or another silencer binding
factor functions to tether an ncRNA to the Cd4 locus to initiate silencing, similar
to the recently described role of YY1 in tethering XIST to the X chromosome
undergoing inactivation (Jeon and Lee 2011).

As illustrated in this discussion, Cd4 silencing deserves vigorous study in the
future, as it can provide potentially novel insight into the mechanisms of estab-
lishment and inheritance of gene repression. Importantly, this is a unique system to
study these events as in contrast to XCI, which occurs stochastically on either of
the two X chromosomes, Cd4 silencing occurs in a developmentally regulated
manner dependent on extracellular signals (i.e. TCR specificity for MHCI). This
dependency on extracellular cues may provide unique insights into the initiation of
epigenetic silencing that may not be revealed by XCI initiation due to its stochastic
nature. Finally, the Cd4 system is less difficult to work with: knowledge of the
signals that induce Cd4 silencing, as well as the fact that T cell differentiation
occurs in post-natal mice, render this system more easily manipulated than the
embryonic inner cell mass where XCI is initiated.

In addition to silencing, recent work from our laboratory has shown that the
active transcription state of Cd4 in helper T cells is also propagated epigenetically,
i.e. independently of the genetic element that initially activates Cd4 transcription
(Fig. 1c). As mentioned earlier, E4P is required for CD4 expression in DP
thymocytes (Chong et al. 2010). However, positive selection of E4P

-/- thymocytes
activates CD4 expression in T helper lineage cells, possibly through a putative
‘‘maturation enhancer’’, leading to a reduced population of CD4+ helper T cells.
These cells had a broader distribution and lower amount of CD4 expression than
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wild-type cells, and lost expression upon TCR stimulation and proliferation.
However, conditional deletion of E4P in mature peripheral CD4+ cells by retroviral
transduction of Cre had no effect on the stability or level of CD4 expression, even
after many rounds of division. Thus, like the mirror opposite of the silencer, E4P

sets an active epigenetic state of the Cd4 locus in helper T cells, which can then be
propagated in its absence.

The mechanisms underlying this positive epigenetic state are not entirely clear.
Mature E4P

-/- CD4+ T cells expressed lower levels of CD4 than WT despite normal
levels of histone acetylation across the Cd4 locus. In contrast, decreased Cd4
transcription in these cells correlated with reduced H3K4me3 at the promoter. Upon
TCR-induced proliferation, both histone modifications were lost in those E4P

-/- cells
that lost Cd4 expression. Considering that there was no concomitant increase in
repressive histone marks such as H3K9me3 and H3K27me3 across the locus when
compared to WT CD4+ cells, it appears that instability of Cd4 expression is due to
the loss of activating marks rather than active silencing. Could differences in H3K4
methylation account for stable (WT) versus unstable (E4P

-/-) memory? In yeast,
H3K4me3 has been shown to persist after transcription has ceased, and thus has been
postulated to serve as memory of previous transcriptional activity, though admit-
tedly not through a cell cycle (Ng et al. 2003). Intriguingly, studies in mammalian
cells have suggested longer memory through H3K4me3. Memory in the murine

Cd8β Cd8α
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E8IV E8III E8II E8I
E8V

Cd8β Cd8α
E8IV E8III E8II E8I
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SWI/SNF

CD4 CD8
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CD4 CD8
Double positive

++
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Fig. 3 A model for the epigenetic repression of Cd8 locus transcription. a CpGs at the Cd8a and
Cd8b promoters, as well as the E8V enhancer, are hypermethylated in DN and cd T cells. Loss of
this methylation due to DNMT1 deletion leads to inappropriate CD8 expression in these cells.
MAZR associates with multiple regulatory elements in the Cd8 locus, and represses Cd8a/b
transcription at the DN to DP transition, possibly through interactions with DNA methyltrans-
ferases. b Downregulation of MAZR expression correlates with the relief of epigenetic Cd8a/b
repression at the DP stage. Components of the SWI/SNF chromatin remodeling complex, and
multiple enhancer elements (E8I, E8II, E8III, and E8V), contribute to the efficient activation of
Cd8a/b expression in DP cells

The Epigenetic Landscape of Lineage Choice 177



inflammatory response has been linked to persistent H3K4 trimethylation and H4
acetylation, and competence to recruit the SWI/SNF subunit Brg1 (Foster et al.
2007). In studies of IFNc priming of MHCII gene transcription, H3K4me2 is stably
transmitted through cell cycles, correlating with increased responsiveness to sec-
ondary stimulation (Gialitakis et al. 2010). Thus, one simple model would be that
H3K4 methylation might allow transmission of the active state through the cell
cycle, though the exact mechanism is still unclear.

What are other possible mechanisms for the propagation of active Cd4
transcription? Two obvious suspects come to mind: DNA hypomethylation and
deposition of histone variants. DNA demethylation is involved in activating epi-
genetic memory in the Il2 and FoxP3 loci. Activation of naïve T cells leads to
demethylation of the Il2 promoter, which in turn allows for a faster and stronger
transcriptional response following secondary stimulation (Bruniquel and Schwartz
2003; Murayama et al. 2006). At the FoxP3 locus, DNA demethylation allows
binding of positively acting factors including Runx1 and FoxP3 itself, completing a
feed-forward loop, which stabilizes FoxP3 expression (Bruno et al. 2009; Lal et al.
2009; Polansky et al. 2008; Williams and Rudensky 2007; Zheng et al. 2010). In the
case of Cd4 expression, E4P-dependent hypomethylation of specific motifs in the
locus may allow a transcription factor(s) to bind and maintain Cd4 expression.
Another, non-mutually exclusive, possibility is that deposition of specific histone
variants potentiates memory. The variant H2A.Z has been shown to be required for
memory (faster reactivation) of genes transcription in yeast (Brickner et al. 2007).
While no difference in H2A.Z occupancy was found at the Cd4 promoter between
WT and E4P

-/- CD4+ cells (Chong et al. 2010), it remains possible that H2A.Z
underlies stable Cd4 expression as it is also thought to play critical roles in enhancer
accessibility (He et al. 2010). Thus E4P-dependent H2A.Z deposition at an
unidentified enhancer element could promote stable Cd4 expression. Another
candidate is the histone variant H3.3, which acts at the MyoD promoter to allow
persistent (and inappropriate) MyoD expression in Xenopus muscle cell nuclei
that have been reprogramed by two rounds of nuclear transfer into embryos (Ng and
Gurdon 2008). Finer examination of DNA methylation and histone variant occu-
pancy in WT and E4P

-/- cells will be required to evaluate these possibilities.
The mechanisms underpinning epigenetic memory of Cd4 transcription are still

unclear. Nevertheless, this system clearly deserves to be studied extensively, since,
despite the widespread notion that self-propagating epigenetic mechanisms are
critical to the developmental regulation of many genes, the activation and silencing
of Cd4 remain rare examples of bona fide heritability in mammalian gene expression.

2.2 Epigenetic Regulation of the Cd8 Locus

The Cd8 locus consists of the Cd8a and Cd8b genes, separated by *35kb in mice,
and *25kb in humans. CD8 is expressed either as a homo-dimer of CD8aa
molecules, for example on intraepithelial lymphocytes (IEL) and CD8+ DCs, or as
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a heterodimer of CD8ab molecules on DP thymocytes and TCRab cytotoxic T
cells. Thus Cd8a and Cd8b genes can be both co-regulated and independently
regulated [reviewed in Taniuchi et al. (2004)]. Here we focus mainly on Cd8 locus
regulation in the TCRab lineage, and what hints this gives us into epigenetic
mechanisms of gene regulation.

Cd8 locus expression is controlled by multiple enhancers. While the Cd8a pro-
moter was not sufficient to drive lineage-specific expression, an 80kb fragment of the
mouse locus stretching from 2kb upstream of Cd8b to 25kb downstream of Cd8a
could drive tissue-specific expression (Hostert et al. 1997a). Thus all cis-regulatory
elements critical for appropriate Cd8a/b expression were present in this interval. This
study also identified four DHS clusters (CI-IV), as putative regulatory regions.
Further transgenic studies based on these DHS clusters identified specific regions that
regulate Cd8 expression (Ellmeier et al. 1997, 1998; Hostert et al. 1998, 1997a, b;
Kieffer et al. 1996, 1997; Zhang et al. 1998, 2001). The E8I (CIII-1, 2) enhancer drove
transgene expression in mature CD8+ cells and in IEL (Ellmeier et al. 1997, 1998;
Hostert et al. 1997b). The E8III (CIV-3) enhancer drove expression in DP thymo-
cytes, and E8II (CIV-4,5) in DPs and mature CD8+ cells. The E8IV (CIV-1,2) element
was more promiscuous than the above enhancers, driving low-level expression in
CD4+ T cells as well as DP and CD8+ T cells (Ellmeier et al. 1998; Feik et al. 2005).
Finally, while E8V (CII) exhibited no enhancer function by itself, a combination of
E8V and E8I drove expression in DP cells in addition to mature CD8+ cells (Hostert
et al. 1998, 1997b). These studies indicated that regulation of Cd8 locus expression in
a cell type- and stage-specific manner is achieved through complex interactions
between multiple and sometimes apparently redundant regulatory elements.

To determine the in vivo function of the individual Cd8 locus enhancers in
controlling Cd8a and Cd8b expression, knockout studies were undertaken. Dele-
tion of E8I, which drives transgene activity in IELs and mature CD8+ cells,
reduced CD8aa and CD8ab expression on IEL by 40–80%, but left CD8
expression on TCRab DPs and mature CD8+ cells largely unaffected; there was
only a minor decrease (10–20%) in CD8 expression at the CD8SP stage (Ellmeier
et al. 1998; Hostert et al. 1998). There was no detectable phenotype in
E8II

-/- animals, suggesting that loss of E8II activity may be compensated for by
other enhancers (Ellmeier et al. 2002). Indeed, combined deletion of E8II and E8I,
or E8II and E8III, resulted in variegated CD8 expression in DP cells (Ellmeier et al.
2002; Feik et al. 2005), indicating incomplete relief of heterochromatin-mediated
Cd8 repression. Combined E8II/E8I deletion also reduced CD8 expression by 30%
on mature CD8+ T cells in the periphery. Similar to the combined deletions above,
elimination of E8V resulted in variegated CD8 expression on DPs, as well as
reduced CD8 expression on mature CD8+ cells (down 20%) (Garefalaki et al.
2002). These results indicate that while E8I is specifically required for CD8aa
expression on IEL and DCs, the E8I, E8II, E8III , and E8V elements all contribute to
relieving heterochromatin-mediated Cd8 locus repression at the DN to DPs stage,
and to maintaining high-level CD8ab expression in mature CD8+ cells (Fig. 3).

This begs the question: why does the Cd8 locus contain multiple, seemingly
redundant enhancers? Recent work in Drosophila demonstrated that apparently
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redundant enhancers are critical to maintaining expression in response to genetic
and environmental stimuli (Frankel et al. 2010). Considering the importance of
precisely controlled CD8 expression in lineage choice and cytotoxic T cell
development (Fung-Leung et al. 1991; Sarafova et al. 2005), it is possible that this
may also be the evolutionary driving force behind the development of multiple
Cd8 locus enhancers. Another possibility is that seemingly overlapping Cd8 locus
enhancers are important for the expression of Cd8a or Cd8b individually (Taniuchi
et al. 2004). Most of the above work relied on surface CD8ab protein detection to
infer Cd8 gene expression, but murine CD8b cannot be expressed on the surface in
the absence of CD8a (Devine et al. 2000). Thus, examination of Cd8a and Cd8b
transcription in various enhancer knockout mouse strains would be required to
evaluate whether individual enhancers are important for the expression of either
gene individually.

CD8 expression appears to be regulated through multiple epigenetic mecha-
nisms. The variegated CD8 expression phenotypes of DP thymocytes from E8I/II,
E8II/III and CII knockout mice suggest that the Cd8 locus becomes activated during
the DN to DP transition through reversal of potentially heritable repressive marks
(Ellmeier et al. 2002; Feik et al. 2005; Garefalaki et al. 2002). Interestingly,
expression of a dominant negative mutant of the Baf57 SWI/SNF complex subunit,
or haploinsufficiency of the Brg subunit, resulted in diminished CD8 expression on
DPs (Chi et al. 2002). Further, combining these two genetic defects in SWI/SNF
members resulted in variegated CD8 expression on DPs. Thus, the SWI/SNF
complex is critical for activation of CD8 expression at the transition from the DN4
to the DP stage (Fig. 3).

The activation of Cd8 expression is not only controlled by positive regulators;
DNA methylation and the MAZR zinc finger protein (zfp278) also play critical roles
in epigenetically repressing the locus (Fig. 3). MAZR is highly expressed in DN
cells, and is downregulated at the DP stage as CD8 expression is activated (Bilic
et al. 2006). Forced expression of MAZR results in variegated CD8 expression at the
DP stage (Bilic et al. 2006). Further, variegated CD8 expression on E8I/II deficient
DP cells (Ellmeier et al. 2002) was partially relieved by MAZR deletion (Sakaguchi
et al. 2010), suggesting that E8I/II antagonizes MAZR-mediated Cd8 silencing
during the DN to DP transition. This effect may be mediated directly, as MAZR
binding has been observed at multiple elements in the Cd8 locus (Bilic et al. 2006).
Analysis of CD8 expression in mice with combined deletion of MAZR and various
Cd8 locus elements could reveal elements through which MAZR functions to
repress Cd8. Interestingly, deletion of the maintenance DNA methyltransferase
Dnmt1 on an E8I/II deficient background also partially rescued variegated CD8
expression (Bilic et al. 2006). While it is tempting to speculate that MAZR
contributes to Cd8 repression through recruitment or maintenance of DNA
methylation, no clear link has been established between MAZR and initiating or
maintenance DNA methyltransferases. In keeping with the observation that Dnmt1
contributes to Cd8 locus repression, E8V sequences are differentially methylated
between CD8+ and CD8- cells (e.g. WT DP cells vs. liver or CD8- E8I/II DP cells)
(Bilic et al. 2006; Carbone et al. 1988; Hamerman et al. 1997; Lee et al. 2001).
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Further, Dnmt1 deletion results in ectopic CD8 expression on TCRcd cells (Lee et al.
2001). Thus, DNA methylation silences Cd8a/b expression outside of the TCRab
lineage, and, along with MAZR, maintains Cd8a/b repression until the DP stage,
apparently through epigenetic mechanisms.

2.3 Long Distance Interactions between Cd4 and Cd8
Co-Receptor Loci During Lineage Choice

In addition to cis-regulatory elements in each locus, it appears that Cd4 and Cd8
expression may be regulated by long-distance interactions between the loci and
specific nuclear compartments. For example, the majority of Cd4 alleles associate
with peri-centromeric heterochromatin (PCH) in CD8+ but not CD4+ T cells;
similarly cd8 alleles preferentially associate with PCH in CD4+ but not CD8+

T cells (Collins et al. 2011; Delaire et al. 2004; Merkenschlager et al. 2004). These
results indicate that lineage-specific repression/silencing of these loci may result
from localization to PCH, consistent with heterochromatic silencing. More
intriguingly, we have found that the Cd4 and Cd8 loci dynamically associate
during T cell development (Collins et al. 2011). The loci are closely associated in
cis at the DP stage, separate slightly immediately after positive selection
(CD4+CD8lo stage), and then are more closely associated in CD8+ than in CD4+

T cells. Association between the two loci is regulated by cis-acting elements in
each locus (the E8I and E8II Cd8 enhancers and Cd4 silencer promote association
in DPs and CD8+ T cells), as well as the transcription factors that govern lineage
choice (Runx proteins promote associations in DPs and CD8+ T cells, while
ThPOK antagonizes these associations in CD4+ T cells). Intriguingly, this phe-
nomenon is evolutionarily conserved, as the CD4 and CD8 loci associate closely in
human CD8+, but not CD4+, T cells. It is tempting to speculate that long-distance
association of the Cd4 and Cd8 loci in DP cells allows for co-receptor expression
to be precisely and oppositely regulated during lineage commitment to the helper
and cytotoxic lineages. This is indeed reminiscent of observations that the Th1 and
Th2 cytokine loci interact in naïve T cells and separate upon polarization, and that
the deletion of a DHS site in the Th2 locus delays activation of the Th1 locus
during Th1 cell differentiation (Lee et al. 2005). Coordinated regulation of both
cytokine and co-receptor loci may be facilitated by the close association of these
loci in naïve helper T cells and immature DP cells, respectively.

3 Concluding Remarks

Study of co-receptor gene expression during T cell development has yielded
insights into transcriptional regulatory mechanisms in general. While the expres-
sion of Cd4 and Cd8 is tightly coordinated throughout development, the molecular
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mechanisms that govern their simultaneous repression (DN stage), simultaneous
expression (DP stage), and mutually exclusive expression (single positive stage)
are quite different. At the DN stage Cd4 is actively repressed by Runx1, while Cd8
appears epigenetically repressed in a heterochromatin- and DNA methylation-
dependent fashion. In DP cells, silencer function is abrogated to allow Cd4
expression, while multiple enhancers are activated to overcome epigenetic
silencing of Cd8. At this stage, expression of either gene is reversible. Finally, in
helper T cells, transcription of Cd4 is epigenetically maintained and Cd8
expression is extinguished through unknown mechanisms, while in cytotoxic
T cells Cd4 is epigenetically silenced in a Runx3-dependent manner and Cd8
transcription is presumably actively maintained through enhancer function. Thus
to achieve two basic transcriptional outputs—on or off—for Cd4 and Cd8,
developing T cells appear to use multiple different mechanisms, some epigenetic
and some not. This is reminiscent of chromatin profiling in Drosophila, which
identified different ‘‘colors’’ or flavors of chromatin, defined by the occupancy of
unique sets of chromatin-modifying complexes, chromatin readers, transcriptional
regulators and transcription factors (Filion et al. 2010). Indeed these different
chromatin colors were associated with different levels of transcription, as well as
with genes belonging to different functional categories. For example, there were
two types of active chromatin, one encompassing genes with broad expression
patterns, and another enriched in genes linked to specific tissues. Detailed analysis
of the protein structure and chromatin modifications at the Cd4 and Cd8 loci may
reveal similar distinct types of chromatin flavors linked to active and repressed
states (i.e. the Cd4 locus in helper vs. cytotoxic cells), and instability or heritability
of each of those states at different developmental stages (i.e. the Cd4 locus in DP
vs. helper T cells). Clearly, further characterization of these loci will yield critical
insights into the epigenetic regulation of lineage-specific transcriptional programs.
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