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Abstract

In B cell progenitors, E-proteins E2A and HEB are critical to induce a B-lineage specific program

of gene expression and orchestrate the assembly of the immunoglobulin loci. In the thymus E2A

and HEB act differently, activating the expression of genes closely associated with the

establishment of T cell identity and promoting the rearrangement TCR loci. These findings have

raised the question as to how E-proteins exert these different activities. Here we review the

distinct regulatory networks that establish B versus T cell identity, and how genomic architecture

and location of genes is modulated in these lineage decisions. We conclude by proposing a model

wherein stochasticity in the nuclear location of the EBF1 locus in multipotent progenitors

determines this lineage choice.

Establishing B and T cell fate

Immune cells are generated from long-term hematopoietic stem cells (LT-HSC) [1]. LT-

HSCs are multipotent and self-renew to give rise to multipotent progenitors (MPPs). MPPs

give rise to lymphoid primed MPPs (LMPPs) [2]. LMPPs, in turn, give rise to either

granulocyte-macrophage progenitor cells (GMPs) or common lymphoid progenitors (CLPs)

(Figure 1) [3,4]. GMPs have the ability to differentiate into macrophages or granulocytes

whereas CLPs give rise to the plasmacytoid dendritic (pDC), natural killer (NK), innate

lymphoid (ILC), B or T cell lineages (Figure 1) [5,6]. Transcriptional regulatory networks

underlie these lineage commitment steps.

The differentiation of myeloid cells is instructed by signaling mediated by the macrophage

colony stimulating factor 1 receptor (M-CSFR) or granulocyte-CSFR (G-CSFR) receptors

upon exposure of G-CSF, M-CSF and/or GM-CSF respectively [7]. The neutrophil versus

macrophage lineage decision is controlled by the relative dosage of the transcriptional

regulators PU.1 and CEBPα, with high abundance of PU.1 favoring macrophage

development whereas high levels of CEBPα facilitating developmental progression towards

the neutrophil lineage [8,9].
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CLPs give rise to Ly6D− and Ly6D+ cells [10,11]. Ly6D+ cells differentiate into pre-pro-B

cells and ultimately give rise to committed pro-B cells (Figure 1). While DHJH

rearrangements are initiated in the CLP compartment, VHDHJH joining begins at the pro-B

cell stage. Once a productive Igh chain has been formed, pro-B cells undergo proliferation

and differentiation, giving rise to the pre-B cell compartment. CLPs also have the ability to

develop into T-lineage cells but this involves an intermediate population named early T cell

progenitors (ETPs) (Figure 1) [12]. ETPs have the ability to differentiate into T-lineage as

well as dendritic, NK and myeloid cells [4].

The processes the drive lymphocyte development have been examined from multiple

directions, all yielding valuable insights. However, there is a great need to integrate the

various insights into a comprehensive understanding of how lymphocyte development is

achieved at the gene regulation level. Here we review recent findings in two of these areas:

the transcriptional networks that impact B and T cell fate decisions, and the changes in

nuclear architecture that accompany and enable these transitions and the maintenance of cell

fate choices. We conclude by proposing a model that integrates the functions of key

developmental regulators with nuclear organization in the B versus T lineage cell choice.

Transcriptional networks orchestrating cell fate decisions

It is now well established that B cell development is specified by the activities of several key

regulators. Conspicuous among these are E2A, EBF1, FOXO1 and PAX5 [13–18]. The E2A

locus encodes for two isoforms, E12 and E47, which arise through differential splicing of an

exon encoding for the helix-loop-helix (HLH) domain. E47 plays a particularly important

role in B-lineage specification. B cell development in mice depleted for the expression of

E47 is blocked at the CLP cell stage [17]. In CLPs, E47 and HEB act in concert to activate

the expression of the Forkhead-containing protein, FOXO1 [19]. E2A and FOXO1, in turn,

together induce the expression of EBF1. Once EBF1 and FOXO1 are expressed they

establish a positive intergenic feedback circuitry to establish B cell identity [20].

Additionally, EBF1 acts to suppress an innate lymphoid specific program of gene expression

by suppressing the induction of expression of the transcriptional regulator Id2 [21]. Finally,

E2A, EBF1 and FOXO1 coordinately activate the expression of PAX5 [22]. Once Pax5 is

expressed it acts with EBF1 in a positive regulatory feedback loop to establish commitment

to the B cell fate [23]. In addition to activating the expression of EBF1 and FOXO1, E47

also activates the expression of components associated with the Notch signaling pathway,

such as Notch 1, Notch3, the transcriptional repressors Hes1, Tle3 and Tle6 [24,25,26].

Notch1 is transcribed at high levels in CLPs and pro-B cells whereas Hes1 transcript levels

are readily detectable in pro-B cells. However since Notch ligands are not expressed in the

bone marrow, the Notch signaling pathway is not activated in B cell progenitors. How then

is HES1 involved in orchestrating the developmental progression of lymphoid progenitors?

Recent elegant studies have demonstrated that Hes1 antagonizes the expression of C/EBPα
to prevent the initiation of a myeloid specific program of gene expression [27]. Similarly,

previous studies have shown that the E-proteins act in progenitor cells to suppress a myeloid

specific program of gene expression. Specifically, E2A-deficient lymphoid progenitors

showed an increased tendency to differentiate into the myeloid cell lineage [24].

Collectively, these studies show that in progenitor cells, the E-proteins induce the expression
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of HES1, which in turn, coordinately with the Tle proteins antagonize the expression of C/

EBPα, linking E2A and HES1 into a regulatory circuitry that acts to suppress the

development of myeloid cells (Figure 2). Upon arriving in the thymus, the Notch signaling

pathway becomes activated in progenitor cells, being exposed to the Notch ligand, Dll1.

Activation of Notch signaling, in turn, leads to the activation of TCF-1, GATA3 and Bcl11b

expression (Figure 2). TCF-1 expression is critical to specify the T-lineage cell fate and

GATA3 has recently been demonstrated to antagonize the expression of a subset of B-

lineage specific genes [28–30]. Furthermore, Notch signaling and E47 act in concert to

induce the expression of genes closely associated with a committed T-lineage phenotype

[24]. One of the critical targets is the pre-Tα locus, containing binding sites for both E47

and CSL (CBF1, Suppressor of Hairless, Lag-1) [31,32]. That E47 and Notch signaling act

collaboratively across cis-regulatory elements to regulate gene expression is not unique to T

cell progenitors. In Drosophila melanogaster, development of sensory organs is controlled

by daughterless, a homologue of E-proteins, members of the achaete-scute complex and

Notch signaling [33,34]. Similarly, HLH proteins acts collaboratively with the Notch

signaling cascade to activate Brachyuri expression of the ascidian Ciona intestinalis [35].

Thus, it seems that an ancient regulatory module used to orchestrate Drosophila

melanogaster organ development and the induction of a notochord specific transcription

signature is also utilized in T cell progenitors to establish T cell identity.

A key aspect of T cell fate involves the rearrangement and expression of antigen receptor

loci. Upon arriving in the thymus, antigen receptor rearrangement involving the TCRβ,

TCRγ and TCRδ loci is activated. Again, prominent participants in this process are the E-

proteins [36,37]. How do E-proteins regulate antigen receptor assembly? This has been

particularly well studied in the context of the TCRβ locus. E47 proteins occupy multiple

sites that span the entire TCRβ locus, involving both the Vβ and DβJβ region clusters [36].

As a working model we propose that the E-proteins function as anchors to sequester the

variable regions to the base of a rosette surrounding the DβJβ regions, as proposed for the

Igh and Igκ loci [38,39]. A key role for E47 in promoting TCRβ rearrangements was

revealed in mice depleted for E47 expression [36]. Specifically, it was shown that the

effective concentration of E47 is rate limiting as it relates to the recombination reaction.

Furthermore, it was shown that forced E47 expression in developing thymocytes interfered

with a feedback mechanism established by the induction of Id3 expression by pre-TCR

signaling [40]. These observations imply that the E47/Id3 module regulates TCRβ locus

allelic exclusion at two distinct levels: (1) mono-allelic activation and (2) a feedback

mechanism involving the activation of Id3 expression. Beyond the pre-TCR checkpoint Id3

levels are essential to maintain the T cell fate [25]. The E2A proteins also function at the

TCR checkpoint. Again, both declining levels of E2A and increasing levels of Id3 modulate

transition through the TCR checkpoint to promote positive selection [40–42]. Thus, a

common theme has emerged in which E-proteins promote the assembly of antigen receptor

loci, which upon expression act in a negative feedback loop to antagonize continued antigen

receptor locus rearrangement and to promote developmental progression.

In addition to orchestrating T-lineage specification, E-protein activity is critical to

orchestrate lineage choice during thymocyte development. Id3 limits the expansion of innate

NK-γδ T cells, while HEB plays an essential role in the development of NKT cells [43–45].

Miyazaki et al. Page 3

Trends Immunol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Furthermore, the relative dosages of E-proteins versus Id-proteins enforce the TCR

checkpoint and promote positive selection [41,46]. In sum, E-proteins not only act as critical

determinants of T-lineage specification but also function as gatekeepers at critical

checkpoints throughout thymocyte development. Interestingly, these transcriptional

regulators are also involved in defining nuclear architecture via enhancer-promoter

interactions. In the following section we discuss nuclear organization in the context of

transcriptional activation and repression, and explore how nuclear positioning of key

regulators impacts lymphocyte cell fate decisions.

The dynamic lymphoid genome

The chromatin fiber consists of nucleosomes that are organized as beads-on-a-string.

Nucleosomes consist of DNA that surrounds an octamer of histones, packaged as a 30 nm

polymer chain. Early microscopic studies showed that the chromosomes in Drosophila are

organized into topological domains closely associated with active transcription [47,48].

However, it remained largely unknown as to how chromosomes are organized in 3D-space.

Initial studies predominantly involved comparisons of experimental and simulated

measurements assuming distinct topologies as starting configurations. Prominent among

such topologies were the Random Walk/Giant Loop, the Multi-Loop-Subcompartment and

the Random-Loop Model. The Random Walk/Giant Loop model (RW/GL) involves random

walk behaviour adopted by large genomic segments that are connected by distinct anchors

[49]. The Multi-Loop-Subcompartment (MLS) predicts a chromatin architecture in which

the genome is folded into ~1 Mbp chromatin domains consisting of bundles of loops [50].

The Random-Loop (RL) model assumes a configuration of both small and large loops that

vary in size [51]. Recent studies have compared experimentally derived spatial distances to

those observed during simulations using the RW/GL, MLS and RL models as starting

topologies. Specifically, measurements across the immunoglobulin heavy chain (Igh) locus

were most consistent with the chromatin fiber folded into bundles of loops separated by

linkers, consistent with that originally proposed for the Igh locus [52–54]. Recently, global

formaldehyde-cross linking studies using chromosome capture approaches reached similar

conclusions, showing that the genomes of vertebrate organisms are organized as

transcriptionally active domains, consisting of globules, that are interspersed with

transcriptionally inactive regions that comprise, at least in part, the heterochromatic

compartment [39,55–58].

The transcriptional active globules consist of clusters of loops organized by tethers. Most

prominent among these tethers is the transcriptional regulator CTCF, which forms

homodimers and in this way loops associated DNA, and can in addition anchor associated

chromatin regions to the nuclear lamina [56,59]. In addition to CTCF the globules are

structured by enhancer-promoter interactions that involve lineage-specific transcriptional

regulators, such as E2A, EBF1, FOXO1, HES1 etc. Although it is now evident that these

factors contribute to the folding patterns of lymphoid genomes it remains to be clarified as to

how they promote the organization of the genome. Recent advances in super resolution

microscopy should make it possible to gain insight into the structures of chromatin globules,

how they are assembled and reorganized during active transcription.
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Genes frequently switch nuclear location upon in developing lymphocytes. For example, a

large spectrum of genes switches nuclear compartments in differentiating embryonic stem

cells as well as progenitor B cells [39,60]. Conspicuous among those genes that switch

nuclear environments in early B cell progenitors are the Ebf1, Foxo1, Igκ and Igl loci.

Changing the nuclear neighborhood of genes correlates well with changes in patterns of

gene expression, with transitions to a transcriptionally repressive compartment - marked by

heterochromatin and packed nucleosomes - correlating with transcriptional silencing of a

locus, and vice versa. However, there are exceptions. During the pre-pro-B to the pro-B cell

transition, a cluster of genes repositions from the transcriptionally repressive compartment

to the transcriptionally permissive compartment, yet remain transcriptionally inert [39].

They remain inert by recruitment to polycomb bodies, nuclear foci defined by the presence

of the Polycomb group (PcG) proteins, a family of transcriptional repressors with chromatin

modification and nucleosome remodeling activities, and that have also been associated with

regulation of nuclear architecture. PcG proteins mediate the methylation of histone 3 at

lysine 27 (H3K27me3), a silencing epigenetic mark, at their target loci. Thus, at least two

distinct mechanisms mediate transcriptional silencing during the developmental progression

of lymphoid progenitors: nuclear positioning and association with polycomb bodies. We

note that previous observations have indicated a role for polycomb in repression of EBF1

transcritption in hematopoietic progenitors [61]. These data indicate that EBF1 expression is

silenced in hematopoietic progenitors at multiple levels. Why is transcriptional repression

exerted by distinct mechanisms? We propose that the recruitment of genes to the

heterochromatic compartment permits efficient repression across a large genomic region.

Such a mechanism may prevent the aberrant activation of genes encoding for key regulators

since the entire regions would be in a transcriptionally inert environment. On the other hand,

genes silenced by being localized across polycomb bodies might readily associate with

active transcription factories upon developmental progression since they are already

localized in the transcriptionally permissive compartment.

Finally, it seems likely that controlling the nuclear location would be a strategy utilized in

other developmental pathways. Recently, we found that the Bcl11b gene, encoding for a

transcription factor controlling T cell fate, is also positioned at the heterochromatic

compartment of multipotent progenitors [39]. Thus, we are now faced with the question as

to how the EBF1 and Bcl11b loci are sequestered at the nuclear lamina and how their release

from the heterochromatin is regulated during the progression of developing hematopoietic

progenitors. Factors that control the nuclear location of genes encoding for key

developmental regulators might be the key to understanding how multipotency is enforced

and how B and T lineage development is initiated. We suggest that the positioning of key

developmental regulators at the nuclear lamina in progenitor cells is a general principle to

prevent the premature activation of lineage-specific programs of gene expression and

developmental progression.

Stochasticity and Establishment of the B versus T Cell Fate

While it is now established that the E-proteins in the multipotent progenitors specify the B

and T cell fate it remains unclear as to how they instruct the B versus T cell fate choice. E2A

and HEB, in a subset of cells activate the expression of FOXO1 and EBF1 to orchestrate B
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cell fate. How then is the T cell fate established? The critical step may involve a failure of

progenitor cells to induce FOXO1 and EBF1 transcription. Cells that do not succeed in

activating FOXO1 and EBF1 expression may become specified to the T cell fate. In such a

model, T cell development is viewed as a default pathway. The question then becomes how

progenitor cells decide whether or not to activate FOXO1 and EBF1 expression. E2A and

HEB levels vary slightly within the HSC, LMPP and CLP populations [62]. However, it

seems unlikely that small differences in E2A and HEB levels affect the B versus T cell fate

choice. Rather, we propose an alternative mechanism, as recently described for olfactory

receptor cell choice. Olfactory receptor loci are located at the heterochromatic compartment

and are transcriptionally silent [63,64]. In developing olfactory neurons, a singular olfactory

receptor allele is released from the heterochromatic compartment to associate with existing

transcription factories. The release of olfactory receptor alleles from the lamina is stochastic.

As aforementioned, in the majority of multipotent progenitor cells the EBF1 locus is located

at the heterochromatic compartment whereas in committed pro-B cells the EBF1 locus is

associated with the euchromatic compartment [39]. However, in a small but significant

fraction of multipotent progenitors, one or two EBF1 alleles have switched nuclear location

[39]. Hence, the association of the EBF1 locus with the lamina in multipotent progenitors

varies within the population. Multipotent progenitors, in which one or two EBF1 alleles

have been released from the lamina, now become specified to the B cell lineage (Figure 3).

In contrast, we propose that multipotent progenitors that fail to release EBF1 alleles from the

lamina ultimately give rise to T, NK or ILC progenitors (Figure 3).

Concluding Remarks

There is now ample evidence that E2A and HEB proteins orchestrate both B and T cell

identity. These findings have raised the question as to how E-proteins act in multipotent

progenitors to specify the B versus T fate choice. Here we propose that in the adult bone

marrow stochastic mechanisms involving the nuclear repositioning of genes encoding for

key developmental regulators determine whether within a population of progenitor cells E-

proteins activate a B-lineage versus T-lineage specific programs of gene expression. We

suggest that the nuclear location of the EBF1 locus is critical. However, as aforementioned,

although detailed single cells analysis is required, genomic regions associated with the

FOXO1 locus are also associated with the heterochromatic compartment in multipotent

progenitors. It is conceivable that stochasticity in the nuclear positioning of both the EBF1

and FOXO1 loci determines the B versus T cell fate. The critical question now is to

determine how the EBF1 and FOXO1 loci are sequestered at the nuclear lamina and how

recruitment and release from the lamina is regulated. It will be important to determine the

underlying mechanism of stochasticity. Does the abundance of factors that control

sequestration change during developmental progression and is it rate limiting in the

multipotent progenitor cell stage? It seems unlikely that the mechanisms that relate to

nuclear positioning and the control of cell fate are limited to the B versus T cell identity.

Rather, we suggest that the findings obtained from studying the B versus T cell fate choice

will serve as a paradigm for the specification and commitment of other developmental

pathways across a wide spectrum of organisms. Finally, we note that additional complexity

may be provided by the differential recruitment of the EBF1 and FOXO1 alleles to
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polycomb bodies. Future studies should reveal how the individual contributions of nuclear

location and recruitment of polycomb bodies of the EBF1 and FOXO1 loci relate to the

enforcement of multipotency and the establishment of B versus T cell identity.
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Highlights

Transcriptional regulatory networks establish lymphocyte lineage decisions

E-protein transcription factors are critical for establishing both B and T cell identities

E-proteins also define nuclear architecture via enhancer-promoter interactions

Stochastic nuclear positioning of EBF1 may determine B versus T lineage choice
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Figure 1. Transcriptional control of early hematopoiesis
HSC indicates the hematopoietic stem cell compartment. MPP refers to the multipotent

progenitor cell stage. LMPP indicates the lymphoid-primed multipotent progenitor

compartment. GMP refers to the granulocyte-macrophage progenitor population. MEP refers

to the megakaryocyte-erythrocyte progenitor compartment. E and Mgk refer to erythrocytes

and megakaryocytes, respectively. Gran refers to granulocytes. Mac indicates the

macrophage compartment. CLP represents the common lymphoid progenitor compartment.

ILC refers innate lymphoid cells. pDC refers plasmacytoid dendritic cells. NK indicates

natural killer cells. ETP indicates the early thymocyte progenitor population. DN refers to

thymocyte progenitors that lack CD4 and CD8 expression. DP refers to immature

thymocytes that express both CD4 and CD8. NKT refers to natural killer cells. Th indicates

helper T cells. Tc indicates cytotoxic T cells.
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Figure 2. Regulatory networks that orchestrate B and T cell fate
A Transcription factors that promote early B cell development are indicated. EBF1 functions

as a nodal point. Note that E2A acts to induce the expression of FOXO1. E2A and FOXO1

then act collaboratively to activate EBF1 expression. Arrows refer to positive regulation.

Bars refer to transcriptional repression. B Transcription factors that promote early T cell

development. Notch signaling and E2A, together with Tle3 and Tle6, drive Hes1

transcription, which in turn acts to suppress C/EBPα expression. Notch-mediated signaling

leads to the activation of TCF-1, GATA-3 and Bcl11b expression.
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Figure 3. Stochasticity in the nuclear location of the EBF1 locus may determine B versus T cell
identity
Multipotent progenitors are shown in which one or two alleles of the EBF1 locus are

sequestered at the nuclear lamina. Release of one or two EBF1 alleles from the lamina

promotes developmental progression towards the B cell fate. In contrast, multipotent

progenitors that do not succeed to release EBF1 alleles from the lamina differentiate into

T/NK/ILC cell progenitors. EBF1 alleles are represented by yellow dots. Heterochromatin
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associated with the nuclear lamina is shown in purple. Transcription factories are indicated

by orange dots.
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