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Abstract T, B, and NK lymphocytes are generated from pluripotent hematopoietic
stem cells through a successive series of lineage restriction processes. Many reg-
ulatory components, such as transcription factors, cytokines/cytokine receptors, and
signal transduction molecules orchestrate cell fate specification and determination.
In particular, transcription factors play a key role in regulating lineage-associated
gene programs. Recent findings suggest the involvement of epigenetic factors in the
maintenance of cell fate. Here, we review the early developmental events during
lymphocyte lineage determination, focusing on the transcriptional networks and
epigenetic regulation. Finally, we also discuss the developmental relationship
between acquired and innate lymphoid cells.
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1 Introduction

Lymphocytes consist of the T and B cells of the adaptive immune system as well as
natural killer (NK) cells, lymphoid tissue inducing (LTi) cells, and natural helper
(NH) cells, which have recently been defined as a new subset termed innate lym-
phoid cells (ILCs). All of these lymphocytes are derived from hematopoietic stem
cells (HSCs) found in fetal liver before birth and in bone marrow (BM) after birth,
although the developmental pathways and the molecular mechanisms of their
diversification processes are still not completely understood. The lymphocytes are
generated through a gain of specific gene expression signatures mediated by a
combinatorial network of transcription factors. This is accompanied by the gradual
loss of differentiation potential for alternative cell lineages (Yang et al. 2010;
Mandel and Grosschedl 2010) (Fig. 1). Lineage-specific transcription factors play
pivotal roles in the lineage restriction process. These transcription factors activate
lineage-specific genes to promote lineage development, while simultaneously
restricting the developmental potential of multipotent progenitors to the lymphoid
pathway by suppressing the lineage-inappropriate genes, which are associated with
other differentiation pathways. Recent findings also suggest that the downregula-
tion of stem cell-associated genes by transcription factors is also important for
lineage restriction programs (Nutt and Kee 2007; Rothenberg et al. 2008). Many
transcription factors have been shown to be critical for the generation of lymphoid
cells. However, how these transcription factors work together through regulatory
networks and how the specific combinations of transcription factors within the
networks synergize or antagonize each other are yet to be defined. In this review, we
focus on the transcriptional networks and the epigenetic mechanisms that
orchestrate lymphoid cell genesis and provide an overview of current models of the
lymphoid lineage commitment process during immune cell development.

2 Generation of T and B Cell Progenitors in BM

Many kinds of BM progenitors including HSCs and the downstream progenitors
with T or B cell potential have been identified (Fig. 1). The earliest progenitors can
be isolated based on the absence of lineage markers (Lin-) in combination with
high expression of c-kit and Sca-1 (LSK cells) (Ikuta and Weissman 1992;
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Spangrude et al. 1988). This population can be further subdivided into at least three
populations based on surface expression of CD34 (Osawa et al. 1996; Yamamoto
et al. 2013) and fms-like tyrosine kinase receptor-3 (Flt-3) (Christensen and
Weissman 2001; Adolfsson et al. 2001). CD34-Flt-3- LSK cells are defined as
long-term repopulating HSCs that retain self-renewal activity and have the capacity
to generate all blood lineages, including T and B cells. The immediate downstream
progenitors of HSCs are the CD34+Flt-3- multipotent progenitors (MPPs) that have
lost the ability to self-renew, but retain multilineage differentiation capability (Yang
et al. 2005). CD34+Flt-3+ LSK cells are classified as lymphoid-primed MPPs
(LMPPs), because they have lost megakaryocyte /erythroid potential and are biased
toward lymphoid and granulocyte /macrophage lineages (Adolfsson et al. 2005).
LMPPs contain lymphoid restricted cells, early lymphoid progenitors (ELPs),
defined using reporter mice by expression of Rag1-GFP (Igarashi et al. 2002;
Schwarz et al. 2007). Further downstream progenitors that retain T and B cell
potential are termed common lymphoid progenitors (CLPs) (Kondo et al. 1997).
CLPs were originally thought to be exclusively committed to T and B lineages,
but are now suggested to be a rather heterogeneous population in terms of their

Fig. 1 Schematic model of early lymphocyte development. Multipotent progenitors (purple)
give rise to T cell (blue), B cell (green), and ILC (red) progenitors during specification to each
lymphoid lineage. Transcription factors and epigenetic factors which are thought to be involved
in cell fate specification and determination are indicated. Common innate lymphoid progenitors
(ILCP) are still speculative, although Id2 is a master regulator of ILC development
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differentiation potential. The Ly6D surface marker can separate the CLP population
into two populations, the Ly6D- progenitors with B cell, T cell, NK cell, and
dendritic cell (DC) potential and the Ly6D+ progenitors, which are largely restricted
to the B cell lineage (Inlay et al. 2009). Fate mapping analysis also suggests that
CLPs with a history of k5 and Rag-1 expression are largely restricted to the B cell
lineage (Mansson et al. 2010). Furthermore, as described below, the earliest lym-
phoid progenitors in the thymus retain limited B cell potential compared to the T or
myeloid lineages (Wada et al. 2008; Kawamoto et al. 2010). Taken together, these
results suggest that the CLP may not be the main source of thymic immigrants that
contribute to the generation of T cells.

The first identifiable B cell-specific progenitors in BM are the Pre-Pro B cells
or fraction A, which have the cell surface phenotype IgM-B220+CD43+CD19-

HSA-BP1- (Hardy et al. 1991; Li et al. 1996). Pre-Pro B cells are specified but not
totally committed to the B cell lineage. Cells committed to this lineage are called Pro
B cells, which are identified by the expression of B220, CD43, and CD19.

3 Transcriptional Regulation During T Cell Lineage
Commitment

3.1 T and Myeloid Potential are Closely Associated in Early
Thymic Progenitors

Thymocytes can be separated into four populations based on the expression of
CD4 and CD8. The CD4-CD8- double negative (DN) stage is the most immature
stage among these four populations. DN cells develop into CD4+CD8+ double
positive (DP) cells and finally mature into CD4+CD8- single positive (CD4SP) or
CD4-CD8+ (CD8SP) cells. DN cells can be further subdivided into four popu-
lations based on the surface expression of CD44 and CD25: CD44+CD25+ (DN1),
CD44+CD25+ (DN2), CD44-CD25+ (DN3), and CD44-CD25- (DN4) (Godfrey
et al. 1993), and differentiation progresses in this order (Fig. 2). Previous work
demonstrated that the c-kit+ cells among DN1 cells, also called early thymic
progenitors (ETPs), were the most immature progenitors in the thymus (Matsuzaki
et al. 1993; Allman et al. 2003; Wada et al. 2008). ETPs are not committed to the T
cell lineage but maintain the potential to generate T cells, NK cells, myeloid cells,
DCs, and B cells. However, we and other groups demonstrated that most of the
earliest T cell progenitors in the DN1 subset have already lost B cell potential
(Wada et al. 2008; Bell and Bhandoola 2008; Lu et al. 2005), moreover, the overall
frequency of cells with B cell potential is much lower than that of cells with T or
myeloid potential. To simultaneously assess myeloid and T cell potential, we
developed a new culture system using TSt-4/DLL1 stromal cells, which ectopi-
cally express a Notch ligand DLL1. By culturing individual DN1 cells, we found
that a substantial proportion of these thymic T cell progenitors retain myeloid
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potential. This observation was confirmed by other groups (Bell and Bhandoola
2008; Porritt et al. 2004; Balciunaite et al. 2005), who also reported that the T and
myeloid lineages, but not the B cell lineage, are closely related to each other in the
earliest T cell progenitors in adult thymus. Myeloid potential in the T cell pro-
genitors was challenged by studies using fate mapping analysis with an IL7Ra-Cre
driven reporter mice (Schlenner et al. 2010). These authors suggested a distinct
origin of T and myeloid lineages in vivo based on the observation of a lower
frequency of labeled myeloid cells than T cells in the thymus. However, 10–20 %
of the macrophages and neutrophils in the thymus were marked by the history of
IL-7R expression in this assay system. This observation is consistent with the
previous report using a different in vivo system demonstrating that approximately
30 % of the macrophages are derived from early thymic T lineage progenitors in
the steady state (Wada et al. 2008). Taken together, these results demonstrated that
the T cell progenitors retain myeloid potential after terminating B cell potential,
indicating that the CLPs are not the intermediate progenitors during T cell
development.

Fig. 2 Schematic model of T cell lineage commitment in the thymus. Non-T lineage potential
including myeloid, DC, NK, and ILC2 lineages is terminated at the DN2mt to DN2t stage. Bcl11b
is required for this checkpoint
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3.2 Termination of Myeloid Potential in T Cell Progenitors

Since the earliest T cell progenitors in the thymus retain substantial myeloid
potential, we wished to know when the myeloid potential is terminated. Using
plckGFP Tg mice, in which GFP expression is regulated by the lck promoter, we have
previously shown that DN2 cells can be separated into GFP- and GFP+ population
(Masuda et al. 2007). GFP-DN2 cells retain myeloid cell, DC, and NK cell potential,
while GFP+DN2 cells are restricted to the T lineage. Consistent with this observation,
the expression of T lineage-associated genes, GATA3, CD3e, and pre-Ta was
upregulated in cells at the GFP+DN2 stage and, conversely, the myeloid transcription
factor PU.1 was downregulated in these cells. We named GFP-DN2 cells as DN2mt
(myeloid-T) and GFP+DN2 cells as DN2t (T lineage-committed) cells. Rothenberg
et al. proposed a similar separation of DN2 cells based on the expression level of c-kit
into ckithighCD25+DN2a and ckitlowCD25+DN2b cells (Rothenberg et al. 2008).
Global gene expression analysis comparing these two populations suggests that
DN2a precedes DN2b. These results indicate that the non-T lineage potential,
myeloid and NK potential, of T cell progenitors is lost at the DN2 stage (Fig. 2).

To investigate the mechanism underlying termination of myeloid and NK
potential, we have developed a novel T cell differentiation culture system (Ikawa
et al. 2010). When murine hematopoietic progenitors were cultured on immobi-
lized Notch ligand DLL4 in the presence of cytokines including IL-7, progenitors
became arrested at the DN2mt stage. The arrested cells maintained an enormous
proliferation capacity and differentiation potential to generate T cells as well as
NK and myeloid lineage cells. Interestingly, withdrawal of IL-7 allowed the cells
to commit to the T lineage, which could be recognized by the expression of
plckGFP. Moreover, the committed T cell progenitors differentiated into DP cells
under the same culture conditions. These results indicate that T cell differentiation
can be induced in a stromal-free culture system by simply reducing the concen-
tration of IL-7 in the middle of the culture period. Similar developmental arrest
was observed in the thymus of mice lacking the transcription factor Bcl11b. The
DN2 cells in Bcl11b-deficient mice can be propagated on TSt-4/DLL1 cells,
retaining the potential to generate myeloid and NK lineage cells even after
1 month. Overexpression of Bcl11b in these cultured DN2 cells promoted the
generation of DN3 cells, indicating the Bcl11b plays pivotal roles in T lineage
determination (Fig. 2). Critical roles of Bcl11b in this T lineage checkpoint have
also been demonstrated by other groups (Li et al. 2010a, b).

3.3 Transcriptional Regulation that Determines T Cell Fate

Many transcription factors including Bcl11b have been shown to be important for
the T cell fate choice during the lineage determination process (Yang et al. 2010;
Rothenberg 2012). These transcription factors function at different stages of T cell
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development and play different roles during T lineage commitment by coordi-
nating the gene expression program (Fig. 3).

T cell factor 1 (TCF-1, encoded by the transcription factor 7 gene, Tcf7) is an
essential transcription factor in early T cell differentiation (Verbeek et al. 1995;
Hattori et al. 1996; Schilham et al. 1998). TCF-1 and its partner LEF-1 act as a
transducer of Wnt pathway signals (Staal et al. 2008; Staal and Sen 2008). TCF1-
deficient mice were originally shown to have a reduced number of thymocytes and a
partial block of T cell development at the immature single positive (ISP) to DP stage
(Schilham et al. 1998). However, recent findings suggest that TCF-1 is essential at
the earliest stage of T cell specification in the thymus (Weber et al. 2011; Yu et al.
2012). These studies show that the expression of Tcf7 is directly activated by Notch
signals and that TCF-1 in turn activates T lineage gene program including Bcl11b
and GATA3. Forced expression of TCF-1 can bypass most of the requirement for
Notch signaling and promote T lineage specification even without Notch signals
in vitro. Interestingly, TCF-1 is also shown to be required for group 2 innate lym-
phoid cell (ILC2) development through GATA3-dependent and -independent
pathways (Yang et al. 2013). ILC2 cells are innate lymphocytes that produce T
helper type 2 (Th2) cell-associated cytokines interleukin (IL)-5 and IL-13 and
mediate airway inflammation and helminth infection. TCF1-deficient mice lack
ILC2 in the lung and BM. By using retroviral dominant-negative Mastermind
(dnMAML), a pan Notch inhibitor, these investigators confirmed that the Notch
signaling is required for ILC2 generation. Transduction of Tcf7 retrovirus partially
restored the generation of ILC2 from dnMAML–expressing BM progenitors, indi-
cating the TCF-1 acts downstream of Notch signaling during ILC2 development,
similar to early T cell development. Thus, transcriptional regulatory elements that
underlie early T cell development also induce the generation of ILC2, suggesting a
close developmental relationship between T cells and innate lymphoid cells.

Fig. 3 Transcriptional network during T cell lineage commitment. Notch signals from the
thymic environment initiate the T lineage program. E2A/HEB act in synergy with Notch to
promote T cell commitment. TCF-1 activates Bcl11b, which in turn suppresses the other lineage
programs, such as myeloid and NK lineages
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GATA3 is a zinc finger transcription factor that has also long been recognized as
an important factor for the development of T cells at multiple checkpoints (Ting et al.
1996). GATA3 is indispensable for T cell development during the DN3 stage and for
the generation of CD4SP cells (Pai et al. 2003). In addition, GATA3 is a master
regulator of Th2 cell function (Zheng and Flavell 1997; Zhu et al. 2004). Several
findings have demonstrated the critical importance of GATA3 for early T cell
development (Hattori et al. 1996; Taghon et al. 2007). The expression of GATA3
initiates at the DN1 stage and is sustained throughout T cell development. Hosoya
et al. have recently shown that GATA3 plays an essential role in DN1 cell generation
(Hosoya et al. 2009). By contrast, normal numbers of prethymic progenitors, LMPPs
and CLPs, were observed in GATA3-deficient fetal livers, indicating the critical role
of GATA3 for the development of early thymic T cell progenitors.

E proteins are helix-loop-helix transcription factors that are essential for T and B
lymphocyte development (de Pooter and Kee 2010). There are four E proteins in
mammals, E2A (E12 and E47, encoded by the Tcf3 gene), HEB (Tcf12), and E2-2
(Tcf4) (Massari and Murre 2000). They function as homodimers or heterodimers in
regulating differentiation at various stages of lymphocyte development. E2A/HEB
heterodimers especially are required for early T cell development. Loss of E2A or
HEB results in a partial block of early T cell development at the DN1 or ISP stages.
Deletion of both E2A and HEB leads to a severe block at the DN stage, prior to pre-
TCR expression, indicating the cooperation of these proteins for normal T cell
development in the thymus. Association of E2A with other critical factors has also
been shown. E2A is required to limit GATA3 expression specifically at the DN2
stage (Xu et al. 2013), thus elevated expression of GATA3 is seen in E2A-deficient
DN2 cells. Ectopic GATA3 siRNA expression restores the DN3-like cell develop-
ment by E2A-deficient MPPs, indicating that suppression of GATA3 by E2A is
required for proper T cell development. E2A has also been shown to cooperate with
Notch signaling to promote early T lineage commitment (Ikawa et al. 2006).
Expression of several Notch-related genes, Notch1, Notch3, Hes1, and Deltex1 are
directly regulated by E2A and once the Notch genes are activated, E2A and Notch act
in synergy to promote T cell development. E2A continuously regulates the expres-
sion of Notch1 until the DN3 stage (Yashiro-Ohtani et al. 2009). E2A also plays
critical roles in T cell receptor (TCR) b gene rearrangement and allelic exclusion
(Agata et al. 2007). In addition to its essential role in intrathymic development, E2A
is also known to be important for normal development of prethymic progenitors.
LMPPs, which can be identified in the LSK compartment by surface expression of
Flt3, are severely reduced in the absence of E2A (Dias et al. 2008; Semerad et al.
2009). E2A-deficient LMPPs show reduced expression of lymphoid-related genes,
Notch1, Rag1, and CCR9. The combined activities of E2A and HEB are required for
the induction of forkhead box O1 (FOXO1) expression at the CLP stage (Welinder
et al. 2011). Together, these results suggest that E proteins play critical roles in both
prethymic and intrathymic T cell development by inducing different combinatorial
targets.
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4 Transcriptional Regulation of B Cell Lineage
Commitment

The process of commitment to the B cell lineage is also dependent on a network of
transcription factors (Nutt and Kee 2007; Mandel and Grosschedl 2010). Gene
targeting studies have demonstrated that several transcription factors, including
Ikaros, PU.1, LRF, Bcl11a, Runx1, E2A, EBF1, and Pax5 play critical roles in
inducing B lineage specification and determination, although most of the tran-
scription factors except EBF1 and Pax5 are also essential for the development of
hematopoietic stem/progenitors, T cells or myeloid cells. Moreover, while it was
initially thought that these factors play different functions at different develop-
mental stages, it has recently become clearer that these transcription factors act in
a complex network to regulate the cell fate choices in a synergistic or antagonistic
manner.

PU.1 is one of the key players in the gene regulatory networks controlling cell
fate determination of lymphoid versus myeloid lineages, probably at the LMPP
stage (de Koter and Singh 2000; Kueh et al. 2013). It has been suggested that the
cell fate choice critically depends on PU.1 levels. The downregulation of PU.1 is
required for B cell development, whereas higher levels favor the development of
myeloid lineage cells. Recent findings suggest that the cell cycle status plays a
critical role for inducing positive PU.1 feedback loops, which may lead to the
myeloid fate choice (Kueh et al. 2013).

LRF (leukemia/lymphoma-related factor) has been suggested to act upstream of
E2A and EBF1. LRF is a POZ and Kruppel (POK)-type transcription factor with
multiple functions in hematopoietic/immune systems (Lunardi et al. 2013). Nota-
bly, inactivation of LRF promotes T cell fate at the expense of B cell development,
suggesting that LRF regulates the Notch-mediated lineage decision (Maeda et al.
2007). However, a recent study demonstrated that the promotion of T lineage cells
in BM of LRF-deficient mice was due to the aberrant expression of DLL4 in
erythroblasts, suggesting that LRF does not directly regulate T or B lineage fate
choices under physiological conditions (Lee et al. 2013).

Bcl11a also functions upstream of E2A and EBF1 and is known to regulate
lymphoid and erythroid development (Durum 2003). Loss of Bcl11a results in a lack
of B cells and impaired thymocyte maturation (Liu et al. 2003). Recent findings also
demonstrated a critical role of Bcl11a for pDC development by regulating Flt3
expression. The numbers of LSK cells and CLPs were greatly reduced in both fetal
liver and BM of Bcl11a-deficient mice. In addition, expression of Flt3 and IL-7R
was reduced in MPPs in BM of Bcl11a-deficient mice, suggesting a critical role of
Bcl11a in the development and maintenance of LMPPs and CLPs (Wu et al. 2013).
This observation is intriguing in that Bcl11a shares many features with another
Kruppel-like transcription factor, Bcl11b, which is critical for T lineage commit-
ment as described above. Bcl11a and Bcl11b may function in an antagonistic
manner to regulate T or B lineage development. It would also be interesting to
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clarify the relationship between Bcl11a and other transcription factors, Ikaros and
PU.1, which play critical roles at similar developmental stages.

As noted above, E proteins (E2A, HEB, and E2-2) are required for maintaining
HSC pools and promoting the development of lymphoid progenitors (Dias et al.
2008; Semerad et al. 2009). The E2A proteins act upstream and in concert with
EBF1 and Pax5 to promote specification and determination to the B cell lineage.
E2A and HEB cooperatively induce the expression of FOXO1 at the CLP stage
(Welinder et al. 2011). A requirement of E2A for commitment to the B lineage was
also shown by establishment of long-term cultured multipotent progenitors derived
from E2A-deficient BM (Ikawa et al. 2004). E2A-deficient hematopoietic pro-
genitors (HPCs) can efficiently grow on S17 stromal cells in the presence of SCF,
IL-7, and Flt3-Ligand, and the cells maintain the potential to generate T cells, NK
cells, myeloid cells, DCs, and erythroid cells. Enforced expression of E47 in the
E2A-deficient HPCs directly activates the transcription of a subset of B cell-specific
genes, including k5, mb-1, and Pax5. By contrast, E47 inhibits the expression of
genes involved in the differentiation of other lineages, TCF-1 and GATA1. These
results indicate that E2A plays a critical role in B lineage commitment.

Once E2A activates EBF1, E2A and EBF1 act in concert to promote B cell
development. EBF1 is a crucial factor in the regulatory circuitry that underlies B
cell specification. EBF1 can restore the ability of PU.1-, Ikaros-, E2A-, and Pax5-
deficient HPCs to differentiate into pro B cells that are committed to the B lineage
and carry rearrangements of their immunoglobulin heavy-chain loci (IgH) (Seet
et al. 2004; Kikuchi et al. 2005; Medina et al. 2004; Reynaud et al. 2008; Pon-
gubala et al. 2008). Inactivation of EBF1 results in the complete block of B cell
differentiation at the pre-pro B cell stage. Interestingly, EBF1-deficient HPCs also
retain alternative lineage potential. The committed pro B cells with conditionally
deleted Ebf1 acquire the potential to generate T cells and ILCs (Nechanitzky et al.
2013). Derepression of genes regulating T cell and ILC development, such as Id2
and TCF-1, was observed in the EBF1-deficient HPCs, suggesting an essential role
of EBF1 in preventing the conversion to ILC or T cell fates by directly suppressing
the expression of these target genes.

Pax5 has been also recognized as a master regulator of B cell commitment, as
Pax5-deficient Pro B cells gain alternative lineage potential and dedifferentiate
into non-B lineage cells (Nutt et al. 1999; Busslinger 2004). In addition, condi-
tional deletion of Pax5 leads to reprogramming of mature B cells into T lineage
cells (Cobaleda et al. 2007). Expression of non-B cell-associated genes, such as M-
CFSR and Notch1, in Pax5-deficient Pro B cells suggests an essential role of Pax5
in suppressing genes involved in alternative lineage differentiation. Genome-wide
analysis has identified the many Pax5 target genes in early and later stages of B
cell development (Schebesta et al. 2007; Revilla et al. 2012).
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5 Epigenetic Regulation in Lymphocyte Development

5.1 Polycomb Group Proteins and Lymphoid Lineage
Commitment

Increasing evidence suggests that epigenetic factors play a crucial role in con-
trolling the hematopoietic system. Among chromatin modifiers, Polycomb group
(PcG) proteins are key regulators of lymphocyte cell fate (Zandi et al. 2010; Aloia
et al. 2013). Several studies have elucidated the role of PcG proteins in HSC
maintenance. One of the Polycomb repressive complexes (PRC) 1 components,
Bmi1 has been reported to suppress the Ink4a/Arf locus, which encodes the cell
cycle inhibitors p16 and p19 (Park et al. 2003). Moreover, Bmi1 is also implicated
in repression of transcription factors essential for B cell determination, such as
EBF1 and Pax5. Deletion of Bmi1 results in aberrant expression of EBF1 and
Pax5, which leads to premature B lymphoid lineage specification (Oguro et al.
2010). In addition, Bmi1 was demonstrated to regulate thymocyte proliferation by
suppressing the Ink4a/Arf locus (Miyazaki et al. 2008). Another PRC1 component,
the Cbx family members, is also implicated in regulating self-renewal activities of
HSCs, although the precise function seems to be different among the different Cbx
genes (Klauke et al. 2013; van den Boom et al. 2013). Interestingly, Cbx4 has been
reported to specifically regulate the proliferation and maintenance of thymic
epithelial cells (Liu et al. 2013). Ring1B is a RING finger E3 ligase that mo-
noubiquitylates H2A. Conditional deletion of Ring1B impairs B cell generation in
BM, whereas the proliferation of immature progenitor cells and myeloid cells is
enhanced (Cales et al. 2008). In addition of PRC1, PRC2 components have also
been suggested to play an important role for proper HSC identity. Loss of Ezh2
severely impaired the self-renewal of fetal and adult HSCs (Mochizuki-Kashio
et al. 2011; Hidalgo et al. 2012), and Ezh1-deficient mice have reduced number of
HSCs in BM, suggesting some overlap, but not exactly same function of Ezh genes
in the maintenance of HSC pools. Critical roles of Ezh2 in HSC self-renewal and
early B cell development were also shown by inactivation of Ezh2 (Su et al. 2003;
Kamminga et al. 2006). Taken together, these observations suggest that PcG
proteins play a critical role at multiple stages in hematopoietic and lymphoid
developmental system.

5.2 DNA Methylation and Other Chromatin Modifiers
in Lymphoid Cell Fates

DNA methylation is an epigenetic mechanism essential for normal development,
including transcriptional regulation, genomic imprinting, and genomic instability.
DNA methyltransferases (Dnmts) are the group of enzymes responsible for
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establishment and maintenance of genomic DNA methylation. They include the de
novo methyltransferases Dnmt3a and Dnmt3b and the maintenance methyltrans-
ferase Dnmt1. Conditional deletion of Dnmt1 in the hematopoietic system impairs
the self-renewal of HSCs (Broske et al. 2009; Trowbridge et al. 2009).
Dnmt3a-/-Dnmt3b-/- HSCs also have defects in their self-renewal activity,
however, they can undergo normal differentiation to all hematopoietic lineages,
indicating that de novo DNA methylation is not required for the differentiation of
hematopoietic lineage cells (Tadokoro et al. 2007). Dnmt1 is also essential for proper
development, survival, and function of T cells (Lee et al. 2001; Makar et al. 2003).

Special AT-Rich Sequence Binding protein 1 (SATB1) is a gene silencer that
recruits chromatin-remodeling factors to regulate chromatin structure and gene
expression. Expression of SATB1 increases during lymphoid lineage specification.
Deletion of SATB1 reduces lymphopoietic activity of hematopoietic stem/pro-
genitor cells, while the generation of myeloid lineage cells is unaffected. Ectopic
expression of SATB1 promotes the differentiation toward T and B lymphoid lin-
eages, suggesting a critical role of SATB1 in lymphoid lineage specification
(Satoh et al. 2013).

Micro RNAs (miRNAs) are a recently discovered class of small (18-24 nt),
noncoding RNAs that can downregulate target genes at the posttranscriptional
level (Yuan and Muljo 2013). One miRNA, miR126, has recently been suggested
to control B lineage specification independently of transcription factor activities.
B cell but not myeloid development was promoted by the ectopic expression of
miR126 in hematopoietic progenitors in fetal liver, both in vivo and in vitro. In
addition, overexpression of miR126 in multipotent EBF1-deficient progenitors
resulted in a partial induction of the B cell lineage program without upregulating
E2A, EBF1, and Pax5 at the transcriptional level. These results indicate a critical
role of miR126 in lymphoid versus myeloid lineage fates that is independent of
canonical transcriptional cascades (Okuyama et al. 2013).

6 Transcriptional Regulation of ILC Development
and the Relationship Between Acquired and Innate
Lymphocytes

For many years, NK cells have been considered to be the only innate lymphocyte.
However, it has recently become clear that innate lymphocytes are a more diverse
group than previously anticipated. Innate lymphocytes, now called ILCs, are
categorized into three groups, ILC1, ILC2, and ILC3 based on their functional
characteristics, such as the cytokines that they produce and the transcription fac-
tors that are required for their development and function (Spits and Cupedo 2012;
Walker et al. 2013). The generation of all ILCs depends on the transcriptional
inhibitor Id2 (Klose et al. 2012). Id2 is one of a family of Id proteins that function
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as negative regulators of E proteins. Since E proteins, such as E2A and HEB
normally promote T and B lymphocyte development, Id2 may function to induce
ILC development by inhibiting adaptive lymphoid cell fate determination. ILCs
also rely on the common cytokine receptor c-chain (cc) and IL-7Ra, suggesting a
critical role for IL-7 signaling in their development, similar to the situation with T
and B lymphocyte development.

NK cells are a major component of ILC1 and are defined by the production of
the IFNc. CD122+NK1.1- NK cell-committed progenitors have been identified in
fetal thymus and BM (Ikawa et al. 1999, 2001; Rosmaraki et al. 2001). Mice
deficient for IL-2Rb, IL-15Ra or IL-15 lack NK cells and detectable NK cell-
mediated cytotoxicity, indicating a critical role of IL-15 signaling in the devel-
opment and function of NK cells (Kennedy et al. 2000; Suzuki et al. 1997). The
basic leucine zipper transcription factor E4BP4 was specifically shown to be
required for the generation of NK cells. E4BP4-deficient mice lack NK cells. Real
time RT-PCR analysis showed reduced expression of GATA3 and Id2 in
E4BP4-/-HPCs in BM. Overexpression of Id2 in E4BP4-/-HPCs restored the
production of NK cells, indicating that Id2 acts downstream of E4BP4 to promote
NK cell development (Gascoyne et al. 2009).

ILCs that produce Th2-type cytokines IL-5 and IL-13 in response to stimulation
by IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) are classified as ILC2.
ILC2 includes NH cells (Moro et al. 2010), nuocytes (Neill et al. 2010), type 2
innate helper (Ih2) cells, and multipotent progenitor type 2 (MPPtype2) cells (Price
et al. 2010). Although their phenotypic markers are slightly different, the func-
tional differences and relationships among these ILC2 populations remain to be
determined. ILC2 requires the transcription factor retinoic acid receptor-related
orphan receptor-a (RORa) (Halim et al. 2012; Wong et al. 2012) and GATA3
(Hoyler et al. 2012; Mjosberg et al. 2012; Furusawa et al. 2013) for their functions,
such as antihelminth responses and allergic lung inflammation. About half of NH
cells are marked with a history of Rag1 expression, detected using RAG1Cre/
ROSA26YFP mice, implying a lymphoid developmental origin (Yang et al. 2011).
This notion is also supported by the observation that the CLPs but not myeloid–
erythroid progenitors gave rise to NH cells. In addition, Notch signaling has been
shown to be essential for the generation of nuocytes from CLPs in vitro. As
described above, TCF-1, which plays a critical role for T cell development, is also
required for the development of ILC2 (Yang et al. 2013). Taken together, these
observations indicate that T cells and ILC2 may share similar gene regulatory
networks for their proper development and function.

ILC3 are defined by the capability to produce IL-17A and/or IL-22. The gen-
eration and function of ILC3 are totally dependent on the activity of transcription
factor RORct. On the basis of functional characteristics, ILC3 are categorized into
three populations, LTi cells, IL-22-producing cells, and IL-17-producing cells. LTi
cells were discovered almost two decades ago and represent the prototypic ILC3.
LTi cells are crucial for the formation of secondary lymphoid organs during
embryogenesis (van de Pavert and Mebius 2010). Although LTi cells appear to be
closely related to other ILC3s, the relationship between them is still unclear. It also
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remains to be determined how the expression of RORct is regulated during ILC3
development. More detailed characterization of each ILC3 subset and the relevant
molecular mechanisms are needed for better understanding of the roles of these
ILC populations.

7 Conclusions

Although many of the details regarding the mechanistic basis of lymphoid lineage
determination by transcription factors and epigenetic factors have been elucidated,
the exact structure of the network of these factors and the relationship among them
remain largely unknown. Further dissection of the process between HSCs and
committed T or B cells will be needed to draw an exact map of the network during
lymphoid lineage specification. Establishment of in vitro models of lymphocyte
development will also facilitate our understanding of the exact mechanisms of how
these transcriptional networks operate. Combinations of genome-wide analysis,
such as RNA-seq, ChIP-seq, and other epigenetic experimental systems will help
us to fully clarify how cell-type specific gene programs are established and
maintained to promote lymphocyte development. The development of the newly
classified lymphoid cells, the ILCs, and the relationship between ILCs and T and B
lymphocytes are intriguing issues to understand the overall development of the
immune system.
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