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Developmental trajectories in early
hematopoiesis
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The paths that hematopoietic stem cells take to develop
from multipotent, self-renewing cells into committed
lymphocytes has been a topic of debate for some time.
During early hematopoiesis, multiple branchpoints have
been described in which progeny cells segregate into cell
lineages with distinct developmental potentials. In this
issue of Genes & Development, Inlay and colleagues
(pp. 2376–2381) identify novel intermediate stages through
which hematopoietic progenitor cells travel.

Hematopoietic development is initiated from long-term
hematopoietic stem cells (LT-HSCs) that are multipotent
and have the potential to self-renew (Spangrude et al.
1988). In the adult bone marrow, LT-HSCs differentiate
into multipotent progenitor cells (MPPs). The initial view
was that MPPs are precursors for the two major lineage-
restricted progenitors: a common lymphoid progenitor
(CLP) and a common myeloid progenitor (CMP) popula-
tion (Kondo et al. 1997; Akashi et al. 2000). Progeny
derived from CLPs segregate into either the B-cell or the
T-cell lineage (Kondo et al. 1997). The CMPs give rise to
either the granulocyte/macrophage progenitors (GMP) or
megakaryocytic/erythrocyte progenitors (MEPs) (Akashi
et al. 2000).

The view of the road map for early hematopoiesis has
been modified recently. MPPs can give rise to erythroid
and megakaryocytic progeny through various intermedi-
ate stages that include the premegakaryocytic/erythroid
(Pre-MegE) compartment (Fig. 1; Adolfsson et al. 2005;
Pronk et al. 2007). The adaptive and innate immune
system arise from a common hub, named the lymphoid-
primed MPP compartment (LMPP). Specifically, LMPPs
give rise primarily to lymphoid as well as macrophage and
granulocytic cell lineages. Multiple intermediate stages
have been identified in progeny derived from the LMPPs
(Fig. 1). These include the CLPs, GMPs, and early thymic
progenitors (ETPs). Overall, both the classical and revised
pathways of early hematopoiesis indicate that as cells
become specified toward the lymphoid and myeloid cell

lineage, they progressively lose their ability to develop
into alternative cell lineages. In this issue of Genes &
Development, Inlay et al. (2009) identify novel interme-
diates within the CLP compartment.

Determinants that control hematopoiesis

Numerous studies have revealed the activities of tran-
scription factors during early hematopoiesis, commit-
ment, and maintenance. In vascular endothelial cells, the
Runt domain-containing factor Runx1 plays a critical role
during the developmental progression from hemogenic
endothelial cells to LT-HSCs (Chen et al. 2009). Within
the LT-HSC compartment, Ikaros primes a lymphoid-
specific program of gene expression at the LT-HSC cell
stage (Ng et al. 2009). Gfi-1 and the E2A proteins act at
the LT-HSC stage to maintain the LT-HSC pool by re-
stricting cellular proliferation (Hock et al. 2004; Yang
et al. 2008; Semerad et al. 2009).

Beyond the LT-HSC compartment, GATA-1 and PU.1
act at the branchpoint that segregates the erythroid/
megakaryocytic from the myeloid/lymphoid cell lineages
(Fig. 1; Scott et al. 1994; Shivdasani et al. 1997; Laslo et al.
2006). Both factors antagonize each other, and it has been
shown that the induction of GATA-1 and PU.1 expression
permits the development into either the erythroid or the
myeloid cell lineage (Rekhtman et al. 1999). In the LMPP
compartment, PU.1 acts with E2A and Ikaros to promote
development toward the lymphoid/myeloid pathway
(Dias et al. 2008; Ng et al. 2009; Semerad et al. 2009).
Since they share a large subset of common target genes,
E2A and Ikaros likely act in parallel to induce differenti-
ation along the LMPP trajectory. Among the subset of
common E2A and Ikaros targets in the LMPP compart-
ment are IL7Ra, Notch1, Socs2, Socs3, TdT, and CCR9
(Ikawa et al. 2006; Schwartz et al. 2006; Dias et al. 2008;
Ng et al. 2009). As mentioned previously, LMPPs have the
ability to developmentally progress into GMPs, CLPs,
and ETPs. In the GMP compartment, relatively high
levels of PU.1 act in concert with C/EBPa to promote
a myeloid cell fate (Laslo et al. 2008). In CLPs, PU.1 and
E47, and possibly Ikaros, in conjunction with IL7Ra-
mediated signaling, activate the expression of EBF (Kee
and Murre 1998; Ikawa et al. 2004; Medina et al. 2004;
Roessler et al. 2007; Reynaud et al. 2008). Finally, recent
data have established that the E2A proteins act, directly
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or indirectly, to activate the expression of Bcl11a, another
key player in early B-lineage maturation (Ikawa et al.
2006). In sum, these observations indicate that PU.1,
Ikaros, and E2A act in concert to induce a lymphoid-
specific program of gene expression in early hematopoi-
etic progenitors (Fig. 1).

B-lineage specification and commitment

EBF is a critical determinant involved in B-cell com-
mitment. Once activated, EBF induces the expression of
Pax-5, which, in turn, in a feedback loop, elevates EBF
transcription (Sigvardsson et al. 1997; Kee and Murre
1998; Roessler et al. 2007). EBF and Pax5 then act in
concert to suppress a program of T-lineage- and myeloid-
specific gene expression, contributing to the commitment
process that underpins the development of B-lineage cells
(Nutt et al. 1999; Pongubala et al. 2008). EBF and Pax5
expression is maintained at the pro-B-cell stage by the
activities of E2A (Lazorchak et al. 2006; Kwon et al.
2008). Additionally, E2A, EBF, and Pax5 act together to
induce the expression of a subset of B-lineage-specific
genes (Sigvardsson et al. 1997; Kee and Murre 1998; Nutt
et al. 1999; Maier et al. 2004). EBF, Pax5, Ikaros, and
YY1 also function in pro-B cells, directly or indirectly, to
activate Igh V(D)J gene rearrangement (Fuxa et al. 2004;
Seet et al. 2004; Liu et al. 2007; Kwon et al. 2008; Reynaud
et al. 2008). From these observations, a network of tran-
scriptional regulators has been assembled that provides
a framework for B-cell specification and commitment
(Laslo et al. 2008).

T-lineage specification and commitment

Distinct progenitors have been described that have the
ability to develop toward the T-cell lineage. They poten-

tially include the CLP, CLP2, ETP, and early progenitors
with lymphoid and myeloid potential (EPLM) compart-
ments (Kondo et al. 1997; Martin et al. 2003; Wada et al.
2008). It seems likely that these intermediate popula-
tions originate in LMPPs. LMPPs are primed to undergo
T-lineage specification by the E2A proteins that induce
Notch-1 expression (Ikawa et al. 2006; Dias et al. 2008). In
the thymus, progeny derived from LMPPs develop into
ETPs upon Notch-mediated signaling. Developing thy-
mocytes continue to require the expression of E2A and
its heterodimeric partner, HEB (Bain et al. 1997a; Barndt
et al. 2000; Ikawa et al. 2006). Specifically, they regulate
a subset of genes involved in Notch-mediated signaling,
including Notch-1, Hes-1, Hes-5, Grg3, and Grg6 (Ikawa
et al. 2006). Forced expression of Notch-1 in E2A-ablated
fetal thymocytes overrides the arrest in thymocyte de-
velopment, providing physiological support for an impor-
tant role for E2A in modulating the expression of genes
encoding components of the Notch-1 ensemble (Ikawa
et al. 2006). In addition, the E2A proteins also regulate
pTa transcription as well as TCRb V(D)J locus rearrange-
ment (Agata et al. 2007). Once a pre-TCR has been
generated, E2A DNA-binding activity declines to pro-
mote developmental progression and cellular expansion,
and to ensure allelic exclusion (Engel and Murre 2004;
Agata et al. 2007). The decrease in E2A DNA-binding
activity during b-selection results in a decline of Notch-1
abundance, consistent with an important role for the E2A
proteins in modulating Notch-1 gene expression (Yashiro-
Ohtani et al. 2009).

In developing thymocytes, the E2A proteins form
heterodimers with HEB (Murre 2005). Two isoforms of
HEB, HEBcan and HEBalt, have been described (Wang
et al. 2006). The two HEB isoforms are generated by
alternative promoter usage. HEBcan contains two trans-
activation domains, whereas HEBalt lacks the most

Figure 1. Development of hematopoietic
progenitors from the LT-HSC. The dia-
gram shows the road map of early hema-
topoiesis. The revised map shows the
newly defined and characterized ALP and
BLP compartments. Transcription factors
that act at distinct stages or transition
during early hematopoiesis are indicated.
(MkP) megakaryocytic progenitor; (CFU-E)
colony-forming unit erythroid progenitor.
Note that the CLP population is segre-
gated into two distinct stages, named the
ALP and the BLP compartments.
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N-terminal-located transactivation domain (Wang et al.
2006). HEBalt is expressed exclusively in the DN com-
partment, and its expression is regulated, at least in part,
by Notch signaling (Wang et al. 2006). Thus, it is conceiv-
able that E2A and HEBcan in LMPPs act to induce the
expression of Notch-1 as well as other components of
the Notch signaling cascade. Upon arriving in the thy-
mus, Notch-1-mediated signaling, in conjunction with
HEBcan, would then induce HEBalt expression. How
HEBalt acts with E2A and HEBcan in DN thymocytes
to promote developmental progression is an important
question that remains to be addressed. In addition to
Notch signaling and E-protein activity, GATA-3, Myb,
Runx1-CBFb, Gfi-1, and TCF1, as well as Ikaros, are
essential to promote the developmental progression of
T-lineage progenitors toward maturity. From these obser-
vations, a regulatory network has been assembled that
underpins the commitment and developmental progres-
sion of early T-cell progenitors (Georgescu et al. 2008).

A new strategy to identify developmentally
regulated genes

As discussed above, there are conflicting data regarding
the pathways that hematopoietic progenitors take in
order to reach their final destination. For example, in
the original model, the CLP compartment was viewed as
the branchpoint from which B- and T-lineage cells di-
verge. However, this view has been challenged (Lai and
Kondo 2008; Wada et al. 2008). Other studies have in-
dicated that the CLP compartment is a heterogeneous
population containing B-cell-committed cells (Mansson
et al. 2008). In an attempt to further characterize the CLP
compartment, Inlay et al. (2009) used a novel approach
that permits the identification of markers that identify
intermediate developmental stages. The computational
approach is named ‘‘Mining Developmentally Regulated
Genes’’ (MiDReG) (D Sahoo, J Seita, D Bhattacharya,
MA Inlay, I Weissman, S Plevritis, and D Dill, in prep.).
MiDReG explores the entire set of publicly accessible
microarray data to permit the identification of genes
whose expression patterns are modulated during devel-
opmental progression. It is not essential upon applying
MiDReG that microarray data are available for interme-
diate compartments. Rather, the expression patterns of
only two genes are required in order to establish the
boundaries between developmental stages for which
novel markers are to be identified. Such ‘‘boundary’’
genes are termed seed genes. As a strategy to identify
markers that are expressed at intermediate developmen-
tal stages, Boolean implications were used. Boolean
implications indicate that, for example, if gene X expres-
sion is high, then gene B expression levels are low (for
further details, see Inlay et al. 2009). In principle, the
approach can be used for any developmental system.
Upon mining the databases that are available, markers
can be identified whose expression patterns are changed
between the developmental stages that are marked by the
seed genes. Using MiDReG, 26 genes were identified that
encode for transmembrane proteins and were predicted to

be differentially expressed during B-cell maturation. One
of these, Ly6D, turned out to be particularly interesting.
MPPs lacked detectable Ly6D expression, whereas pre-
pro-B cells showed relatively high Ly6D levels. Most
telling, the CLPs showed a bimodal pattern of Ly6d
expression. The Ly6D� subset contained full lymphoid
developmental capacity, termed ‘‘ALPs’’ (all lymphoid
progenitor). However, the Ly6D+ compartment was pri-
marily committed to the B-cell lineage, and appropriately
called BLPs (B-cell-biased lymphoid progenitors). Thus,
these data identified a population of cells within the CLP
compartment that lacks B220 and CD19 expression but
are fully committed to the B-cell lineage. Furthermore,
the study showed that Ly6D is a cell surface marker that
permits the identification and isolation of progenitors
that are committed to the B-cell lineage.

In sum, these observations indicate that the CLP
compartment is a heterogeneous population, consisting
of progenitors with full lymphoid potential as well as
B-cell-committed progenitors. As discussed previously,
this notion is not entirely novel. Using transgenic reporter
mice that use the l5 promoter as a B-lineage-specific
marker, a fraction of CLPs was shown to be specified
toward the B-cell lineage with little T-cell potential,
whereas the population that lacks l5 promoter activity
was shown to contain both B- and T-lineage potential
(Mansson et al. 2008).

As described above, other intermediate stages have
been identified with common lymphoid potential,
termed the CLP2 compartment (Martin et al. 2003).
CLP2 cells express B220 but retain both B- and T-lineage
potential. How CLP2s and ALPs relate to each other
remains an interesting but open question. The road
leading from LMPPs to thymic progenitors still contains
several holes, but it seems likely that these will be fixed
in the near future.

Defining the developmental arrest in E2A-deficient mice

Previous studies have demonstrated that B-cell develop-
ment in E2A-deficient mice is blocked at a stage called
Hardy Fraction A (Bain et al. 1997b). While B220-positive
cells were detectable, Igh DJ rearrangements were absent.
Previous observations also have demonstrated a partial
block at the CLP cell stage in E2A-deficient mice (Borghesi
et al. 2005). These data have raised the possibility that
B-cell development in E2A-deficient mice is blocked at
an intermediate stage, positioned between the CLP and
the pre-pro-B-cell compartment. Using Ly6d as a marker,
Inlay et al. (2009) convincingly demonstrate that B-cell
development in E2A-deficient mice is arrested at the ALP
cell stage.

The E2A proteins have been demonstrated previously
to act upstream of EBF and Pax5 to regulate B-cell
commitment (Kee and Murre 1998; Seet et al. 2004;
Roessler et al. 2007). Inlay et al. (2009) also demonstrate
that during the transition from the ALP to the BLP cell
stage, both EBF and Pax5 levels are elevated, consistent
with a critical role for E2A in activating the expression of
EBF and Pax5. We are now faced with the question as to
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how E2A becomes activated during the transition from
the ALP to the BLP cell stage. It seems plausible that
the Id gene products are involved in this process, since
overall E2A abundance does not appear to differ signifi-
cantly between the early hematopoietic compartments
(Semerad et al. 2009). Another mechanism may involve
an exchange of E2A partners, involving HEB and/or E2-2.
Alternatively, differential post-translational marking of
E2A proteins, perhaps induced by cytokine-mediated
signaling, may promote the transition from the ALP to
the BLP cell stage. This is a critical issue that needs to be
resolved in order to achieve a better understanding of how
progenitor cells become committed to the B-cell lineage.

The findings reported by Inlay et al. (2009) also raise the
question as to whether the arrest in B-cell development in
EBF-null mutant mice also occurs during the transition
from the ALP to the BLP. It seems likely, since B-lineage
priming is substantially decreased in EBF-ablated CLPs
(Zandi et al. 2008). Using Ly6D as a marker, this remain-
ing question can now be resolved easily.

The data also bring into question where thymic pro-
genitors come from. Are they derived from both the
LMPP and/or ALP compartments through independent
pathways? What is the mechanism that promotes T-cell
versus B-cell bifurcation at the ALP cell stage? As de-
scribed above, E2A proteins in the LMPP and DN
compartment regulate the expression of Notch-1. How-
ever, since the E2A proteins act in both early B- and T-cell
progenitors, it seems unlikely that they by themselves are
the critical determinants that determine B-cell versus
T-cell fate. The E2A partner HEB might play a critical role,
modulating the T-cell versus B-cell choice at the ALP cell
stage.

Conclusion

During the past two decades, enormous progress has been
made in determining the pathways that underlie early
hematopoiesis. Many steps in the pathways remain to be
resolved both at the cellular and molecular levels. Nev-
ertheless, through concerted activities by so many in the
field, the basic framework that underpins the develop-
ment of the adaptive immune system is being revealed at
a rapid pace.
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