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Hematopoiesis is a tightly controlled process maintained by a small
pool of hematopoietic stem cells (HSCs). Here, we demonstrate
that the LT-HSC, MPP, premegakaryocytic/erythroid, Pre CFU-E, Pre
GM, MkP, and granulocyte-macrophage compartments were all
significantly reduced in E2A-deficient bone marrow. Despite a
severe depletion of erythroid progenitors, the erythrocyte and
megakaryocyte compartments were equivalent in E2A-deficient
bone marrow as compared with wild-type mice. E2A-deficient HSCs
also failed to efficiently maintain the HSC pool on serial transplan-
tation, and we demonstrate that the E2A proteins regulate cell
cycle progression of HSCs by regulating the expression of p21Cip1,
p27Kip1, and the thrombopoietin receptor, known regulators of
HSC self-renewal activity. Based on these observations, we pro-
pose that the E2A proteins promote the developmental progres-
sion of the entire spectrum of early hematopoietic progenitors and
to suppress an erythroid specific program of gene expression in
alternative cell lineages. Last, the data mechanistically link E2A, cell
cycle regulators, and the maintenance of the HSC pool in a common
pathway.

E47 � lymphoid/myeloid versus erythroid/megakaryocyte development �
self-renewal

Hematopoiesis is a tightly regulated process maintained by a
small pool of hematopoietic stem cells (HSC) uniquely capa-

ble of undergoing self-renewal and generating mature progeny of all
of the hematopoietic cell lineages. To sustain the proper levels of
blood cells, HSCs must continuously monitor and regulate the
balance between self-renewal and lineage differentiation. Follow-
ing the decision to differentiate, hematopoiesis proceeds in a
step-wise manner from the primordial long-term (LT)-HSCs. LT-
HSCs possess the ability to self-renew and the capacity for long-
term reconstitution of lethally irradiated hosts (1). Upon differen-
tiation, LT-HSCs lose their capacity for self-renewal and give rise
to a population of short-term (ST)-HSCs. The ST-HSCs, limited to
a transient ability to self-renew and reconstitute lethally irradiated
hosts, differentiate into a multipotent progenitor (MPP) popula-
tion. The MPPs lack the capacity to undergo self-renewal, but retain
multipotentcy. From the MPP population develops a series of
intermediate progenitors that give rise to the assorted hematopoi-
etic lineages. In the classical pathway of hematopoiesis, these
intermediates include the common lymphoid progenitors (CLPs)
that differentiate into lymphoid, but not myeloid, progeny, and the
common myeloid progenitors (CMPs), which retain full erythro-
myeloid potential (2, 3). The CMPs further differentiate to form the
granulocyte/macrophage progenitors (GMPs) that differentiate to
the myelomonocytic lineage and the megakaryocytic/erythrocyte
progenitors (MEPs) that eventually differentiate to form red blood
cells and platelets.

Other studies have suggested alternative pathways for the dif-
ferentiation of the megakaryocytic/erythroid versus lymphoid/
myeloid cell lineages. Specifically, these studies have indicated that
the separation of the myeloid versus megakaryocytic/erythroid cell
lineages may occur at an earlier branch point before the develop-

ment of CMPs. This work has suggested the presence of lymphoid-
primed (L) MPPs in the bone marrow, which have the ability to
develop into lymphoid and myeloid progeny, but cannot give rise to
erythroid and megakaryocytic cells (4). Also, more recent studies
have used additional markers, including CD105 and CD41, to
separate the myeloerythroid progenitors into Pre GM, GMP,
premegakaryocytic/erythroid (Pre MegE), Pre CFU-E, CFU-E,
and MkP compartments. These studies suggested a hierarchy, in
which the Pre GM population gives rise to the GMP compartment,
whereas the Pre MegE progenitors act upstream of the MkP and
the Pre CFU-E (5).

Transcriptional regulation is a key mechanism controlling HSC
homeostasis, development, and lineage commitment (6). For ex-
ample, the commitment of hematopoietic progenitors to the B cell
lineage and their development to mature B cells depends on
combined activities of the transcription factors E2A, EBF, and Pax5
(7, 8). E2A is a member of the E-protein family of basic helix–
loop–helix (bHLH) proteins. The E2A gene encodes 2 E proteins,
E12 and E47, which are generated by differential splicing of the
exon encoding the DNA binding and dimerization domain (9).
Along with E12 and E47, the E-proteins include E2–2, HEB, and
the Drosophila gene product Daughterless. E-proteins have the
ability to bind canonical E-box [G(orA)CAXXTGG(orA)] ele-
ments as either homodimers or heterodimers with other members
of the bHLH family (10, 11). Within the hematopoietic compart-
ment, the E2A proteins form heterodimers with SCL. SCL becomes
expressed in mesodermal cells that develop into embryonic blood
cells and continues to be expressed in fetal and adult HSCs (12).
Although SCL is not required for the maintenance of HSC self-
renewal, it is critical for proper erythroid and megakaryocyte
development in the adult (13).

Here, we show the E2A proteins are ubiquitously expressed in
HSCs and in subsets of hematopoietic progenitor cells, but that
their expression levels are dynamic. We show that the E2A
proteins act to promote the developmental progression of the
entire spectrum of early hematopoietic progenitors. The obser-
vations also mechanistically connect the E2A proteins, cell cycle
regulators, and the maintenance of the HSC pool in a common
pathway.

Results
Reduced Numbers of HSCs in E2A-Deficient Bone Marrow. To examine
E2A expression in HSCs and early hematopoietic progenitors,
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we used a knock-in mouse mutant, in which the coding sequence
for GFP was fused to the C terminus of the E2A gene in-frame
through homologous recombination (14). As previously re-
ported, E2A levels are high in the LSK (Lin�/c-kit�/Sca-1�)
population [supporting information (SI) Fig. S1] (14). Within the
LSK population, the LMPP compartment exhibited higher levels
of E2A expression than the LT- and ST-HSC populations (Fig.
S1). Given that E2A is expressed throughout the HSC compart-
ment, we investigated whether loss of E2A affects the numbers
of the various HSC populations in the bone marrow. By using
multiparameter flow cytometry, we compared the number of
HSCs in the bone marrow of wild-type and E2A mutant mice.
We analyzed mice �2 months of age, because, at later ages, E2A
�/� mice readily develop lymphoma (15).

We observed a significant decrease in the LSK compartment of
E2A �/� mice, compared with wild type (2.5-fold) (Fig. 1 A and
B). The LSK compartment can be further separated on the basis of
CD150 and Flk2 expression (16–19). The CD150�/Flk2� popula-

tion comprises the LT-HSC compartment, the CD150�/Flk2�

population the ST-HSC and the CD150�Flk2� compartment con-
sists of MPPs. Loss of E2A activity resulted in a 2-fold decrease in
the number of LT-HSCs (Fig. 1B). The cellularity of MPPs in the
bone marrow of E2A �/� mice was reduced 4-fold, compared with
wild-type mice (Fig. 1B). To determine whether the fraction of
LMPPs was affected by the absence of E2A, LSK cells were
examined for the expression of Flk2 as described previously (4, 20).
Strikingly, the proportion and cellularity of Flk2 expressing cells was
severely reduced in E2A �/� bone marrow (Fig. 1A). We note that
Flk2 expression is not down-regulated at the CLP or Pre GM stage
in E2A �/� bone marrow, indicating that Flk2 is not a direct target
of E2A. Collectively, these data indicate that E2A acts during early
hematopoiesis to maintain the HSC compartment and to promote
the development of MPPs as well as LMPPs.

Reduced Numbers of Lymphoid and Myeloid Progenitors in E2A-
Deficient Bone Marrow. To determine whether the loss of E2A also
affects the numbers of hematopoietic progenitors, we examined
bone marrow cells for the presence of lymphoid and myeloerythroid
progenitors. Consistent with previous observations, loss of E2A
resulted in a significant decrease in the number of CLPs (Lin�/IL-
7R��/ckitint/Sca-1int) (Fig. S2 A and B). Also, we examined bone
marrow cells for the presence of erythroid/megakaryocyte and
GMPs by using markers recently described (5). The Pre MegE
compartment (Lin�/IL-7R��/c-kit�/Sca-1�/CD105lo/CD150hi/
CD41�) was substantially decreased (Fig. 2 A and B). Similarly, the
megakaryocyte progenitor (MkP) immediately downstream of the
Pre MegE was also reduced (Fig. 2 A and B). However, the
erythroid progenitor immediately downstream of the Pre MegE,
the Pre CFU-E, was almost absent. Despite the near absence of the
Pre CFU-E population, the CFU-E (Lin�/c-kit�/Sca-1�/IL-7R��/
CD105hi/CD150lo/Ter119�) compartment immediately down-
stream was not reduced (Fig. 2 A and B, and Fig. 3D).

The GMPs were examined as described previously, with the
addition of Flk2 (5). Although E2A �/� bone marrow showed no
overall change in the Pre GM (Lin�/c-kit�/Sca-1�/CD105�/
CD150�/Fc�R�) compartment, the population was skewed toward
the Flk2� side, such that the number of Flk2� Pre GM was
increased and Flk2� Pre GM decreased, compared with wild type
(Fig. 2 A and B). The GMP compartment was reduced as well (Fig.
2B). Also, we performed an in vitro colony-forming unit-
granulocyte (CFU-G) assay. In methylcellulose cultures, bone
marrow from E2A �/� mice demonstrated a statistically significant
decrease in the number of CFU-G (Fig. S3). Collectively, these data
show that the E2A proteins perform a wide spectrum of activities
during early hematopoiesis to modulate the developmental pro-
gression of megakaryocyte/erythroid and myeloid progenitors.

Defective Long-Term Repopulating Ability of E2A-Deficient HSCs. To
determine whether loss of E2A affects the functional capabilities of
HSCs, we evaluated the repopulating capacity of purified LSK cells
by using a competitive reconstitution assay. For this purpose,
FACS-purified LSK cells from wild-type (CD45.1�) and E2A �/�
(CD45.2�) mice were mixed at a 1:1 ratio (1 WT:1 E2A �/� mixed
chimera) and transplanted into lethally irradiated CD45.1� recip-
ient mice. Also, separate cohorts of CD45.1� recipient mice were
transplanted with LSK cells purified from wild-type, E2A �/�, or
E2A �/� (CD45.2�) mice, respectively. FACS-purified LSK cells
were used instead of whole bone marrow for this assay to control
for differences in the number of bone marrow mononuclear cells
and the distribution of lineage positive subsets in the bone marrow
of wild-type and E2A �/� mice (Fig. S4 A and B). Although the
overall number of LT-HSCs was reduced in E2A �/� bone
marrow, the percentage of LT-HSCs within the LSK gate were the
same between mutant and wild type; thus, the number of LT-HSCs
transplanted between mutant and wild-type were equivalent. After
transplantation, peripheral blood from the transplanted recipients
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Fig. 1. Effects of E2A deletion on the numbers of HSCs in adult mouse bone
marrow (BM). Total BM cells from wild-type, E2A �/�, and E2A �/� mice were
harvested and prepared for analysis by flow cytometry. (A) Representative stain-
ing profiles for LSK cells and the LT-HSC, ST-HSC, and MPP subpopulations. The
small gate in the MPP quadrant is representative of the LMPP population. (B)
Reduced HSC numbers in the BM of E2A �/� mice. Shown are the absolute
numbersof theLSK,LT-HSC,ST-HSC,andMPPpopulations in theBMofwild-type,
E2A �/�, and E2A �/� mice (n � 6). Horizontal bars show the mean values.
Statistical significance determined by unpaired t test, 2-tailed, between E2A �/�
and wild type.
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was analyzed monthly by flow cytometry to assess the contribution
of CD45.2� versus CD45.1� to the myeloid and lymphoid cell
lineages. As expected, wild-type or E2A �/� LSK cells alone
successfully reconstituted the myeloid and lymphoid cell lineages in
irradiated recipients, whereas E2A �/� LSK cells, whether alone
or in competition with wild-type LSK cells, demonstrated a con-
siderable defect in their ability to contribute to the lymphoid cell
lineage (Fig. S5A and Fig. S6A). Conversely, E2A �/� LSK cells
made a significant contribution to reconstitution of the myeloid
compartment. At 4 and 8 weeks posttransplantation, the myeloid
lineage repopulating ability of E2A �/� LSK cells was near
predicted levels in the 1 WT: 1 E2A �/� mixed chimeras (Fig.
S5A). However, analysis of the myeloid lineage in the 1 WT:1 E2A
�/� mixed chimeras at later time points showed a significant
decrease in the long-term repopulating ability of E2A �/� LSK
cells (Fig. S5A).

Because of the decrease in GMPs in the E2A �/� bone marrow,
the granulocyte output of E2A �/� LSKs may be reduced; thus,
skewing an accurate assessment of LSK chimerism in a competitive
setting. Therefore, we examined the LSK compartment in the bone
marrow of the transplanted recipient mice to directly measure LSK
chimerism and self-renewal. At 24 weeks posttransplantation, mice

transplanted with E2A �/� LSK cells alone demonstrated a
significant reduction in the number of LSK cells in the bone
marrow, compared with mice transplanted with only wild-type or
E2A �/� LSK cells (Fig. S5 B and C). Also, in the 1 WT:1 E2A �/�
mixed chimeras, the contribution of E2A �/� derived (CD45.2�)
cells was 25 � 4% of a theoretically possible 50% of cells in the LSK
compartment (Fig. S5C). These data indicate that the E2A proteins
have a critical role in the maintenance of the LSK compartment.

To examine the serial reconstituting ability of E2A �/� LSK cells
we performed secondary bone marrow transplants. Within 24
weeks, 6 of 8 secondary recipients transplanted with bone marrow
from primary E2A �/� LSK cell transplants died (Fig. S5D).
Importantly, none of the transplant recipients receiving E2A �/�
bone marrow cells demonstrated any evidence of developing a
thymic lymphoma during this study. In contrast, all secondary
recipients transplanted with bone marrow from primary wild-type
LSK cell transplants survived the 24 weeks (Fig. S5D). Similar to the
primary LSK cell transplants, analysis of peripheral blood indicated
wild-type and E2A �/� bone marrow cells efficiently re-
populated the lymphoid and myeloid lineages of the secondary
transplants, whereas E2A �/� bone marrow cells made a
minimal contribution to the myeloid and lymphoid compartments
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Fig. 2. Effects of E2A deletion on the numbers of
myeloerythroid progenitors in adult mouse BM. Total
BM cells from wild-type, E2A �/�, and E2A �/� mice
were harvested and prepared for analysis by flow
cytometry. (A) Representative staining profiles for my-
eloerythroid progenitors. (B) Reduced numbers of my-
eloerythroid progenitor subsets in the BM of E2A �/�
mice. Shown are the absolute numbers of the myelo-
erythroid progenitor subsets in the BM of wild-type,
E2A �/�, and E2A �/� mice (n � 5). Horizontal bars
show the mean values. Statistical significance deter-
mined by unpaired t test, 2-tailed, between E2A �/�
and wild type.
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(Fig. S5E and Fig. S6B). Also, analysis of the LSK compartment in
the bone marrow of the 2 remaining mice transplanted with only
E2A �/� bone marrow (70 � 29% primary to 17 � 4% secondary),
and the mice that received bone marrow from the 1 WT:1 E2A �/�
mixed chimeras (25 � 4% primary to 13 � 4% secondary)
demonstrated a significant reduction in E2A �/� contribution to
the LSK population (Fig. 5F). To determine whether the absence
of E2A affects the number of hematopoietic progenitors in the bone
marrow on serial transplantation, the bone marrow of the primary
and secondary transplant recipients was evaluated for contribution
of E2A �/� cells to the lineage-committed hematopoietic progen-
itor subsets. Similar to the HSC compartment, the contribution
from E2A �/� bone marrow to the hematopoietic progenitor

compartment was significantly reduced (Fig. S7 A–D). Collectively,
these data support a major role for the E2A proteins in the
self-renewal activity of HSCs.

The E2A Proteins Modulate the Expression of Cell Cycle Regulators to
Control Cell Cycle Progression of the HSC Compartment. To address
the mechanism by which E2A maintains the HSC pool, we examined
E2A �/� hematopoietic progenitors for their ability to migrate to the
bone marrow after transplantation. However, the reconstitution defect
observed in E2A �/� cells is not due to the inability of E2A �/� HSCs
to home to the hematopoietic niches of the bone marrow, because
homing of E2A �/� HSC subsets to the bone marrow of lethally
irradiated recipients is comparable with wild-type HSCs (Fig. S8). A
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Fig. 3. Increased cycling by E2A-deficient
HSCs. To investigate cycling of E2A �/�
HSCs, BrdU was administered to 6 week-old
wild-type and E2A �/� mice and BrdU in-
corporation by the LT-HSC, ST-HSC, and
MPP cell fractions was analyzed by flow
cytometry. (A) Representative staining pro-
files for the LT-HSC (LSK/CD150�/Flk2�)
fraction. (B) Increased incorporation of
BrdU by E2A �/� HSCs. Shown are the per-
centages of BrdU incorporation by the LT-
HSC (LSK/CD150�/Flk2�), ST-HSC (LSK/
CD150�/Flk2�), and MPP (LSK/CD150�/
Flk2�) fractions in the bone marrow of
wild-type and E2A �/� mice (n � 4). Statis-
tical significance determined by unpaired t
test, 2-tailed, between E2A �/� and wild
type. (C) Cell cycle distribution in E2A �/�
HSCs. Shown are the percentages of
LSKFlk2� and LSKFlk2� fractions in G0, G1,
and SG2M in the BM of wild-type and E2A
�/� mice (n � 3). Statistical significance
determined by 2-sided Student’s t test, E2A
�/�, compared with wild-type. (D) Sche-
matic representation depicting the roles of
E2A in early hematopoiesis. The blue arrow
indicates the importance of E2A proteins in
HSC self-renewal. Decreases in the indi-
cated hematopoietic populations detected
in E2A �/� mice are shown by solid red
down arrows. In the absence of E2A, signif-
icant decreases in LMPPs, CLPs, and GMPs
are detected. Also, the Pre MegE, Pre CFU-E,
and MkP compartments are significantly
decreased. However, E2A �/� mice have
near wild-type levels of Pre GMs and CFU-
Es. We propose that the E2A proteins act to
promote the development of the LMPPs
and the Pre MegE progenitors, and to sup-
press the development of the Pre GM stage
into CFU-Es. Data represent the mean � SD.
Statistical significance determined by un-
paired t test, 2-tailed, between E2A �/�
and wild type.
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number of studies have indicated that the maintenance of HSC self-
renewal activity is mediated in part by cell cycle regulators (21–24). E2A
has been shown to modulate cell cycle progression by regulating the
expression of cell cycle regulators, raising the possibility that E2A
maintains HSC self-renewal activity by modulating cell cycle entry (15,
25). As a first approach to this question, we examined the cell cycle state
of HSCs in wild-type and E2A �/� bone marrow. Wild-type and E2A
�/� mice were labeled with BrdU, bone marrow was isolated and
immunostainedforBrdU,andtheLT-HSC,ST-HSC,andMPPsubsets
analyzed by flow cytometry. Interestingly, the proportion of cycling
HSCs was significantly increased in E2A �/� bone marrow (Fig. 3A
and B). In agreement with the increased uptake of BrdU by E2A �/�
HSCs, we show, by using Ki-67 and DAPI staining, that E2A �/� mice
have fewer LSKFlk2� HSCs in G0 (Fig. 3C and Fig. S9). Also, the
LSKFlk2� MPP subset displayed a similar pattern of enhanced cell
cycling (Fig. 3C). Based on these observations, we propose that the E2A
proteinsact inmurinebonemarrowbyregulating therateandcapability
of cell cycle progression in the HSC compartment.

To determine how the E2A proteins act to modulate cell cycle
progression and self-renewal in LSK cells, we examined the expres-
sion of a number of known E2A targets and/or regulators of cell
cycle progression. To accomplish this objective, we purified LSK,
LSKFlk2�, and LSKFlk2� cells from the bone marrow of wild-type
and E2A �/� mice and analyzed the expression of p18INK4C,
p19INK4D, p21Cip1, p27Kip1, Cdk6, Bmi-1, Gfi-1, HoxB4, Mpl, and
Notch-1 by quantitative PCR (Fig. S10). Interestingly, p21Cip1 and
Gfi-1 levels were decreased significantly in LSK cells derived from
E2A �/� bone marrow and have been demonstrated to modulate
the self-renewal activity of HSCs (Fig. S10 A and B) (21–24). Also,
previous studies have demonstrated that the E2A proteins directly
regulate p21Cip1 and Gfi-1 expression (15, 26). In addition to their
significantly decreased expression in LSK cells, p21Cip1, Gfi-1, and
Notch1 demonstrated decreased expression in purified E2A �/�
LSKFlk2� and LSKFlk2� subsets, compared with wild type (Fig.
S10C). Together, these data suggest that the E2A proteins mech-
anistically regulate HSC self-renewal by modulating the expression
of genes involved in HSC cell proliferation.

Discussion
Previous data indicate that the initial stages of B- and T-lineage
development require the activities of E-proteins (27–29). Also,
recent studies have revealed a role for the E-proteins in the CLP
compartment and it has been suggested that E2A becomes
transcriptionally active in the CLP cell stage (30). Once E2A is
activated, it acts in concert with PU.1 and IL7R�-mediated
signaling to induce the expression of EBF transcription, which,
in turn, activates Pax5 gene expression (31). In addition to the
activation of a B-lineage specific program of gene expression,
E2A also acts to repress the expression of genes involved in the
commitment of alternative cell fates, including GATA-1 and
GATA-3 (32). Thus, the E2A proteins initiate and maintain a
B-lineage specific program of gene expression and repress
transcription of non-B lineage specific genes. However, although
these studies revealed a role for the E2A proteins in B cell
specification, it has remained unclear whether and how the E2A
proteins act in HSCs and in hematopoietic progenitors.

Roles of Id1 and E2A in Early Hematopoiesis. Recent studies demon-
strated that Id1 acts to constrain myeloid commitment. Specifically, it
was demonstrated that Id1-ablated LSK cells showed a premature
induction of the myeloid differentiation program (33). These data are
consistent with our observations indicating a defect in myeloid matu-
ration in E2A �/� hematopoietic progenitors. Thus, high levels of E2A
would favor commitment toward the myeloid cell lineage, whereas
inactivation of E2A DNA binding would suppress the development
toward the myeloid/lymphoid lineages. Surprisingly, however, are the
observations that both E2A and Id1 deficiencies result in higher levels
of GATA-1 expression within the LSK compartment (data not shown)

(33). Similarly, the expression of Gfi-1, Bmi-1, and Hoxb4 were slightly
decreased in both E2A- and Id1-deficient bone marrow (33). How can
we reconcile these observations? We propose that the dosage of E- and
Id-proteins is carefully calibrated in developing hematopoietic progen-
itors. The loss of one component of the E/Id ensemble of proteins may
dramatically affect the equilibrium of interactions. For example, it is
conceivable that in the absence of Id1, HEB and/or E2–2 might be
released from their inhibitor to complex with E2A, converting its ability
from a transcriptional repressor into an activator. Such a scenario is not
that unlikely, because the E2A proteins can act to both activate and
repress transcription, depending on the recruitment of a coactivator or
corepressor (34). Such a model may also explain the strong dosage
effects that we observed during early hematopoiesis in E2A �/� mice.

Role of E2A in Specification of the Granulocyte/Macrophage and
Lymphoid Lineages. Striking abnormalities in E2A �/� bone marrow
were observed within the Pre GM progenitors, which were further
separated on the basis of Flk2 expression. Pre GM progenitors in the
E2A�/� bone marrow were heavily skewed toward Flk2 negativity,
such that the absolute number of Flk2� cells was increased in these
mice, compared with wild-type, and the Flk2� were decreased. These
data bring into question how the E2A proteins act to promote devel-
opmental progression of both lymphoid and myeloid progenitors from
a common MPP or LMPP precursor. The decrease in the number of
intermediates like the CLP and the Flk2� Pre GM populations may
simply reflect a decrease in the number of CD150�Flk2� progenitors.
Thus, the E2A proteins may act at the CD150�Flk2� cell stage to
induce, at low levels, the expression of a myeloid and common lym-
phoid, but not B and T cell specific, program of gene expression. In
MPPs the E2A proteins act to induce the expression of common
lymphoid genes and to suppress the expression of genes, such as
GATA-1, that are involved in erythroid differentiation (32). The
priming of a program of myeloid specific gene expression is likely to be
induced by PU.1, which has been demonstrated to act at the branch
point separating the MegE and lymphoid/myeloid cell lineages (35).
Thus, based on these previous observations and the data described
here, we suggest that E2A and PU.1 both act in the CD150�Flk2�

compartment to induce the priming of a common myeloid and lym-
phoid program of gene expression.

Role of the E2A in Erythroid and Megakaryocytic Development. It has
been previously proposed that the LSK CD150�Flk2lo compart-
ment may directly feed into the Pre MegE population (5). The Pre
MegE, in turn, feeds into the CFU-E via the Pre CFU-E. However,
the Pre CFU-E is almost absent in E2A �/� bone marrow, but the
CFU-E population is present at elevated levels. How are erythro-
cytes generated in E2A �/� bone marrow in the absence of
erythroid and megakaryocytic progenitors? It is conceivable that
the Pre GM cells are contributing to the CFU-E. In such a scenario,
the E2A �/� Flk2� Pre GM would function as a CMP. In the
absence of E2A, how does the Pre GM differentiate into the
erythroid lineage? We have previously shown that the E2A proteins
in MPPs act to suppress the transcription of GATA-1 (32). GATA-1
is a critical transcriptional regulator for erythroid/megakaryocyte
development, because GATA-1-ablated mice lack the erythroid/
megakaryocytic lineages (36, 37). Also, GATA-1 exerts instructive
signals for erythroid/megakaryocytic lineage commitment and has
the ability to antagonize the transactivation capacity of PU.1 to
promote erythroid differentiation at the expense of myeloid mat-
uration (38–41). Thus, although the induction of GATA-1 expres-
sion in the absence of E2A is merely 2-fold, it is conceivable that an
increase of such abundance in conjunction with the induction of
additional regulators yet to be identified would promote the de-
velopment of CFU-E cells through a pathway independent of the
Pre MegE and Pre CFU-E intermediates. Little if any GATA-1
expression is present in wild-type Pre GM cells, compared with Pre
MegE and Pre CFU-E (5). Therefore, we propose that E2A
suppresses GATA-1 expression in the Pre GM, preventing this

1934 � www.pnas.org�cgi�doi�10.1073�pnas.0808866106 Semerad et al.

http://www.pnas.org/cgi/data/0808866106/DCSupplemental/Supplemental_PDF#nameddest=SF9
http://www.pnas.org/cgi/data/0808866106/DCSupplemental/Supplemental_PDF#nameddest=SF10
http://www.pnas.org/cgi/data/0808866106/DCSupplemental/Supplemental_PDF#nameddest=SF10
http://www.pnas.org/cgi/data/0808866106/DCSupplemental/Supplemental_PDF#nameddest=SF10
http://www.pnas.org/cgi/data/0808866106/DCSupplemental/Supplemental_PDF#nameddest=SF10


population from differentiating down the erythroid lineage. We
also note that, within the CD150�CD105� gate, which contains
both Pre MegE and MkP progenitors, a higher percentage within
this gate were MkP progenitors in E2A �/� mice. This suggests that
the Pre MegE population in the E2A �/� mice is skewed toward
megakaryocyte development, possibly again mediated by increased
levels of GATA-1 expression.

The role of the E2A Proteins in Maintaining the HSC Pool. E2A �/�
bone marrow also shows a diminished steady-state abundance of
LSKs and a defect in the ability to self-renew in serial transplan-
tation assays. How do the E2A proteins act to maintain the HSC
compartment? Our data show that the absence of E2A activity
results in a substantial increase in the rate of cell cycle progression
of the HSC compartment. Previous observations have indicated
that the maintenance of the stem cell pool is controlled, among
others, by the thrombopoietin receptor (Mpl), Gfi-1, p21Cip1, and
p27Kip1 (21–24). We demonstrate here that the expression of Mpl,
Gfi-1, p21Cip1, and p27Kip1 is significantly decreased in E2A �/�
LSK cells (Fig. S10). It is unlikely that the reduction in p27 levels
is responsible for the increase in cycling HSCs, because p27 has
been demonstrated not to modulate HSC cell cycling or self-
renewal, but rather controls the expansion and pool size of pro-
genitors (21). In contrast, p21Cip1 and Mpl have been shown to have
a critical role in maintaining the HSC pool. Thus, we propose that
the E2A proteins mechanistically enforce the maintenance of HSCs
by directly modulating the expression of Mpl and p21Cip1.

Materials and Methods
Competitive Repopulation Assay. Lethally �-irradiated (single dose of 1,000
cGy) CD45.1 congenic C57/B6 mice at 8–10 weeks of age were used as recip-
ients. We injected 1,000 sorted LSK cells from wild-type (CD45.2�), E2A �/�

(CD45.2�), E2A �/� (CD45.2�), or a 1 to 1 ratio of wild-type (CD45.1�) to E2A
�/� (CD45.2�) i.v. into each lethally irradiated recipient mouse. To establish
secondary transplants, single-cell suspensions from bone marrow of primary
LSK cell transplant recipients were prepared. Bone marrow cells were resus-
pended in �-MEM containing 10% FBS. Lethally irradiated CD45.1� secondary
recipients were injected intravenously with a total of 2 � 106 cells.

Quantitative Real-Time PCR. TotalRNAwasextractedfromsortedLSKcellsbyusing
an Rneasy kit (Qiagen) according to manufacturer’s protocol. For real-time PCR,
cDNA synthesis was performed by using SuperScript III (Invitrogen). Real-time PCR
was performed by using SYBR Green Master Mix (Stratagene) and analyzed by
Mx3005Pinstrumentation(Stratagene).Thereactionswereperformedintriplicateat
95 °C for 10 min, followed by 40 cycles of 95 °C for 30 s, 55 °C for 1 min, and 72 °C for
30 s. The primer sequences used are available on request.

Cell Cycle Assays. To examine BrdU incorporation, mice were given a single i.p.
injectionofBrdU(Sigma)(1mg/6g) inPBSandmaintainedon1mg/mLofBrdUinthe
drinkingwaterfor72h.After72h,thebonemarrowwasharvestedandstainedwith
antibodiesagainst lineagemarkers, c-kit, Sca-1,CD150,andFlk2.BrdUincorporation
was measured by using a FITC BrdU Flow Kit (BD PharMingen).

To analyze the cell cycle status of the LSK, LSKFlk2�, and LSKFlk2 HSC
subsets, bone marrow cells from wild-type and E2A �/� mice were initially
stained with antibodies against Lin� cells, c-kit, Sca-1, and Flk2. After incuba-
tion with the cell surface antibodies, the cells underwent fixation with a
Cytofix/Cytoperm kit (BD Biosciences). After fixation, the cells were incubated
with FITC-anti-Ki-67, washed, and stained with DAPI. Analysis was performed
on a FACS LSRII (BD Biosciences).

For more details, see SI Materials and Methods.
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