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Early thymocytes possess multilineage potential, which is progressively restricted as cells transit through the
double-negative stages of T-cell development. DN1 cells retain the ability to become natural killer cells,
dendritic cells, B cells, and myeloid cells as well as T cells, but these options are lost by the DN3 stage. The
Notch1 signaling pathway is indispensable for initiation of the T-cell lineage and inhibitory for the B-cell
lineage, but the regulatory mechanisms by which the T-cell fate is locked in are largely undefined. Previously,
we discovered that the E-protein transcription factor HEBAlt promoted T-cell specification. Here, we report
that HEB�/� T-cell precursors have compromised Notch1 function and lose T-cell potential. Moreover,
reconstituting HEB�/� precursors with Notch1 activity enforced fidelity to the T-cell fate. However, instead of
becoming B cells, HEB�/� DN3 cells adopted a DN1-like phenotype and could be induced to differentiate into
thymic NK cells. HEB�/� DN1-like cells retained GATA3 and Id2 expression but had lower levels of the Bcl11b
gene, a Notch target gene. Therefore, our studies have revealed a new set of interactions between HEB, Notch1,
and GATA3 that regulate the T-cell fate choice in developing thymocytes.

T cells develop in the thymus from bone marrow-derived
hematopoietic stem cells. The earliest T-cell progenitors are
identified within the CD4� CD8� double-negative (DN) sub-
set, which can be subdivided into four subsets based on the
expression of CD44 and CD25 (22). The most immature subset
of cells is referred to as DN1 (CD44� CD25�). This subset is
heterogeneous and possesses a differential capacity to generate
T cells (3, 35). DN1 cells become specified to the T lineage
upon Notch1-Delta-like (Notch1-DL) interactions in the thy-
mus, resulting in transition to the DN2 (CD44� CD25�) stage
and culminating in the DN3 (CD44� CD25�) stage, when
T-lineage commitment occurs. At the DN2 to DN3 stages,
lymphocyte and T-cell-specific factors, such as Rag-1, Rag-2,
pT�, CD3ε, and interleukin-7 (IL-7) receptor alpha (IL7R�;
CD127), are upregulated (45), and the TCR� genes are rear-
ranged and assembled into pre-T-cell receptor (pre-TCR)
complexes. Signaling through the pre-TCR is required for sur-
vival, proliferation, and further differentiation of DN3 cells,
and this progression is known as � selection (26).

At the DN2 stage, T-cell precursors express IL7R� and c-kit
(CD117) and are thus responsive to both IL-7 and stem cell
factor (SCF). However, by the late DN3 stage, both of these
receptors are downregulated, rendering DN3 cells dependent
solely on pre-TCR and Notch1-DL signaling for survival (14).
As a consequence, the cells that do not undergo � selection
die, unless they have committed to the TCR�� lineage. Fol-
lowing � selection, the cells transit to the DN4 (CD44�

CD25�) stage, upregulate CD4 and CD8, and become double-

positive (DP; CD4� CD8�) cells. At the DP stage, TCR� gene
rearrangements take place, which lead to pairing of TCR� with
TCR� chains into a TCR complex and further selection pro-
cesses that generate CD4� or CD8� single-positive (SP) cells.

Early thymocytes possess multilineage potential, which is
progressively restricted as cells transit through the DN stages.
In addition to T cells, DN1 cells have limited potential to
become B cells, natural killer (NK) cells, dendritic cells (DC),
or myeloid cells (2, 6, 11, 13). The generation of these cells
depends heavily on the availability and dosages of specific
transcription factors and a timely interplay between them.
DN1 cells express GATA3, PU.1, and Id2, and upon Notch-DL
signaling upregulate Bcl11b (33) and the E protein HEBAlt
(34, 48). Increasing the expression level of PU.1 or GATA3,
however, blocks T-cell development (4), resulting in the genera-
tion of myeloid cells (5) or mast cells (44), respectively. Compro-
mised Notch1-DL signaling, on the other hand, leads to intrathy-
mic B-cell development at the expense of T cells (36, 37).
Furthermore, deficiency in Bcl11b or overexpression of Id factors
is known to promote NK cell development (25, 27, 32, 33). It is
clear that E-protein transcription factors are important determi-
nants of hematopoietic choice (16). However, the role of each
specific E protein in lineage determination is not well defined.

The E proteins constitute a basic helix-loop-helix (bHLH)
family of transcription factors that function as heterodimers or
homodimers and bind to E-box elements on DNA. The family
consists of three genes, each encoding two transcription fac-
tors: the E2A gene (which encodes E47 and E12), the E2-2
gene (E2-2Can and E2-2Alt), and the HEB gene (HEBCan
and HEBAlt) (30). Gene knockout studies have demonstrated
the importance of E2A in B-cell development (8) and HEB in
early T-cell development (9, 10), while E2-2 factors have been
linked to plasmacytoid DC development (15). Recently, HEB
factors were shown to be important in the generation of in-
variant NKT cells as well (17). We have shown that HEBAlt
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uniquely promotes T-cell specification (48) and that the loss of
HEB has detrimental effects on � selection (12). Here, we
report that a subset of HEB�/� T-cell precursors with com-
promised Notch1 and pre-TCR signaling survives inappropri-
ately in an IL-7-dependent manner. However, unlike Notch1-
deficient cells, HEB�/� cells were unable to become B cells.
Instead, they inappropriately modulated expression of
GATA3, Bcl11b, and Id2 and could be redirected to the thymic
NK cell lineage. Our studies thus reveal new sets of interactions
between HEB, Notch1, and GATA3 during early T-cell develop-
ment that impact differentiation, fate choice, and survival.

MATERIALS AND METHODS

Mice, cells, and cell lines. WT, HEB�/�, Rag-1�/�, and HEB�/� Rag-1�/�

mice, all on the C57BL/6 background, were maintained in the comparative
research facility at Sunnybrook Research Institute (SRI). All animal protocols
were approved by the animal care committee at SRI. Rag-2EGFP (FVB) reporter
mice were purchased from the Jackson Laboratory and bred with HEB�/� mice
to generate HEB�/� Rag-2EGFP (C57BL/6/FVB) mice. OP9-DL1 and OP9-
green fluorescent protein (GFP) cells (obtained from J. C. Zúñiga-Pflücker, SRI
and University of Toronto), fetal liver cocultures, and fetal thymic organ cultures
(FTOC) were maintained in OP9 medium (40).

Isolation of fetal liver hematopoietic stem cells. Since HEB�/� mice are
embryonic lethal on the C57BL/6 background, timed matings were set up be-
tween HEB�/� mice (or HEB�/� Rag-2EGFP or HEB�/� Rag�/� mice) to
generate embryonic day 14.5 (E14.5) fetal livers and thymic lobes. Fetal liver
cells of like genotypes (wild type [WT] or null) were pooled and lineage depleted
with antibodies against F4/80, Gr1, Ter119, and CD19 using magnetically acti-
vated cell sorting (Miltenyi Biotec). Lineage-negative (Lin�) cells were cultured
overnight in OP9 medium supplemented with 10 ng/ml of IL-7, Flt3L, and SCF
(R&D Systems).

Fetal liver cell sorting and flow cytometry. Lin� (CD11b, Gr1, F4/80, Ter119)
Sca-1� c-kit� (LSK) populations were sorted using a FACSDiVa or FACSAria
cell sorter (Becton Dickinson). For some experiments, LSK cells were cryopre-
served in 90% fetal bovine serum (FBS) and 10% dimethyl sulfoxide (DMSO)
before coculture, which had no detectable impact on phenotype. Flow cytometry
was performed using a FACSCalibur or LSRII system (Becton Dickinson). Data
were analyzed with FlowJo (Tree Star) software.

Differentiation of cells in vitro. LSK and DN3 cells were cocultured with
OP9-DL1 cells supplemented with 5 ng/ml of IL-7 and Flt3L, unless otherwise
indicated (see Fig. 6 and Table 1). For gene expression studies, OP9-DL1
cell-derived DN3 (CD4� CD8� CD27� CD44� CD25�) subsets were sorted
after day 7 or 8 of coculture. The DN3 cells were replated on OP9-DL1 cells, and
after 7 additional days in coculture, the DN1-like (CD4� CD8� Thy-1� CD44�

CD25�) cells were sorted. In some experiments, CD45 was used in place of
CD27 or Thy-1 as a marker of hematopoietic lineage cells. In the retroviral
transduction experiments, T-cell precursors at day 7 of OP9-DL1 cell coculture
were transduced by spin infection as previously described (48). Cells were cul-
tured overnight on OP9-DL1 cells and sorted for the GFP� CD45� cells, which
were incubated on OP9-DL1 cells for up to 19 days. For thymic NK (tNK) cell
potential assays, coculture-generated DN1-like cells were seeded onto OP9-GFP
cells and cultured with 5 ng/ml IL-7 and 20 ng/ml IL-15 (tNK cytokines). In
IL-7-dependence experiments, coculture-derived HEB�/� Rag�/� DN3 cells
were seeded at a density of 2 � 104 cells/well of a 6-well plate in suspension
cultures supplemented with 5 ng/ml of IL-7 or without IL-7. For the cytokine
profiling assay, DN1-like cells were cultured with the tNK cell cytokines on
OP9-GFP cells for 7 days. Medium was collected and tested using a Proteome
Profiler mouse cytokine array (R&D Systems). Pictures of the cocultures were
taken using an Axiovert 25 microscope (Zeiss) and AxioVisionLE software
(Zeiss).

Genomic DNA extraction and PCRs. Genomic DNA was isolated using a
DNeasy kit (Qiagen). For analysis of D�2-J�2 rearrangements, DN3 cells
were sorted from coculture-derived T-cell precursors from WT and HEB�/�

progenitors, and C57BL/6 and Rag-1�/� thymocytes. Thymi were disaggre-
gated mechanically. Following the isolation of genomic DNA, 50 ng of tem-
plate was amplified with Taq polymerase (MBI/Fermentas) and a PTC-255
Peltier thermal cycler (MJ Research). Primers and conditions were as previ-
ously described (38, 51).

Reverse transcriptase and real-time PCRs. Total RNA was isolated from
sorted cell populations with Trizol (Invitrogen) and converted into cDNA using

Superscript III (Invitrogen). Quantitative real-time PCR reactions were per-
formed with SYBR green (Bio-Rad) and 2.5 �M gene-specific primers. For a list
of the primers, see Table S1 in the supplemental material. Reactions were run
and analyzed using an Applied Biosystems 7000 sequence detection system.

Statistics. Cellularity, cell percentages, and gene expression values were
analyzed by Student’s t test with one- or two-tailed analysis (as specified in the
figure legends). Data are means, and error bars show standard errors of the
means. When only two experiments were done, error bars show standard
deviations.

RESULTS

HEB deficiency allows conversion of DN3 precursors to a
DN1-like state. We (12) and others (9) have shown that HEB
deficiency inhibits T-cell development at the �-selection check-
point. However, the fate of the HEB�/� precursors that fail �
selection has not been previously determined. To address this
question, we monitored the kinetics of T-cell differentiation in
WT versus HEB�/� precursors using the OP9-DL1 coculture
system (41). Since the HEB-null allele is embryonic lethal, we
were restricted to using fetal progenitors. Timed matings were
set up between HEB�/� mice to obtain HEB�/� E14.5 fetal
livers, which contain the early hematopoietic progenitor cells
included within the LSK cell population. LSK cells were sorted
and cocultured with OP9-DL1 cells, which express the Notch
ligand Delta-like 1 and support T-cell development in vitro
(41). After 7 days of coculture, both WT and HEB�/� precur-
sors were passing through the DN2 and DN3 cell stages of
T-cell development (Fig. 1A). By day 11 of coculture, DN3 and
DN4 cells were present in WT cultures, and these cells ulti-
mately differentiated into DP cells (data not shown). HEB�/�

precursors, however, did not become DP cells (12). Moreover,
HEB�/� precursors did not generate DP cells in fetal thymic
organ culture or from fetal thymocytes cultured on OP9-DL1
cells (see Fig. S1A in the supplemental material). Instead,
HEB�/� precursors generated cells that phenotypically resem-
bled DN1 and DN4 cells (Fig. 1A) (see Fig. S1B in the sup-
plemental material).

To determine whether the DN1-like cells arose from an
expansion of the DN1 population present at day 7 or from
DN3 cells converting to a DN1-like phenotype, we sorted DN3
cells from day 7 cocultures and plated them on fresh OP9-DL1
cells (Fig. 1B). Seven days later, HEB�/� DN3 cells had given
rise to DN1-like and DN4-like cells, whereas the WT cultures
had mostly DN3 and DN4 cells (Fig. 1C). Therefore, a portion
of the DN1-like population in the HEB�/� cultures repre-
sented diverted DN3 precursors, indicating a potential defect
in T-lineage commitment. The intriguing emergence of the
DN1-like population from HEB�/� DN3 cells prompted us to
assess the cell surface expression of CD19, NK1.1, CD11b, and
TCR��. However, none of these lineage markers were ob-
served (data not shown).

DN1-like cells arise from HEB�/� DN3 cells with the TCR�
gene in a germ line configuration. To assess whether DN1-like
cells arose directly from DN3 cells that had undergone TCR�
gene rearrangements, we sorted DN3 cells from day 7 OP9-
DL1 cocultures, which were replated onto fresh OP9-DL1 cells
and cultured for 7 additional days (day 14). The DN3 cells
from day 7 cocultures and the DN1-like cells from day 14
cocultures (see Fig. S2A and S2B, respectively, in the supple-
mental material) were sorted, and a genomic PCR was per-
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formed to examine the rearrangement status of the TCR�
genes. While HEB�/� DN3 cells displayed D�-J� rearrange-
ments, the TCR� genes of the DN1-like cells were in germ line
configuration (Fig. 1D). It is worth noting that a small popu-
lation of DN1-like cells with germ line TCR� genes was also
generated in the WT cocultures. Therefore, the DN1-like pop-
ulation arose from DN3 cells that had not undergone TCR�
gene rearrangements.

Cells that fail � selection normally die by apoptosis. Since
HEB�/� cells cannot efficiently pass through � selection, we
assessed the percentages of apoptotic cells in the WT versus
HEB�/� cultures arising from sorted DN3 cells 7 days later.
However, we did not observe higher rates of apoptosis in
HEB�/� cultures, even between the DN4 populations (Fig.
1E), which presumably contained cells failing � selection. We
also observed no decrease in overall cell numbers (data not
shown). However, some of the DN4-like cells were likely in
transit toward becoming DN1-like, and the DN1-like cells in
HEB�/� cultures showed significant increases in survival (Fig.

1E). Therefore, it was possible that preferential survival of
HEB�/� cells without rearranged TCR� genes accounted for
the similar percentages of total DN live cells in HEB�/� and
WT cultures.

Complete diversion of HEB�/� Rag-1�/� precursors to the
DN1-like state. Our results suggested that the majority of
HEB�/� precursors with TCR� gene rearrangements died,
whereas those without rearrangements generated DN1-like
cells. To separate these two populations, we first used Rag-
1�/� precursors. Rag-1�/� cells lack recombination machinery
and therefore do not initiate gene rearrangements. Moreover,
they are fully blocked in development at the DN3 stage.
Hence, we bred HEB�/� Rag-1�/� mice to generate HEB�/�

Rag-1�/� embryos, and we cultured E14.5 fetal liver LSK cells
on OP9-DL1 cells for up to 15 days. By day 8 of the coculture,
most of the HEB�/� Rag-1�/� cells had become DN2- to
DN3-stage cells, while approximately 10% of the HEB�/�

Rag-1�/� cells remained at the DN1 stage, consistent with a
partial block in this transition (Fig. 1A and 2A) (48). At day 10,

FIG. 1. HEB deficiency allows conversion of DN3 precursors to a DN1-like state. E14.5 fetal liver cells were lineage (Lin [Ter119, Gr1, F4/80,
CD19, CD11b]) depleted and sorted for the Sca-1� c-kit� (LSK) cell population. LSK cells were cultured on OP9-DL1 cells in the presence of
5 ng/ml IL-7 and Flt3L. (A) Developmental progression to the DN stages was assessed at day 7 and day 11 of coculture. The cells were gated on
the Thy-1� populations. (B) Coculture-derived DN3 cells (CD27� CD4� CD8� CD44� CD25�) were sorted at day 7 and replated onto fresh
OP9-DL1 cells supplemented with 5 ng/ml IL-7 and Flt3L. (C) Developmental progression to the DN4 stage was assessed 7 days later.
(D) Genomic DNA was isolated from the OP9-DL1 coculture-derived DN3 cells (day 7 coculture; see Fig. S2A in the supplemental material) and
DN1-like cells (day 14 coculture; see Fig. S2B in the supplemental material) and used in analysis of TCR� D-J rearrangements by PCR. WT
(C57BL/6) thymocytes were used as a positive control, while Rag-1�/� thymocytes were used as a negative control. (E) Coculture-derived DN3
cells were sorted at day 7 and replated onto fresh OP9-DL1 cells supplemented with 5 ng/ml IL-7 and Flt3L. Seven days later, the cells were scored
for dying cells (DAPI� [4	,6	-diamidino-2-phenylindole-negative] annexin V�) and live cells (DAPI� annexin V�). Total DN (CD45� CD4�

CD8�), DN4 (CD45� CD4� CD8� CD44� CD25�) or DN1-like (CD45� CD4� CD8� CD44� CD25�) cell percentages are shown as means 

standard errors (n � 3 experiments). The star indicates statistical significance. P value, 0.045 for DN1-like live cells (two-tailed Student’s t test).
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however, it appeared that the HEB�/� Rag-1�/� DN3 cells
were downregulating CD25 and upregulating CD44 (Fig. 2B),
and by day 15, nearly all cells had adopted the DN1-like phe-
notype (Fig. 2C). Sorting and replating of HEB�/� Rag-1�/�

DN3 cells also produced the same population of DN1-like
cells, indicating that it was not merely an expansion of the
enriched DN1 population present early in the cultures (data
not shown). In contrast, the HEB�/� Rag-1�/� cells remained
primarily at the DN2 and DN3 stages of T-cell development.

Phenotypically, DN1-like cells resembled DN1 and DN2
intermediate stages of T-cell development, but they could not
give rise to T cells. To assess the molecular nature of these

cells, we sorted HEB�/� Rag-1�/� DN1-like cells and analyzed
the expression of several key lineage regulatory genes (46).
The mRNA levels of these genes in HEB�/� Rag-1�/� (DN1-
like DKO) were compared with the levels found in B cells,
myeloid cells, NK cells, and thymic DN1 cells (Fig. 2D). Levels
of Pax5, PU.1 and SpiB, which can bias cells toward alternative
lineages, were decreased in HEB�/� Rag1�/� DN1-like cells
compared to levels in the WT DN1 cells. E2A, Id2, and
GATA3 mRNA levels were similar in DN1 thymocytes and
DN1-like cells. Bcl11b and Notch1 expression, however, was
lower in DN1-like cells than in DN1 thymocytes. Therefore,
the molecular signature indicated that DN1-like cells were not

FIG. 2. Diversion of HEB�/� Rag-1�/� precursors to the DN1-like state reveals maintenance of GATA3 and Id2 expression. E14.5 fetal
liver-derived HEB�/� Rag-1�/� LSK cells were lineage depleted and cultured on OP9-DL1 cells as described in the legend to Fig. 1. (A to C)
Developmental progression was assessed at the indicated time points by flow cytometry. Lymphocytes were gated on the CD45� CD4� CD8�

fraction. (D) DN3 cells were sorted at day 7 of OP9-DL1 coculture and replated on OP9-DL1 cells to generate DN1-like cells. Seven days later,
DN1-like cells were sorted and used for RNA isolation. cDNA from DN1-like HEB�/� Rag-1�/� (DKO) cells was subjected to real-time
quantitative PCR analysis. DKO cells were compared with the DN1 cells isolated from a WT thymus (CD45� CD4� CD8� CD44� CD25�), B
cells (CD19�), myeloid cells (CD11b�), and NK cells (CD49b�). Samples were normalized to �-actin levels. All samples are shown on a log scale
relative to the DN1 thymus value, which was set to 1. Data are means 
 standard deviations (n � 2). (E) DN3 cells were sorted at day 7 of
OP9-DL1 coculture and used for RNA isolation. cDNA from HEB�/� Rag-1�/� and HEB�/� Rag-1�/� cells was analyzed by real-time
quantitative PCR. Samples were normalized to �-actin levels. Sample values are shown relative to that for HEB�/� Rag-1�/�, which was set to
1. Data are means 
 standard deviations (n � 2).
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the same as WT DN1 thymocytes and that they did not appear
to be turning into myeloid or B cells.

Since the DN1-like cells arose from the DN3 cells, we set out
to determine whether the expression of key T-lineage genes
was perturbed in sorted HEB�/� Rag-1�/� DN3 cells from day
7 cocultures (Fig. 2E). Expression of Notch1 mRNA was
slightly lower (data not shown). However, expression of
GATA3 mRNA was elevated in HEB�/� Rag-1�/� DN3 cells
compared to that in the control HEB�/� Rag-1�/� DN3 cells.
Interestingly, it has been previously shown that expression of
GATA3 is increased in the absence of E2A (28) and that E2A
decreases expression of GATA3 by upregulating Gfi1b (52).
We therefore assessed the expression of Gfi1b and found that
it was lower in HEB�/� Rag-1�/� DN3 cells than in the control
cells. Since this profile was similar to that for the E2A�/� cells,
we also examined the expression of additional E2A target
genes (28, 43). The level of expression of Xbp-1 was also
slightly lower in the HEB�/� Rag-1�/� cells than in the con-
trol, similar to the case for the E2A�/� cells. However, expres-
sion of Foxo1, which is induced by E2A, and that of Gfi1, which
is downregulated by E2A, were not perturbed in HEB�/�

Rag-1�/� cells. Therefore, while E2A and HEB share a subset
of target genes, E2A appears to regulate other genes indepen-
dently of HEB.

Loss of HEB does not perturb Rag-2 expression at the DN2
and DN3 stages. The molecular phenotype of DN1-like cells
arising from DN2- and DN3-stage cells in HEB�/� Rag-1�/�

cultures indicated that HEB might be involved in the mainte-
nance of T-lineage genes and in limiting survival of cells with-
out TCR� gene rearrangements. The germ line status of the
TCR� gene in DN1-like cells (Fig. 1D) suggested that Rag
activity may have been compromised in HEB�/� cells. To
further track the fates of HEB�/� DN3 cells, we used Rag-
2EGFP transgenic reporter mice (54). In these mice, the expres-
sion of the enhanced GFP (EGFP) transgene is driven by the
Rag-2 promoter, thus marking both DN and DP stages of TCR
rearrangement. HEB�/� mice were bred with Rag-2EGFP

transgenic mice, and HEB�/� Rag-2EGFP mice were mated to
obtain E14.5 HEB�/� Rag-2EGFP and HEB�/� Rag-2EGFP

fetal liver cells. LSK cells derived from these mice were cul-
tured on OP9-DL1 cells for 7 days, and DN subsets were
assessed for the expression of Rag-2-driven EGFP by using a
fluorescence-activated cell sorter (FACS).

The majority of the DN2 and DN3 cells in both WT and
HEB�/� cocultures expressed EGFP, confirming that Rag-2
was expressed appropriately in the majority of the HEB�/�

cells (Fig. 3A and C). Furthermore, sorted HEB�/� EGFP�

DN3 cells displayed D�-J� gene rearrangements, showing that
the recombination machinery in these cells was functional (Fig.
3B). The percentages of EGFP� cells in the DN1 and DN4
subsets varied somewhat between experiments. However, there
tended to be a lower percentage of EGFP� DN1 cells in the
HEB�/� background (Fig. 3C). The levels of cellularity of
DN3 EGFP� and EGFP� cells were similar between WT and
HEB�/� cells at day 7 of coculture (Fig. 3D).

Selective diversion of DN3 cells lacking Rag-2 expression to
the DN1-like state. To track the fate of cells that had or had
not expressed Rag-2 at the DN3 stage, we sorted EGFP� DN3
cells (Fig. 4A, green) and EGFP� DN3 cells (Fig. 4A, gray)
from day 7 WT and HEB�/� cocultures. These separated pop-

ulations were then placed in OP9-DL1 cocultures for 7 addi-
tional days to test their likelihood of becoming DN1-like. After
7 days in culture, the EGFP� DN3 cells (green) had given rise
to two populations, (i) those that maintained EGFP expression
(Fig. 4A, orange) and (ii) those that lost EGFP expression
(Fig. 4A, teal). The EGFP� DN3 cells had also given rise to
two populations, (i) those that gained EGFP expression (Fig.
4A, pink) and (ii) those that remained EGFP� (Fig. 4A,
black).

We first examined the modulation of EGFP expression in
cultures arising from sorted DN3 cells. About half of the
EGFP� sorted WT cells maintained EGFP, whereas the ma-
jority of the equivalent HEB�/� population lost EGFP (and
thus Rag-2) expression (Fig. 4B, Progeny of EGFP� parent).
Next, we examined EGFP expression in cultures derived from
EGFP� DN3 cells (Fig. 4B, Progeny of EGFP� parent). Ap-
proximately 20% of the WT cells upregulated EGFP, consis-
tent with the progression to the DP stage (Fig. 4D). However,
the majority of the cells derived from EGFP� DN3 cells re-
mained EGFP� (Fig. 4B). None of the HEB�/� DN3 cells
developed to the DP stage (Fig. 4D), as expected.

We next determined the percentages of DN1-like cells aris-
ing in these cultures. Only small percentages of EGFP� DN3
cells that maintained EGFP developed into DN1-like cells,
with or without HEB (Fig. 4C, orange). However, approxi-
mately 40% of the HEB�/� cells that had downregulated
EGFP became DN1-like (Fig. 4C, teal), indicating an in-
creased likelihood of EGFP� DN3 cells losing T-lineage iden-
tity in the absence of HEB. Cells that gained EGFP expression
(Fig. 4C, pink) were also more likely to become DN1-like when
HEB was absent. Nearly all the cells in the HEB�/� cultures
derived from EGFP� cells that remained EGFP� became
DN1-like (Fig. 4C, black). Interestingly, WT DN3 cells lacking
EGFP expression also survived and developed into DN1-like
cells (Fig. 4C, black), suggesting that they are normally inhib-
ited from proliferating by T-cell precursors (Fig. 1 and 2).

Notch1 signaling is defective in HEB-deficient cells. HEB
and E2A are known regulators of the Notch1 receptor (53),
and our results suggested that the expression and/or function
of Notch1 might be compromised in HEB�/� DN3 cells. We
therefore sorted EGFP� (Fig. 4A, green) and EGFP� (Fig.
4A, gray) DN3 cells from HEB�/� cultures, and EGFP� DN3
cells from WT cultures, at day 7 of coculture and compared
their gene expression profiles (Fig. 5A). Notch1 expression was
slightly lower in HEB�/� EGFP� and HEB�/� EGFP� DN3
cells than in WT cells. However, the Notch1 target genes
Notch3 and Deltex1 were expressed at significantly lower levels
in the HEB�/� EGFP� cells, suggesting that Notch1 signaling
was defective. pT�, a known target of HEB and Notch1 sig-
naling, was also significantly lower in HEB�/� EGFP� DN3
cells. GATA3 and lck (data not shown) were expressed in these
DN3 cells, consistent with a T-lineage program. Furthermore,
the transcript levels of GATA3 were significantly higher in
HEB�/� EGFP� DN3 cells than in WT DN3 cells (Fig. 5A).
The expression of Id2 was not perturbed, while the expression
of PU.1, C/EBP�, and Pax5 remained low (data not shown).
WT EGFP� cell numbers were not consistently high enough to
perform gene expression analysis; however, a preliminary char-
acterization revealed patterns of expression similar to those of
the HEB�/� EGFP� DN3 cells (data not shown).
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Constitutively active Notch signaling restores T-lineage fi-
delity. These results revealed that Notch1 expression and sig-
naling were affected by the loss of HEB. Therefore, we as-
sessed whether commitment to the T-cell lineage could be
rescued by the enforced expression of constitutively active in-
tracellular Notch1 (ICN). Day 7 cocultures were transduced
with either MigRI-control or MigRI-ICN retroviral constructs,
and GFP� transduced cells were sorted and replated on OP9-
DL1 cells. Eight days later, the cocultures were assessed by
flow cytometry for their developmental progression to the DN
and DP stages (Fig. 5B and C). As expected, WT GFP� cells
from either control- or ICN-transduced cultures had pro-
gressed to the DN4 and later stages of T-cell development,

whereas HEB�/� cells did not differentiate to the DP stage,
even in the presence of ICN (Fig. 5C). HEB�/� cells trans-
duced with control constructs generated DN1-like cells as ex-
pected; however, HEB�/� cells expressing ICN did not (Fig.
5B). Furthermore, HEB�/� cells that had downregulated GFP
expression, and hence downregulated ICN expression, did ac-
quire a DN1-like phenotype, indicating that sustained Notch1
signaling was required to maintain T-lineage fidelity. Overall,
our results indicate that Notch1 signaling is perturbed in
HEB�/� T-cell precursors, and this failure contributes to the
loss of T-lineage identity and commitment.

HEB-deficient DN3 cells depend on IL-7 for survival. Our
results showed that both WT and HEB�/� T-cell precursors

FIG. 3. Loss of HEB does not perturb Rag-2 expression at the DN2 and DN3 stages. (A) Day 7 of LSK culture on OP9-DL1 cells. Lymphocytes were
gated on the CD45� CD4� CD8� cells. Transgenic EGFP expression is driven by the Rag-2 promoter. (B) Genomic DNA was isolated from the
OP9-DL1 coculture-derived WT and HEB�/� EGFP� DN3 cells and used in analysis of TCR� D-J rearrangements by PCR. C57BL/6 thymocytes were
used as a positive control, while Rag-1�/� thymocytes were used as a negative control. (C) Percentages of EGFP� DN subsets obtained from WT and
HEB�/� cells at day 7 of OP9-DL1 cocultures. Data are means 
 standard errors of the means (n � 4). (D) Cell numbers of EGFP� and EGFP� DN3
cells at day 7 of OP9-DL1 cocultures. Data are means 
 standard errors of the means (n � 4). WT, HEB�/�; KO, HEB�/�.
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FIG. 4. Selective diversion of DN3 cells lacking Rag-2 expression to the DN1-like state. (A) Schematic representation of the Rag-2-driven
EGFP expression in Rag-2EGFP T-cell precursors (as shown in Fig. 3). E14.5 fetal liver LSK cells were cultured on OP9-DL1 cells for 7 days to
generate DN3 cells. Sorted EGFP� (green circle) and EGFP� (gray circle) DN3 cells were cultured separately on OP9-DL1 cells supplemented
with 5 ng/ml IL-7 and Flt3L for an additional 7 days. The progenies of these cells were detected by flow-cytometric analysis. Orange circle, EGFP�

cells arising from the EGFP� cells. Teal circle, EGFP� cells arising from the EGFP� cells. Pink circle, EGFP� cells arising from the EGFP� cells.
Black circle, EGFP� cells arising from the EGFP� cells. (B) Percentages of total EGFP� and EGFP� cells arising from the day 7 sort.
(C) Percentages of DN1-like cells within the populations defined in panel A. (D) Percentages of DP cells within the populations defined in panel
A. For data shown in panels B to D, error bars show standard deviations (n � 2). WT, HEB�/�; KO, HEB�/�.
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are capable of giving rise to DN1-like cells but that only
HEB�/� DN1-like cells persist and accumulate in the fetal
thymus (see Fig. S1B in the supplemental material). Enhanced
proliferation and IL-7 dependence have been reported for
HEB�/� E2A�/� thymocytes (50). Therefore, we assessed
whether the emergence and survival of the DN1-like popula-
tion was dependent on IL-7. HEB�/� Rag-1�/� and HEB�/�

Rag-1�/� LSK cells were placed in OP9-DL1 cocultures for 7
days, and DN3 cells were sorted and cultured in media with or
without IL-7 for 4 days. Consistent with a previous report (14),
HEB�/� Rag-1�/� DN3 cells did not survive upon withdrawal
of Notch-DL signals whether IL-7 was present or absent (Table
1). In contrast, HEB�/� Rag-1�/� DN3 cells survived, but only
in the presence of IL-7. Importantly, DN3 cells were still di-
verted to the DN1-like state.

The persistence of DN1-like cells in vitro is in contrast to a
previous finding (9) that HEB�/� DN cells remained predom-
inantly at the DN3 stage. To assess whether this difference was
due to the presence of a well-defined thymic structure, we
injected coculture-derived DN3 cells into the thymus of sub-
lethally irradiated recipients. Seven days later, the thymi were
assessed for the presence of DN1 and DN4 cells (see Fig. S3 in
the supplemental material). In agreement with results reported
by Barndt et al. (9), DN1 cells did not accumulate in the
postnatal thymus. This is consistent with the restricted avail-
ability of IL-7 in the cortex of the adult thymus (55). In con-
trast, the abundance of IL-7 in the fetal thymus (55) and
OP9-DL1 cocultures would have supported the emergence and
persistence of DN1-like cells in vitro.

HEB�/� DN1-like cells generate thymic NK cells. In addi-
tion to playing an essential role in T-cell development, GATA3
has been implicated in thymic NK (tNK) cell development
(47). The generation of tNK cells is strictly dependent on
GATA3 and IL7R�. We therefore assessed the ability of DN1-
like cells to become tNK cells by culturing them on OP9-GFP
cells with tNK cell cytokines. Since HEB�/� Rag-1�/� cultures

failed to produce a robust DN1-like population (as shown in
Fig. 2A to C), we were unable include them in these experi-
ments. By day 4 of coculture, DN1-like cells began to upregu-
late CD122, an immature NK cell marker (data not shown),
while by day 7, approximately 50% of the cells expressed
CD122 (Fig. 6B). Moreover, by day 10 of coculture, 70% of the
cells had upregulated DX5, a mature NK cell marker (Fig. 6A).
The DX5� cells also expressed high levels of IL7R�, qualifying
them as tNK cells. We also assessed tNK cell development in
FTOC without the addition of exogenous cytokines (Fig. 6C).
HEB�/� Rag-1�/� FTOC contained approximately 18% NK
cells, which is appropriate for the Rag-deficient background
(31). In contrast, HEB�/� Rag-1�/� FTOC had approximately
75% NK cells. IL7R� levels were intermediate in both cul-
tures. These results show that although there is some residual
tNK potential in HEB�/� Rag-1�/� cells, tNK potential is
greatly enhanced in the absence of HEB.

To further verify the NK cell phenotype, DN1-like HEB�/�

Rag-1�/� cells were cultured on OP9-GFP cells with tNK
cytokines for up to 10 days. At day 7, nearly all of the stromal
cells were killed in cocultures containing DN1-like cells (Fig.
6D), suggesting that NK cells were already in an activated
state. Furthermore, we assessed the culture medium for the
presence of inflammatory cytokines. NK cells in our cocultures
produced gamma interferon (IFN-�), tumor necrosis factor
alpha (TNF-�), and granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) (Fig. 6E), consistent with the tNK cell
phenotype as defined in a previous report (47).

DISCUSSION

Previously, E-box factors have been shown to reinforce mul-
tiple T-cell checkpoints. E2A deficiency led to inappropriate
traversal through � selection (20), whereas dual E2A and HEB
deficiencies resulted in altered CD4� and CD8� SP cell de-
lineation (20, 29). HEB deficiency, in contrast, inhibited T-cell
development at the �-selection checkpoint (12). Herein, we
show that HEB is critical for early T-cell development. HEB
deficiency in DN3 cells resulted in two separate phenomena.
First, the lack of HEB permitted the escape from death in cells
without DNA rearrangements. Second, cells lacking HEB re-
tained lineage plasticity and were able to develop into tNK
cells. Therefore, our studies have revealed specific roles for
HEB factors in the maintenance of T-cell identity and the
commitment to the T-lineage fate.

Prior to passing the pre-TCR signaling checkpoint, wild-type
DN cells survive via a cytokine-dependent pathway. At the
pre-TCR checkpoint, however, wild-type DN3 cells not res-
cued by pre-TCR signaling die by p53-induced cell death (24).

FIG. 5. Constitutively active Notch signaling restores T-lineage fidelity in HEB�/� cells. (A) LSK cells from HEB�/� Rag-2EGFP and HEB�/�

Rag-2EGFP fetal livers were cultured on OP9-DL1 cells for 7 days. Lymphocytes were gated on the CD45� CD4� CD8� fraction and sorted for
the EGFP� and EGFP� DN3 cells, which were used in real-time quantitative reverse transcription-PCR (RT-PCR) analysis. Data are means 

standard errors of the means (n � 3). Stars indicate statistical significance. The P values were 0.0351 for Notch3, 0.0315 for pT�, and 0.0001 for
GATA3 (one-tailed Student’s t test). WT, HEB�/�; KO, HEB�/�. (B) Day 7 cocultures were transduced with either MigRI-control or MigRI-ICN
constructs and incubated overnight. The next day, CD45� GFP� cells were sorted and cultured on OP9-DL1 cells with 5 ng/ml IL-7 and Flt3L for
an additional 7 days. GFP� and GFP� lymphocytes were gated on the CD45� CD4� CD8� fraction. (C) Progression to the DP and SP stages was
assessed at day 19 of coculture. Lymphocytes were gated on the GFP� fraction. Data are representative of results of two independent experiments.

TABLE 1. Percentages of cells on day 4 of culture
with or without IL-7

Cell type

% cells at indicated stage on day 4a

DN4-like DN1-like

�IL-7 �IL-7 �IL-7 �IL-7

HEB�/� Rag�/� — — — —
HEB�/� Rag�/� — 64.3 
 11.2 — 35.7 
 11.2

a Shown are results 
 standard deviations for cultures with or without IL-7.
DN4-like cells, CD27� CD4� CD8� CD44� CD25�; DN1-like cells, CD27�

CD4� CD8� CD44� CD25�; �IL-7, without IL-7; �IL-7, with IL-7; —, none
surviving.
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We have previously shown that HEB�/� cells are defective at
pre-TCR signaling (12). Since DN3 cells lacking HEB were
capable of rearranging TCR� genes, hence introducing DNA
damage, this is likely a pathway by which a majority of the
HEB�/� DN3 cells died. However, very little is known about
the pathways that induce cell death in DN3 cells without gene
rearrangements. One pathway by which such cells may be elim-
inated in the thymus involves the activity of FoxO3a, which
upregulates Bim to induce apoptosis (34). This pathway would
provide an additional quality-control step to ensure that only
appropriate DN3 cells survive and compete for the limited
thymic niches. However, HEB�/� DN3 cells still managed to
escape death, even in the absence of DNA breaks. Therefore,
it is plausible that HEB�/� DN3 cells might have circumvented
the FoxO3a pathway by signaling through IL7R, which en-
hances survival through upregulation of Bcl-2 (1). Since careful
balance of the proapoptotic and antiapoptotic factors is known
to ensure proper selection of developing cells, it is possible that
Bcl-2 levels were sufficiently high to allow survival of HEB�/�

DN3 cells. Whether HEB factors directly regulate the expres-
sion of FoxO3a and/or Bcl-2 family members warrants further
investigation.

HEB�/� cells were dependent on IL-7 for survival. While
PU.1 is required for IL7R expression in B-cell precursors (18),
the transcription factors modulating IL7R� expression in T
cells are still largely unknown. IL7R� is upregulated at the
transition from DN1 to DN2 and then is downregulated at the
transition from DN3 to DN4. Recently, IL7R� expression was
found to be upregulated by Notch1 signaling in human T-cell
development (23). This may be the case for mouse T lympho-
poiesis as well, since the CSL/RBP-J� site in the IL7R� regu-
latory region is well conserved (23). E2A and HEB may also be
involved in the induction of IL7R� expression. E2A�/� mice
displayed a partial block at the transition from DN1 to DN2
(7), and fetal thymocytes from E2A�/� mice exhibited a dose-
dependent decrease in expression of IL7R� (28). On the other
hand, the hyperproliferation observed for E2A�/� HEB�/�

DN3 cells in response to IL-7 suggests that one or both of these
factors may exert negative regulatory control on IL7R or its
signaling components (50). Our results suggest that HEB alone
antagonizes IL7R-dependent survival across � selection.
Therefore, Notch1 and E proteins may provide positive signals
for IL7R� expression during the DN2 stage, whereas the DN3
stage may require negative regulators to be activated down-
stream of E proteins to turn off IL7R� expression and render
DN3 cells dependent on pre-TCR signaling.

While our studies showed that HEB factors may be involved
in the regulation of survival, they have also revealed indepen-

FIG. 6. HEB�/� Rag-1�/� DN1-like cells have the potential to
generate tNK cells. (A and B) DN1-like cells were generated from
sorted DN3 cells plated onto OP9-GFP cells and incubated with 5
ng/ml IL-7 and 20 ng/ml IL-15. Upregulation of DX5, IL7R�, and
CD122 was monitored 7 and 10 days later by flow cytometry. Lympho-
cytes were gated on the CD45� fraction. (C) Intact E14.5 fetal thymic
lobes were cultured in fetal thymic organ culture for 7 days. Develop-
ment of NK cells was assessed by flow cytometry. The plots were gated

on the CD45� fraction. (D) Pictures of HEB�/� Rag-1�/� DN1-like
cells cocultured with OP9-GFP cells were taken at �10 magnification,
using an Axiovert 25 microscope and AxioVisionLE software at day 7.
The top picture shows a healthy stromal monolayer at day 7 of cocul-
ture, while the bottom picture displays NK cells and disintegrated
stromal cells. (E) Culture medium from day 7 of HEB�/� Rag-1�/�

DN1-like cell coculture with OP9-GFP cells (as shown in panel D) was
subjected to cytokine profiling. Culture medium collected at day 7 of
OP9-GFP culture (as shown in panel D) provided background signals.
Data are means 
 standard deviations of duplicate readings.
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dent roles for HEB in the proper execution of a T-cell pro-
gram. Many T-cell genes, such as the lck, GATA3, and TCR�
genes, were expressed in HEB�/� DN3 cells (12). This sug-
gests that every effort was made to turn on genes associated
with an early T-cell developmental program. However, Notch1
signaling was impaired in HEB�/� DN3 cells. Consistent with
a role for HEB in regulating Notch1, Id overexpression has
been shown to inhibit Notch1 signaling (49) and influence the
T/NK cell fate decision (42). Furthermore, Notch1 signaling is
critical for expression of Bcl11b, which reduces NK cell poten-
tial (27, 32, 33). In a different study, E-box elements in the
regulatory region of Notch1 were responsive to both E2A and
HEB factors and Id3-mediated repression of E-protein activity
was shown to be responsible for downregulation of Notch1
receptor expression at the �-selection checkpoint (53). More-
over, Notch1 transcript levels were reduced in a dose-depen-
dent manner in E2A�/� lymphoid cell-primed multipotent
progenitors (19). Therefore, these studies combined indicate a
critical role for HEB and E2A in Notch1 function during early
T-cell development.

Our results suggest that one role of HEB factors could be to
maintain appropriate levels of GATA3 during early T-cell de-
velopment. GATA3 overexpression has been previously shown
to abort T-cell development (4) and to be linked to Notch1
downregulation, which redirected cells into the mast cell lin-
eage when an appropriate inductive environment was provided
(44). In addition, GATA3 is also expressed in thymic NK cells
(47). Our results support a model in which HEB restricts
thymic NK cell potential by limiting the expression of both
GATA3 and IL7R�. Interestingly, the expression patterns of
GATA3 and IL7R� overlap during DN2 and DN3 stages of
early T-cell development. While GATA3 expression persists
throughout T-cell development, IL7R� is downregulated by
the DN4 stage (46). Hence, their timely intersection would
suggest that thymic NK cells and T cells can be generated in
equivalent proportions from a bipotent T/NK cell precursor.
However, HEB expression, as well as limited IL-7 availability
within a thymus, may shift the balance in favor of T-cell over
tNK cell generation. Indeed, injection of DN3 cells lacking
HEB directly into the thymus suppressed the outgrowth of NK
and DN1-like cells. Further work will be necessary to deter-
mine whether any of the genes that are perturbed in the ab-
sence of HEB, such as the GATA3 or IL7R� genes, are direct
targets of HEB.

It is intriguing that no B cells, DC, or mast cells were gen-
erated from HEB�/� cells, particularly since perturbations in
Notch1 signaling have led to the generation of B cells and DC
in the thymus (21, 37). One possible explanation is that even a
low level of Notch1 signaling coupled with a high level of
GATA3 expression was sufficient to interfere with the expres-
sion of the key regulators of alternative lineages. Another
possibility is that the regulatory regions of the Pax5, SpiB, and
PU.1 genes were permanently silenced or that lineage-specific
cytokine receptors were downregulated even in the absence of
HEB. Our results thus indicate that a decrease in Notch1
signaling is not the sole consequence of HEB deficiency.

We therefore propose a working model of interactions be-
tween E2A, HEB, Notch1, and GATA3 at the DN3 stage of
T-cell development as shown in Fig. 7. Both HEB and E2A
positively regulate Notch1 expression, whereas Delta-Notch1

signaling, in turn, induces the expression of HEBAlt (48).
Previous studies have shown that E2A negatively regulates
GATA3 by inducing Gfi1b (52). Here, we provide the first
evidence that HEB also provides a negative input for GATA3
expression. HEB-deficient cells also have decreased levels of
Gfi1b, suggesting that HEB may downregulate GATA3 indi-
rectly through Gfi1b. HEB may also regulate GATA3 directly,
but more work is needed to assess this possibility. Interestingly,
neither E2A nor HEB can compensate for the loss of the
other, suggesting that the proper regulation of GATA3 expres-
sion is dependent on the total dosage of E proteins or on the
presence of E2A/HEB heterodimers. One possibility is that
HEBAlt is uniquely required to prevent diversion to the tNK
cell lineage. However, our preliminary analysis of the HEB�/�

Rag-1�/� precursors carrying an HEBAlt transgene under the
control of the lck promoter indicated that the HEBAlt trans-
gene alone was unable to fully suppress tNK cell potential
(unpublished observation). This is in contrast to its ability to
rescue T-cell development to the DP stage (12) and suggests
unique roles for HEBCan in early T-cell development. Overall,
our study reveals that HEB factors ensure appropriate survival
and limited hematopoietic lineage choice in the thymus. Fur-
thermore, it provides strong evidence for an intimate link
among GATA3, Notch1, and HEB factors in regulating the
developmental program leading to the generation of T cells.
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FIG. 7. Model of proposed HEB, GATA3, and Notch1 interac-
tions. Both HEB and E2A positively regulate Notch1 expression,
whereas Notch1-DL signaling, in turn, induces the expression of
HEBAlt. These interactions establish a positive-feedback loop be-
tween HEB and Notch1-DL signaling. E2A negatively regulates
GATA3 indirectly through Gfi1b. HEB also provides a negative
input for GATA3 expression, possibly through Gfi1b. Neither E2A
nor HEB can compensate for the loss of the other for the proper
regulation of GATA3. In the absence of HEB, Gfi1b expression is
decreased and GATA3 expression is increased, while the expression
of Notch1 target genes (arrow pointing to ICN) is decreased. Green
arrow, positive regulation; red blunt arrow, negative regulation;
dashed blunt arrow, partial inhibition; gray arrows, disrupted con-
nections in the absence of HEB.
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