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Complete inhibition of E protein transcription factors by Id1 blocks the developmental transition of
CD4/CD8 double-negative 1 (DN1; CD44* CD257) thymocytes to the DN2 (CD44* CD25™) stage. To under-
stand the underlying mechanisms, we observed that mRNA levels of Deltex1, as well as Deltex4, were dramat-
ically elevated in Id1-expressing thymocytes, which could result in developmental arrest by attenuating Notch
function. In support of this hypothesis, we found that Deltex1 ablation enabled Id1-expressing progenitors to
differentiate to the DN3 (CD44~ CD25™) stage, which was accompanied by enhanced Notchl expression in
T-cell progenitors. Consistently, constitutive activation of Notchl drove the differentiation of Id1-expressing
progenitors to the DN3 stage. Furthermore, we showed that Gfilb levels decreased, whereas GATA3 levels
increased in Id1 transgenic thymocytes. When overexpressed, GATA3 was able to upregulate Deltex1 tran-
scription. Thus, T-cell commitment may be controlled by the interplay among E proteins, Gfilb, and GATA3
transcription regulators, which influence Notch function through the expression of Deltexl.

T-lineage cells differentiate from multipotent progenitors
that migrate from the bone marrow to the thymus (40, 41, 52).
These progenitors exhibit a phenotype of CD4~ CD8™ c-kit™*
CD44* CD25 and are generally classified into the CD4 and
CD8 double-negative 1 subset (DN1) (3, 14). Upon T-lineage
commitment, DNT1 cells progress to the DN2 stage by express-
ing CD25 on the cell surface, and this process is thought to be
independent of pre-T-cell receptor (pre-TCR) function. Rear-
rangement of the TCR B-chain gene takes place at the DN2
(CD44" CD25") and DN3 (CD44~ CD25™") stages and allows
the formation of pre-TCRs, consisting of TCRB and pre-
TCRa (13, 33). The survival and expansion of DN3 and DN4
(CD44~ CD257) T cells and their subsequent differentiation
to the CD4 and CDS8 double-positive stage (DP) are driven by
pre-TCR signaling, whereas the maturation of DP T cells to
CD4 or CD8 single-positive (SP) stages is controlled by recep-
tors made of TCRa and TCR (17, 26).

Although TCR signaling plays crucial roles in T-cell devel-
opment, signaling from Notch receptors is essential at the
initial stages of T-cell commitment (2, 30). The Notch family
consists of four members, Notch1 to -4. Upon binding to their
ligands, Delta-like (DL) and Jagged, Notch receptors are ac-
tivated by proteolytic cleavages that result in the release of
their intracellular domain, which translocates into the nucleus
and acts as a transcription coactivator by binding to its DNA-
binding partner, RBP-J (5, 47). Among the members of the
Notch family, Notch1 appears to play a nonredundant function
at the early stages of T-cell development. Upregulation of
Notchl occurs in a subset of DN1 cells, classified as ETP or
DNl1a/-b, which are thought to be robust T-cell progenitors
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(37, 42). Notchl1 levels peak at the DN3 stage and decrease in
the DP or SP stages (41, 42, 49). Consistent with this pattern of
expression, the loss of Notchl results in the arrest of T-cell
development at the DN1 stage (39). Likewise, disruption of the
gene encoding its DNA-binding partner, RBP-J, causes a sim-
ilar block in differentiation (15).

The molecular mechanism by which Notch signaling governs
T-cell commitment and differentiation remains largely elusive
and probably involves the coordinated expression of a growing
number of genes that have been identified as targets of Notch
(31). Among these genes, Hes1 and Deltex1 are widely used as
indicators of Notch activity (11, 22). While ablation of Hesl
has effects similar to those of Notchl deficiency (48), mutation
of the Deltex genes does not cause any abnormalities in T-cell
development (28, 44). However, overexpression of Deltex1 has
been shown to antagonize the function of Notchl with regard
to T-cell development (21, 56). Deltex1 expression blocks T-
cell differentiation in fetal organ cultures and in bone marrow
transplant recipients, while allowing B cells to develop. These
consequences are analogous to the situation when Notchl is
inducibly deleted (39, 51). The inhibitory effect of Deltex1 is
thought to be mediated by its ability to interfere with the
transcriptional activity of Notch (21). Therefore, it appears
that a negative feedback loop is in place to modulate Notch
function, i.e., upregulation of Deltex1 by Notch signaling could
eventually lead to inhibition of Notch function. This would also
prevent a positive feedback control of the transcription of the
Notch1 gene, which itself is stimulated by Notch signaling (12,
50). In addition, Deltex] expression might be influenced by
other regulatory mechanisms, and this could have a direct
impact on Notch function (19).

The early stages of T-cell development are also regulated by
a variety of transcription factors. For example, the function of
GATAS3 is essential for the earliest stages of T-cell develop-
ment, because GATA3 deficiency prevents the formation of
any T-lineage cells (16, 46). However, overexpression of
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GATA3 also blocks the initiation of T-cell differentiation (4),
suggesting that an optimal level of GATA3 activity is crucial
for T-cell commitment. A cross talk between GATA3 and the
Notch signaling pathway has been exemplified by the effect of
GATA3 on the expression of several Notch target genes, such
as Hesl and Notchl (41).

Another family of transcription factors involved in the early
stages of T-cell development consists of the basic helix-loop-
helix E proteins, including the products of the E2A and HEB
genes (27, 34, 45). Germ line mutation of the E2A or HEB
gene leads to partial developmental blocks beginning at the
DN1-to-DN2 transition, as well as additional abnormalities
during T-cell maturation (6, 9, 54). Moreover, when the func-
tion of both E2A and HEB proteins is abolished by Id1, which
inhibits the DNA-binding activity of E proteins, the differen-
tiation of DN1 cells is almost completely arrested, suggesting
that E2A and HEB are indispensable for T-cell commitment
(24, 25, 55). Although E2A has been suggested to regulate the
expression of Notchl, it is not clear if E2A directly activates
Notchl transcription at the DN1 stage (20). Interestingly, E2A
is also shown to be responsible for the expression of a tran-
scriptional repressor, Gfilb, which prevents GATA3 expres-
sion (53). Therefore, it is possible that aberrant upregulation
of GATA3 in the absence of E protein function may contribute
to the developmental arrest at the DN1-to-DN2 transition.

Here, we provide evidence to suggest that loss of E protein
function as a result of Id1 expression leads to precocious ex-
pression of Deltex1, which could interfere with the function of
Notchl in promoting T-cell commitment and differentiation.
In support of this notion, null mutation of the Deltex1 gene in
Id1 transgenic mice facilitated the differentiation of T-cell pro-
genitors in vivo and in culture, which was accompanied by an
upregulation of Notch1 expression in these cells. Consistently,
the expression of a constitutively active form of Notch1 enables
Id1 transgenic cells to differentiate to the DN3 stage. In ex-
ploring the mechanism of aberrant Deltexl expression, we
found that Gfilb levels were reduced, whereas GATA3 levels
were elevated, in T-cell progenitors of Id1 transgenic mice and
that GATA3 overexpression was capable of increasing the lev-
els of Deltex] mRNA in multipotent progenitors. Taking these
results together, we propose a regulatory network that controls
T-cell commitment and differentiation. This involves E pro-
tein-mediated modulation of Gfilb and GATA3 levels, which
in turn prevents precocious expression of Deltex1, thus ensur-
ing optimal Notch function for T-cell commitment.

MATERIALS AND METHODS

Mice. C57BL/6 mice were originally obtained from Jackson Laboratories (Bar
Harbor, ME). Id1 transgenic mice in the FVB/N background, called 1d1-28, in
which expression of the Id1 ¢cDNA is driven by a T-cell-specific proximal pro-
moter of the Ick gene, were previously described (24). These mice were also
backcrossed onto the C57BL/6 background for at least 10 generations. Del-
tex1 ™/~ mice were kind gifts from M. J. Bevan (Department of Immunology and
Howard Hughes Medical Institute, University of Washington, Seattle, WA) (28).

Transplant assays. Transplantation experiments were conducted as previously
described (36). Briefly, B6-CD45.1 Thyl.1 recipient mice were preconditioned
with 6.5 Gy in a Mark I gamma irradiator using a '¥’Cs source (J. L. Shepard &
Associates, Glendale, CA). One and 10 million whole bone marrow cells from
wild-type B6-CD45.2 Thyl.1 and homozygous Id1 transgenic (Id1'¢'€) B6-
CD45.2 Thyl.2 mice, respectively, were mixed and injected intravenously into
irradiated recipients. Three weeks after transplantation, thymocytes from the
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recipients were evaluated by gating on donor marker CD45.2, as well as different
Thyl markers specific for wild-type and Id1 transgenic donors.

Cell enrichment, analytical flow cytometry, and cell sorting. For all experi-
ments, cell collection and staining were conducted using Hanks balanced salt
solution supplemented with 5% fetal calf serum. After staining with appropriate
antibodies, dead cells were excluded based on propidium iodide incorporation
(Molecular Probes, Eugene, OR). Analysis of cell surface phenotypes was per-
formed on an LSRII cytometer (BD Immunocytometry, San Jose, CA). Cell
sorting was performed using a MoFlo (Beckman Coulter, Fullerton, CA) or
FACSAria flow cytometer (BD Immunocytometry), and the purity was generally
over 95% based on postsort analyses. The results were analyzed using the FlowJo
program (Tree Star, Inc., San Carlos, CA). Lineage-negative thymocytes were
enriched through immunomagnetic depletion as previously described (36).
Briefly, thymocytes were first labeled with rat immunoglobulin against CD4,
CDS, and B220, which was followed by incubation with BioMag anti-rat immu-
noglobulin-conjugated magnetic particles (Qiagen, Valencia, CA).

Antibodies purchased from BD Pharmingen (San Diego, CA) included anti-
CD3e (145-2C11), anti-CD4 (GK1.5), anti-CD8 (53-7.3), anti-TCRyd (GL3),
anti-B220 (RA3-6B2), anti-CD11b (Mac-1; M1/70), anti-Ly6G (1AS8), anti-
CD11c (HL3), anti-NK1.1 (PK136), anti-CD19 (1D3), anti-CD45.2 (104), anti-
Thyl.1 (OX-7), anti-Thyl.2 (53-2.1), and anti-CD49b (DXS5). These antibodies
were conjugated with phycoerythrin (PE), fluorescein isothiocyanate, allophyco-
cyanin (APC), APC-Cy7, or biotin. Biotin-conjugated antibodies were revealed
with either PE-Texas red-streptavidin or APC-Cy7-streptavidin. Additionally,
PE-Cy5.5-conjugated anti-CD44 (1M7), PE-Cy5-conjugated anti-CD24 (M1/69),
and APC-Cy7-conjugated anti-CD25 (PC61), used to define the subpopulations
within DN thymocytes, were from eBioscience, San Diego. CA.

Coculture of progenitor and stromal cells. OP9 stromal cells transduced with
vector or DL1-expressing retroviruses were maintained as previously published
(43). Sorted DN1 or DN1’ cells (see Results) were seeded into 24-well tissue
culture plates containing a near-confluent monolayer of stromal cells. Alpha
medium (Invitrogen, Carlsbad, CA) was supplemented with 1 ng/ml of interleu-
kin-7 (IL-7) and 5 ng/ml of Flt-3 ligand (FIt-3L) (R&D Systems, Minneapolis,
MN). The coculture system was maintained by refreshing half the volume of the
medium every 3 to 4 days and transferring cells to a new stromal monolayer every
6 to 7 days. Cocultured cells were harvested at desired time points by forcefully
pipetting and filtering the resulting cell suspension. Contaminated stromal cells,
usually representing less than 5% of the total, were excluded based on forward
and side scatter characteristics in flow cytometric analyses.

Retroviral transduction. The Phoenix-E packaging cell line was cultured in
Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum and trans-
fected with retroviral constructs using the calcium phosphate precipitation
method in the presence of 25 uM chloroquine. The Notchl intracellular domain
(Notch1-IC) and GATA3-expressing retroviral constructs were kind gifts from
Warren S. Pear (University of Pennsylvania) and José Alberola-Ila (Oklahoma
Medical Research Foundation), respectively. The cultures were given fresh me-
dium 8 and 20 h after transfection. Viral stocks were collected by harvesting
culture supernatants 44 h after transfection. To transduce 1d1'¢'s DN1’ cells,
cells were stimulated with 5 ng/ml of both FIt-3L and IL-7 in Alpha medium
overnight. Spin infection was performed by centrifugation at 2,000 rpm for 90
min at room temperature in retroviral stocks supplemented with polybrene at a
final concentration of 4 wg/ml. After incubation at 37°C for 6 h, cells were seeded
with stromal cells in fresh medium.

For bone marrow progenitors from 5-fluorouracil (5-FU)-treated mice, cells
were cultured in Alpha medium containing 20 ng/ml of each stem cell factor,
Flt-3L and thrombopoietin (R&D Systems), for 3 h. Spin infection was then
performed in the presence of 8 pug/ml Polybrene. After incubation at 37°C for
12 h, a second round of spin infection was carried out and followed by incubation
at 37°C for 8 h. Transduced progenitor cells were sorted 24 h after the second
infection.

Real-time quantitative reverse transcriptase PCR (RT-PCR). Total RNA was
extracted from sorted cells by using TRIzol reagent (Invitrogen). DNase-I-
treated total RNA samples were used to produce cDNA templates with Moloney
murine leukemia virus RT (Invitrogen). PCR amplification was performed using
SYBR green PCR master mix and an ABI Prism 7500 machine (Applied Bio-
systems, Foster City, CA). The primer sets for Deltex1, Deltex4, Hes1, Notchl,
and Id2 were from Qiagen QuantiTect primer assays. The primers for Gfilb were
ATGCCACGGTCCTTTCTAGTG and GGAAGGCTCTGGTTCAGCAA, and
the primers for IL-2 receptor B (IL-2rb) were TGGAGCCTGTCCCTCTACG
and TCCACATGCAAGAGACATTGG. Those for GATA3 were as described
previously (53).
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FIG. 1. T-cell development is arrested at the DN1-to-DN2 transition in Id1 transgenic mice. (A) Total thymocytes from wild-type (WT), Id1'¢
and Id1'¥*¢ mice in the FVB/N background were analyzed for expression of CD19 (top) and NK1.1 (bottom). Numbers show the percentages of
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RESULTS

Id1 impairs T-cell development in transgenic mice at the
DN1 to DN2 transition. We have previously shown that T-cell
development is severely impaired in Id1 transgenic mice, which
exhibit dramatically reduced thymic cellularity and massive
apoptosis of developing thymocytes (24, 38). Substantial frac-
tions of live thymocytes in the rudimentary thymuses of het-
erozygous Id1 transgenic (Id1'®) and Id1'®® mice in the
FVB/N background were CD19™ B cells or NK1.1" NK cells,
though the absolute numbers of these cells per thymus did not
increase compared to their levels in wild-type mice (Fig. 1A).
Even when CD19™ cells were gated out, Id1 transgenic thy-
mocytes were found to consist of much-higher percentages of
CD4 and CD8 DN cells, and 1d1'®'# mice had very few cells
that developed beyond the DN stage. Within the DN compart-
ment, a distinct DN1-like population characterized as CD4~
CD8™ CD44* CD25" was detected in Id1 transgenic mice, and
we termed this subset DN1’ (Fig. 1B). Since the CD4 and CD8
DN compartment was analyzed after gating out cells express-
ing TCRv3, B220, Mac-1, NK1.1, and DXS, the DN1’ popu-
lation does not include cells differentiated along the yd T-cell,
B-cell, myeloid, and NK lineages. The percentage of DN1’
cells corresponded to levels of exogenous Id1 expressed in the
thymus (Id1'® versus Id1'®"€). Likewise, thymocytes of Id1
transgenic mice on the C57BL/6 background exhibited similar
profiles of CD4 and CD8 expression (data not shown). How-
ever, the developmental block at the DNI1' stage was less
dramatic (Fig. 1C). Nevertheless, the accumulation of DN1’
cells thus represented a significant developmental block in 1d1
transgenic mice, which is also seen in E2A-deficient mice
(6, 54).

The developmental block is T-cell intrinsic. To determine
whether the defect in T-cell development is an intrinsic feature
of the progenitors, DN1’ cells were isolated from 1d1'®"*¢ mice
and cocultured with OP9-DL1 stromal cells. As a control,
wild-type DNI1 cells were cultured in parallel. After 19 days,
wild-type DN1 cells had already differentiated to the DN3
stage and some had reached the DP stage (Fig. 2A). In con-
trast, Id1 transgenic DN1’ cells did not progress. Although the
wild-type cells expanded 919-fold, the numbers of Id1 trans-
genic cells increased by only 47-fold.

Furthermore, we performed a competitive repopulation as-
say by cotransplanting whole bone marrow cells from wild-type
and Id1'¥¢ mice into sublethally irradiated recipient mice (Fig.
2B). Even at a 1-to-10 ratio of wild-type to transgenic bone
marrow cells transplanted, wild-type cells developed normally
and outgrew the transgenic cells by more than 10-fold. How-
ever, the transgenic cells failed to develop beyond the DN1’
stage. These results suggest that the developmental defect in
Id1 transgenic thymocytes is T-cell intrinsic. Moreover, 1d1
transgenic thymocytes did not exert any detectable negative
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effect on wild-type cells under this experimental condition,
because the level of recovery of wild-type cells from the mixed
transplant was similar to that from recipients receiving wild-
type bone marrow alone (data not shown).

Aberrant gene expression in Id1 transgenic mice. To inves-
tigate the molecular mechanisms underlying the defect in T-
cell differentiation in Id1 transgenic mice, we examined the
expression levels of several genes involved in early stages of
T-cell development. Different DN populations, DN1 or DN1’,
DN2, and DN3, were purified from wild-type, 1d1'¢, and 1d1'¢'
mice for quantitative RT-PCR assays (Fig. 3A). Since Notchl
is essential for T-cell commitment and development, we mea-
sured Notchl transcript levels in these cells. Notchl levels in
Id1 transgenic DN1’ cells were similar to the levels in DN1
cells of wild-type mice but corresponded to only one-fifth of
the level found in wild-type DN2 cells. The levels of expression
of Notchl in Idl-expressing DN2 and DN3 cells were also
reduced by two- to threefold compared to its levels in their
wild-type counterparts (Fig. 3B). These data suggested that
Notch signaling might be minimized. Surprisingly, the expres-
sion level of several genes known to be the downstream targets
of Notch signaling was found to be elevated rather than dimin-
ished in Id1 transgenic cells. These genes include Deltex1 and
-4, as well as Hesl. In DN1’ cells, the levels of Deltex] were
over 30-fold higher than the levels in wild-type DN1 cells (Fig.
3B). The Deltex1 levels in Id1-expressing DN2 cells were 10
times higher than in wild-type controls. Despite the sharp in-
crease in Deltex] expression in wild-type DN3 thymocytes,
DN3 cells from Id1'¢ mice still expressed higher levels of Del-
tex1. 1d1'¥¢ mice did not have sufficient DN3 cells for this
measurement. Deltex4 expression followed a similar trend,
although the magnitude of elevation was smaller than that of
Deltex1. In contrast, Deltex2 expression was not altered by Id1
(data not shown). Moreover, the level of transcription of an-
other downstream target of Notch, Hesl, increased dramati-
cally in DN1" and DN2 cells of Id1 transgenic mice compared
to its transcription level in wild-type controls. Taken together,
these results indicated that elevated expression of Deltex and
Hesl in Id1 transgenic thymocytes occurred prior to upregu-
lation of Notchl transcription during the DN1-to-DN3 transi-
tion, thus implying Notch-independent mechanisms. In con-
trast, the reduction in levels of the Notchl transcript in DN2
and DN3 cells of Id1 transgenic mice might result from high
levels of Deltex1, which could compromise Notch function
and, in turn, diminish the autoregulation of Notchl1 transcrip-
tion.

Deltex1 deficiency rescues T-cell commitment in Id1 trans-
genic mice. To test the hypothesis that high levels of Deltex1
are, at least in part, responsible for the developmental block at
the DN1-to-DN2 transition, we determined the effect of Del-
tex] ablation on T-cell commitment in Id1 transgenic mice.

CD19" or NK1.17 cells within propidium iodide-negative live-cell gates. Average total thymocyte counts *+ standard deviations are shown beneath
the genotypes of the mice. (B) CD4 and CDS expression on CD19™ thymocytes from mice as described for panel A. Numbers show percentages
of cells in each quadrant. Levels of CD44 and CD25 expression on thymocytes negative for B220, CD4, CDS8, TCRvy3, DX5, NK1.1, and Macl
staining (Lin") are shown at the bottom. The DN1’ cell gate is shown as a circle, and percentage of cells within the gate are indicated. (C) CD44
and CD25 expression on thymocytes of mice in the C57BL/6 background. Average total thymocyte counts = standard deviations are shown beneath

the genotypes of the mice.
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FIG. 2. The DN1-to-DN2 block in Id1 transgenic mice is T-cell intrinsic. (A) Sorted DNT1 cells from wild-type (WT) or DN1’ cells from 1d1'¢'
mice were seeded onto OP9-DL1 stromal cells in medium supplemented with 1 ng/ml of IL-7 and 5 ng/ml of Flt-3L. After 19 days, T-cell
differentiation was assessed by examining surface expression of CD4 and CD8 or CD44 and CD25. The CD4/CDS plots were gated on live cells,
and the CD44/CD25 plots were gated on Lin~ live cells. The numbers on the plots represent the percentage of cells in each gate. (B) Sublethally
irradiated recipients were transplanted with a 1:10 mixture of WT mouse and 1d1'¥¢ mouse whole bone marrow (WBM). Donor-derived
thymocytes were analyzed after 3 weeks as described for Fig. 1B. The numbers on the plots represent the percentage of cells in each gate. Total
numbers of thymocytes developed from WT and Id1'¥*¢ donors are shown in a bar graph with averages from six recipients and standard deviations.

i.v., intravenous.

Deltex1 has been shown to be dispensable for T-cell develop-
ment (28, 44). We also found that the developmental profile of
Deltex1 ™/~ thymocytes was indistinguishable from that of wild-
type mice (data not shown). Since the Deltex1 ™/~ mice were in
the C57BL/6 background, we crossed these mice with our Id1

transgenic mice that were backcrossed into the C57BL/6 back-
ground. Id1 transgenic mice in the C57BL/6 background have
slightly milder defects (Fig. 1C) than those in the FVB/N
background (Fig. 1B), but their expression profiles for the
Notchl and Deltex] genes were similar to those found in
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FVB/N mice (data not shown). In comparing Id1'¢ Deltex1 ™/~
to Id1'® mice, we observed a twofold increase overall in thymic
cellularity (Fig. 4A). Examination of the developmental profile
of DN thymocytes using CD44 and CD25 markers revealed
that Deltex1 ablation in Id1 transgenic mice eliminated the
block at the DN1' stage, reducing the percentage and number
of DN’ cells compared to these parameters in Id1*® mice with
an intact Deltex] gene (Fig. 4A). Since the total thymocyte
counts increased as a result of Deltex] ablation, the average
numbers of DN2 cells did not change markedly even though
the percentages of these cells decreased. Deltex1 deficiency
also led to a small but statistically significant increase in the
average percentage of DN3 cells compared to that in Idl
transgenic mice, which is reflected by a more dramatic increase
in the number of DN3 thymocytes in 1d1'® Deltex1 '~ mice.
The average number of DN4 thymocytes also increased (Fig.

4A). In contrast, T-cell development beyond the DN stages
was not significantly affected by loss of Deltexl (Fig. 4B).
These results suggest that aberrant elevation of Deltex1 levels
is likely responsible for the block at early stages of T-cell
commitment and differentiation and that additional develop-
mental defects exist at the DN3 and subsequent stages, as
previously noted by several groups (1, 7-9, 25, 38, 55).

To further evaluate the effect of Deltex1 ablation on T-cell
commitment, we tested the ability of 1d1®¢ Deltex1 '~ DN1’
cells to differentiate in OP9-DL1 stromal cell cocultures (Fig.
5A). After 7 days in culture, the majority of wild-type DN1
cells progressed to a DN2-like (CD44" CD25"") stage. In
contrast, only 28% of Id1'¢ DN1’ cells progressed to this stage.
Deltex1 deficiency significantly enhanced the differentiation of
DN1’ cells taken from Id1'® Deltex] /~ mice (28% versus
77%). The yield of CD44* CD25" " cells produced from ID1'€
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FIG. 4. Disruption of Deltex] rescues T-cell development from DNI1 to DN3 in Idl transgenic mice. (A) Thymocytes from wild-type, Id1', and Id1'®
Deltex]1 '~ mice were analyzed for expression of CD44 and CD25. Plots show expression in live Lin~ cells, and the numbers within each quadrant represent
the percentage of cells. Average percentages and total numbers of DN1 through DN4 subpopulations are shown in bar graphs, with standard deviations. (B) The
same samples were analyzed for expression of CD4 and CDS. Average percentages and total numbers of CD4 and CD8 DN, DP, and SP (CD4SP or CD8SP)
cells are shown in the bar graphs, with standard deviations. %, P < 0.05; %%, P < 0.01; ***, P < 0.001. The numbers of age-matched mice analyzed in the same
experiment were four, six, and three for wild-type, Id1'¢, and 1d1'¢ Deltex] /™ mice, respectively. The data are representative of two independent experiments.
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FIG. 6. Notch signaling potentiates differentiation of DN1" cells.
(A) DN’ cells from Id1'¢ and Id1® Deltex] '~ mice or DN cells from
wild-type (WT) and Deltex]1 ™/~ mice were isolated by cell sorting and
used to analyze Notchl expression. The level of Notchl mRNA was
determined by using real-time RT-PCR and normalized against the
level of B-actin mRNA. Data are presented as the relative levels of
expression in Id1'® DN1’ or wild-type DNT1 cells in the absence or
presence of Deltex] and are shown as averages = standard deviations
from triplicates. The data are representative of two separate experi-

MoL. CELL. BIOL.

Deltex1 /~ DN1’ cells was over fivefold higher than that from
Id1'¢ DN1’ cells (Fig. 5A).

To further verify the identity of the DN2-like cells, we ex-
amined additional characteristics of T-cell differentiation in
the cells derived from the cocultures. Since E proteins are
known to be involved in the rearrangement of TCRB and -y
genes and in the transcription of the pre-TCRa gene, these
common features of T-cell differentiation could not be used.
Therefore, we monitored CD24 expression on the cell surface,
which is known to be upregulated as T cells progress from the
DNI1 to the DN2 stage (41). Indeed, the DN2-like cells were
exclusively CD24*, whereas the remaining DN1'-like cells
were largely CD24 "~ (Fig. 5B). Moreover, we also found these
cultured cells to be positive for the pan-T-cell marker, Thy1.2
(Fig. 5B). T-cell differentiation was further evaluated by exam-
ining changes in gene expression. As shown in Fig. 5C, expres-
sion of the IL-2rb and Id2 genes was dramatically reduced in
wild-type DN2 primary thymocytes compared to their expres-
sion in DN1 cells (41). Similarly, all DN2-like cells produced in
culture had low levels of IL-2rb and Id2, in contrast to the high
levels seen in residual DN1’ cells from Id1'® and Id1'®
Deltex1 '~ mice (Fig. 5C). Collectively, the results from both
surface marker staining and gene expression profiles strongly
suggested that ablation of Deltex1 enabled DN1’ cells to com-
mit to the T lineage and progress to the DN2 stage. However,
these DN2-like cells from Id1 transgenic cells with or without
Deltex1 were unable to progress further and eventually disap-
peared, suggesting that additional factors are needed to facil-
itate their differentiation in the culture system. Nevertheless,
these in vitro culture results, together with the results obtained
in vivo, support the notion that aberrant levels of Deltex1 in
Id1 transgenic DN1’ cells hinder T-cell commitment, at least in
part, and prevent their transition to the DN2 stage.

Enhanced Notch signaling enables DN1’ cells to differenti-
ate. Our hypothesis stated that aberrant Deltex] expression
tampers with Notch signaling, which in turn diminishes tran-
scription of the Notchl gene itself. If so, one would expect that
deletion of the Deltex1 gene leads to an elevation of Notchl
levels. Indeed, we found that Notchl expression increased
nearly threefold in Id1 transgenic DN1’ cells lacking Deltex1
compared to its expression in DN1’ cells with Deltex1 (Fig.
6A). In contrast, Deltex1 deficiency alone did not significantly
alter Notchl expression in DN1 cells compared to its expres-
sion in their wild-type counterparts (Fig. 6A). The increase in
Notch levels could be interpreted to mean that Notch activity
was enhanced by the elimination of Deltex1, which then facil-
itated the differentiation of DN1’ cells as seen in Fig. 4 and 5.

To further test this idea, we transduced Id1'®*®# DN1’ cells

ments. (B) DN1’ cells, sorted from 1d1'¢"¢ mice, were transduced with
the retrovirus encoding Notchl-IC and GFP. The cells were then
plated onto a 24-well plate containing OP9 stromal cells and cultured
in medium supplemented with 1 ng/ml of IL-7 and 5 ng/ml of Flt-3L.
At different time points of the culture, GFP expression was analyzed,
and the percentages of live, GFP™ cells are shown in the histograms.
Cells from day-19 cultures were stained with antibodies against CD44
and CD25 and analyzed by gating on live, GFP~ and GFP" popula-
tions. Numbers indicate percentage of cells in each quadrant. Data are
representative of at least two independent experiments.
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with the retrovirus producing Notch1-IC, a constitutively active
form of Notchl, and green fluorescent protein (GFP) (35). The
cells were then cocultured with OP9 stromal cells. Notch1-IC-
expressing cells were identified by GFP expression. Although
GFP-positive (GFP™") cells constituted only about 5% at the
beginning of the culture, these cells became progressively en-
riched over time (Fig. 6B). A 350-fold expansion of Notchl-
IC-expressing cells without any increase in the number of
GFP-negative (GFP™) cells led to an enrichment of GFP™*
cells to 96% by day 19. When these cells were analyzed using
flow cytometry, it was revealed that GFP™" cells differentiated
into DN3-like cells, whereas GFP™ cells remained at the DN1’
stage (Fig. 5C). As a control, we also performed parallel ex-
periments by transducing Id1'¥*¢ DN1’ cells with vector control
retrovirus and did not observe any effect on the differentiation
and proliferation of DN1’ cells (data not shown). Thus, this
result supports the notion that Notch signaling is essential for
the differentiation of Id1 transgenic DN1’ cells.

Potential mechanisms underlying aberrant Deltex1 expres-
sion. To understand the mechanism by which Deltex]l was
aberrantly expressed independently of Notch signaling in Id1
transgenic mice, we examined the promoter sequence of the
Deltex] gene. Strikingly, we discovered a 70-bp sequence con-
taining at least 17 GATA-binding sites located 1.6 kb upstream
of the transcriptional start site of Delfex!. This immediately
begged the question of whether GATA3 expression in DN1’
cells may be responsible for Deltex1 upregulation. Xu and Kee

(53) have shown that a transcriptional repressor, Gfilb, is a
target of E2A and represses GATA3 expression in T-cell lines.
If so, one might expect Gfilb expression to decrease while
GATAZ3 levels increase in Id1 transgenic thymocytes where E
protein functions are inhibited. We therefore compared the
levels of Gfilb and GATA3 in subsets of Id1 transgenic thy-
mocytes with their levels in wild-type counterparts. Indeed, the
levels of Gfilb were found to be reduced by four- and eightfold
in DN1’ cells of Id1'¢ and 1d1'®"*¢ mice, respectively (Fig. 7A).
Correspondingly, GATA3 expression was dramatically ele-
vated in DN1’ cells compared to its level of expression in
wild-type DN1 cells (Fig. 7A). Thus, this increase in GATA3
levels could be responsible for activating Deltex1 transcription.

To test whether ectopic expression of GATA3 is capable of
stimulating Deltex1 expression, we expressed GATA3 in bone
marrow progenitor cells obtained from 5-FU-treated wild-type
mice, because DN1 thymocytes are difficult to transduce with
retrovirus. We reasoned that these bone marrow-derived mul-
tipotent progenitors may be more comparable to the uncom-
mitted thymic seeding progenitors in the DN1 population than
any differentiated thymocyte subsets. Retrovirally transduced
cells were sorted based on GFP expression, and Deltex1 levels
were measured using quantitative RT-PCR assays (Fig. 7B).
Compared to the results for cells transduced with the control
virus, GATA3 expression led to a 15-fold increase in Deltex1
expression, indicating that GATA3 can indeed activate
Deltex1 transcription. In contrast, the Deltex4 gene does not
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contain a cluster of GATA-binding sites within 3 kb of its 5’
flanking sequence, and its expression increased by less than
threefold in the same assay (Fig. 6B). Taking these results
together, it appears that elevated levels of the GATA3 tran-
scription factor in Id1 transgenic mice may play a significant
role in the aberrant expression of Deltex]1.

DISCUSSION

Overexpression of Id1 in transgenic thymocytes inhibits the
function of both E2A and HEB proteins in a dose-dependent
manner and results in severe blocks in T-cell development
(24). One of the most striking phenotypes is the accumulation
of cells displaying characteristics of DN1 thymocytes, except
that these cells express slightly higher levels of CD25. There-
fore, we referred to these cells as DN1’ cells, which might
represent cells arrested at the DN1-to-DN2 transition. These
DN1’ cells do not express any specific markers for NK, my-
eloid, B, and 3 T-lineage cells. However, they had a high
propensity to differentiate into DX5% NKI1.1~ cells when
cocultured with OP9 stromal cells with or without the Notch
ligand, DL1 (data not shown). It remains to be understood
whether the DN1’ population consists of multipotent progen-
itors or whether it is a mixture of progenitors with different cell
fates. Nevertheless, in the presence of Id1, T cells fail to de-
velop.

To understand the molecular mechanism underlying the
block at the earliest stage of T-cell development, we examined
gene expression profiles in these DN1’ cells of Id1 transgenic
mice in comparison to the gene expression profiles in wild-type
DNI1 cells. We discovered that levels of Deltex] were dramat-
ically increased. Furthermore, we provided evidence to suggest
that elevated expression of Deltex] impairs Notch signaling
and, consequently, impedes T-cell commitment and develop-
mental progression from the DN1 to the DN2 stage. This block
was alleviated by Deltex] deficiency or by enforced Notch
signaling, suggesting that Deltex1 indeed had a negative effect
on Notch function. This notion is consistent with previous
findings that overexpression of Deltex1 in multipotent progen-
itors inhibited T-cell development while allowing B cells to be
produced in the thymus (21, 56). These effects of Deltex1 are
similar to those observed in Notch1 conditional-knockout mice
(39). Paradoxically, Deltex1 is a mammalian homolog of Dro-
sophila melanogaster Deltex, which was found through genetic
approaches to play a positive role in Notch signaling (32).
Whether Deltex1 has any positive function in Notch pathways
is a complicated issue and likely depends on cellular contexts
(18, 29). Although it is reasonable to expect Deltex to facilitate
Notch function, the negative effect of various Deltex proteins
on Notch function may be viewed as a feedback control mech-
anism that could be useful for maintaining proper levels of
Notch signaling (28). Incidentally, Deltex1 appears dispensable
for T-cell differentiation, but high levels of Deltex]l can be
harmful (21, 28).

Deltex1 deficiency facilitates the commitment of Id1 trans-
genic progenitors to the T lineage by reducing the percentages
and numbers of DN1’ cells while increasing the numbers of
DN3 and DN4 cells compared to these parameters in Id1
transgenic mice with the Deltex1 gene intact. However, loss of
Deltex1 boosted the total number of thymocytes by only two-
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fold and did not have a significant impact on T-cell develop-
ment beyond the DN stages. This is likely due to additional
defects at later stages of development as a result of the loss of
E protein function. For example, we did not detect any VDJ
rearrangement events at the TCR or -y loci in Id1 transgenic
DN3 cells that developed as a result of Notch1-IC expression
(data not shown). This notion is supported by observations
made by using E2A-deficient thymocytes, where TCRB gene
rearrangement is severely impaired (1). Additionally, very low
levels of pre-TCRa transcripts were detected in Id1 transgenic
DN3 cells compared to the levels in wild-type counterparts
(data not shown). Consequently, an inability to signal through
pre-TCR would not allow the tremendous expansion of thy-
mocytes and developmental progression to later stages. Fur-
thermore, we have previously shown that developing Id1 trans-
genic thymocytes undergo apoptosis (25, 38, 55). These defects
may not be corrected by Deltex] ablation.

Moreover, enhanced Deltex1 expression is only one of the
abnormalities found in Id1 transgenic DN1’ cells. Deltex4 lev-
els were also elevated, albeit less dramatically, and could have
contributed to the inhibitory effects on Notch signaling to-
gether with Deltex1 (28). It would be interesting to determine
the combined role of Deltex1 and -4 in preventing T-cell com-
mitment in Idl transgenic mice. However, it is technically
difficult to ablate both genes simultaneously in Id1 transgenic
mice. Deltex4-deficient mice have not been reported. Curi-
ously, Hes1 expression also increased dramatically in Id1 trans-
genic DN1' cells. However, whether high levels of Hesl are
detrimental to T-cell commitment is not clear. Unlike the
results for Deltex1, retrovirus-mediated expression of Hesl in
bone marrow progenitors did not block T-cell development
(23). On the contrary, analyses of Hesl-deficient mice sug-
gested that Hesl was required for T-cell progenitors to
progress to the DN2 stage (48).

Although Deltex] has been well recognized as a Notchl
target gene, evidence has also emerged to suggest that it can be
regulated by additional factors (19). We showed in this report
that overexpression of GATA3 increased transcription of the
endogenous Deltex1 gene by 15-fold. GATA3 probably binds
to a cluster of GATA sites located 1.6 kb upstream of the
Deltex] gene. However, GATA3 may not act alone, because it
was unable to stimulate the expression of a luciferase reporter
gene driven by a 1.9-kb Deltex] promoter sequence that in-
cluded these GATA sites (data not shown). This promoter
construct was also not responsive to activated Notchl. Despite
the fact that Deltex! is a well-documented downstream target
gene of Notch signaling, its transcriptional regulation is poorly
understood. The regulation of Deltex1 transcription appears to
involve complicated schemes in which GATA3 cooperates with
additional transcription factors. Alternatively, transcription of
the Deltex] gene may depend on its proper chromatin config-
uration in its native locus. As we have demonstrated here, a
tight control of Deltex1 expression is necessary for the proper
development of mammalian systems such as T lymphopoiesis,
thus representing an interesting subject for future investiga-
tion.

The elevation of Deltex1 expression possibly results from a
chain of events originating from the loss of E protein function
(Fig. 8). In a recent study, GATA3 levels were found to be
elevated in E2A-deficient cell lines due to the downregulation
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FIG. 8. Role of E proteins in controlling Notch-mediated T-cell
commitment. E protein function, which is inhibited by Id1, controls the
transcription of the Gfilb gene, encoding a known repressor of
GATA3 transcription. As a result, elevated levels of GATA3 in T-cell
progenitors of Id1 transgenic mice lead to an increase in Deltexl
levels, which interferes with Notch signaling in directing T-cell com-
mitment, as well as Notch autoregulation.

of a transcriptional repressor, Gfilb (53). Gfilb is thought to
be a target gene of E2A transcription factors. In Id1 transgenic
mice, we found that Gfilb levels were significantly lower and
GATAZ3 levels were higher in DN1’ cells than in their wild-type
counterparts. Previous studies have shown that overexpression
of GATA3 blocks T-cell development even though a lack of
GATA3 also arrests T-cell differentiation (4, 16, 46). It is
therefore important to maintain an optimal level of GATA3
during T-cell development. One of the crucial roles of E pro-
teins at early stages of T lymphopoiesis may be to suppress
GATAS3 expression, as well as Deltex] expression, through
upregulation of the Gfilb transcriptional repressor (Fig. 7).
This is important for ensuring proper Notch signaling, which is
essential for T-cell differentiation. E proteins have also been
proposed to regulate Notchl transcription itself, a conclusion
largely based on studies using E2A-deficient cell lines and fetal
thymuses (20). While E proteins may play a direct role in
Notchl transcription at later stages, no evidence is available to
suggest a direct effect of E proteins on Notch1 transcription in
uncommitted T-cell progenitors. The findings from this study
illustrate how cellular differentiation processes are normally
controlled by a network of transcriptional regulators. This con-
trol mechanism offers flexibility and fine tuning but also vul-
nerability to multiple pathological agents. On the other hand,
the interdependence of multiple regulators may protect cells
from any single pathogenic assault, thus safeguarding the dif-
ferentiation processes.
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