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On their entry into the thymus, developing lymphocyte progeni-
tors depend on signaling from the pre-T cell receptor (pre-TCR),
which orchestrates differentiation, cell proliferation, and survival.
The exact mechanism of pre-TCR-mediated suppression of T cell
death remains unclear and controversial. Here, we identify Bim and
Bid, 2 members of the BH3-only group of the BCL2 family, as
important regulators of pre-T cell death. Both factors are highly
expressed in proapoptotic thymocytes and their expression is
suppressed on signaling through the pre-TCR. Their expression is
directly regulated by the transcription factors FoxO3a and p53. Bid
expression and p53 activity are related to the ongoing rearrange-
ment of the TCR loci and induced DNA damage responses. Bim
expression and FoxO3a nuclear translocation are directly con-
trolled by the pre-TCR by means of its downstream kinase Akt/PKB.
Interestingly, deletion of either gene on a pre-TCR�/� background
rescues survival, but fails to induce further progenitor differenti-
ation uncoupling the 2 processes.

BCL2 family � cell death � pre-TCR signaling � T cell development

T cell development is a strictly regulated process initiated by
the entry of hematopoietic progenitors into the thymus (1).

During this developmental progression, thymocytes are
‘‘screened’’ for their ability to successfully rearrange T cell
receptor (TCR) loci and express a functional TCR on the
surface. The first checkpoint during T cell development is
controlled by the expression of the pre-TCR. Pre-TCR signaling
is important for cell proliferation, differentiation, and suppres-
sion of cell death. One of the main functions of the receptor is
the suppression of cell death (2, 3), because the majority of
pre-TCR deficient thymocytes fail to differentiate to the
CD4�8� (DP) stage and display an apoptotic phenotype. How-
ever, little is known about the molecular mechanisms that either
enforce or suppress apoptosis in early thymocytes.

Initially, it was suggested that the death adaptor Fas-
associated death domain (FADD) is an essential regulator of
pre-T cell death, becasue deletion of FADD activity induced the
differentiation of pre-TCR-deficient DN cells to the DP stage
(4). Also, several studies proposed that the p53 pathway is an
important regulator of death of pre-TCR deficient pre-T cells.
These reports have shown that introduction of p53 deficiency in
pre-TCR-deficient mice (RAG�/�, SCID, CD3��/�) could al-
leviate the DN developmental arrest, resulting in increased
thymocyte survival and differentiation to the DP stage (5–7).
Thus, a p53-mediated checkpoint exists in DN3 pre-T cells.

We have recently identified an antiapoptotic member of
the BCL2 family, BCL2A1, as a direct target of the pre-TCR
(2). BCL2A1 can bind to and suppress the function of pro-
apoptotic BCL2 proteins and inhibit the execution of apoptosis
(8). However, subsequent experiments using in vivo, siRNA-
mediated, silencing of BCL2A1 demonstrated that it is not
sufficient for the suppression of pre-T cell death (9). These
experiments suggested that either other antiapoptotic genes
are overexpressed in the absence of BCL2A1, supporting
thymocyte survival or that there are additional mechanisms

that control life and death at this stage of development.
Because we have excluded the former hypothesis, we have
turned our attention to the identification of pre-T cell-specific
proapoptotic factors.

Cell death is regulated by the members of the BCL-2 family of
proteins, as defined by the conservation of 1 to 4 BCL-2
homology domains (BH1–4) (10). From these proteins, Bax and
Bak appear to be the direct executioners, because they have the
ability to permeabilize the outer mitochondrial membrane (11,
12). A second group of proteins share only the BH3 domain
(BH3-only). Among them, BIM and BID and PUMA are
‘‘activators,’’ because they can directly engage the downstream
executioners Bax and Bax, whereas others termed ‘‘sensitizers’’
(NOXA, BIK, and BAD) purportedly act only by displacing the
activators from the prosurvival proteins (13). Contrary to this
‘‘direct-activation model,’’ Huang and coworkers (14, 15)
showed that BH3-only proteins activate Bax or Bak indirectly, by
engaging the different antiapoptotic relatives that constrain
them. Although the exact mechanisms of apoptosis remains
controversial, it is fair to say that the balance between pro and
antiapoptotic proteins is a sensitive rheostat that controls life
and death in each cell.

We demonstrate here that the BH3-only proapoptotic pro-
teins Bim and Bid are overexpressed in pre-TCR deficient cells.
Also, we demonstrate that Bid expression is regulated by the
activity of p53 in response to DNA damage, and Bim expression
is regulated by the transcription factor FoxO3a. The 2 genes are
direct transcriptional targets of the p53 and FoxO3a, because
these factors are bound on conserved sited found on the
promoters of Bid and Bim, respectively. Our studies also show
that the pre-TCR is important for the suppression of Bim
expression, because it can phosphorylate Foxo3a through the
activation of the PI3K/Akt kinase complex. Last, expression of
Bim and Bid is of unique biological significance, because their
deletion in pre-TCR deficient thymocytes is able to suppress cell
death in vivo and in vitro.

Results
Bim and Bid Are Overexpressed in Proapoptotic, Pre-TCR Deficient T
Cell Progenitors. We have initially compared BCL2-family gene
expression in pre-TCR nonexpressing, proapoptotic thymocytes,
and cells that receive pre-TCR signals, suppress apoptosis, and
differentiate. Thus, we have purified ‘‘small’’ (based on FSC
axis), pre-TCR-nonexpressing ‘‘DN3’’ (CD25�44-c-kit�) and
compared them with ‘‘large,’’ pre-TCR-expressing ‘‘DN4’’
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(CD25low44-c-kit�gdTCR�CD19�intracellularTCRb�) cells.
Later stages of T cell development (DP: CD4�8�; SP: CD4� and
CD8� abTCR�) were also included in this analysis. Quantitative,
real-time (qRT)-PCR using cDNA from the purified populations
revealed that the expression of several proapoptotic genes,
including Noxa, Bax, Puma, Hrk, Bad, and Bik (data not shown)
was not significantly altered during the transition from the DN3
to the DN4 stage. However, Bim (16) and Bid (17), 2 BH3-only
members of the BCL2 family were significantly up-regulated in
DN3 cells lacking pre-TCR expression. Indeed, both mRNA
(Fig. 1A) and protein (Fig. 1B) levels were high in DN3 cells, and
rapidly decreased once cells acquired surface pre-TCR expres-
sion (DN4). These observations suggested a pre-TCR-
dependent regulation of Bim and Bid expression during early T
cell development, and identified these 2 genes as potential
executioners of apoptosis in pre-T cells.

p53 Activity Regulates Bid Expression in Developing Thymocytes. We
have initially focused on the regulation of Bid transcription.
Although it was suggested previously that Bid is regulated by p53
(18), this regulation was tissue-specific (19). Because in devel-
oping lymphocytes p53 can be activated by TCR rearrangement
(5), we have compared Bid and p53 expression in DN3 cells
purified from either pT��/� or Rag-2�/� thymi, because the
former (but not the latter) are capable of TCR recombination
events. Interestingly, p53 mRNA and protein levels were signif-
icantly elevated in TCR recombining pT��/� thymocytes. Bid
expression mirrored p53 and was extinguished in p53�/� DN3
cells [Fig. 2A and supporting information (SI) Fig. S1], suggest-
ing that Bid expression is regulated by p53 activation. Immuno-
staining using p53 antibodies indicated that not only p53 expres-
sion was elevated in pT��/� DN3 cells, but also p53 was localized
in the nucleus of these cells suggesting induced transcriptional
activity (Fig. 2B).

To directly prove that p53 was able to induce Bid expression
in pre-T cells, we have overexpressed p53 in a ‘‘DN3-like,’’
pre-TCRneg cell line (SCIET27) (20). As shown in Fig. 2C, p53
expression enhanced significantly Bid transcription. However,
because these assays did not prove whether p53 directly activated
Bid expression, we have preformed ChIP assays by using a
previously characterized p53-binding site identified on the
mouse Bid promoter (18). This site is situated �5 kb upstream
of the first noncoding exon of the Bid locus. We have initially
proved that irradiation-induced DNA damage induces p53, Bid
expression (data not shown), and the binding of p53 on the Bid
promoter in pre-T cells (Fig. 2D). To directly show that p53 is
bound on the Bid promoter in Bid overexpressing pT��/� pre-T
cells, we have performed ChIP assays by using purified pT��/�

thymocytes. As shown in Fig. 2E, p53 was indeed bound on the

promoter of Bid in these cells. These results strongly suggested
that p53 is the main direct regulator of Bid transcription and a
potential death trigger for pre-TCR deficient thymocytes.

A Potential Bim Regulator, FoxO3a, Is Controlled by the Pre-TCR. We
have then turned our attention to the regulation of Bim. In
different tissues, Bim is a transcriptional target of the Forkhead
factors (21). To test the ability of FoxO3a, a pre-T cell expressed
Forkhead member, to induce Bim transcription, we have ex-
pressed an ‘‘active’’ (nonphosphorylatable) mutant of this factor
(FoxO3.AAA) in pre-T cells. FoxO3a activation was inducing
rapid cell death (data not shown), and significant up-regulation
of Bim gene transcription (Fig. S2 A).

We then studied the expression pattern of FoxO3a during the
pre-TCR-regulated early stages of T cell development. We have
used anti-CD3 stimulation to dynamically induce pre-TCR sig-
naling (2), and saw that Bim expression was rapidly decreased in
response to pre-TCR signals (Fig. S2B). However, FoxO3a
mRNA expression was not altered (data not shown). However,
because Forkhead transcription factors are mainly regulated by
phosphorylation and proteasomal degradation (22), we have
traced FoxO3a protein expression and nuclear localization of
FoxO3a in thymocytes. We have found that Foxo3a protein
expression was sensitive to pre-TCR signals, because it was
rapidly down-regulated in pre-TCR� DN4 cells (Fig. 3A). Bim
protein expression was significantly down-regulated 24 h after
the induction of pre-TCR signaling. Also, immunofluorescence

Fig. 1. Proapoptotic, pre-T cells overexpress Bim and Bid. (A) Quantitative
RT-PCR of Bim and Bid expression in DN3 pre-TCR�/�, WT DN4, WT DP, and (SP)
cells. *, P � 0.001. (B) Bim and Bid protein expression was analyzed pT��/� DN3
and WT DN4 cells. All data are representative of 4 independent experiments.

Fig. 2. Direct regulation of Bid expression by p53. (A) Quantitative RT-PCRs
for Bid and p53 expression; p53 protein expression is also shown (Right,
Upper). *, P � 0.001. (B) IF staining showing the p53 expression and localiza-
tion. (C) Quantitative RT-PCR showing induction of Bid in response to p53
expression. *, P � 0.001. (D) ChIP assay by using gamma-irradiated SCIET27
cells. (E) ChIP assay of purified pT��/� DN3 cells. All data are representative of
3 independent experiments.
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experiments also proved the presence of more active FoxO3a
protein in the nucleus of the pre-TCR deficient cells than that of
pre-TCR expressing cells (Fig. 3B). Thus, FoxO3a activity
appeared to be directly controlled by pre-TCR signaling.

We have then compared Foxo3a activity by using a parental
pre-TCR deficient line SCIET27 and its pre-TCRpos (transfected
with TCRb) derivative SCB29. As evident from Fig. S2C,
SCIET27 cells expressed high levels of nuclear, active FoxO3a.
On the contrary, on pre-TCR expression, in SCB29 cells, total
FoxO3a protein expression was down-regulated. Interestingly,
the majority of FoxO3a protein was excluded from the nucleus,
suggesting protein phosphorylation as this modification controls
FoxO3a nuclear shuttling and activation. Indeed, phosphoryla-
tion of FoxO3a was induced in response to pre-TCR signaling,
and phospho-FoxO3a was excluded from the nucleus of pre-
TCRpos (Fig. S2D).

Bim Is a Direct FoxO3a Transcriptional Target. To address direct
Foxo3a involvement in Bim transcription, we have performed
ChIP assays by using an identified FoxO binding site on the
mouse Bim promoter (23). This site, conserved in the mouse and
human genomes, is found �160 bp upstream of the transcrip-
tional start. We have initially tested the functionality of our ChIP
assay by using serum starvation of thymocytes, and demon-
strated that FoxO3a was weekly bound on the promoter of Bim,
and that on serum withdrawal, this binding was markedly
enhanced (Fig. S3). To directly study FoxO3a binding in ex vivo
purified pre-T cells, we have performed a ChIP assay by using
pre-TCR deficient DN3 (pT��/� or Rag-1�/�) and pre-TCR�

DN4 cells. As shown in Fig. 3C, we were able to detect strong
binding of FoxO3a in pre-TCR- DN3 cells. On pre-TCR signal-
ing, this binding was significantly attenuated. These results
strongly suggest that FoxO3a is a transcriptional regulator of Bim
expression during early T cell development.

The Akt Kinase Is Downstream of the Pre-TCR and Upstream of
FoxO3a/Bim. It was previously shown that the Akt/PKB kinase is
the major regulator of FoxO3a activation in multiple cell types
(24). It was also recently shown that the Akt/PkB kinase complex
is essential for early T cell development (25, 26). To directly show

that Akt activity is regulated by the pre-TCR, we have initially
compared levels of phospho-Akt between SCIET27 (pre-
TCRneg) and the TCRb-transfected derivative line SCB29 (pre-
TCRpos) cells. As shown in Fig. S4A, pre-TCR expression
induced the phosphorylation of Akt. To further prove that Akt
is downstream of the pre-TCR in vivo, we have performed a
‘‘rescue’’ experiment, expressing an activated Akt form (Myr-
Akt) in pre-TCR-deficient (Rag-2�/�) bone marrow hematopoi-
etic progenitors. Myr-Akt expressing (EGFP�) and ‘‘control’’
EGFP-only expressing progenitors were transplanted in irradi-
ated Rag-2�/��c�/� alymphoid hosts. Six weeks post transplan-
tation, recipient thymi were analyzed. As shown in Fig. S4B,
Myr-Akt expression rescued the pre-TCR imposed developmen-
tal block (because 95% of the thymocytes were CD4�8�),
suggesting that Akt is indeed a downstream pre-TCR effector.
Also, by using nontreated Rag-2�/� and Rag-2�/� treated with
anti-CD3 to induce pre-TCR signaling, demonstrated that pre-
TCR signaling independently phosphorylate Akt (Fig. S4C).

To further probe this signaling cooperation, we have expressed
Myr-Akt in pre-TCR deficient SCIET27 cells. SCIET27 was
characterized by nuclear localization of FoxO3a and low levels
of phosho-FoxO3a due to the absence of pre-TCR signaling. On
Myr-Akt expression, we have noticed a significant reduction in
Bim expression (Fig. S5), and induction of FoxO3a phosphory-
lation and nuclear exclusion (Fig. 3D). Identical results were
obtained by using a second pre-TCRneg line (LR2, data not
shown). We then expressed in pre-TCRpos SCB29 cells a dom-
inant negative form of Akt (DN-Akt). SCB29 cells demonstrate
a distinct pattern of nuclear exclusion of Akt due to pre-TCR
signaling. DN-Akt expression was able to out-compete pre-TCR
signals, and induce the dephosphorylation and nuclear localiza-
tion of FoxO3� proteins (Fig. 3E). These experiments were
consistent with the hypothesis that survival of pre-T cells de-
pends on pre-TCR/Akt signals that control FoxO3a activation
and the expression of proapoptotic Bim.

In Vivo Deletion of Bim and Bid Suppresses Pre-T Cell Death. Our data
suggested that Bim and Bid are essential elements of the
mechanism executing apoptosis in pre-T cells. If this hypothesis
was correct, deletion of Bim and Bid expression should enhance

Fig. 3. Direct regulation of Bim by the pre-TCR through Foxo3a. (A) FoxO3a and Bim protein expression in the indicated populations. (B) IF staining showing
FoxO3a expression and localization in the indicated cell subsets. (C) ChIP assay for Foxo3a binding using DNA from the indicated populations. Rag-1�/� mice were
stimulated with aCD3 for 24h. All data are representative of 3 independent experiments. (D) IF staining (Left), demonstrating phospho-FoxO3a expression and
localization in SCIET27 and SCIET27 cells expressing with Myr-Akt. Western blot analysis (Right), using protein extracts from the same combination of cells. (E)
IF staining (Left) and Western blot analysis (Right) of phosho-FoxO3a expression in SCB29 and SCB29 cells expressing DN-Akt. The data presented are
representative of 3 independent experiments.
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the survival ability of pre-TCR deficient thymocytes. To test this
hypothesis, we have generated double deficient animals crossing
pT��/� (27) to Bid�/� (28), and Bim�/� animals (29).

We have initially directly compared survival kinetics of
pT��/�, pT��/�Bid�/�, and pT��/�Bim�/� CD25�44� DN3
cells in vitro. Introduction of both Bim and Bid deficiencies
significantly delayed the death kinetics of ex vivo cultured DN3
thymocytes (Fig. 4A and B). At 24 h of culture, the survival of
pT��/�Bid�/� and pT��/�Bim�/� DN3 thymocytes was signif-
icantly enhanced when compared with pT��/� counterparts. At
48 h in culture, the differences were even more pronounced,
because 47% of pT��/�Bim�/� DN3 thymocytes and 36% of
pT��/�Bid�/� DN3 thymocytes were alive, in comparison with
�7% of pT��/� DN3 thymocytes (Fig. 4 A and B). These in vitro
studies provided a support to the notion that these 2 proteins are
elements of a pre-T cell apoptotic mechanism.

To further prove this hypothesis, we have studied the effect of
Bim/Bid deficiency on pre-TCR-deficient thymocyte survival in
vivo. We have extracted the thymi from pT��/�, pT��/�Bid�/�,
and pT��/�Bim�/� littermate mice and purified DN3 cells, as
this population has the highest percentage of proapoptotic cells.
Indeed, in pT��/� thymi, 58 � 5% of these cells were Annexin-V
positive. Introduction of either Bim or Bid deficiency dramati-
cally decreased the percentage of Annexin-V� cells (to �20% in
both genetic backgrounds). These observations (Fig. 4C) were
consistent with the in vitro experiments presented previously,
and strongly suggest that deletion of either Bim or Bid was
sufficient for the suppression of apoptotic death in thymocytes
that do not receive pre-TCR signals. Also, to further demon-
strate the role of pT�, Bim, and Bid in pre-T cell death programs,

triple (pT��/�, Bim�/�, and Bid�/�) knockouts were generated.
These mice do not survive postpartum. However, embryos were
harvested at embryonic day 16.5 and DN3 cells were analyzed.
The comparison of death kinetics between triple knockouts
versus double deletion (pT��/�, Bid�/�) demonstrated a signif-
icant difference (P � 0.01) in the resistance of triple knockouts
to apoptosis (Fig. S6).

Because the pre-TCR is able to control proliferation, survival,
and differentiation, we wanted to determine whether the de-
crease in cell death was sufficient to rescue the pre-TCR-induced
differentiation arrest at the CD4�8�25� (DN3) stage. Initially,
the total number of thymocytes was significantly elevated in
double deficient thymi (Table S1); pT��/�Bim�/� and pT��/�

Bid�/� mice exhibited 1.9- (P � 0.001) and 1.4-fold (P � 0.01)
increase in total number of thymocytes, respectively, compared
with pT��/� mice. This increase was not due to an increase in the
absolute number of DP, SP, TCR��, or B cells, suggesting a
specific effect in the DN compartment. Indeed, pT��/�Bim�/�

and pT��/�Bid�/� mice had a 2.5- (P � 0.001) and 2.1-fold (P �
0.01) increase in the number of the DN cells, compared with
pT��/� mice (Fig. 4D and Table S1). Most significantly, both
pT��/�xBim�/� and pT��/�Bid�/� thymi had, in absolute num-
bers, 2.5–3 times more DN3 cells. This observation was consis-
tent with our previous observations, suggesting enhanced cell
survival of pT��/�Bid�/� and pT��/�Bim�/� DN thymocytes.
Supporting this notion, DN3 cells of all 3 phenotypes showed
comparable cell cycle profiles (data not shown). Interestingly,
although pT��/�Bid�/� and pT��/�Bim�/� thymi contain more
DN3 cells that have the ability to survive longer that their
pT��/� counterparts, there were no signs of rescue of the DN3
block and progression to the CD4�8� stage (Fig. 4D and Fig. S7),
uncoupling cell survival from differentiation. Also, to prove the
specificity of Bim and Bid function, we have generated pT��/�

mice lacking Bax (30), a proapoptotic gene not differentially
regulated during early T cell development; pT��/�Bax�/� thy-
mocytes were phenotypically identical to pT��/� cells (Fig. S8),
and showed no signs of DN cell accumulation or decreased rates
of cell death (data not shown). These results strongly supported
the hypothesis that Bim and Bid not only were regulated during
pre-TCR-controlled early T cell differentiation, but that they
also had a significant role in the execution of pre-T cell death
programs.

Discussion
Our studies identify Bim and Bid as important regulators of
pre-T cell death. We demonstrate that cells that are unable to
express the pre-TCR express high levels of both death inducers.
In vivo deletion of either gene in a pre-TCR-deficient back-
ground significantly suppresses cell death and expands the
progenitor cell pool. We here report the involvement of either
of these genes at the initial selection step in the thymus. Our
studies also mechanistically explain the overexpression of Bim
and Bid in pre-TCR nonexpressing pre-T cells. Bid expression
depends on p53 activation, which in turn appears to be related
to the ongoing rearrangement of the TCR loci. However, Bim
expression depends on FoxO3a nuclear translocation and acti-
vation. This event is directly controlled by the pre-TCR and its
downstream kinase Akt/PKB.

Our studies and previously published observations shape a
previously undescribed understanding of the role of the pre-TCR
in the regulation of cell survival (Fig. S9). Cell death appears to
be a default pathway at this early developmental checkpoint due
to both extrinsic and intrinsic apoptotic stimuli. For example,
lack of pre-TCR signals maintains FoxO3a in an active, nuclear-
localized state, able to activate Bim gene transcription. Cell
intrinsic signals (including DNA damage due to ongoing TCR
rearrangement) impinge on p53 activity and sustain high expres-
sion of Bid. Also, both Bim and Bid could also be triggered by

Fig. 4. Bim and Bid deficiency suppresses pre-T cell death in vivo. (A and B)
DN3 cells from pT��/�, pT��/�BIM�/�, and pT��/�BID�/� mice were sorted for
live cells and cultured in 24-well plates. Thus, time 0 was set to 100% to reflect
sorted live cells from both populations. Cell viability was analyzed by using
Annexin V staining at the indicated time points. Data represent mean � SD
from 4 experimental sets. *, P � 0.001. (C) Quantification of Annexin-V
expressing cells in the thymi of the indicated genotypes. n � 5. (D) Phenotypic
analysis of total thymocytes used CD4 and CD8 antibodies.

Mandal et al. PNAS � December 30, 2008 � vol. 105 � no. 52 � 20843

IM
M

U
N

O
LO

G
Y

http://www.pnas.org/cgi/data/0807557106/DCSupplemental/Supplemental_PDF#nameddest=SF6
http://www.pnas.org/cgi/data/0807557106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0807557106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0807557106/DCSupplemental/Supplemental_PDF#nameddest=SF7
http://www.pnas.org/cgi/data/0807557106/DCSupplemental/Supplemental_PDF#nameddest=SF8
http://www.pnas.org/cgi/data/0807557106/DCSupplemental/Supplemental_PDF#nameddest=SF9


signaling through death receptors and FADD, in line with the
previous findings of Strasser and coworkers (4). The pre-TCR
can suppress death by using several mechanisms. It can induce
the expression of antiapoptotic factors (BCL2A1) (2), which is
able to bind and neutralize the activities of both Bim and Bid (8).
It can also activate the Akt/PKB kinase, phosphorylate FoxO3a,
and switch-off the expression of Bim. The connection between
pre-TCR and p53 remains controversial, as it could be direct
and/or indirect. It was shown that pre-TCR signaling can directly
phosphorylate and inactivate p53 (31). However, attenuation of
p53 activity could be indirect contingent on its ability to block
further TCR rearrangement; thus, inactivate the DNA response
pathway (32). Our working model is not only based on our
observations, but it incorporates and explains important recent
studies on the regulation of T cell progenitor death. It is also
consistent with recent findings from Zuniga-Pflucker and co-
workers (26), suggesting a cooperation between pre-TCR and
Notch1 signaling in the regulation of pre-T cell apoptosis. These
studies have shown that Notch1 is mainly essential for cellular
metabolism of T cell progenitors. However, Notch1 signaling
could cooperate with the pre-TCR in the induction of antiapo-
ptotic BCL2A1 (M.M. and I.A., unpublished work) and the
activation of the Akt/PKB signaling cascade (M.M. and I.A.,
unpublished work; and ref. 26).

However, one would notice a major difference between the
phenotypes of the pT��/� � Bim�/� and pT��/� � Bid�/� mice
presented here and previously published rescue experiments.
Indeed, thymi of Rag-1�/� � FADD, CD3��/� � p53�/�, or
SCID � p53�/� animals are larger with the majority of thymo-
cytes being at the CD4�8� stage (4–6). This discrepancy can be
easily explained once we consider the exact function of these
molecules; p53 is a well-characterized regulator of cell survival,
but also cell proliferation, because it is able to target the
expression of several regulators, including the cell cycle inhibitor
p21cip1; suggesting that p53 can control both survival and pro-
liferation at this stage of development. Similarly, FADD has also
been suggested to be a regulator of cell cycle entry (33) with
effects on expression of cell cyle inhibitors (p21), D type cyclins,
and cyclin-dependent kinases (34). Thus, although p53 and
FADD can affect both survival and proliferation, Bim and Bid
control only cell death and are unable to promote cell cycle entry
and thymocyte differentiation. This observation is intriguing,
because it uncouples progenitor survival from their ability to
differentiate. However, we have recently shown that DN3 cells
lacking the ability to enter cell cycle due to absence of cyclin D3
cannot differentiate in response to pre-TCR signals (35) cou-
pling pre-T cell proliferation and differentiation. Both these
observations suggest a very tightly regulated interplay of cell
proliferation and survival that leads to the promotion of differ-
entiation of pre-TCR-expressing T cell progenitors.

Methods
Animals. All mice were kept in the animal facilities of the University of Chicago
and the New York University School of Medicine. All animal experiments were
performed in accordance to the guidelines of the Institutional Animal Care

and Use Committee of both universities. Genotyping primers are available on
request. BID genotyping was previously described (28).

Flow Cytometric Analysis and Cell Sorting. Anti-CD4(L3T4), CD8(53–6.7),
CD25(3C7), CD44(IM7), B220(RA3–6B2), CD11c(HL3), NK1.1(PK136), TER-119,
Mac-1(M1/70), Gr-1(RB6–8C5), and TCR-gd and were from BD Biosciences.
Surface marker expression by thymocytes and peripheral T cells was visualized
by using a flow cytometer (FACSCalibur, Becton Dickinson) and analyzed with
Flow-Jo and CELLQuest software, according to standard protocols. Cell sorting
was performed by using a Mo-Flo (DakoCytomation).

RT-PCR and qRT-PCR. Total cellular RNA was isolated by using a Qiagen RNeasy
minicolumn. Each cDNA template was made from total RNA with SuperScript
II reverse transcriptase kit according to the manufacturer’s instructions (In-
vitrogen). PCRs were performed with RedTaq DNA polymerase (Sigma). Quan-
titative analysis of cDNA amplification was assessed by incorporation of SYBR
Green into double-stranded DNA. Measurement of gene expression was
performed by using the ABI PRISM 7700 Sequence Detector (PE Applied
Biosystems) and analyzed with ABI Prism Sequence Detection Software ver-
sion 1.7 (PE Applied Biosystems). All cDNA samples were tested in quadrupli-
cate by using the ABI PRISM 7700 Sequence Detector (PE Applied Biosystems)
and analyzed with ABI Prism Sequence Detection Software version 1.7 (PE
Applied Biosystems). The specific primers are available on request.

Western Blot Analysis. Thymocyte protein lysates were prepared as described
in Aifantis et al. (20) by using the BIM (B-7929, Sigma), BID (MAB-860, R&D
systems), FKHRL1 (Upstate), p-FKHRL-1 (Cell Signaling), or �-Actin (Chemicon)
antibodies.

ChIP Assay. The assays were performed by using the ChIP assay Kit, according
to the manufacturer’s instructions (Upstate) and as previously described (36).
The immunoprecipitated DNA (or the input control) was then purified by
using the Qiagen PCR Purification Kit, according to the manufacturer’s pro-
tocol. PCRs were then performed on the purified DNA by using red taq
polymerase, by using specific primers (available on request).

Immunofluorescence Microscopy (IF). IF was performed as previously described
(36), by using the FKHRL1, phospho-FKHRL1, or p53 (sc-6243, Santa Cruz)
antibodies.

Retroviral Constructs. The full length mouse p53 sequence was PCR amplified
from cDNA and cloned into the MIGR1 (MSCV-IRES-GFP) vector to make the
MIGR1-p53 retroviral vector. The MSCV-based retroviruses expressing Myr-
Akt, DN-Akt (37) and FoxO3a.AAA (22) have been previously described. Ret-
roviral supernatants were generated as previously described (38).

Statistical Analysis. Data were analyzed by unpaired t test and ANOVA,
followed by the test of least significant difference for comparisons within and
between the groups.
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