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Jak3-deficient mice display vastly reduced numbers of lymphoid cells. Thymocytes and peripheral T cells
from Jak3-deficient mice have a high apoptotic index, suggesting that Jak3 provides survival signals. Here we
report that Jak3 regulates T lymphopoiesis at least in part through its selective regulation of Bax and Bcl-2.
Jak3-deficient thymocytes express elevated levels of Bax and reduced levels of Bcl-2 relative to those in wild-
type littermates. Notably, up-regulation of Bax in Jak3-deficient T cells is physiologically relevant, as Jak3 Bax
double-null mice have marked increases in thymocyte and peripheral T-cell numbers. Rescue of T lympho-
poiesis by Bax loss was selective, as mice deficient in Jak3 plus p53 or in Jak3 plus Fas remained lymphopenic.
However, Bax loss failed to restore proper ratios of peripheral CD4/CD8 T cells, which are abnormally high in
Jak3-null mice. Transplantation into Jak3-deficient mice of Jak3-null bone marrow transduced with a Bcl-2-
expressing retrovirus also improved peripheral T-cell numbers and restored the ratio of peripheral CD4/CD8
T cells to wild-type levels. The data support the concepts that Jak kinases regulate cell survival through their
selective and cell context-dependent regulation of pro- and antiapoptotic Bcl-2 family proteins and that Bax
and Bcl-2 play distinct roles in T-cell development.

The cytokine receptor family controls physiologic responses
as diverse as growth, fertility, lactation, hematopoiesis, lym-
phopoiesis, and the response to pathogens. In part, the selec-
tive nature of these responses is regulated through the specific
high-affinity interaction of the receptors with their respective
ligands. Ligand binding and receptor aggregation activate one
or two members of the Janus family of tyrosine kinases (Jak1
to -3 and Tyk2), which then transphosphorylate themselves,
their associated receptors, and numerous substrates recruited
to the activated receptor complex (10, 22). Shared substrates of
Jak kinases include members of the signal transducers and
activators of transcription (Stats), which dimerize following
Jak-mediated tyrosine phosphorylation, relocalize to the nu-
cleus, and activate a subset of cytokine-inducible genes. The
specificity of the cytokine response is therefore at least in part
due to the selective activation of dedicated Jaks and Stats (9,
23).

The creation of mice deficient in components of the Jak-Stat
pathway by gene targeting approaches has demonstrated di-
verse but nonredundant roles for these signaling effectors. De-
letion of the Jak kinases led to largely predictable phenotypes.
For example, deletion of Jak2, which among other signals
mediates those emanating from the erythropoietin receptor

(65), leads to profound defects in definitive erythropoiesis (43,
46). Furthermore, deletion of Jak3, which is required for in-
terleukin-7 (IL-7), IL-2, IL-4, IL-9, and IL-15 signaling (24),
results in a scid-like phenotype with severe defects in lympho-
poiesis (44, 47, 59). One prediction was that the deletion of
specific Stats that are selectively activated by hemopoietins
would recapitulate the phenotypes of Jak-deficient mice. How-
ever, Stat-deficient mice display surprisingly restricted pheno-
types that represent only a subset of those present in the Jak
knockouts (14, 25, 26, 32, 35, 52, 56–58). Thus, other effectors
also contribute nonredundant roles to Jak-induced pathways
regulating cell proliferation, differentiation, and/or survival.

Cytokine signaling is continuously required to suppress the
apoptotic program (64), and the suppression of apoptosis is, in
some scenarios, sufficient to permit hematopoietic cell differ-
entiation (15). Attractive targets for Jak kinase-mediated sig-
nals regulating survival include the Bcl-2 family of apoptotic
regulators, which serve to either suppress (e.g., Bcl-2 or Bcl-
XL) or activate (e.g., Bax, Bad, or Bak) the cell death program
(66). Indeed, in myeloid cells a Jak2-dependent pathway is
necessary and sufficient for cell survival and for the selective
regulation of Bcl-XL (45). However, in vivo tests of this para-
digm are difficult, as deletion of Jak2 results in midgestation
embryonic lethality (43, 46). A more genetically tractable sys-
tem is the Jak3-deficient mouse, which is viable. Like IL-7
receptor a (IL-7Ra) or common g chain (the two chains of the
IL-7R) deficiency (6, 12, 50), Jak3 deficiency in mice leads to
severe defects in T- and B-cell development and function (44,
47, 59). All defects present in Jak3-deficient mice are intrinsic
to a common lymphoid progenitor, as lymphopoiesis can be
fully restored by transplantation with Jak3-deficient bone mar-
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row transduced with a Jak3-expressing retrovirus (5). In vitro
splenocyte analysis has suggested that the defects of Jak3-
deficient mice may be related to defects in cell survival (60).
Here we report that Jak3 regulates T lymphopoiesis at least in
part through its ability to selectively repress the expression of
Bax and to induce the expression of Bcl-2. Furthermore, ge-
netic studies demonstrate that the selective regulation of Bax
and Bcl-2 by Jak3 is physiologically relevant and that Bcl-2 and
Bax play distinct roles in T lymphopoiesis. The data support a
model whereby Jak3 selectively regulates the expression of Bax
and Bcl-2, and this is sufficient to promote T-cell development.

MATERIALS AND METHODS

Mice. Jak32/2 C57BL/6 3 129 and bax1/2, p532/2, mlr-lpr, IL-7Ra2/2, Stat5a/
5b1/2, and Rag22/2 C57BL/6 mice were bred and maintained in the animal
research facility of St. Jude Children’s Research Hospital. IL-7Ra2/2 C57BL/6
and p532/2 C57BL/6 mice were obtained from Jackson Laboratories. Peter
Doherty (St. Jude Children’s Research Hospital) and Rakesh Goorha generously
provided mlr-lpr and Rag22/2 C57BL/6 mice, respectively. Jak32/2 bax2/2 mice
were generated by crossing Jak32/2 mice with the bax1/2 mice (bax2/2 mice
have severe fertility problems [29, 48]). F1 offspring were intercrossed to obtain
double-null mice. In a similar fashion, Jak32/2 p532/2 and Jak32/2 lpr mice were
generated by crossing Jak32/2 mice with p532/2 or lpr mice, respectively, and
double-null mice were obtained by intercrossing F1 mice. All mice were geno-
typed at weaning by PCR and analyzed at 4 to 6 weeks of age.

In situ cell death (terminal deoxynucleotidyltransferase-mediated dUTP-bi-
otin nick end-labeling [TUNEL]) analysis. Thymuses from wild-type and Jak3-
deficient mice were removed, rinsed in phosphate-buffered saline (PBS), and
immediately frozen on dry ice in Tissue Tek O.C.T. compound (Fisher). Em-
bedded tissues were cut into 8-mm sections, fixed for 20 min in 10% buffered
formalin, and washed twice with PBS. Tissue sections were permeabilized by
incubation for 5 min at 37°C with 10-mg/ml proteinase K solution, washed twice
in 13 PBS, and then incubated for 2 min in 0.1% Triton X-100–0.1% sodium
citrate at 4°C. The slides were then dried and incubated for 1 h at 37°C with
reaction mix from an In Situ Cell Death Assay Kit (Boehringer Mannheim).
Slides were washed three times in PBS for 5 min, mounted under antifade
Fluoromount, and photographed.

Fluorescence-activated cell sorter (FACS) analysis of apoptosis. Single-cell
suspensions of thymuses and spleens were prepared by passing tissue through a
fine-mesh cell strainer with the plunger of a 3-ml syringe. For splenocytes,
single-cell suspensions were treated with Gey’s solution to lyse red blood cells.
Cells were then incubated on ice for 30 min with fluorescein isothiocyanate
(FITC)-conjugated anti-CD4, phycoerythrin (PE)-conjugated anti-CD8, and al-
lophycocyanin-conjugated annexin V (Caltag Inc.). The cells were then washed
and incubated with 1-mg/ml 7-aminoactinomycin solution (Sigma) for 30 min and
analyzed by FACScan (Becton Dickinson).

FACS analyses of Bcl-2, Bax, and Bcl-XL expression. Single-cell suspensions of
thymocytes were prepared, and cells were surface stained with FITC-conjugated
anti-CD4 antibody GK1.5 and Cychrome-conjugated anti-CD8 antibody 53-6.7
(Pharmingen) at 4°C for 30 min. The cells were then washed and fixed on ice for
15 min in 1% paraformaldehyde (Ted Pella, Inc.). The cells were then washed
once with PBS and incubated with a mouse anti-Bax antibody (2280-MC-100;
Genzyme), a hamster anti-Bcl-2 antibody (15021A; Pharmingen,) or a rabbit
anti-Bcl-XL antibody (B22630; Transduction Labs) in PBS–5% bovine serum
albumin–0.05% saponin (Sigma). The cells were washed twice; PE-conjugated
anti-mouse antibody (Caltag) or PE-conjugated anti-hamster or PE-conjugated
anti-rabbit antibody (both from Southern Biotechnology Inc.) was added, respec-
tively; and the cells were incubated on ice for 30 min. The cells were then washed
and analyzed by FACScan. Parallel analyses of Bax- and Bcl-2-null thymuses and
spleens and of Bcl-X-deficient fetal liver-derived hematopoietic cells demon-
strated the specificity of each of these antibodies. Isotype-matched control an-
tibodies, purified mouse immunoglobulin G1 (IgG1), hamster IgG (Pharmin-
gen), and normal rabbit Ig (R&D Systems) served as negative controls.

Immunofluoresence analyses. Single-cell suspensions of thymocytes were pre-
pared and washed twice in PBS, and cells were counted after the second wash.
Cells were resuspended in a final volume of 200 ml of PBS, and 10-ml aliquots
were applied to glass slides. After cells had completely dried, the slides were
stored at 220°C until further use. For immunofluorescence the slides were fixed
for 20 min in 10% buffered formalin (Fisher), washed twice with PBS for 5 min,
and blocked for 1 h at room temperature with 10% bovine serum albumin–PBS.

Following blocking, the slides were incubated for 2 h at room temperature with
1:500 dilutions of anti-mouse Bax (N-20 [Santa Cruz Inc.] or 2280-MC-100).
Slides were washed three times in PBS and incubated for a further 2 h at room
temperature with a 1:50 dilution of Alexa488–goat anti-rabbit antibody (for Bax
antibody N-20) and FITC–rabbit anti-mouse antibody (for Bax 2280-MC-100
antibody). Slides were then washed three times in PBS, mounted under antifade
Fluoromount (Fisher), and photographed. The procedure was the same for Bcl-2
(15021A; Pharmingen) and Bcl-XL (B22630; Transduction Labs) analysis, and
secondary antibodies were FITC–goat anti-hamster antibody for Bcl-2 and
Alexa499–goat anti-rabbit antibody for Bcl-XL. For Thy1.2 detection we used
PE-conjugated anti-mouse Thy1.2 antibody (Pharmingen).

Semiquantitative RT-PCR analysis. Single-cell suspensions from wild-type
thymocytes (1 mouse) and Jak32/2 thymocytes (10 mice) were prepared. Thy-
mocytes were stained with PE-conjugated anti-CD4 and Cychrome-conjugated
anti-CD8 antibodies and sorted into individual DN, DP, CD41, and CD81

populations with a Moflo cell sorter (Cytomation, Inc.). The sorted populations
were more than 98% pure. Total cellular RNA was extracted from each popu-
lation with RNAzol B (TEL-TEST, Inc.). Semiquantitative reverse transcription
(RT)-PCR was performed to analyze bcl-2, bax, and actin gene expression using
the following primers: Bcl-2 (465 bp), 59-CTGGATCCAGGATAACGGAGGC
T-39 and 59-TGGCAATTCCTGGTTCGGTTTTCAA-39; and Bax (473 bp), 59-
GATTGCTGACGTGGACACGGACT-39 and 59-TCAGCCCATCTTCTTCCA
GATGGT-39. These primers encompassed one intron to exclude DNA contam-
ination. The primers for actin were 59-ACTCCTATGTGGGTGACGAG-39 and
59-AGGTCCAGACGCAGGATGGC-39, which amplified a fragment of 380 bp.

Lymphocyte phenotyping by flow cytometry. Freshly isolated thymocytes or
splenocytes and peripheral blood lymphocytes were stained with antibodies
against CD4 (GK1.5), CD8 (53-6.7), B220 (RA3-6B2), NK1.1 (PK136), gd T-cell
receptor (GL3), and Fas (Jo-2) (Pharmingen).

Analysis of peripheral blood T- and B-lymphocyte numbers. The lymphocyte
count was manually scored from Wright-stained blood smears, and the total
blood cell count was determined with a Coulter Counter. Red blood cells were
lysed, and cells were stained with FITC-conjugated anti-CD4, PE-conjugated
anti-CD8, Cychrome-conjugated anti-B220, or PE-conjugated anti-NK marker
DX5 (Pharmingen) and analyzed by FACScan. T and B cells were then quanti-
tated according to the lymphocyte number and the percentages of T and B cells.

Retroviral transduction and bone marrow transplantation. The human Bcl-2
gene was cloned into the Moloney stem cell virus-internal ribosomal entry site-
green fluorescent protein (MSCV-I-GFP) vector (20) (kindly provided by Robert
Hawley). Ten micrograms of this construct was cotransfected with 10 mg of
pEQPAM3 into 293T cells, seeded at 3 3 106 per 10-cm-diameter dish 1 day
before, by the calcium precipitation method (49). The cells were cultured in 10
ml of Dulbecco modified Eagle medium (Gibco BRL)–10% fetal bovine serum
(HyClone). Virus culture supernatant was collected 48 h after transfection,
another 10 ml of medium was added, and supernatant was collected again after
another 24 h. The supernatants were pooled, filtered, and used to infect the
ecotropic virus producer cell line GP1E86 with 6 mg of Polybrene (Sigma) per
ml in the culture medium. The infected GFP-positive cells were then sorted by
FACS to establish MSCV-Bcl-2-I-GFP virus producer cell lines.

Eight-week-old Jak32/2 or wild-type donor mice were injected peritoneally
with 150 mg of 5-fluorouracil per kg of body weight 48 h before bone marrow
harvest. Bone marrow cells harvested from both hind legs were prestimulated for
48 h in the presence of 20 ng of IL-3 per ml, 50 ng of IL-6 per ml, and 50 ng of
stem cell factor (R&D Systems, Inc.) per ml, followed by coculture with irradi-
ated MSCV-I-GFP or MSCV-Bcl-2-I-GFP virus-producing GP1E86 cells and 6
mg of Polybrene per ml. After 48 h, 1 3 106 to 2 3 106 transduced bone marrow
cells were injected into 8-week-old irradiated (900 rads) recipient Jak3-deficient
mice.

RESULTS

Loss of Jak3 augments T-cell apoptosis. Jak3-deficient mice
develop a rudimentary thymus and have severely reduced num-
bers of T, B, gd T, and NK cells (44, 47, 59). In addition,
Jak3-deficient mice generally display normal ratios of CD42

CD82 double-negative (DN), CD41 CD81 double-positive
(DP), and CD41 and CD81 single-positive cells in the rudi-
mentary thymus, but there is a marked deficit in peripheral
CD81 cell numbers (2, 44). These defects in T lymphopoiesis
could reflect a failure of lymphoid progenitors to proliferate
and/or survive. To directly assess Jak3-deficient T cells for
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possible defects in survival, we initially examined the sponta-
neous rates of apoptosis in thymuses and freshly isolated thy-
mocytes and splenocytes from Jak3-deficient versus wild-type
mice. TUNEL analysis demonstrated remarkably high levels of

apoptosis in the rudimentary thymuses of 4-week-old Jak3-
deficient mice (Fig. 1A). Annexin V staining of total thymo-
cytes confirmed that cells lacking Jak3 had an elevated (three-
fold) apoptotic index (Fig. 1B), and this phenotype was also

FIG. 1. Jak3-deficient thymocytes and splenocytes have high rates of spontaneous apoptosis. (A) In situ analysis of apoptosis by TUNEL assays.
Thymuses were isolated from 4-week-old wild-type (1/1) and Jak3-deficient (2/2) mice, and TUNEL assays were performed as described in Materials
and Methods. Representative thymuses are shown. Magnification, 321 (original magnification, 325). (B) Annexin V staining of freshly isolated thy-
mocytes from 4-week-old wild-type and Jak3-deficient mice. Six mice from each group were analyzed. The percentages of annexin V-positive cells
in thymocyte subsets were as follows: DN, 1/1 5 5.2 6 2.4 and Jak32/2 5 10.4 6 6.3; DP, 1/1 5 3.4 6 0.5 and Jak32/2 5 9.9 6 3.3; CD41,
1/1 5 4.2 6 1.4 and Jak32/2 5 7.3 6 1.5; CD81, 1/1 5 4.5 6 0.9 and Jak32/2 5 9.5 6 3.3. (C) Annexin V staining of apoptotic cells from freshly
isolated splenocytes from wild-type (black line) versus Jak3-deficient (red line) mice. The percentages of apoptotic cells (annexin V-positive cells;
M1) were as follows: wild type, CD4 5 10 and CD8 5 8; Jak3 deficient, CD4 5 18 and CD8 5 29. Data represent two independent experiments.
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evident in each of the Jak3-deficient thymocyte subsets (Fig.
1B legend). Increased levels of apoptosis were also observed in
freshly isolated splenic CD41 and CD81 cells of Jak3-deficient
mice and were particularly elevated in CD81 cells (Fig. 1C).
Thus, both thymic and mature T cells, especially CD81 cells, of
Jak3-deficient mice display high rates of spontaneous apopto-
sis.

Jak3 is required for appropriate regulation of Bax and Bcl-2
during T-cell development. A Jak2 kinase-dependent signal is
required for the survival of myeloid progenitors and for the
selective regulation of Bcl-XL by cytokines (45). We therefore
reasoned that the apoptotic defects manifest in Jak3-deficient
T cells could be due to inappropriate regulation of Bcl-2 family
proteins. Gene targeting approaches in mice suggested Bcl-2,
Bax, and/or Bcl-XL as potential Jak3-dependent mediators.
Bcl-2-deficient mice exhibit normal thymic development yet
display marked lympho-aplasia of mature T cells, with partic-
ularly profound deficits in peripheral CD81 cells (42, 63). By
contrast, deletion of Bax results in modest lymphoid hyperpla-
sia (29). Furthermore, chimeric mice generated using Bcl-X-
deficient embryonic stem cells in Rag22/2 hosts demonstrated
that Bcl-X loss leads to a modest reduction in the numbers of
all thymocyte subsets (38). We therefore assessed the expres-
sion of Bcl-2, Bcl-XL, and Bax expression in T-cell subsets of
Jak3-deficient and wild-type mice using FACS and immuno-
fluorescence analyses with antibodies specific for each of these
proteins.

IL-7 signaling is functional in DN and CD4 and CD8 single-
positive thymocytes yet is impaired in DP thymocytes (55). We
therefore initially assessed whether the levels of Bcl-2, Bcl-XL,
and Bax were regulated during T-cell development by FACS
analysis of 4-week-old wild-type thymocyte subsets. The spec-
ificity of each antibody used for FACS was confirmed by iso-
type controls and by the analysis of cells derived from Bcl-2-,
Bcl-X-, and Bax-deficient mice (data not shown). As expected
(62), Bcl-2 levels were dramatically lower in DP versus DN and
CD41 and CD81 cells (Fig. 2). However, in contrast to previ-
ous studies (16), Bcl-XL levels were unchanged in thymocyte
subsets (Fig. 2). Interestingly, Bax levels were elevated in DP
versus DN thymocytes, and higher levels of Bax were also
present in CD41 and CD81 cells.

Jak3-deficient mice have on average only 5% of the thymo-
cyte numbers present in wild-type mice (44, 59), and these are
highly apoptotic (Fig. 1). DN, CD41, and CD81 thymocytes
comprise approximately 1, 10, and 5% of total thymocytes,
precluding the analysis of Bcl-2, Bcl-XL, and Bax expression in
individual T-cell subpopulations of Jak3-deficient mice by
Western blot assay. We therefore compared levels of Bcl-2,
Bcl-XL, and Bax in wild-type and Jak3-deficient thymocytes by
FACS (Fig. 3) and immunofluorescence staining (Fig. 4).
Analyses of Bcl-2 levels in IL-7Ra-deficient thymocytes estab-
lished that Bcl-2 was reduced in DN and single-positive thy-
mocytes from these mice (1). Similarly, Bcl-2 levels were di-
minished in Jak3-deficient DN, CD41, and especially CD81

thymocytes relative to levels of Bcl-2 present in these thymic
subsets of wild-type mice (Fig. 3A). Therefore, the reductions
in Bcl-2 seen in IL-7Ra-deficient thymocytes are due to defects
in Jak3 signaling, but the defects in Bcl-2 levels in Jak3-defi-
cient CD81 thymocytes appear more profound. As expected,
the very low levels of Bcl-2 present in wild-type DP thymocytes

were equivalent to those present in Jak3-deficient DP cells
(Fig. 3A). Immunofluorescence analyses of total thymocytes
and of FACS-sorted thymocytes confirmed that Bcl-2 levels
were reduced in DN, CD41, and CD81 Jak3-deficient thymo-
cytes, and this was again especially manifest in CD81 cells (Fig.
4A and data not shown). Therefore, Jak3 is required to sustain
Bcl-2 protein expression in T-cell subsets that rely on IL-7
signaling for survival.

In addition to obvious reductions in Bcl-2 levels in Jak3-
deficient thymocytes, FACS and immunofluorescence analyses
surprisingly demonstrated that levels of Bax were elevated at
least threefold in DP, CD41, and CD81 Jak3-deficient thymo-
cytes relative to the levels expressed in wild-type T cells (Fig.
3C and 4B). Therefore, one unanticipated function of Jak3
signaling in T cells is to suppress the expression of Bax. Despite
these changes in Bcl-2 and Bax, the levels of Bcl-XL were
essentially equivalent in all T-cell subsets of Jak3-deficient and
wild-type mice (Fig. 3B and data not shown). Thus, the loss of
Jak3 is associated with selective changes in both Bax and Bcl-2
protein levels.

To address whether changes in the levels of Bcl-2 and Bax
proteins in Jak3-deficient thymocytes reflected changes in gene
expression, we pooled thymocytes from 10 Jak3-deficient mice,
sorted them by FACS, prepared RNA, and analyzed bcl-2 and

FIG. 2. Expression of Bcl-2, Bax, and Bcl-XL during T-cell devel-
opment. Thymocytes were isolated from 4-week-old wild-type mice
and stained with Bcl-2, Bax, and Bcl-XL antibodies and analyzed by
FACS. Scans shown are representative of four independent analyses.
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bax expression by semiquantitative RT-PCR. For comparison
we prepared RNA from age-matched wild-type thymocyte sub-
sets. These data clearly demonstrated that bax RNA levels
were augmented in Jak3-deficient CD41 and CD81 thymo-
cytes (at least threefold) relative to those in wild-type thymo-
cytes (Fig. 3D). Furthermore, bcl-2 RNA levels were obviously
diminished in Jak3-deficient DN, CD41, and CD81 thymo-
cytes (Fig. 3D). Therefore, inappropriate levels of Bax and
Bcl-2 in Jak3-deficient thymocytes are largely accounted for by
changes in gene expression.

The alterations in Bax and Bcl-2 regulation in Jak3-deficient
thymocytes could simply reflect defects in development rather
than being associated with their apoptotic phenotype. If so,
then other knockout mice defective in T-cell development
might also display inappropriate expression of Bax and Bcl-2.
To address this issue, we analyzed Bax (Fig. 5A) and Bcl-2
(Fig. 5B) expression in Rag2-deficient mice, which fail to de-
velop beyond the DN stage due to a defect in T-cell receptor
rearrangement (53). Parallel FACS analyses demonstrated
that Bax levels were essentially equivalent in Rag2-deficient
versus wild-type DN thymocytes (Fig. 5A). Furthermore, Bcl-2
levels in Rag2-deficient thymocytes were essentially equivalent
to those present in wild-type DN thymocytes (Fig. 5B). There-

fore, the failure of a Jak3-dependent signal to suppress Bax
levels and to sustain Bcl-2 expression is specific and not simply
a consequence of any defect that perturbs T-cell development.

Inactivation of IL-7Ra in mice results in defective lympho-
poiesis akin to that seen in Jak3-deficient mice (50). Thus, a
logical prediction was that IL-7Ra-deficient thymocytes should
also have alterations in Bax levels. Indeed, a direct comparison
by FACS analyses demonstrated that Bax expression was ele-
vated in IL-7Ra-deficient total thymocytes relative to that in
wild-type T cells (Fig. 5C). Activation of Jak3 by IL-7R elicits
the tyrosine phosphorylation and activation of Stat5a and
Stat5b (23). Although Stat5a/Stat5b-deficient mice do not dis-
play a defect in T-cell development (57), it was formally pos-
sible that the changes in Bax levels observed in Jak3-deficient
T cells were Stat5a or Stat5b dependent. However, Bax levels
were equivalent in Stat5a/Stat5b-deficient and Stat5a/Stat5b
heterozygous thymocytes (Fig. 5D). Therefore, the alterations
in Bax expression in Jak3-deficient thymocytes appear to be
mediated through an IL-7-to-Jak3 pathway but are indepen-
dent of activation of Stat5a or Stat5b.

Bax loss promotes thymic development in Jak3-deficient
mice. Consistent with a physiologic role in T-cell development,
Bax-deficient mice have increased numbers of all T-cell sub-

FIG. 3. Jak3-deficient T cells have defects in the expression of Bcl-2 and Bax. (A to C) Thymocytes from 4-week-old wild-type (black lines) and
Jak3-deficient (red lines) mice were isolated and analyzed for levels of Bcl-2, Bcl-XL, and Bax by FACS. Signals were Bcl-2, Bax, and Bcl-XL specific
based on the analyses of isotype controls and from analyses of thymocytes from Bax- and Bcl-2-deficient mice and of fetal liver-derived
hematopoietic progenitors from Bcl-X-deficient mice (data not shown). Representative data are shown from FACS analyses of five age-matched
pairs of mice. (D) Semiquantitative RT-PCR was performed to examine bcl-2, bax, and actin mRNA levels in DN, DP, CD41, and CD81

thymocytes isolated from 1 wild-type mouse and 10 pooled Jak32/2 mice. Actin was used as a control to show that equal amounts of cDNA
templates were used for each cell population.
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sets, but the normal ratios of these cells are maintained (29).
To test whether up-regulation of Bax could account for a
proportion of the defects in Jak3-deficient mice, we generated
mice deficient in both Jak3 and Bax. Strikingly, the numbers of
peripheral T cells from all Jak3 bax double-null mice were at
least 10-fold higher than those present in their Jak32/2 bax1/2

or Jak32/2 bax1/1 littermates (Fig. 6A and data not shown).
There was also a significant increase in thymus size in double-
null mice relative to that in Jak3-deficient bax1/2 or bax1/1

littermates (Fig. 6B). Thus, the elevated levels of Bax in Jak3-
deficient mice contribute to defects in T lymphopoiesis in these
mice. However, Bax loss failed to rescue defects in the num-
bers of peripheral B cells, gd T cells, or NK cells (Fig. 6A and
data not shown). Furthermore, when double-null peripheral
splenic T cells were examined for their CD41/CD81 ratios, it
was evident that Bax loss also failed to compensate for the
exacerbated defects inherent to peripheral Jak3-deficient
CD81 cells (Fig. 6C). Thus, signals other than Bax loss are
required to rescue apoptotic defects of Jak3-deficient periph-
eral CD81 cells and for the development of Jak3-deficient B,
gd T, or NK cells.

Bax is sometimes required, in a cell context-specific fashion,
as a mediator of p53-induced apoptosis (8, 29, 34, 67). Al-
though loss of p53 does not alter lymphopoiesis, p53-deficient
mice are highly prone to the development of T-cell lymphomas
by 4 to 6 months of age (13). Loss of p53 can, however,
compensate for some of the T-cell developmental defects ob-
served in CD3a-chain-deficient, Rag1- or Rag2-deficient, and
scid mice (18, 31, 39, 40). We therefore addressed the rele-
vance of p53 to the defects in lymphopoiesis of Jak3-deficient
mice. p53 protein levels were not elevated in T cells of Jak3-
deficient versus wild-type mice (data not shown). Furthermore,
the generation and analysis of Jak3 p53 double-null mice dem-
onstrated that these animals remained lymphopenic and failed
to show any rescue in the size of the thymus (Fig. 6A and data
not shown). Therefore, the high levels of apoptosis of Jak3-
deficient T cells are p53 independent.

The ability of Bax loss to promote T lymphopoiesis of Jak3-
deficient mice could also be considered nonspecific, and de-
fects could therefore possibly be corrected by the loss of other
apoptotic regulators. Particularly relevant was the possible role
of the Fas pathway in the defects in Jak3-deficient mice. Fas is

FIG. 4. Bax expression is elevated and Bcl-2 expression is suppressed in thymocytes of Jak3-deficient mice. Bcl-2 and Bax expression in total,
DP, and CD81 thymocytes is shown. Thymocytes were isolated from 4-week-old wild-type and Jak32/2 mice. Bcl-2- and Bax-specific antibody
staining is shown in green. To identify T cells in bulk thymocyte preparations (top panels), the slides were also costained with the T-cell marker
Thy1.2 (red staining). Note that only a proportion of total thymocytes from wild-type mice stain strongly with antibody to Bcl-2 (A, upper left
panel), as Bcl-2 is not expressed in DP thymocytes (Fig. 2), but that Bcl-2 levels are much lower in total thymocytes from Jak32/2 mice.
Representative fields are shown. Magnification of all cells is 352 (original magnification, 363).
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an important regulator of peripheral T-cell apoptosis, and in
the absence of this pathway, for example in lpr (mutant Fas
receptor) or gld (mutant Fas ligand) mice, there are marked
lymphoproliferative syndromes (41). One unexplained feature
of peripheral Jak3-deficient CD41 and CD81 cells is a marked
up-regulation in their levels of Fas (2, 54; data not shown). We
therefore also generated Jak32/2 lpr offspring. These mice
were equivalent to Jak3-deficient mice in their defects in T-,
B-, and NK-cell lymphopoiesis (Fig. 6A and data not shown),
and loss of Fas function did not rescue the apoptotic defects
inherent to peripheral Jak3-deficient CD41 and CD81 cells
(data not shown). Therefore, the ability of Bax loss to promote
T lymphopoiesis of Jak3-deficient mice is not simply due to the
removal of any proapoptotic regulator, and the apoptotic de-
fects in Jak3-deficient T cells are independent of p53 or Fas.

Bcl-2 is necessary and sufficient to restore CD81 T-cell
development in Jak3-deficient mice. Genetic analysis of the
interplay between Bcl-2 and Bax in T lymphopoiesis has dem-
onstrated additive effects of Bax deficiency and Bcl-2 overex-
pression, suggesting that Bax and Bcl-2 do not function in a
linear pathway (28). Consistent with this notion, Jak3-deficient
CD81 cells express markedly reduced levels of Bcl-2 (Fig. 3
and 4) and peripheral CD81 numbers remain underrepre-
sented in Jak3 bax double-null mice (Fig. 6C). To address

whether Bcl-2 overexpression was sufficient to restore lympho-
poiesis in Jak3-deficient mice, we used retrovirus-mediated
gene transfer of bone marrow from Jak3-deficient mice. Trans-
duction of Jak3-deficient bone marrow with a Jak3-expressing
retrovirus and transplantation into irradiated Jak3-deficient
mice rescues all hematopoietic defects in these mice (5). We
therefore generated a recombinant human bcl-2 retrovirus us-
ing a vector backbone (MSCV-I-GFP [20]) successfully used in
the Jak3 virus transduction experiments. Virus-transduced
cells can be identified by virtue of the GFP gene, which is
expressed in cis from an internal ribosome entry site.

Bone marrow was harvested from wild-type or Jak3-deficient
mice, pooled, and then transduced with MSCV-Bcl-2-I-GFP or
with the vector control virus MSCV-I-GFP. Vector-only- or
Bcl-2 virus-transduced wild-type or Jak3-null bone marrow was
then transplanted into irradiated Jak3-deficient mice. Two
months following transplant, the animals were analyzed for
reconstitution of the lymphoid system. As expected, trans-
duced bone marrow derived from wild-type mice efficiently
reconstituted both T and B lymphopoiesis in Jak3-deficient
mice, whereas Jak3-deficient bone marrow transduced with
control MSCV-I-GFP failed to reconstitute lymphopoiesis
(Fig. 7A). By contrast, transplantation of MSCV-Bcl-2-I-GFP-
transduced Jak3-deficient bone marrow reconstituted periph-

FIG. 5. Bax and Bcl-2 expression in Rag2-, IL-7Ra-, and Stat5a/Stat5b-deficient mice. (A) FACS analysis of Bax levels in Rag2-deficient mice
versus those present in wild-type and Jak3-deficient DN thymocytes. Note that the numbers of DN thymocytes are elevated in Rag22/2 mice
relative to those present in Jak3-deficient and wild-type mice. (B) FACS analysis of Bcl-2 levels in Rag2-deficient mice versus those present in
wild-type and Jak3-deficient DN thymocytes. (C) Bax levels are also elevated in IL-7Ra2/2 thymocytes. CD3-positive total thymocytes were
harvested from 4-week old wild-type, Jak3-deficient, and IL-7Ra2/2 mice and directly compared for their levels of Bax by FACS analyses. (D) Bax
levels in FACS-analyzed Stat5a/Stat5b-deficient thymocytes were compared to those in heterozygous littermates. Data shown are representative
of two separate analyses of IL-7Ra- and Rag2-deficient mice and three analyses of Stat5a/Stat5b-deficient mice.
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FIG. 6. Bax loss promotes T lymphopoiesis in Jak3-deficient mice. (A) Absolute numbers of peripheral T and B cells were determined in 6-
to 8-week-old wild-type (1/1), Jak32/2, Jak3 bax double-null, Jak3 p53 double-null, and Jak32/2 lpr mice. Lymphocyte counts were manually
scored from Wright-stained blood smears, and the percentages of T versus B cells were determined by FACS analysis with antibodies to CD4, CD8,
and B220. Each symbol indicates an individual mouse, and the bars and adjacent numbers denote the mean values. (B) Thymuses from 4-week-old
wild-type, Jak3-deficient, and Jak3 bax double-null mice were surgically removed and photographed. (C) Bax loss fails to compensate for peripheral
CD8 defects inherent to Jak3-deficient mice. Spleens were isolated from 4-week-old wild-type, Jak3-deficient, and Jak3 bax double-null mice, and
the proportions of peripheral splenic CD4 to CD8 cells were determined by FACS analyses. The mean average of CD4 to CD8 splenocytes was
2:1 in wild-type mice, 8:1 in Jak32/2 mice, and 6:1 in Jak3 bax double-null mice (n 5 5 mice for each group).
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eral T-cell numbers in each Jak3-null recipient (mean of 800 T
cells per ml of peripheral blood) to levels approaching those
present in Jak3-deficient mice transplanted with wild-type
bone marrow transduced with the MSCV-I-GFP control virus.
FACS analyses of GFP fluorescence demonstrated that .95%
of MSCV-Bcl2-I-GFP-reconstituted Jak3-deficient T cells ex-
pressed GFP, whereas the percentages of GFP-positive T cells
were much lower when vector-only transduced bone marrow
from wild-type mice was used (10 to 20% [data not shown]).
Furthermore, FACS analyses demonstrated that Bcl-2 virus-
reconstituted Jak3-deficient T cells expressed high levels of

human Bcl-2 (data not shown). Thus, there is a profound
selection for T cells expressing Bcl-2 when they are deficient in
Jak3. Furthermore, Bcl-2 overexpression restored the ratio of
peripheral CD41 to CD81 cells to those present in wild-type
mice (Fig. 7B). However, MSCV-Bcl-2-I-GFP-reconstituted
Jak3-deficient mice remained defective in their numbers of B,
gd T, and NK cells (Fig. 7A and data not shown). Finally, the
apoptotic index in MSCV-Bcl-2-I-GFP-reconstituted Jak3-de-
ficient peripheral CD81 cells was significantly lower than that
of Jak3-deficient mice (data not shown), confirming that the
selective advantage imparted by Bcl-2 was due to its ability to

FIG. 7. Overexpression of Bcl-2 promotes T lymphopoiesis and increases peripheral CD81 cells in Jak3-deficient mice. (A) Bone marrow
transplantation of irradiated Jak3-deficient mice with progenitors infected with a Bcl-2-expressing retrovirus. Sublethally irradiated (900 rads)
Jak3-deficient mice were transplanted with MSCV-I-GFP-infected wild-type (1/1) or Jak32/2 bone marrow (BM) or with MSCV-Bcl-2-I-GFP-
infected Jak3-deficient bone marrow. Two months following transplant the peripheral blood was analyzed for lymphocyte numbers. Lymphocyte
counts and FACS analysis of B220, CD4, or CD8 expression were used to determine the absolute number of T and B cells. Each symbol indicates
the analysis of an individual mouse, and the bars and adjacent numbers denote the mean value. (B) CD4 and CD8 FACS analysis profile of
splenocytes from Jak3-deficient mice reconstituted with Bcl-2-overexpressing Jak3-null bone marrow (Bcl-2/Jak32/2), MSCV-I-GFP-expressing
Jak3-null bone marrow (GFP/Jak32/2), or MSCV-I-GFP-expressing wild-type bone marrow (GFP/Jak31/1). FACS analyses shown are represen-
tative of three individual mice analyzed. Ratios of CD4 to CD8 cells were 2:1 for GFP/Jak31/1 mice or Bcl-2/Jak32/2 mice, whereas they were 8:1
in GFP/Jak32/2 mice.
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suppress apoptosis. Thus, the severely reduced levels of Bcl-2
in Jak3-deficient CD81 cells are relevant to their exacerbated
apoptotic defects. Furthermore, the ability of Bcl-2 overexpres-
sion, but not Bax loss, to compensate for this CD81 defect
supports the model that Bax and Bcl-2 function in an additive
fashion to regulate T lymphopoiesis (28).

DISCUSSION

Jak3 associates with the gc chain of IL-7R, and activation of
Jak3 by IL-7 is critical for T-cell development, as deletion of
Jak3 recapitulates the defects observed in IL-7Ra- or gc-chain-
deficient mice (6, 12, 44, 47, 50, 59). Defects in Jak3-null mice
are intrinsic to a lymphoid progenitor (5) and are not due to
defects in lymphocyte development per se, as there are proper
ratios of thymocyte subsets. Rather, the defects of these knock-
outs are largely quantitative, resulting from the failure of these
cells to grow and/or survive. Gain-of-function studies using
lymphoid cell-specific Bcl-2 transgenic mice have suggested
that it is the survival, rather than the proliferative, signal em-
anating from IL-7R that is necessary and sufficient to promote
T lymphopoiesis (1, 30, 33). Our findings support this concept
and suggest that Jak3 functions as a critical mediator of the
IL-7 survival pathway by selectively regulating the expression
of Bax and Bcl-2.

Jak kinases provide required survival signals that regulate
the expression of Bcl-2 family proteins. Several lines of evi-
dence support the concept that one nonredundant function of
Jak kinases is to provide a survival signal. Firstly, Jak3 knock-
out mice display high levels of spontaneous apoptosis in the
thymus and periphery (Fig. 1) (60). Secondly, cells expressing
mutant cytokine receptors that fail to activate Jak kinases
cannot support cell survival (27, 36). By contrast, cytokine
receptors selectively defective in activating phosphatidylinosi-
tol-39 kinase, phospholipase C-g, Ras–Raf-1, and STATs re-
tain their capacity to suppress cell death (45, 51). Finally, Jak
kinase functions are required for the proper regulation of the
Bcl-2 family proteins. Two striking examples underscore this
concept. First, as shown here, Jak3 loss leads to the up-regu-
lation of Bax expression in DP, CD41, and CD81 thymocytes
and to the reduction of Bcl-2 levels in DN, CD41, and espe-
cially CD81 thymocytes (Fig. 3 and 4). These changes are in
part accounted for by alterations in RNA levels (Fig. 3D) and
are physiologically relevant, as either Bax loss or Bcl-2 over-
expression promotes T-cell development in Jak3-deficient
mice. By crossing the common g-chain knockout to a trans-
genic mouse expressing a truncated version of gc, Tsujino et al.
(61) have suggested that Bcl-2 regulation in peripheral CD41

T cells and DN thymocytes is independent of Jak3. By contrast,
our results suggest that regulation of Bcl-2 in DN, CD41, and
CD81 thymocytes is strictly dependent upon Jak3, and this
result is consistent with the phenotypes of the Jak3 and com-
mon g-chain knockouts, which are essentially the same. Thus,
Jak3 is the critical nonredundant effector of common g chain-
mediated signaling, and its targets include Bcl-2 and Bax. Al-
though the signaling pathway by which Jak3 regulates Bax
expression is not resolved, in thymocytes this clearly does not
involve Stat5a or Stat5b (Fig. 5D). Second, in myeloid progen-
itors, Jak2 is specifically required to promote survival and for
the selective regulation of Bcl-XL (45).

An interesting feature of Jak-mediated survival pathways is
their cell context-specific nature. Firstly, there is selective reg-
ulation of different Bcl-2 family members. For example, Jak3 is
essential for proper regulation of Bax and Bcl-2 RNA and
protein in thymocyte subsets (Fig. 3 and 4), whereas Jak2
regulates the expression of Bcl-XL RNA and protein in my-
eloid progenitors (45). Secondly, all lymphoid defects of Jak3-
deficient mice can be rescued by reconstitution of bone mar-
row with a Jak3-expressing retrovirus (5), but a retrovirus
expressing Bcl-2 fails to rescue B-, gd T-, or NK-cell numbers
in Jak3-deficient recipients. Similarly, bcl-2 transgenes fail to
rescue B- or NK-cell development in IL-7Ra-deficient mice (1,
33), and loss of bax also has no consequence on Jak3-deficient
B-, gd T-, or NK-cell development. Thus, an unknown but
Jak3-dependent survival signal may contribute to this arm of
the immune system.

In addition to their requirement for regulating Bcl-2 family
proteins, Jak kinases may regulate additional survival path-
ways. In particular, the rescue of Jak3- and IL-7Ra-deficient
T-cell defects by Bcl-2 gain-of-function strategies (1, 33) or by
Bax loss in Jak3-deficient mice is certainly not complete. One
possibility is that other Bcl-2 family members are required for
proper T lymphopoiesis. In support of this concept, chimeric
analyses have suggested that Bcl-XL plays a quantitative role in
thymocyte development and mice deficient in the proapoptotic
family member Bim have defects in T-cell development (3).
However, we have not observed changes in Bcl-XL or Bim
levels in Jak3-null versus wild-type T cells (Fig. 3 and data not
shown). A second mechanism could involve posttranslational
modifications of Bcl-2 family members. For example, overex-
pression studies have shown that cytokines activate protein
kinase B (PKB; also called Akt)- and PKA-dependent phos-
phorylation of the cell death agonist Bad (11, 19), which dis-
places Bad from Bcl-XL to promote cell survival (68). Thus, in
lymphoid cells a Jak3-dependent signal may regulate the ac-
tivity of PKB or PKA to phosphorylate Bcl-2 family members
or other apoptotic targets such as caspase 9 or the forkhead
transcription factor (4, 7). Finally, a Jak-dependent signal may
also regulate localization of Bcl-2 family proteins. In healthy
cells Bax is present in the cytosol yet relocalizes to mitochon-
dria after cells receive an apoptotic signal (17, 21). The signal-
ing events regulating Bax relocalization are unresolved, but
once they are identified, genetic tests of this pathway in Jak3-
deficient mice may also be warranted.

The requirement for Jak3-mediated regulation of Bcl-2 and
Bax for T-cell development is additive. The fact that the loss of
Jak3 differentially affects the regulation of Bcl-2 and Bax in T
cells is consistent with the concept that Bcl-2 and Bax play
distinct roles in T lymphopoiesis. Our analyses and those of
others (37, 62) have shown that Bcl-2 RNA and protein levels
are low in DP thymocytes but higher in DN, CD41, and CD81

cells (Fig. 2 and 3D). IL-7 and Jak3 signaling is impaired in DP
thymocytes (22, 55), and DP cells express high levels of Bax
and reduced levels of Bcl-2 (Fig. 2 and 3), underscoring the
physiological role of the Jak3-to-Bax/Bcl-2 pathway. It was
perhaps not surprising that IL-7Ra- and Jak3-deficient thymo-
cytes had comparable deficits in Bcl-2 (data not shown) (1),
since Jak3 is required for IL-7 signaling, but the fact that Bax
regulation was also altered in IL-7Ra- and Jak3-deficient thy-
mocytes was unanticipated (Fig. 5C). Alterations of Bcl-2 and
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Bax expression in Jak3-deficient thymocytes are not simply due
to a blockade in T-cell development, as the changes are not
observed in Rag2-deficient mice (Fig. 5).

In contrast to the observed changes in Bcl-2, the levels of
Bax present in DP, CD41, and CD81 thymocytes cannot sim-
ply be accounted for by Jak3 activity. For example, levels of
Bax RNA and protein in DN Jak3-deficient and wild-type cells
are low but essentially equivalent (Fig. 2 and 3), despite the
fact that IL-7-to-Jak3 signaling is required for expansion of this
subset. Furthermore, wild-type CD41 and CD81 thymocytes
express higher levels of Bax RNA and protein than do DN cells
(Fig. 2 and 3D), despite IL-7-to-Jak3 signaling in all these
three subsets. Thus, other signaling pathways must also partic-
ipate in the regulation of Bax during T lymphopoiesis.

If Bcl-2 and Bax were the sole mediators of T-lymphoid
survival in the IL-7-to-Jak3 pathway, one would predict that
the T-cell phenotypes of Bcl-2-, Bax-, IL-7Ra-, and Jak3-defi-
cient mice would be concordant. This is not the case. In con-
trast to the scid-like phenotypes of IL-7Ra- and Jak3-deficient
mice, the phenotypes of Bcl-2- and Bax-deficient mice suggest
only partial nonredundant functions in T lymphopoiesis (28,
29, 63). Mice lacking Bcl-2 initially display normal T-cell de-
velopment, yet these cells undergo massive apoptosis at 4 to 8
weeks of age (42, 63). Thus, Bcl-2 is not strictly required for T
lymphopoiesis but rather is necessary to sustain cell survival.
Furthermore, similar to the Jak3 deficiency, loss of Bcl-2 re-
sults in especially marked defects in CD81 numbers (63), un-
derscoring the physiological role of the Jak3-to-Bcl-2 pathway
in the maintenance of this T-cell subset. Bax-deficient mice
have on average a 1.6-fold increase in all thymocyte subsets but
have normal ratios of T-cell subsets and do not display a
lymphoproliferative phenotype (29). However, the loss of T
cells in IL-7Ra- or Jak3-deficient mice is consistent with the
notion that Bax RNA and protein levels are repressed by this
pathway and that Bax proapoptotic functions are manifest only
when the Jak3 pathway is disrupted.

Genetic studies using Bcl-2- and Bax-deficient mice, com-
bined with gain-of-function studies using Bcl-2 transgenic
mice, have suggested that Bcl-2 and Bax play distinct roles in
T-cell development (28). Loss of Bax rescues the apoptotic
phenotype of Bcl-2-deficient mice, demonstrating that Bax is
downstream of Bcl-2. However, Bcl-2 still displays gain-of-
function activity in the absence of Bax, indicating that each
regulates apoptosis independently in an additive fashion. This
model is supported by our data. In particular, Bcl-2 overex-
pression rescues the marked defects in Jak3-deficient periph-
eral CD81 cells, whereas Bax loss does not. Therefore, the
data support the model that Jak3 is required to correctly reg-
ulate the expression of Bax and Bcl-2 in specific T-cell contexts,
that these pathways are independent, and that both contribute
to T-cell development.
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