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Proper development of T cells depends on lineage-specific regulators controlled transcriptionally and posttranslationally to en-
sure precise levels at appropriate times. Conditional inactivation of F-box protein Fbw7 in mouse T-cell development resulted in
reduced thymic CD4 single-positive (SP) and splenic CD4� and CD8� cell proportions. Fbw7 deficiency skewed CD8 SP lineage
differentiation, which exhibited a higher incidence of apoptosis. Similar perturbations during development of CD8-positive cells
were reported with transgenic mice, which enforced GATA3 (T-cell differentiation regulator) expression throughout T-cell de-
velopment. We observed augmented GATA3 in CD4/CD8 double negative (DN) stage 4, CD4 SP, and CD8 SP lineages in Fbw7-
deficient thymocytes. Using overexpressed proteins in cultured cells, we demonstrated that Fbw7 bound to, ubiquitylated, and
destabilized GATA3. Two Cdc4 phosphodegron (CPD) candidate sequences, consensus Fbw7 recognition domains, were identi-
fied in GATA3, and phosphorylation of Thr-156 in CPD was required for Fbw7-mediated ubiquitylation and degradation. Phos-
phorylation of GATA3 Thr-156 was detected in mouse thymocytes, and cyclin-dependent kinase 2 (CDK2) was identified as a
respondent for phosphorylation at Thr-156. These observations suggest that Fbw7-mediated GATA3 regulation with CDK2-
mediated phosphorylation of CPD contributes to the precise differentiation of T-cell lineages.

The F-box protein Fbw7 (also known as Fbxw7, Sel-10, or Cdc4)
forms an Skp1-cullin1-F box protein (SCF) complex that me-

diates the ubiquitylation of substrates. Fbw7 binds to a high-affin-
ity recognition motif termed the Cdc4 phosphodegron (CPD),
with a consensus sequence of T/S(PO3)-P-X-X-S/T/D/E (where X
indicates an arbitrary residue) (1). Fbw7 often promotes the turn-
over of substrates via phosphorylation of the CPD. Interestingly,
many Fbw7 substrates synergize and/or function to promote spe-
cific cell differentiation. Notch1, c-Myc, and mTOR regulate qui-
escence and storage of hematopoietic stem cells, and Notch1, c-
Myc, c-Myb, and MCL1 contribute to the development of the
common lymphoid progenitor lineages (2). To investigate the role
of Fbw7-mediated ubiquitylation of substrates, Fbw7 conditional
knockouts were constructed with tissue-specific expression of Cre
recombinase. Using gene targeting mice, some studies have re-
ported that ablation of Fbw7 in T cells resulted in the predisposi-
tion to thymic enlargement and thymic lymphoma, which ex-
pressed both CD4 and CD8, suggesting their derivation from
immature T cells, and the accumulation of c-Myc, Notch1, MCL1,
and NF-�B2 (3–5). In this paper, we focused on the reduced thy-
mic CD4 single-positive (SP) and CD8 SP and splenic CD4� and
CD8� cell proportions in mice, which were conditionally depleted
of Fbw7. From further detailed analysis, we found that Fbw7 de-
ficiency also skewed the differentiation of the CD8 SP lineage,
which exhibited a higher incidence of apoptosis. Interestingly,
similar perturbations during development of CD8-positive cells
have been reported with transgenic (Tg) mice in which expression
of GATA3 was enforced throughout T-cell development (6).

T-cell progenitors undergo maturation in the thymus and sub-
sequently migrate to the peripheral lymphoid organs. T-cell lin-
eages of thymocytes are classified by the expression pattern of two
surface antigens, CD4 and CD8. Most immature T cells do not
express CD4 or CD8 and are referred to as double-negative (DN)

cells. Maturation of DN cells into double-positive (DP) cells re-
quires expression of both antigens, and further progression leads
to the retained expression of CD4 or CD8 in the single-positive
(SP) cells (7).

Proper development of T cells depends on lineage-specific reg-
ulators, including GATA3, which is one of the factors involved in
T-cell specification and commitment. The mammalian GATA
family of transcription factors comprises six types, GATA binding
protein 1 (GATA1) to GATA6. While each GATA protein has a
distinct and restricted tissue expression pattern, GATA1 to GATA3
are classified as the hematopoietic factors. GATA3 is expressed by
immune cells. GATA3 is an important regulator of T-cell differ-
entiation and involved in �-selection and CD4 SP T-cell develop-
ment in the early stage of commitment and T helper 2 (Th2) cell
maturation (8–14). GATA3 is upregulated during the develop-
ment of CD4 but not CD8 SP thymocytes (15, 16). These distinc-
tions act as one of the mediators of the CD4/CD8 lineage decision
of thymocytes as overexpression of GATA3 during positive selec-
tion inhibited CD8 SP cell development (6). In addition, the in-
creased abundance of GATA3 during the late DN stage disturbs
accurate progression from DN to DP and may result in trans-
formed cells, which are characterized as CD4� CD8� (6). GATA3
expression is regulated by Notch and NF-�B2 during Th2 differ-
entiation (2, 17–19). We inferred that the protein degradation
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system might play a critical role in the quantitative regulation of
GATA3, similar to a transcriptional regulator. Yamashita et al.
reported that extracellular signal-regulated kinase (ERK)–mito-
gen-activated protein kinase (MAPK) activation stabilized
GATA3 through inhibition of the ubiquitin (Ub)-proteasome sig-
naling and that Mdm2 was involved in the ubiquitylation of
GATA3 in T cells although the involvement for phosphorylation
in regulation by Mdm2 has not been elucidated (20).

We found that GATA3 protein accumulated in T-cell lineages
of Fbw7-deficient thymocytes. With the identification of two can-
didate CPD sequences in GATA3 and given that Fbw7 plays cru-
cial roles in the development of T-cell lineages through the regu-
lation of transcription factors, we hypothesized that Fbw7 targets
GATA3 and that its interaction, which is regulated by cyclin-de-
pendent kinase 2 (CDK2)-mediated phosphorylation of CPD,
modulates the development of T-cell lineages.

MATERIALS AND METHODS
Conditional knockout mice. The generation and genotyping of condi-
tional knockout Lck-Cre/Fbw7flox/flox mice were described previously (3).
Mice 6 to 10 weeks of age were used for analysis. All mice were treated
according to the protocols approved by the Hamamatsu University
School of Medicine Animal Care Committees at the Center Animal Care
facility.

Cell culture. Whole thymocytes obtained from Fbw7flox/flox or Lck-
Cre/Fbw7flox/flox mice and HUT78 cells (Riken) were cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum, penicillin (100
U/ml), and streptomycin (100 �g/ml). HEK293 and HeLa cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum, penicillin (100 U/ml), and strepto-
mycin (100 �g/ml).

Generation of P-T156-GATA3 antibody. Polyclonal antibodies
against phosphorylated Thr-156 of GATA3 (P-T156-GATA3) were raised
against a keyhole limpet hemocyanin (KLH)-conjugated chemically syn-
thesized phosphorylated Thr-156 peptide (P-T156 peptide), correspond-
ing to the CPD region of GATA3 (residues 150 to 161) (MBL). Antiserum
obtained from an immunized guinea pig was purified using column chro-
matography conjugated with the P-T156 peptide and then passed through
a column conjugated with nonphosphorylated Thr-156 peptide (Peptide
Institute) to eliminate antibodies against nonphosphorylated Thr-156
peptide. The antibody specificity was confirmed by enzyme-linked immu-
nosorbent assay and immunoblotting.

Antibodies and fluorescence-activated cell sorting (FACS) analysis.
Phycoerythrin (PE)-Cy5-conjugated anti-CD4 (RM4-5), fluorescein iso-
thiocyanate (FITC)-conjugated anti-CD8a (53-6.7), and PE-labeled an-
nexin V were purchased from BD Pharmingen. PE-Cy7-conjugated anti-
CD44 (IM7) and Alexa Fluor 700-conjugated anti-CD25 (PC61) were also
purchased from Biolegend. After cell surface labeling, thymic T cells and
splenic T cells of mice were scored and sorted by FACS Aria instruments
(BD). In addition, anti-Myc 9B11 (Cell Signaling), anti-Myc 9E10
(Roche), anti-FLAG M2 (Sigma), antihemagglutinin (anti-HA) 3F10
(MBL), anti-GATA3 HG3-31 (Santa Cruz), anti-Fbw7 (catalog number
A301-720A; Bethyl), anti-CDK2 (TDL), antiphosphothreonine (catalog
number 71-8200; Invitrogen), anti-glutathione S-transferase (anti-GST)
(B-14; Santa Cruz), anti-HSP90 (catalog number 610419; BD), anti-�-
tubulin (clone DM1A; Sigma), anti-�-actin (clone AC15; Sigma), and
anti-NF-�B2 (catalog number A301-822A; Bethyl) were also purchased
for immunoblot analysis. Alexa Fluor 546-conjugated anti-GATA3 was
prepared by an Alexa Fluor 546 monoclonal antibody labeling kit (Ze-
non).

ICC analysis. Immunocytochemistry (ICC) was performed on cytos-
pin preparations of the sorted cell subpopulations. Cells were incubated
overnight with Alexa Fluor 546-conjugated anti-GATA3 antibody at 4°C,
followed by 4=,6=-diamidino-2-phenylindole (DAPI) staining. The rela-

tive protein levels were calculated as the means � standard deviations
(SD) from 10 random areas.

Plasmids, recombinant proteins, and protein kinases. Complemen-
tary DNAs encoding wild-type (WT) and mutant GATA3 were cloned
into pcDNA3.1/Myc-His (Invitrogen). FLAG-tagged Fbw7 was cloned
into pcDNA3.1 (Invitrogen). The expression plasmid for ubiquitin
(pCGN-HA-Ub) was previously described (21). All point mutants of
GATA3 were constructed using standard recombinant DNA techniques.
Glutathione S-transferase (GST) and GST-fused GATA3 proteins were
expressed in Escherichia coli BL21 and affinity purified with glutathione-
Sepharose 4B (GE Healthcare). The fusion proteins were eluted with 10
mM reduced glutathione. Recombinant protein kinases used in the in
vitro phosphorylation assay were cyclin E/CDK2 (Abcam), cyclin D1/
CDK4 (Abcam), cyclin D2/CDK4 (Abcam), cyclin A/CDK2 (Abcam), cy-
clin B/CDK1 (Abcam), ERK1 (Carna Biosciences), p38� (Carna Biosci-
ences), HIPK2 (Carna Biosciences), NLK (Carna Biosciences), and
glycogen synthase kinase 3� (GSK3�; NEB). For the in vitro binding assay,
recombinant cyclin A/CDK2 (Carna Biosciences) and p38� (Millipore)
were used.

Immunoprecipitation and ubiquitylation assay. Plasmids were tran-
siently transfected into HEK293 cells by the calcium phosphate method.
After 43 h, cells were treated with 20 �M MG132 (Peptide Institute) for 5
h and subsequently lysed in lysis buffer containing protease inhibitors. For
immunoprecipitation (IP), cell lysates were incubated with antibodies
and protein G-Sepharose 4FF (GE Healthcare) at 4°C. Immunocomplexes
were washed with lysis buffer. For denaturing and IP analysis, lysates from
plasmid-transfected HEK293 or HeLa cells were denatured by the addi-
tion of SDS sample buffer and incubation at 100°C for 8 min before being
incubated with an anti-Myc antibody and protein G-Sepharose 4FF at
4°C. Immunoprecipitated samples as well as the original cell lysates (in-
put) were separated by SDS-PAGE and transferred from the gel onto a
polyvinylidene difluoride (PVDF) membrane (Millipore), followed by
immunoblotting. Proteins were visualized using an enhanced chemilumi-
nescence system (PerkinElmer).

Degradation assay. Plasmids were transfected into HeLa cells. At 24 h
after transfection, each transfection was replated into five culture dishes
for the chase experiment, and after an additional 24 h, cells were treated
with 12.5 mg/ml of cycloheximide for the times indicated in Fig. 6. Cell
lysates were subjected to immunoblotting. The intensity of the bands was
quantitated using the image analysis software Image Gauge, version 4.21
(Fujifilm), and the signal intensity of each GATA3 protein was normalized
using levels of HSP90 as a loading control.

In vitro phosphorylation assay. GATA3 WT peptide or GATA3-
T156A peptide (0.1875 mM) was incubated with 0.1 �g of recombinant
kinase at 30°C for 1 h in reaction buffer containing 50 �M ATP and 3.5
�Ci of [�-32P]ATP (6,000 Ci/mmol), in a final volume of 20 �l. Reactions
were terminated by the addition of 10 �l of 250 mM H3PO4. Peptides were
trapped on P81 papers (Whatman), which were washed six times with 75
mM H3PO4 and then monitored for radioactivity in a liquid scintillation
counter, as previously described (22). A purified GST-fused WT or T156A
mutant of GATA3 was incubated with the kinase sources indicated in Fig.
7 and 8 at 30°C for 30 min in reaction buffer containing 63 mM ATP.
CDK2 inhibitor (CVT313; Enzo Life Sciences) or competitor (purified
recombinant p27) at the indicated dose was added before incubation. The
reaction was terminated by boiling mixtures for 5 min. For in vitro phos-
phorylation and binding assays, instead of boiling, phosphorylated mix-
tures were incubated for an additional hour at 4°C with lysate from
HEK293 cells exogenously expressing Fbw7. GST-fused proteins were
then precipitated using glutathione-Sepharose beads. All reaction mix-
tures were subjected to immunoblot analysis using the indicated anti-
body.

RNA interference. HEK293 cells were transfected with GATA3 ex-
pression plasmid and small interfering (siRNA) oligonucleotides for
CDK2 using Lipofectamine 2000 reagent (Life Technologies), according
to the manufacturer’s protocol. After 43 h, cells were treated with 20 nM
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okadaic acid and 20 �M MG132 for 5 h. The nucleotide sequence of the
CDK2 siRNA was 5=-AAGGUGGUGGCGCUUAAGAAA-3= with 3=
dTdT overhangs (Sigma Genosys). Cell lysates were subjected to immu-
noblotting.

qRT-PCR analysis. Total RNA was isolated from cells using RNAiso
(TaKaRa) or Isogen-LS (Wako) and subjected to reverse transcription
with random hexanucleotide primers and SuperScript II reverse trans-
criptase (Invitrogen). The resulting cDNA was subjected to quantitative
real-time PCR (qRT-PCR) using a Rotor-Gene 3000 system (Corbett Re-
search) and a SYBR premix Ex Taq kit (TaKaRa). The sequences of PCR
primers were as follows: 5=-AGGCAGGGAGTGTGTGAACT-3= (sense)
and 5=-TCATAGTCAGGGGTCTGTTA-3= (antisense) for GATA3; 5=-C
AGGGAAACCCAGGAAAAAC-3= (sense) and 5=-AGTTCCGCACATCC
TTCTTG-3= (antisense) for CCR7; 5=-AGAAGAGGGGATTGATGAA
C-3= (sense) and 5=-AGTGTTGTCATCAGAACCAC-3= (antisense) for
Fbw7; 5=-TGCACCACCAACTGCTTAG-3= (sense) and 5=-CAGGCAGG
GATGATGTTC-3= (antisense) for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). The amount of transcript was normalized against that
of GAPDH as an internal standard.

Cell cycle synchronization. For arrest during G1/S phase, HeLa cells
were incubated with 1 �g/ml aphidicolin (Sigma) for 16 h, incubated in
aphidicolin-free medium for 10 h, and then incubated with 1 �g/ml
aphidicolin for 16 h. For arrest in G2/M phase, HeLa and HUT78 cells
were incubated with 1 �g/ml aphidicolin for 16 h, incubated in aphidico-
lin-free medium for 4 h, and then incubated with 100 ng/ml nocodazole
(Sigma) for 16 h. The DNA content of HUT78 cells nonsynchronized or

synchronized at G2/M phase was examined by flow cytometry after pro-
pidium iodide staining (Beckman Coulter).

RESULTS
Conditional inactivation of Fbw7 in the T-cell lineages impedes
T-cell development. To address the unknown in vivo contribu-
tion of Fbw7 to T-cell development, we used conditional knock-
out Lck-Cre/Fbw7flox/flox mice, which lost Fbw7 expression from
genetic deletion by Cre recombinase activity under the control of
the Lck promoter (3). We found a significant decrease in the
CD4 SP cell proportion in Lck-Cre/Fbw7flox/flox mice compared
with Fbw7flox/flox mice (Fig. 1A and B). Moreover, we observed a
tendency toward a reduction of the CD8 SP and an increase of the
DP cells as a proportion of the thymocyte population (Fig. 1A and
B). To determine the influence of the ablation of Fbw7 on the
development of peripheral T cells, we examined spleens harboring
CD4� and CD8� T cells from Fbw7flox/flox and Lck-Cre/Fbw7flox/flox

mice. The percentages of both CD4� and CD8� cells were signifi-
cantly reduced in the spleen of Lck-Cre/Fbw7flox/flox mice compared
with Fbw7flox/flox control mice (Fig. 1C and D). Because the CD4 SP
subtype in the thymus of Lck-Cre/Fbw7flox/flox mice was significantly
reduced, it might affect the splenic CD4� T cells. Our results suggest
that the aberrant accumulation of an Fbw7 substrate, which may be
GATA3, in CD8 SP cells from Lck-Cre/Fbw7flox/flox mice might be

FIG 1 The CD4 SP subset in the thymus and CD4� and CD8� T-cell subpopulations in the spleen of Lck-Cre/Fbw7flox/flox mice are reduced. (A) Representative
flow cytometric analysis of surface expression of CD4 and CD8 on thymocytes from Fbw7flox/flox or Lck-Cre/Fbw7flox/flox mice at 8 weeks of age. The percentages
of DN, DP, and SP populations are indicated. (B) Proportions of the T-cell subsets determined in panel A. Data are means � SD from six mice of each genotype.
(C) Representative flow cytometric analysis of surface expression of CD4 or CD8 on splenocytes from Fbw7flox/flox or Lck-Cre/Fbw7flox/flox mice at 9 to 10 weeks
of age. The percentages of CD4� and CD8� T-cell subpopulations are indicated. (D) Proportions of the T-cell subsets determined in panel C. Data are means �
SD from six mice of each genotype. The P value was determined using the Student t test. F/F, flox/flox.
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due to enhanced apoptosis and/or perturbed maturation at the final
differentiation stage in the thymus.

We next examined the fraction of annexin V-positive cells in
the SP subpopulation in thymocytes of Lck-Cre/Fbw7flox/flox and
Fbw7flox/flox mice. Although no clear differences in annexin
V-positive CD4 SP cell populations was observed, we found sig-
nificantly more annexin V-positive CD8 SP cells in Lck-Cre/
Fbw7flox/flox mice than in control mice (Fig. 2A and B). Previously,
mice with enforced GATA3 expression throughout T-cell devel-
opment, driven by the CD2 locus control region (CD2-GATA3 Tg
mice), contained higher numbers of apoptotic cells in the thymus,
especially in CD8 SP cells, than in the controls and decreased
CD8� T-cell numbers in the periphery although total numbers
of CD8 SP cells in the thymus were within normal ranges com-
pared with controls (6). Our findings of aberrations in Lck-Cre/
Fbw7flox/flox mice corresponded well with those observed in CD2-
GATA3 Tg mice. These data imply that excess GATA3 in the CD8
SP subpopulation in the thymus may cause the distinctive aberra-
tions observed in CD8� splenocytes.

Newly generated SP thymocytes migrate from the thymic cor-
tex to the medulla, where they undergo functional maturation to
acquire immune competence and egress capability (23, 24). CC-
chemokine receptor 7 (CCR7) is an important receptor for the
medullary positioning of SP cells and an indispensable signal me-
diator for unperturbed thymic T-cell differentiation and matura-
tion (24, 25). CCR7 remains at low levels in newly generated SP
cells and is quickly upregulated and maintained at high levels af-
terwards (26). CD8� CCR7	 T cells are more sensitive to sponta-
neous apoptosis than CD8� CCR7� T cells (27). This suggests that
insufficient CCR7 in CD8� SP cells suppresses final maturation in

the thymus, followed by an induction of apoptosis (27). We spec-
ulated that reduced CCR7 expression could be involved in defects
in development and survival of CD8 SP cells in the thymus of
Lck-Cre/Fbw7flox/flox mice and next evaluated CCR7 expression in
SP cells of Lck-Cre/Fbw7flox/flox and Fbw7flox/flox mice. Significant
reduction of CCR7 expression was detected in CD8 SP cells
from Lck-Cre/Fbw7flox/flox mice compared with expression in
Fbw7flox/flox mice although loss of Fbw7 did not affect the relative
expression level of CCR7 in CD4 SP cells (Fig. 2C). Normal CD8
SP cells harbor lower GATA3 levels and may be associated with
reduced CCR7 transcription. Finally, we speculate that repression
of CCR7 caused by the accumulation of GATA3 in CD8 SP cells
resulted in the prevention of final maturation and survival in the
thymus of the Lck-Cre/Fbw7flox/flox mice.

Loss of Fbw7 causes accumulation of GATA3 during T-cell
differentiation in the thymus. GATA3 gene expression is re-
quired during T-cell differentiation from early to late stages in the
thymus (28). To examine the in vivo contribution of Fbw7 to
GATA3 stability during T-cell development, we examined the ex-
pression level of GATA3 in subsets of thymocytes. CD4 SP and
especially DN and CD8 SP subsets from Lck-Cre/Fbw7flox/flox mice
displayed marked increases in GATA3 protein levels compared
with cells from Fbw7flox/flox mice, whereas an increase of GATA3
in comparison with the level in control animals was not observed
in the DP lineage of Fbw7-deficient mice (Fig. 3A).

Fbw7 protein was detected throughout the stages of T-cell
differentiation in control mice and was abolished in DP, CD4
SP, and CD8 SP subsets of Lck-Cre/Fbw7flox/flox mice although
it was detectable in DN subsets (Fig. 3A). A previous report
showed that Lck-Cre-mediated inactivation of the floxed allele

FIG 2 Defects in T-cell maturation in Lck-Cre/Fbw7flox/flox mice. Apoptotic levels in SP subpopulations from Fbw7flox/flox and Lck-Cre/Fbw7flox/flox mice were
evaluated. (A) Graphs show representative profiles of annexin V staining in CD4 SP and CD8 SP subsets from both groups of mice at 8 to 9 weeks. (B) Percentage
of annexin V-positive cells determined from panel A. Data are means � SD from the percentage of annexin V staining in CD4 SP and CD8 SP subsets from five
Fbw7flox/flox and six Lck-Cre/Fbw7flox/flox mice. The P value was determined using the Student t test. (C) The relative expression level of CCR7 in CD4 SP and CD8
SP subsets in the thymus from Fbw7flox/flox or Lck-Cre/Fbw7flox/flox mice at 8 to 9 weeks of age. CCR7 levels were measured by qRT-PCR and normalized against
GAPDH as an internal standard. Data are means � SD from three mice of each genotype.
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started at DN2 (29). Therefore, Fbw7 expression can be manip-
ulated after the transition to the DN2 stage in Lck-Cre/
Fbw7flox/flox mice. Although Fbw7 was expressed in the DP sub-
set of the controls, Fbw7 elimination did not result in increased
GATA3 in DP cells of Lck-Cre/Fbw7flox/flox mice (Fig. 3A). To
more closely evaluate GATA3 protein levels, relative expres-
sion levels of GATA3 mRNA during T-cell development were
estimated by qRT-PCR. In contrast to protein levels, GATA3
mRNA expression was not significantly influenced by the ge-
netic status of Fbw7 (Fig. 3B). Consequently, we speculated
that Fbw7-mediated GATA3 degradation occurs at the DN
stage but not at the DP stage. Although CD8 SP subsets in the
thymus of the Lck-Cre/Fbw7flox/flox mice retained GATA3 ex-
pression, CD8� T cells in the spleen did not express GATA3
(Fig. 3C).

We demonstrated the involvement of the Fbw7 and protea-
some-mediated degradation system in the regulation of GATA3
protein in mouse thymocytes. GATA3 protein accumulated in
control thymocytes treated with the proteasome inhibitor MG132,
whereas it did not accumulate in MG132-treated Lck-Cre/
Fbw7flox/flox mouse thymocytes (Fig. 3D). Meanwhile, GATA3
levels in the absence of MG132 were equivalent in Lck-Cre/

Fbw7flox/flox and Fbw7flox/flox thymocytes (Fig. 3D). Because ap-
proximately 80% of the thymocyte population consisted of the DP
subset, in which we did not observe Fbw7-mediated GATA3 turn-
over, the influence of Fbw7 genotype on GATA3 levels would not
be apparent in the entire thymocyte population. Increasing
GATA3 protein in CD4 SP and CD8 SP subsets of Lck-Cre/
Fbw7flox/flox mice proposes a role for Fbw7 in regulating GATA3
protein levels in both of these subsets (Fig. 3A). Nevertheless,
other E3 ligases might have a partial contribution to GATA3 turn-
over in these cells because GATA3 accumulation under MG132
treatment was also observed in the CD4 SP subset of Lck-Cre/
Fbw7flox/flox mice (Fig. 3E). Taking these observations together, we
propose that the significant survival of the CD8 SP lineage is
caused by the accumulation of GATA3 in Fbw7-depleted mice.

We also investigated levels of NF-�B2, another substrate of
Fbw7 known to accumulate during T-cell development in the thy-
mic subsets of Lck-Cre/Fbw7flox/flox mice (5). Changes in NF-�B2
protein levels were observed during the entire T-cell development
stage of Lck-Cre/Fbw7flox/flox mice, showing a distinct pattern
from changes in GATA3 levels (Fig. 3A). This implies that Fbw7-
mediated GATA3 stability is regulated by signaling pathways dis-
tinct from those of NF-�B2.

FIG 3 Loss of Fbw7 stabilizes GATA3 protein in mouse thymocytes. (A) Representative immunoblot analysis of Fbw7 and its target proteins in the subsets of
thymocytes from Fbw7flox/flox or Lck-Cre/Fbw7flox/flox mice. DN, DP, CD4 SP, and CD8 SP cells were purified from Fbw7flox/flox or Lck-Cre/Fbw7flox/flox mice at
8 weeks of age using flow cytometry and lysed. The lysates were subjected to immunoblot analysis with the indicated antibodies. (B) qRT-PCR analysis of GATA3
expression in the sorted FACS fractions obtained in panel A. The amount of transcripts was normalized against that of GAPDH as an internal standard. Data are
means � SD of values from three Fbw7flox/flox and three Lck-Cre/Fbw7flox/flox mice. (C) Purification of CD8� and CD4� T cells from mouse splenocytes from
Fbw7flox/flox or Lck-Cre/Fbw7flox/flox mice at 8 to 9 weeks of age was performed with CD8� positive selection and CD4� negative selection by the magnetic bead
method, respectively. Immunoblot analysis of whole lysates from each purified splenic T-cell subset was performed with the indicated antibodies. (D) T-cell
subsets obtained from Fbw7flox/flox or Lck-Cre/Fbw7flox/flox mice at 8 weeks of age were cultured in RPMI 1640 medium for 2 h and incubated with 20 �M MG132
for 4 h. Cells were lysed and subjected to immunoblot analysis with the indicated antibodies. (E) Whole thymocytes obtained from Fbw7flox/flox or Lck-Cre/
Fbw7flox/flox mice at 8 weeks of age were cultured in RPMI 1640 medium for 4 h and incubated with 20 �M MG132 for 5 h. Cells were lysed and subjected to
immunoblot analysis with the indicated antibodies.
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To clarify the correlation of accumulation of GATA3 with de-
pletion of Fbw7 in Lck-Cre/Fbw7flox/flox mice, we performed ad-
ditional analysis focusing on subpopulations from DN1 to DN4,
which were sorted using anti-CD44 and anti-CD25 antibodies, in
addition to anti-CD4 and anti-CD8 antibodies (Fig. 4A). We ini-
tially observed the elimination of Fbw7 expression at the DN3 and
DN4 stages in Lck-Cre/Fbw7flox/flox mice by comparing RNA ex-
pression levels to those of control mice (Fig. 4B). It was in accord
with the quantitative transition of Fbw7 protein. As shown in Fig.
4C, the depletion of Fbw7 protein in Lck-Cre/Fbw7flox/flox mice
started at DN3 and was completed by DN4. Moreover, we found
that GATA3 protein was increased in DN4 (Fig. 4C), which was
confirmed by immunocytochemical analysis (Fig. 4D and E).
These results suggest that Fbw7 participates in the degradation of
GATA3 in DN4 cells.

Fbw7 binds to, ubiquitylates, and degrades GATA3 in a Thr-
156-dependent manner. The accumulation in the thymic subsets
of Lck-Cre/Fbw7flox/flox mice predicts GATA3 as a novel target for
Fbw7 ubiquitin ligase. Fbw7 often interacts with its substrates by
binding the phosphorylated CPD in its target proteins (Fig. 5A).
We searched the amino acid sequence of GATA3 and noticed two
CPD sequences arranged in tandem in both human and mouse
GATA3 proteins (Fig. 5A, left). To determine whether Fbw7 in-
teracts with GATA3 protein and whether phosphorylation of CPD

is required for recognition by Fbw7 in cultured cells, we prepared
a human wild-type (WT) GATA3 expression plasmid and three
GATA mutants with amino acid substitutions (T156A/S162A,
T156A, and S162A), in which a Thr and/or Ser residue was re-
placed by Ala. The Myc-tagged WT or mutant GATA3 and FLAG-
tagged Fbw7 expression plasmids were cotransfected into HEK293
cells. Cell extracts were subjected to immunoprecipitation (IP) to
evaluate the binding between Fbw7 and GATA3. WT GATA3 suc-
cessfully coimmunoprecipitated Fbw7 (Fig. 5B). Although the
S162A mutant retained binding at levels similar to those of the
WT, the T156A/S162A and T156A GATA3 mutants completely
lost Fbw7 binding ability (Fig. 5B). This result suggests that Thr-
156, but not Ser-162, in GATA3 is required for recognition by
Fbw7.

We next examined whether Fbw7 promotes ubiquitylation of
GATA3 in HEK293 cells by denatured IP analysis. A strongly en-
hanced ubiquitylation signal was detected on WT GATA3 in the
presence of Fbw7 (Fig. 5C). Notably, Fbw7-mediated ubiquityla-
tion of both T156A/S162A and T156A mutants was markedly re-
duced, while the S162A mutant was successfully ubiquitylated
(Fig. 5C). Similar results were obtained in HeLa cells (Fig. 5D).

To address the possibility that the SCFFbw7 ubiquitin ligase tar-
gets GATA3 for degradation, the effect of Fbw7 expression on the
turnover of exogenous GATA3 was investigated in HeLa cells.

FIG 4 GATA3 protein is stabilized in the DN4 subset of Lck-Cre/Fbw7flox/flox mice. (A) Thymocytes from Fbw7flox/flox or Lck-Cre/Fbw7flox/flox mice at 9 to 10
weeks of age were incubated with CD4, CD8, CD25, and CD44 for sorting cells from DN1 to DN4 lineages. A representative gating strategy is shown. The sorted
FACS fractions obtained in panel A were subjected to qRT-PCR analysis of Fbw7 expression (B), immunoblot analysis (C), and immunocytochemical staining
using Alexa Fluor 546 conjugated with anti-GATA3 antibody (D and E). DAPI staining was also examined for detection of the nuclear location (D and E). In panel
C, the arrow and arrowhead indicate Fbw7 and nonspecific signal, respectively.
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Coexpression of Fbw7 significantly facilitated the degradation of
WT GATA3 (Fig. 6 left). In contrast, the T156A mutant was rela-
tively stable compared with WT GATA3 in the absence of Fbw7,
and its level did not change with Fbw7 (Fig. 6). These results sug-
gest that modification of GATA3 on Thr-156 is one of the key
events for recognition by SCFFbw7, which mediates GATA3 ubiq-
uitylation and degradation. Moreover, owing to degradation of
WT GATA3 by coexpressed Fbw7, protein levels of WT GATA3 in
the presence of HA-Fbw7 were significantly reduced in compari-
son with levels in the absence of HA-Fbw7, even at the first mea-
surement of this assay (0.1 h).

CDK2 phosphorylates Thr-156 in GATA3. We speculated
that like other substrates of Fbw7, regulation of GATA3 by Fbw7
would be mediated by phosphorylation of Thr-156 in the CPD. To

evaluate whether Thr-156 of GATA3 was phosphorylated in intact
cells, a phospho-specific antibody (anti-P-T156-GATA3) that
recognizes phosphorylated Thr-156 was prepared. Myc-tagged
WT GATA3 expressed in HEK293 cells treated with both phos-
phatase and proteasome inhibitors was detected by the anti-P-
T156-GATA3 antibody, but no signal was detected using the
GATA3 T156A mutant (Fig. 7A). These data suggest that GATA3
Thr-156 is phosphorylated in vivo.

Fbw7-mediated degradation of substrate is often triggered by
the activation of GSK3 (1, 4, 5, 30, 31). GSK3 phosphorylates Ser
and Thr residues, after an initial “priming phosphorylation” of a
Ser or Thr located four amino acids C-terminal to the site of GSK
phosphorylation (32). If Asp and Glu can be considered to mimic
this priming phosphorylation, the residues surrounding Thr-156

FIG 5 Fbw7 promotes ubiquitylation of GATA3 in a Thr-156-dependent manner. (A) Sequence alignment of known Fbw7 substrates containing the Cdc4
phosphodegron (CPD) consensus sequence for recognition by Fbw7. Conserved residues within the CPD are shown in bold. Two putative CPD sites (open box)
in human and mouse GATA3 are indicated. Numbered residues indicate putative phosphorylation sites. (B) Fbw7 binding to GATA3 is dependent on Thr-156
in GATA3 in vivo. HEK293 cells were transfected with Myc-tagged wild-type (WT) or mutant GATA3 along with FLAG-Fbw7, as indicated, and incubated with
20 �M MG132 for 5 h. Cell lysates were immunoprecipitated (IP) with antibodies against Myc, followed by immunoblotting for FLAG and Myc (top panels).
Immunoblot analysis of input from each transfection confirmed expression levels of WT GATA3, mutant GATA3, and Fbw7 (bottom panels). (C) HEK293 cells
were transfected with Myc-tagged WT or mutant GATA3, FLAG-Fbw7, and HA-ubiquitin as indicated. Cells were incubated with 20 �M MG132 for 5 h, lysed,
and denatured with sample buffer containing SDS and 2-mercaptoethanol to dissociate proteins associated with GATA3. Myc-tagged GATA3 was immunopre-
cipitated and analyzed by immunoblotting with the indicated antibodies (top panels). Whole-cell extracts (input) were subjected to immunoblotting to confirm
protein expression (bottom panels). (D) The same experiment as described in panel A was performed in HeLa cells.
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in GATA3 can be classified as a GSK3 phosphorylation consensus
motif (Fig. 5A, left). To examine whether GSK3 phosphorylates
Thr-156 of GATA3 in vitro, we prepared two types of synthetic
peptides (amino acids [aa] 150 to 161 of GATA3) for the WT and
the Thr-156 mutant sequence in which Thr was replaced with Ala
(T156A). Unexpectedly, there was no detectable incorporation of
32P in the WT or T156A peptide, indicating that GSK3 does not
phosphorylate either peptide (Fig. 7B, top). We examined other
Ser/Thr kinases and found that cyclin E/CDK2 and cyclin
A/CDK2, but not cyclin B1/CDK1, specifically phosphorylated
WT GATA3 peptide (Fig. 7B, top). Their kinase activity was con-
firmed using the S11 peptide, which is a confirmed substrate for
CDK1, CDK2, and CDK4/CDK 6 (Fig. 7B, bottom) (22).

To further confirm the specific phosphorylation on Thr-156,
GST fusion recombinant GATA3 proteins, WT and T156A mu-
tant, were examined as substrates. Reduced CDK2-mediated
phosphorylation of the T156A mutant compared with WT
GATA3 was confirmed by immunoblotting with anti-phospho-
Thr and anti-P-T156-GATA3 antibodies (Fig. 7C and D). A pre-
vious study reported that GATA3 is also phosphorylated by p38
MAPK (33, 34). Consistent with this report, p38 strongly phos-
phorylated both recombinant GATA3 proteins (Fig. 7C) although
it did not exhibit kinase activity toward Thr-156 in GATA3 (Fig.
7B, top, and D).

Physiological CDK2, which is activated during G2/M phase,
works on Thr-156 of GATA3 and regulates its stability. We fur-
ther investigated physiological effects on GATA3 of CDK2. Re-
duction of CDK2 by siRNA inhibited phosphorylation on
Thr-156, providing evidence that CDK2 is involved in CPD phos-
phorylation of GATA3 in vivo (Fig. 8A). To verify the requirement
of phosphorylation of GATA3 for binding to Fbw7, we tested the
binding ability of phosphorylated GATA3 to Fbw7 in vitro. WT
GATA3 phosphorylated by CDK2 was able to bind Fbw7, while

the T156A GATA3 mutant did not, regardless of the phosphory-
lating kinase (Fig. 8B). These results suggest that CDK2-mediated
phosphorylation of Thr-156 is essential for binding of GATA3 to
Fbw7.

Cyclin E/CDK2 plays a critical role in the G1/S-phase transition
(35). Cyclin A then replaces cyclin E to associate with CDK2, and
this complex subsequently functions in S-phase progression and
G2/M transition (36). We conducted an in vitro phosphorylation
assay using cell lysates prepared from G1/S or G2/M synchronized
or nonsynchronized HeLa cells as the kinase source. Recombinant
GATA3 was phosphorylated only in the presence of G2/M lysate
even though both cyclin A and cyclin E protein levels in the lysate
were decreased (Fig. 8C). To verify the responsible kinase in the
G2/M lysate, we tested the effects of a CDK2 inhibitor (CVT313)
and competitor (p27) on kinase activity. Both p27 and CVT313
inhibited the kinase activity on Thr-156 in a dose-dependent
manner (Fig. 8D).

Phosphorylation at Thr-156 in GATA3 is executed in HUT78
cells during G2/M phase and in thymocytes of mice. Cell cycle-
dependent phosphorylation of CPD in endogenous GATA3 was
also confirmed in the HUT78 cell line, which is a T-cell lymphoma
line. Phosphorylated Thr-156 was detected in G2/M arrested cells
but not in nonsynchronized cells, which contained a G2/M popu-
lation of only approximately 15% (Fig. 8E). We further investi-
gated the property of Thr-156-phosphorylated GATA3. MG132
treatment resulted in an accumulation of Thr-156-phosphory-
lated GATA3 in G2/M (Fig. 8F). This implies that phosphorylation
of GATA3 at Thr-156 induces its proteasome-dependent degra-
dation during G2/M. These results suggest that cyclin A/CDK2
regulates GATA3 stability through the phosphorylation of the
CPD during G2/M phase in cultured cells. GATA3 Thr-156 phos-
phorylation was also detected in mouse thymocytes (Fig. 8G).
Furthermore, ICC analysis using anti-phospho-Thr-156 antibody

FIG 6 Fbw7 promotes degradation of GATA3 in a Thr-156-dependent manner. HeLa cells were transfected with Myc-tagged WT (left) or T156A GATA3 (right)
in the absence or presence of HA-Fbw7 and treated with 12.5 �g/ml cycloheximide to inhibit protein synthesis for the indicated times. GATA3 levels were
analyzed at various time points by immunoblotting (bottom panels). The percentage of GATA3 at each time point was quantitated by image analysis and
normalized against HSP90 (top panels). GATA3 protein levels were calculated as the means � SDs from three independent experiments. Immunoblots show data
from one representative experiment.
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detected phosphorylated Thr-156 in GATA3 in the DN subset of
thymocytes (data not shown). We found that phosphorylation of
Thr-156 in GATA3 in DP subsets was observed at an equal level
relative to that in DN subsets (DN/DP, 1:1.16) (data not shown).
Because GATA3 accumulates in the DN but not in the DP subset
in Lck-Cre/Fbw7flox/flox mice (Fig. 3A), Thr-156 phosphorylation
of GATA3 may participate in Fbw7-mediated degradation of
GATA3 in the DN subset. In contrast, an unknown mechanism
that suppresses Fbw7-mediated degradation of GATA3 may be
present in the DP lineage, while Thr-156 phosphorylation of
GATA3 was observed.

DISCUSSION

Half of GATA3-overexpressing CD2-GATA3 Tg mice developed
thymic lymphoblastoid tumors (6). This may be consistent with a
previous study showing that half of Lck-Cre/Fbw7flox/flox mice de-
veloped thymic lymphoma (3). We confirmed the accumulation
of GATA3 protein at the DN stage in Lck-Cre/Fbw7flox/flox mice.
Based on the expression pattern of CD2, which starts at a late DN
stage, like Lck, overexpression of GATA3 must occur at this point
in CD2-GATA3 Tg mice. We speculate that the induction of

GATA3 in the thymus of CD2-GATA3 Tg mice and the accumu-
lation of GATA3 in the thymus of Lck-Cre/Fbw7flox/flox mice begin
at the same phase. The increased abundance of GATA3 late in the
DN stage may disturb accurate progression from DN to DP and
may result in transformed cells, which have been characterized as
CD4� CD8� in both Lck-Cre/Fbw7flox/flox and CD2-GATA3 Tg
mice (3, 37). This may imply that an appropriate amount of
GATA3 is essential for the favorable development of T cells not
only at the SP phase but also at an earlier phase. We indicated that
depletion of Fbw7 protein in Lck-Cre/Fbw7flox/flox mice started at
DN3 and was completed at DN4 and that GATA3 accumulated at
DN4 in mice. We further investigated whether GATA3 accumu-
lation at DN4 affected the proportion of DN4 subpopulations.
The proportion in Lck-Cre/Fbw7flox/flox mice was not significantly
different from that in Fbw7flox/flox mice (data not shown). Previ-
ous studies suggested that development from DN2 to DN3 might
be affected by the deregulation of GATA3 levels. Overexpression
of GATA3 in mouse fetal liver progenitors blocked the develop-
ment of DN2 and DN3 cells in fetal thymus organ culture or in an
OP9-DL1 coculture system (14, 38). Xu et al. (39) reported that
E2A repressed GATA3 expression at the DN2 stage. In that study,

FIG 7 Thr-156 of GATA3 is phosphorylated by CDK2. (A) Transiently expressed GATA3 is phosphorylated at Thr-156 in HEK293 cells. HEK293 cells were
transfected with WT or T156A GATA3 and treated with 20 �M MG132 and 20 nM okadaic acid for 5 h to inhibit proteolysis and dephosphorylation of GATA3.
Cell lysates were prepared with lysis buffer containing phosphatase inhibitors and protease inhibitors and subjected to immunoblot analysis using phospho-
T156-GATA3 or Myc antibodies. (B) CDK2 phosphorylates GATA3 peptide in a Thr-156-dependent manner in vitro. A synthetic peptide corresponding to aa
150 to 161 of WT or T156A GATA3 was incubated with [�-32P]ATP and the indicated kinases at 30°C for 30 min (top panel). S11 peptide (KAPLTPKKAK) is
efficiently phosphorylated by various CDKs (22). To confirm the activities of the CDKs used in our experiments, we performed in vitro kinase assays using the
S11 peptide as a positive control. Wild-type or T156A synthetic GATA3 peptide or S11 peptide was incubated with [�-32P]ATP along with the indicated CDKs
at 30°C for 30 min (bottom panel). The peptides were trapped on P81 papers and monitored for radioactivity using a liquid scintillation counter. (C and D)
Recombinant GATA3 is phosphorylated at Thr-156 by CDK2 in vitro. WT or T156A GST-fused GATA3 was expressed in E. coli and affinity purified using
glutathione-Sepharose 4B. GST alone was prepared in parallel as a control. The proteins were incubated with the kinases as indicated in reaction buffer at 30°C
for 30 min. Reaction products were subjected to immunoblot analysis with the indicated antibodies.
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increased GATA3 in E2A	/	 DN2 lineages prevented T-cell dif-
ferentiation to the DN3 stage and caused an aberrant proliferation
of DN2 cells. Fbw7 may be involved in development of the DN2-
DN3 stage by repression of GATA3 levels. In our study using Lck-
Cre/Fbw7flox/flox mice, the effects of Fbw7 depletion were focused
on the DN4 stage. To evaluate the contribution of Fbw7 on
GATA3 turnover in earlier DN subpopulations, Scl-Cre or Mx1-
Cre driver Fbw7 knockout mice, in which depletion of Fbw7 is
expected throughout the DN stages, may be useful. However,
some confusion may occur when these mice are used because, in
addition to GATA3, other Fbw7 targets such as Notch play roles in
DN development. Data regarding GATA3-targeting genes, which
are active in the DN lineage, have not been reported to date. Con-
sequently, further observations will be required in future studies

to identify phenotypes which might be obtained as a result of
accumulation of GATA3 in Fbw7-depleted mice.

Aberrant expression of GATA3 was reported in classical Hodg-
kin lymphoma (cHL) (40). A pathological feature of cHL is the
occurrence of a small number of the typical Hodgkin and Reed/
Sternberg (HRS) tumor cells among a mixed cellular infiltrate.
Whereas HRS cells are derived from germinal center B cells, they
ectopically express GATA3. GATA3 contributes to cytokine sig-
naling in HRS cells, which presumably has an essential role in cHL
pathogenesis (40). Anomalous GATA3 expression in HRS cells is
stimulated by the deregulated activity of NF-�B and Notch1,
which bind directly to the GATA3 promoter (40). Intriguingly,
both NF-�B and Notch1 are substrates of Fbw7 (5, 41). Therefore,
once Fbw7 deficiency occurs in cHL, NF-�B and Notch1 accumu-

FIG 8 Phosphorylation at Thr-156 in GATA3 by CDK2 is required for association of Fbw7 and is executed in HUT78 cells during G2/M phase and in thymocytes
of mice. (A) Depletion of CDK2 reduced phosphorylation of Thr-156 in GATA3 in HEK293 cells. HEK293 cells were transfected with a WT GATA3 expression
plasmid and CDK2 or a control siRNA. After 43 h of transfection, cells were treated with okadaic acid and MG132 for 5 h. Cell lysates were prepared and subjected
to immunoblot analysis with the indicated antibodies. The numbers reflect the ratio of the levels of the indicated proteins between the CDK2 siRNA-transfected
cells and control cells. (B) GATA3 binding to Fbw7 in vitro is Thr-156 phosphorylation dependent. Purified WT or T156A GST-GATA3 was incubated with the
indicated kinases in reaction buffer at 30°C for 30 min. Lysates from HEK293 cells transfected with HA-Fbw7 were immunoprecipitated with HA antibody, and
the immunocomplexes containing Fbw7 were incubated with phosphorylated GST-GATA3 in vitro as indicated. To analyze GATA3 and Fbw7 binding, the GST
fusion protein complexes were precipitated using glutathione-Sepharose beads and subjected to immunoblotting with the indicated antibodies. (C and D)
Phosphorylation of recombinant GATA3 in vitro. Reaction products were then subjected to immunoblot analysis with the indicated antibodies. (C) Phosphor-
ylation of Thr-156 in GATA3 in G2/M-arrested cells. GST-GATA3 was incubated with lysate prepared from either cells arrested in G1/S or G2/M phase or
nonsynchronized (AS) HeLa cells. (D) Effects of CDK2 inhibition on Thr-156 phosphorylation of GATA3 in G2/M cell lysate. The responsible kinase in
G2/M-phase cell lysate is CDK2. GST-GATA3 was incubated with the indicated kinase sources in the absence or presence of CDK2 inhibitor (CVT313) or
competitor (p27). (E and F) Thr-156 phosphorylation of endogenous GATA3 in G2/M phase in T-cell lymphoma HUT78 cells. G2/M-arrested and asynchronous
(AS) HUT78 cells were prepared as indicated in Materials and Methods. Cell lysates were prepared and subjected to immunoblot analysis with the indicated
antibodies. (F) G2/M-arrested and asynchronous cells were treated with or without MG132 for 5 h before harvest. Cell lysates were prepared and subjected to
immunoblot analysis with the indicated antibodies. (G) Cell lysate from whole thymocytes obtained from an Fbw7flox/flox mouse at 6 weeks of age was incubated
with or without calf intestinal alkaline phosphatase (CIAP) at 37°C for 30 min and subjected to immunoblot analysis with the indicated antibodies.
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late and subsequently induce GATA3 expression. Further, the re-
pressed degradation of GATA3 would enhance the malignant sig-
nal. Finally, the defect of Fbw7 in cHL may promote the
development of aggressive disease caused by excess GATA3.

Although CD8 SP subsets in the thymus of the Lck-Cre/
Fbw7flox/flox mice retained GATA3 expression, CD8� T cells in the
spleen did not express GATA3 (Fig. 3C). The GATA3-indepen-
dent pathway may be responsible for the reduced frequency of
CD8� T cells in the spleen of Fbw7-deficient mice. Nonetheless,
the decrease in a percentage of CD8� T cells in splenocytes of the
Lck-Cre/Fbw7flox/flox mice compared with control mice was con-
firmed. This is consistent with results from CD2-GATA3 Tg mice
showing that exogenous expression of GATA3 was not detected in
splenocytes (37). We observed a significant reduction of CCR7
expression in the CD8 SP cells from Lck-Cre/Fbw7flox/flox mice
compared with Fbw7flox/flox mice. Because of inadequate GATA3
levels, proper cell differentiation and exit from the thymus might
be disturbed, and/or apoptosis of immature subsets might be in-
duced in CD8 SP subsets of Lck-Cre/Fbw7flox/flox mice. Ultimately,
only the normal CD8 SP subpopulation that expresses appropriate
GATA3 protein levels may succeed in translocation toward periph-
eral organs. We detected a decrease in not only CD8� T cells but also
CD4� T cells in splenocytes of the Lck-Cre/Fbw7flox/flox mice com-
pared with control levels. A previous study showed that the CD4�

T-cell subset in the spleen of CD2-GATA3 Tg mice advanced the
Th2-committed phenotype although its rate was comparable to
that of control mice (37). Accordingly, we speculate that some
aberration, from excess GATA3 during differentiation and matu-
ration in the thymus, persisted throughout development of CD4�

T cells in the spleen. Nevertheless, similar to results in CD2-
GATA3 Tg mice, in Lck-Cre/Fbw7flox/flox mice there was no signif-
icant effect on CD4 SP cells in the thymus. This might suggest that
CD8 SP cells were more sensitive to changes in GATA3 than CD4
SP cells. In our experiments, GATA3 protein was markedly de-
creased in the CD8 SP subset after maturation of the DP lineage in
control mice. In contrast, deficiency of Fbw7 resulted in accumu-
lation of GATA3 protein in CD8 SP subsets, suggesting that Fbw7-
mediated degradation plays a key role in regulating GATA3 pro-
tein levels in the subsets. Because the forced expression of GATA3
induces apoptosis and inhibits the final maturation of CD8 SP T
cells, it is suggested that reduction of GATA3 is required for the
satisfactory development of the CD8 SP lineage after positive se-
lection. The proportion of CD8 SP cells in the thymic cells is de-
pendent on the extent of apoptosis and proliferation during dif-
ferentiation. It is speculated that enhanced apoptosis of CD8 SP
cells in Lck-Cre/Fbw7flox/flox mice decreased their percentage in
thymocytes. Consequently, GATA3 accumulation caused by the
depletion of Fbw7 might induce this decrease in cell populations.
However, the same explanation cannot be applied to the reduc-
tion of CD4 SP cells, because increased GATA3 was not observed
to influence viability of CD4 SP cells. Indeed, it might be an effect
of the accumulation of other Fbw7 substrates. Onoyama et al. also
speculated that DP thymocytes had lost the ability to undergo
positive selection or that the proliferation or survival of SP cells
was impaired in Fbw7-deficient mice (3). Nevertheless, they sug-
gested that the participating molecules remained to be elucidated.

In a reference database for gene expression analysis (RefExA),
expression of GATA3 is observed not only in the thymus and
spleen but also in salivary gland, breast, skin, bladder, kidney,
placenta, and blood. RefExA also demonstrated the expression of

Fbw7 in brain, breast, skin, heart, adrenal gland, intestine, stom-
ach, and testis, in addition to thymus. Therefore, GATA3 may be
regulated by Fbw7-mediated degradation in numerous tissues
that express both GATA3 and Fbw7. This possibility should be
investigated in the future using a tissue-specific conditional
knockout system.

Many substrates of Fbw7 contain a CPD sequence, which is
often phosphorylated by GSK3 (1, 4, 5, 30, 31). Although we ini-
tially predicted that the CPD in GATA3 is phosphorylated by
GSK3, our data indicate that the targeting kinase is CDK2, not
GSK3. Consistent with these data, we previously showed that S/T-
P-X-K/R, which corresponds to the CPD sequence in GATA3, is
the consensus targeting sequence of cyclin A/E-CDK2 (22). Here,
we propose GATA3 as the first target of CDK2-mediated phos-
phorylation for degradation by Fbw7. These observations suggest
that regulatory signals in addition to GSK3 participate in regulat-
ing Fbw7 substrates. Levels of these proteins, which have various
functions in the development of T cells, will be maintained at the
appropriate stage for proper differentiation, maturation, and sur-
vival of T cells. Because GSK3-independent phosphorylation of
CPD in GATA3 is a unique Fbw7 targeting pathway, we predict
that GATA3 degradation should be distinct from the other Fbw7
targets in T cells. MAPK-associated phosphorylation of GATA3 is
related to the so-called emergent signals in later stages of T-cell
development, while the CDK2-associated GATA3 degradation
system mediated by Fbw7 may be required in early lineages for
constitutive precise differentiation.

We showed that phosphorylation of Thr-156, which was an
essential modification for binding of Fbw7, was mediated by
CDK2. It is consistent that the phosphorylated level of intrinsic
GATA3 varies during G2/M phase in T-cell lymphoma HUT78
cells. We also detected the phosphorylation at Thr-156 of GATA3
in thymocytes of mouse. Furthermore, we clarified that Fbw7 par-
ticipates in GATA3 degradation in the DN4 lineage. Because
CDK2 activity is present during the G1/S border to G2/M stages in
proliferating cells, it was speculated that CDK2-dependent phos-
phorylation of GATA3 and its degradation by Fbw7 in G2/M occur
in proliferating DN4 cells and T-cell lymphomas such as HUT78
cells. Our data indicated that Fbw7 also participates in GATA3
degradation in CD8 SP cells. Because cell proliferation is not pres-
ent in CD8 SP cells, cell cycle-independent CDK2 activity may
participate in the phosphorylation of Thr-156. Alternatively, it is
possible that unknown kinases and/or other mechanisms are in-
volved in Fbw7-mediated degradation of GATA3 in CD8 SP cells.

Finally, we propose that control of GATA3 levels by Fbw7 con-
tributes to the fine-tuning of T-cell development.
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