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The differentiation of naive CD4 T cells into Th2 cells requires
theTcell receptor-mediated activationof theERKMAPKcascade.
Little is known, however, in regard to how theERKMAPKcascade
regulates Th2 cell differentiation. We herein identified Gfi1
(growth factor independent-1) as a downstream target of the
ERKMAPK cascade for Th2 cell differentiation. In the absence
of Gfi1, interleukin-5 production and the change of histone
modification at the interleukin-5 gene locus were severely
impaired. Furthermore, the interferon � gene showed a striking
activation in the Gfi1�/� Th2 cells. An enhanced ubiquitin/
proteasome-dependent degradation of GATA3 protein was
observed in Gfi1�/� Th2 cells, and the overexpression of
GATA3 eliminated the defect of Th2 cell function in Gfi1-defi-
cient Th2 cells. These data suggest that the T cell receptor-me-
diated induction of Gfi1 controls Th2 cell differentiation
through the regulation of GATA3 protein stability.

It has been established that effector T helper (Th)2 cells can
be classified into at least four subsets, namely Th1, Th2, Th17,
and T regulatory cells. Th1 cells produce a large amount of
IFN� and control cell-mediated immunity against intracellular
pathogens, whereas Th2 cells produce IL-4, IL-5, and IL-13,
and they are also involved in humoral immunity and allergic
reactions (1–3). A recently identified new subset, Th17 cells, is

thought to be involved in various inflammatory diseases. T reg-
ulatory cells are known to suppress various immune responses
including those of autoimmune diseases (4). The direction of T
helper cell differentiation depends on the types of cytokine in
the environmental milieu (5). IL-12 and IFN� induce Th1 cell
differentiation, whereas IL-4 and IL-2 induce Th2 cell differen-
tiation (1, 6, 7). The combination of IL-6 and transforming
growth factor-� is required formurineTh17 cell differentiation
(8–11), and the transforming growth factor-�-dependent gen-
eration of T regulatory cells has also been reported (12, 13).
In addition to the cytokines mentioned above, the activation

of TCR-mediated signaling is also indispensable for Th cell dif-
ferentiation. We previously reported that Th2 cell differentia-
tion is highly dependent on the extent of TCR-mediated acti-
vation of the p56lck, calcineurin, and the Ras-ERK MAPK
signaling cascade (14–16). In particular, the inhibition of the
activation of the Ras-ERK MAPK cascade caused a shift from
Th2 to Th1 cell differentiation, thus suggesting that the direc-
tion of Th1/Th2 cell differentiation is controlled by the TCR-
mediated activation of the Ras-ERKMAPKcascade (15, 17).On
the other hand, Th1 cell development appeared to be regulated
by another MAPK, c-Jun N-terminal kinase (JNK) (18, 19).
Several transcription factors that govern Th2 cell differenti-

ation have been reported. Among them, GATA3 appears to be
a key factor for Th2 cell differentiation (20, 21). The up-regu-
lation of theGATA3mRNAexpression is selectively induced in
developing Th2 cells by IL-4-mediated STAT6 activation (22,
23). In addition to the transcriptional regulation, the expression
of GATA3 is also regulated by a post-transcriptional mecha-
nism. We recently reported that the Ras-ERK MAPK cascade
controls GATA3 stability through the ubiquitin-proteasome-
dependent pathway (24).
To identify the candidate genes that play an important role in

Th2 cell differentiation and are induced by the activation of the
Ras-ERKMAPK cascade, a microarray analysis was performed.
We found that the expression ofGfi1 (growth factor independ-
ent-1) is dramatically up-regulated by TCR stimulation in an
ERK MAPK/calcineurin activation-dependent manner. Origi-
nally, Gfi1 has been reported to play an important role in pro-
moting cell proliferation and in preventing apoptosis (25–27).
In addition, Gfi1 is involved in the self-renewal of hematopoi-
etic stem cells (28, 29). Recently, the IL-4/STAT6-mediated
induction of the Gfi1 expression in developing Th2 cells has
been reported (30). Our results in this paper demonstrate that
Gfi1 plays an important role in the stable expression of GATA3
protein and the subsequent differentiation of Th2 cells.
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EXPERIMENTAL PROCEDURES

Mice—C57BL/6 mice and BALB/c mice were purchased
from Clea. The Gfi1-deficient mice were generously provided
by Dr. Stuart Orkin (Harvard Medical School, Boston, MA)
(31).Gfi1-deficient mice were backcrossed more than 10 times
with C57BL/6. All of the mice were maintained under specific
pathogen-free conditions and then were used at 4–8 weeks of
age. All of the experiments using mice received approval from
the ChibaUniversity Administrative Panel for Animal Care. All
of the animal care was conducted in accordancewith the guide-
lines of Chiba University (Chiba, Japan).
CD4TCell Culture and Inhibitors—Splenic CD4T cells were

prepared using a magnetic cell sorter (AutoMACS; Miltenyi
Biotec) yielding a purity of�98%.Where indicated, CD4T cells
with a naive phenotype (CD44low) were purified on a FACSAria
cell sorter (Becton Dickinson), yielding a purity of �98% as
described previously (32). Purified CD4T cells (1.5� 106) were
stimulated for 2 days with immobilized anti-TCR mAb (H57–
597; 3 �g/ml) in the presence of IL-2 (25 units/ml), IL-12 (10
units/ml), and anti-IL-4mAb (11B11; 25% culture supernatant)
forTh1 conditions, or in the presence of IL-2 (25 units/ml), IL-4
(100 units/ml), and anti-IFN� mAb (R4.6A2; 25% culture
supernatant) for Th2 conditions. The cells were cultured for an
additional 3 days in the presence of cytokines. TheTh1/Th2 cell
differentiation was determined by intracellular staining with
anti-IL-4 and anti-IFN� (14, 32). The production of cytokines
was also determined by enzyme-linked immunosorbent assay
and quantitative RT-PCR as described (33). For inhibition of
TCR-mediated signals, U0126 (Promega), JNK inhibitor
(Merck), SB203580 (Merck), FK506 (Sigma), cycloheximide
(Merck), and MG132 (SIGMA) were used.
Expression Plasmids and Gene Transfer—The expression

plasmids were transfected into 293Tcells using FuGENE rea-
gent (Roche Applied Science) according to the manufacturer’s
protocol. Retrovirus vector, pMXs-IRES-hNGFR (human
nerve growth factor receptor p75) was generated from the
pMXs-IRES-GFP plasmid by replacing the EGFPwith the cyto-
plasmic region-deleted hNGFR cDNA. The method for the
generation of virus supernatant and the infection into develop-
ing Th2 cells was described previously (33, 34). Infected cells
were detected by staining with anti-human NGFR mAb (C40-
1457; BD Bioscience).
Chromatin Immunoprecipitation Assay—A ChIP assay was

performed as previously described (35). Anti-acetylhistone
H3-K9/14 antibody was purchased from Upstate Biotechnol-
ogy, and anti-trimethylhistone H3-K4 antibody (ab8580) was
from Abcam Co. (Cambridge, UK). The specific primers and
TaqMan probes used in this experiments are described in the
supplemental material or described previously (25, 35, 36). In
the case of the semi-quantitative PCR analysis, the PCR prod-
ucts were resolved in an agarose gel and visualized by ethidium
bromide. The images were recorded and quantified using an
ATTO L&S analyzer (ATTO, Tokyo, Japan).
Immunoprecipitation and Immunoblotting—Nuclear

extracts and cytoplasmic extracts were prepared using NE-PER
nuclear and cytoplasmic extraction reagent (78833; Pierce). For
immunoblotting, anti-GATA3 (HG3–31; Santa Cruz Biotech-

nology), anti-c-Maf antisera (M153; Santa Cruz Biotechnol-
ogy), anti-NFAT1 mAb(4G6-G5; Santa Cruz Biotechnology),
anti-tubulin-� mAb(DM1A; Lab Vision Corporation), anti-
JunB mAb (C-11; Santa Cruz Biotechnology), anti-T-bet mAb
(39D; Santa Cruz Biotechnology), anti-Gfi1 antisera (N20;
Santa Cruz Biotechnology), anti-FLAG mAb (M2; Sigma-Al-
drich), and anti-Myc tag mAb (PL14; MBL, Japan) were used.
The detection of the ubiquitinated form of GATA3 was per-
formed as described previously (24). In brief, the cells were
treated with proteasome inhibitor MG132 (20 �M) for 2 h, and
then the cells were lysed with radioimmunoprecipitation assay
buffer (1% Nonidet P-40, 0.25% sodium deoxychorate, 150 mM
NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1
�g/ml aprotinin, leupeptin, and pepstatin, 1mMNa3VO4, 1mM
NaF, and 50 mM Tris-HCl, pH 7.4). GATA3 protein in lysates
was immunoprecipitated with anti-GATA3 mAb (D16; Santa
Cruz Biotechnology) and was subjected to immunoblotting
with anti-multiubiquitin mAb (FK2; MBL).
Quantitative RT-PCR—Total RNAwas isolated using TRIzol

reagent (Invitrogen). Reverse transcription was done using
Superscript II (Invitrogen). For quantitative PCR, a TaqMan
universal PCR Master Mix was used for all reactions (Applied
Biosystems), and the ABI Prism 7000 sequence detection sys-
tem was used (Applied Biosystems). The primers and TaqMan
probes for the detection of mouse GATA3, Gfi1, IL-4, IL-5,
IL-13, IFN�, hypoxanthine phosphoribosyltransferase (HPRT),
and human 18 S rRNA were purchased from Applied Biosys-
tems. The expression of mRNA was normalized using the
HPRT or human 18 S rRNA signal.
Pulse-Chase Experiment—293T cells cotransfected with

GATA3 and Gfi1 were washed, preincubated for 30 min in
methionine/cysteine-free medium, and pulsed for 30 min with
200 �Ci/ml [35S]methionine/cysteine (ICN). Then the cells
were washed twice with Dulbecco’s modified Eagle’s medium
containing nonradioactive 5 mM L-methionine, 3 mM L-cys-
teine, and 0.25% fetal calf serum.

RESULTS

TCR-mediated Activation of the ERKMAPKandCalcineurin
Pathways Induces Gfi1 mRNA Expression—We previously
reported that the TCR-mediated activation of the Ras-ERK
MAPK cascade is required for Th2 cell differentiation (15, 17).
To identify candidate genes, which are induced as downstream
targets of the Ras-ERKMAPK and regulate Th2 cell differenti-
ation, a DNAmicroarray analysis was performed. Naïve CD4 T
cells were stimulated with immobilized anti-TCR mAb under
Th2 conditions (IL-2, IL-4, and anti-IFN�) for 48 h in the
absence or presence of a specific inhibitor of MEK1/2, U0126.
Next, total RNAwas prepared and subjected to aDNAmicroar-
ray analysis. We focused on the nuclear factors, and the poten-
tially interesting 27 genes were selected (Table 1). Among the
candidate genes, Gfi1 mRNA was rapidly induced after TCR
stimulation in CD4 T cells, cultured under both Th1 and Th2
conditions (supplemental Fig. S1A). The STAT6-dependent
induction of Gfi1mRNA has been previously reported (30). As
shown in supplemental Fig. S1B, the induction (2 h of stimula-
tion) of Gfi1 mRNA was not dependent on STAT6; however,
the reduction was more severe in STAT6-deficient cells cul-
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tured under Th2 conditions for 5 days. In contrast, the induc-
tion of GATA3 mRNA expression was completely dependent
on the STAT6 activation (supplemental Fig. S1B, right panel).
We confirmed the ERK MAPK-dependent induction of Gfi1
mRNA in developing Th2 cells (Fig. 1A). Splenic CD4 T cells
were stimulated under Th2 conditions in the absence or pres-
ence of the indicated inhibitors for 2 h, and the expression level
of Gfi1 mRNA was determined by quantitative RT-PCR. As
expected, the induction of Gfi1 mRNA expression was com-
pletely blocked by the treatment with MEK inhibitor (U0126).
A calcineurin inhibitor, FK506, also exhibited an inhibitory
effect onGfi1 induction. In contrast, a specific inhibitor for the
p38 MAPK (SB203580) and for the JNK had no effect on
the expression of Gfi1mRNA. These results indicated that the
induction of Gfi1mRNA at the early phase of T cell activation
was dependent on the ERKMAPKand the calcineurin signaling
pathways.
Th2 Cell Differentiation Is Impaired in Gfi1�/� CD4 T Cells—

InGfi1�/� mice, although a reduction of T cell numbers in the
lymphoid organswas seen (supplemental Fig. S2A), the cell sur-
face expression of TCR�, CD3�, CD69, CD25, CD62L, IL-7R�,
IL-2R�, IL-4R�, and common �-chain (C�) on naïve (CD44low)
Gfi1�/� splenic CD4 T cells was normal (supplemental Fig.
S2B). Splenic naive CD4 T cells were purified by sorting and
then were subjected to in vitro Th1/Th2 cell differentiation
cultures.Under theTh2 conditions, almost equivalent numbers
of IL-4-producing cells (the sum of the upper left and upper
right areas) were generated both from Gfi1�/� and Gfi1�/�

naïve CD4 T cells (IL-4 0 units/ml; 3.2% versus 2.5%, 10 units/
ml; 12.1% versus 16.5%, 100 units/ml; 23.4% versus 20.5%) (Fig.
1B). Interestingly, the generation of IFN�-producing cells (the
sum of the lower right and upper right areas) was markedly
evaluated at all doses of IL-4 in Gfi1�/� CD4 T cell cultures
(IL-4, 0 units/ml; 13.5% versus 58.5%, 10 units/ml; 9.4% versus
50.2%, 100 units/ml; 15.3% versus 42.2%) (Fig. 1B). IL-12-de-

pendent IFN�-producing cell (the sum of the lower right and
upper right areas) generation was not enhanced in Gfi1�/�

CD4 T cell under Th1 conditions (IL-12, 1 unit/ml; 69.2% ver-
sus 69.0%, 10 units/ml; 91.4% versus 90.5%), whereas the IL-12-
independent generation of IFN�-producing cells (the sum of
the lower right and upper right areas) was enhanced (IL-12, 0
units/ml; 29.7% versus 48.5%) (supplemental Fig. S3A). The
cytokine production from the effector Th cells was also deter-
mined by enzyme-linked immunosorbent assay (supplemental
Fig. S3B). Surprisingly, the IL-5 production from Gfi1�/� Th2
cells dramatically decreased, whereas the production of IL-4
and IL-13 was equivalent in comparison withGfi1�/� Th2 cells
(Fig. 1C). The increase in IFN� production from Gfi1�/� Th2
cells was confirmed (Fig. 1C). A decrease in IL-5 and an increase
in IFN�mRNAexpression inGfi1�/�Th2 cellswere confirmed
by quantitative RT-PCR (Fig. 1D). The levels of IL-4 and IL-13
mRNA showed a modest increase.
We next assessed the histone modification status of the Th2

cytokine gene loci and the IFN� gene locus inGfi1�/� develop-
ing Th2 cells by ChIP assay. As expected, the trimethylation
level ofH3-K4 at the IL-5 promoter locuswas severely impaired
inGfi1�/� Th2 cells, whereas the methylation at the IFN� pro-
moter was enhanced (Fig. 1E). The methylation status of his-
tone H3-K4 at the IL-4 promoter, IL-13 promoter, and RAD50
promoter in Gfi1�/� Th2 cells was equivalent to those in the
Gfi1�/�Th2 cells (Fig. 1E). These results suggest thatGfi1 plays
an important role in the acquisition of IL-5 production ability
and for the suppression of the IFN� gene in developing Th2
cells.
Gfi1 Is Required for the Establishment of anActive Chromatin

Status at the IL-5 Gene Locus—We previously reported the
induction of Th2 cell-specific hyperacetylation at the inter-
genic region between the IL-5 and the RAD50 gene during Th2
cell differentiation, as well as the IL-5 gene locus (37). There-
fore, we analyzed the histone modification status around the

TABLE 1

Gene symbol Name of gene U0126 treatment/no treatment
(-fold increase)

Mybl2 Myeloblastosis oncogene-like 2 �7.5
Gfi1 Growth factor-independent 1 �6.5
Sap30 sin3-associated polypeptide �5.7
Bhlhb2 (DEC1, STRA13) Basic helix-loop-helix domain-containing, class B2 �5.7
IRF4 Interferon regulatory factor 4 �14.9
Egr2 Early growth response 2 �6.5
PBX1 Pre-B cell leukemia transcription factor 1 �6.5
Id3 Inhibitor of DNA binding 3 6.5
IRF7 Interferon regulatory factor 7 4.3
Klf2 Kruppel-like factor 2 39.4
Klf3 Kruppel-like factor 3 13.9
Klf7 Kruppel-like factor 7 4.3
Foxp1 Forkhead box P1 4.0
Foxp3 Forkhead box P3 4.0
TCF7 Transcription factor 7 5.3
PIAS1 Protein inhibitor of activated STAT1 4.3
— KRAB box-containing protein 3.2
Spi-B Ets transcription factor Spi-B 5.3
DPZF BTBPOZ zinc finger protein DPZF 9.8
Bcl11b B cell lymphomaleukaemia 11B 2.8
Gilz Glucocorticoid-induced leucine zipper 22.6
Asb2 Ankyrin repeat- and SOCS box-containing protein 2 2.3
Asb13 Ankyrin repeat domain-containing SOCS box protein 13 4.3
Aes N-terminal enhancer of split 3.0
makorin Makorin, ring finger protein, 1 3.5
Tox Thymus high mobility group box protein TOX 4.0
Mta3 Metastasis-associated 3 4.0
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IL-5 gene locus in Gfi1�/� Th2 cells more precisely. A sche-
matic representation of the IL-5 gene locus and the location of
the designed primer pairs is indicated in Fig. 2A. The actual
band patterns of each ChIP assay (Fig. 2B) and the relative band
intensities (Me3 H3-K4/Input DNA or Ac H3-K9/14/Input
DNA) of the eight primer pairs (Fig. 2C) were depicted. As
previously reported, a long range Th2-specific histone modifi-
cation was observed from the upstream region of the RAD50
promoter (corresponding to primer 1) through the end
of the IL-5 intron 2 (primer 8) in Gfi1�/� Th2 cells. Neverthe-
less, the H3-K4 methylation and H3-K9/14 acetylation status
from the primer 2 to the primer 8 regionswere lower inGfi1�/�

Th2 cells, and the levels were similar to those in Th1 condition
cells (Fig. 2C). The reduction of histone modifications of the
IL-5 gene locus was confirmed by a ChIP assay with quantita-
tive PCR (Fig. 2D). Neither of the modifications of the RAD50
promoter was affected (Fig. 2D). These results suggest that Gfi1
is required for the formation of active chromatin at the IL-5
gene locus.
Gfi1 Is Required for the Suppression of the IFN� Gene Locus

Activation in Developing Th2 Cells—To assess the status of his-
tonemodifications at the IFN� locus inGfi1�/� Th2 cells more
precisely, we designed a series of primers of the IFN� locus,
including the promoter, regulatory elements, and DNase I-hy-
persensitive sites (Fig. 3A) and performed a ChIP assay. The

actual band patterns of each ChIP assay (Fig. 3B) and the rela-
tive band intensities (Me3H3-K4/Input DNAor AcH3-K9/14/
Input DNA) of the 14 selected primer pairs (Fig. 3C) are shown.
Th1-specific hypermethylation of H3-K4 at the IFN� locus was
similarly observed both in Gfi1�/� and in Gfi1�/� Th1 cells
(Fig. 3C, upper panel). H3-K9/14 acetylation in the Gfi1�/�

Th1 cells was moderately increased (Fig. 3C, lower panel). In
Gfi1�/� Th2 cells, the histone methylation and the acetylation
at the IFN� gene locus was suppressed, and those levels were
significantly lower in comparison with Th1 condition cells (Fig.
3, B and C). However, in Gfi1�/� Th2 cells, high level H3-K4
methylation and H3-K9/14 acetylation were observed at the
IFN� gene locus (Fig. 3, B and C). A substantial increase in the
H3-K4methylation andH3-K9/14 acetylation at the IFN� gene
locus in Gfi1�/� Th2 cells was confirmed by a ChIP assay with
quantitative PCR (Fig. 3D). These results suggest thatGfi1 plays
a functional role in the IFN� gene suppression of developing
Th2 cells.
Enhanced Ubiquitin/Proteasome-dependent Degradation of

GATA3 Protein in Gfi1�/� Developing Th2 Cells—GATA3 has
been reported to be a critical transcriptional factor for the sup-
pression of IFN� production (38–40) and the activation of IL-5
transcription (41–43). Therefore, we checked the expression of
GATA3 in the Gfi1�/� Th2 cells. As shown in Fig. 4A, the
protein expression level of GATA3 in Gfi1�/� Th2 cells was

FIGURE 1. ERK MAPK-dependent induction of Gfi1 was required for Th2 cell differentiation. A, freshly prepared splenic CD4 T cells were stimulated under
Th2 conditions in the presence of U0126 (10 �M), or JNK inhibitor (10 �M), or SB203580 (10 �M), or FK506 (100 nM) for 2 h. The expression of Gfi1 mRNA was
determined by a quantitative RT-PCR analysis. The relative intensity (/HPRT) (mean of three samples) is shown with standard deviations. B, naïve (CD44low) CD4
T cells from Gfi1�/� mice were stimulated with immobilized anti-TCR mAb in the presence of IL-2 (10 units/ml), anti-IFN� mAb, and the indicated concentra-
tions of IL-4 for 5 days. Next, the cells were restimulated with immobilized anti-TCR mAb for 6 h and subjected to intracellular staining. The staining profiles of
anti-IFN� mAb and anti-IL-4 mAb are shown with the percentages of cells in each area. Three independent experiments were performed with similar results.
C, Gfi1�/� naïve CD4 T cells were cultured with IL-4 (100 units/ml) and were restimulated with immobilized anti-TCR mAb for 24 h. The amount of cytokine (IL-4,
IL-5, IL-13, and IFN�) in the culture supernatants was determined by enzyme-linked immunosorbent assay. D, 2 h after restimulation with immobilized anti-TCR
mAb, total RNA was prepared, and the expression levels IL-4, IL-5, IL-13, and IFN� mRNA were determined by quantitative RT-PCR. The relative intensity (/HPRT)
with standard deviations is shown. E, the levels of histone H3-K4 methylation at the IL-4, IL-5, IL-13, and IFN� promoter in Gfi1�/� Th2 cells were determined by
ChIP assay with quantitative PCR. The relative intensity (/Input) is shown with standard deviations.
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substantially decreased, and its level was similar to that in
developing Th1 cells. The expression of c-Maf, NFAT1, JunB,
and T-bet proteins in Gfi1�/� Th2 cells was equivalent to that
of Gfi1�/� Th2 cells (Fig. 4A). Interestingly, the quantitative
RT-PCR revealed that GATA3mRNAwas not decreased in the
Gfi1�/� Th2 cells (Fig. 4B). We previously reported that
GATA3 is rapidly degraded through the 26 S proteasome-de-
pendent pathway (24). Consequently, we wanted to determine
whether the 26 S proteasome pathway is involved in the reduc-
tion of GATA3 protein in Gfi1�/� Th2 cells. The Gfi1�/� Th2
cells were treated with a 26 S proteasome inhibitor,MG132, for
2 h and were subjected to Western blotting. The expression of
GATA3 protein in the Gfi1�/� Th2 cells was strikingly

increased by the treatment withMG132, whereas GATA3 pro-
tein inGfi1�/� Th2 cells showed amoderate increase (Fig. 4C).
Enhanced protein expression for GATA3 was not elicited in
developingTh1 cells byMG132 treatment (Fig. 4C, right panel).
Collectively, these results imply that GATA3 protein rapidly
degraded inGfi1�/�Th2 cells via the 26 S proteasome-depend-
ent pathway.Accordingly, we assessed the levels of the ubiquiti-
nated-form of GATA3 protein inGfi1�/� Th2 cells in the pres-
ence of MG132. The ubiquitination of GATA3 protein was
dramatically increased in Gfi1�/� Th2 cells, whereas the total
protein amount of GATA3 slightly decreased (Fig. 4D).
To confirm the effect of Gfi1 on the stabilization of GATA3

protein,Gfi1was introduced intoGfi1�/�developingTh2 cells.

FIGURE 2. Histone modifications at the IL-5 gene locus in Gfi1�/� Th2 cells. A, a schematic representation of the intergenic region of the IL-5 and RAD50
locus is shown with the location of the specific primers used in B and C. B and C, histone H3-K4 trimethylation and H3-K9/14 acetylation from the promoter
region of RAD50 through the end of IL-5 exon 4 in Gfi1�/� Th2 and Th1 cells was determined by ChIP assay. The bands of PCR products in B and the relative
intensity for each of the primer pairs in C are indicated. Three independent experiments were performed, and similar results were obtained. D, the levels of
trimethylation of H3-K4 and acetylation of H3-K9/14 at the indicated regions in Gfi1�/� Th2 cells were determined by a ChIP assay with a quantitative PCR
analysis. Three independent experiments were performed with similar results.

FIGURE 3. Histone modifications at the IFN� gene locus in Gfi1�/� Th2 cells. A, a schematic representation of the IFN� locus is shown with the location of
the specific primers used in B and C. B and C, the levels of trimethylation of histone H3-K4 and acetylation of histone H3-K9/14 at the IFN� gene locus in Gfi1�/�

Th1/Th2 cells were determined by ChIP assay. The bands of PCR product in B and the relative intensity for each of the primer pairs in C are indicated. Three
independent experiments with different Th1/Th2 cell preparations were performed and obtained similar results. D, the levels of trimethylation of H3-K4 and
acetylation of H3-K9/14 at the several region around the IFN� locus in Gfi1�/� Th2 were determined by a ChIP assay with quantitative PCR as described for Fig.
2D. Three independent experiments were performed with similar results.
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Naive CD4 T cells from Gfi1�/� mice were stimulated with
immobilized anti-TCR mAb under the Th2 conditions for 2
days, and then the cells were infected with a retrovirus vector
containing Gfi1 cDNA. Three days after infection, the protein
and mRNA expression levels of GATA3 were assessed. A sig-
nificant increase in the level of GATA3 protein was detected in
theGfi1-introducingGfi1�/� Th2 cells in comparison with the
control mock-infectedGfi1�/� cells (Fig. 4E, upper panel). The
GATA3mRNAexpressionwas not affected by the introduction
ofGfi1 (Fig. 4E, lower panel). The enhancement of IL-5 produc-
tion and the reduction of IFN� production fromGfi1-introduc-
ing Gfi1�/� Th2 cells were confirmed by intracellular staining
(supplemental Fig. S4A) and quantitative RT-PCR (supplemen-
tal Fig. S4B). These results suggest that Gfi1 stabilizes GATA3
protein through the inhibition of the ubiquitin/proteasome-
mediated degradation of GATA3 protein.

Enforced Expression of Gfi1 Stabilizes GATA3 Protein in 293
TCells—Toelucidate the direct stabilization ofGATA3protein
by Gfi1, Myc-tagged human GATA3 (hGATA3) and FLAG-
tagged Gfi1 or FLAG-tagged control vector was cotransfected
into 293T cells, and then the protein expression level ofGATA3
was determined. As shown in Fig. 5A, a Gfi1 dose-dependent
expression of GATA3 protein (Fig. 5A, upper panel) was
detected without affecting the GATA3 mRNA level (Fig. 5A,
lower panel). The stabilization of GATA3 protein by Gfi1 was
confirmed using hGATA3-IRES-EGFP vector, which encodes
GATA3 and EGFP on the same mRNA. As expected, GATA3
protein substantially increased by the expression of Gfi1 with-
out affecting of the green fluorescent protein level (Fig. 5B).
Consequently, we studied the effect of Gfi1 expression on the
degradation of GATA3 protein by a plus-chase analysis. 293T
cells were transfected with GATA3 plus Gfi1 or control vector,

FIGURE 4. Increased ubiquitin/proteasome-dependent degradation of GATA3 in Gfi1�/� Th2 cells. A, Gfi1�/� and Gfi1�/� naïve CD4 T cells were cultured
under Th1 or Th2 conditions for 5 days, and nuclear lysates were prepared. The nuclear lysates with a 3-fold serial dilution (1.0 � 106 and 0.3 � 106/lane) were
subjected to immunoblotting with the antibodies against indicated proteins. In case of immunoblotting with anti-tubulin-�, the cytoplasmic lysates with a
3-fold serial dilution (1.0 � 105 and 0.3 � 105/lane) were used. Three experiments were performed with similar results. B, Th2 and Th1 cells were prepared as
described for A. The expression levels of GATA3 mRNA were determined by a quantitative RT-PCR analysis. Three independent experiments were performed
with similar results. C, Gfi1�/� and Gfi1�/� developing Th2 cells were treated with MG132 (20 �M) for 2 h. Then the nuclear and cytoplasmic lysates were
prepared, and the amount of GATA3 protein was assessed by immunoblotting. D, Gfi1�/� and Gfi1�/� developing Th2 cells were treated with MG132 (20 �M)
for 2 h, and then the ubiquitination of GATA3 was assessed. GATA3 were immunoprecipitated (IP) with anti-GATA3 mAb, and the level of ubiquitination was
assessed by immunoblotting (IB) with anti-ubiquitin (Ub) mAb (left panel). The positions of migration of ubiquitinated GATA3 (Ub-GATA3) and IgH are
indicated. The levels of expression of GATA3 and tubulin-� were also assessed by immunoblotting (right panel). E, naive CD4 T cells from Gfi1�/� mice were
stimulated under the Th2 conditions for 2 days, and then the cells were infected with a retrovirus vector containing a Gfi1 gene (pMXs-Gfi1-IRES-hNGFR).
hNGFR-positive infected cells were enriched by magnetic cell sorting, and the levels of GATA3 protein (upper panel) and mRNA (lower panel) were assessed. Two
experiments were performed with similar results.
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and the amount of GATA3 protein was assessed at the indi-
cated time points. The degradation of 35S-labeled nascent
GATA3 protein in Gfi1-expressed 293T cells was slower in
comparison with mock vector-introduced control cells (Fig.
5C). After a 2-h chase, 70% of the labeled GATA3 remained in
the Gfi1-expressing cells, whereas the level decreased at 30% in
the control cells. We next examined whether the enforced
expression of Gfi1 can suppress the ubiquitination of GATA3.
293T cells were introduced with Myc-tagged hGATA3 plus
FLAG-tagged Gfi1 or control FLAG vector, and the ubiquitina-
tion of GATA3 was assessed by immunoblotting with anti-
ubiquitin mAb following immunoprecipitation with anti-
GATA3 mAb. In the Gfi1 introduced 293T cells, the
ubiquitination of GATA3 dramatically reduced (Fig. 5D, left
panel), whereas the expression levels of GATA3 protein were
increased (Fig. 5D, right panel). These results suggest that Gfi1
controls the protein expression ofGATA3protein through reg-
ulation of the ubiquitin/proteasome-dependent GATA3
protein.
The SNAGDomain of Gfi1 Is Required for the Stabilization of

GATA3 Protein—In addition to the C2H2 type zinc finger
domain, Gfi1 contains a unique region called the Snail/Gfi1
(SNAG) domain. The importance of the SNAG domain in the
Gfi1-mediated transcriptional repression has been reported
(26). Gfi1 can form a repressor complex, which contains the
CoREST corepressor, the histone demethylase LSD1, and his-
tone deacetylases via the SNAG domain (44). The proline resi-
due at position 2 in the SNAG domain is crucial for the Gfi1-
mediated formation of the repressor complex. To assess the
role of the SNAGdomain for the Gfi1-mediated stabilization of

GATA3 protein, a SNAG domain
deletion mutant (dSNAG) and a
proline substitution mutant (P2A)
were generated (Fig. 6A). FLAG-
tagged human GATA3 (hGATA3)
andMyc-taggedWTormutantGfi1
was cotransfected into 293T cells,
and then the protein expression
level of GATA3 was determined. As
shown in Fig. 6B, the dSNAG
mutant failed to stabilize GATA3
protein (upper panel, fifth lane),
whereas the P2A mutant succeeded
to stabilize (upper panel, fourth
lane) without affecting the GATA3
mRNA level (lower panel). WT and
mutants Gfi1 proteins expressed at
a similar level. Next, we studied the
effect of Gfi1 mutants on GATA3
ubiquitination. As expected, the
inhibitory function for GATA3
ubiquitination was dramatically
reduced in the dSNAGmutant (lane
5), whereas the P2A mutant sup-
pressed GATA3 ubiquitination
equivalently (lane 4) in comparison
with WT Gfi1 (lane 3) (Fig. 6C,
upper panel). These results suggest

that Gfi1 controls GATA3 protein stability through its SNAG
domain. However, the repressor activity of Gfi1 is not essential
for GATA3 stabilization.
Introduction of GATA3 Compensates Gfi1�/� Th2 Cell

Phenotypes—Finally, we examined whether the introduction of
GATA3 can compensate the phenotypes of Gfi1�/� Th2 cells.
The GATA3 was introduced into Gfi1-deficient developing
Th2 cells, and the IFN�/IL-5 production profile was deter-
mined by intracellular staining. The number of IL-5-producing
cells (the sumof the upper left and upper right areas) inGfi1�/�

Th2 cells was substantially recovered by the introduction of
GATA3 (2.9% versus 10.7%) (Fig. 7A).Moreover, the generation
of IFN�-producing cells (the sum of the lower right and upper
right areas) was inhibited (25.4% versus 8.9%) (Fig. 7A). The
compensatory effects of GATA3 on the expression of IL-5 and
IFN� in Gfi1�/� Th2 cells were confirmed by quantitative RT-
PCR (Fig. 7B). Finally, we assessed the histone modification at
the IL-5 and IFN� gene locus in GATA3-introduced Gfi1�/�

Th2 cells. The trimethylation of H3-K4 at the IL-5 promoter
substantially increased inGfi1�/�Th2 cells by the introduction
of GATA3 (Fig. 7C, left panel), whereas the level at the IFN�
promoter was suppressed (Fig. 7C,middle panel). The methyl-
ation at the IL-4 promoter was not affected by the introduction
of GATA3 (Fig. 7C, right panel).

DISCUSSION

In this report, we demonstrate that Gfi1 plays an important
role in the regulation of IL-5 and IFN� production in Th2 cells.
Gfi1 appears to control these Th2 functions through the regu-

FIGURE 5. Gfi1 stabilizes GATA3 protein in 293 T cells. A, 293T cells were transfected with the expression
plasmids for Myc-tagged human GATA3 and the indicated amounts (�g) of FLAG-tagged Gfi1. Two days after
transfection, the nuclear extracts were prepared, and the levels of Myc-tagged GATA3 and FLAG-tagged Gfi1
were determined by immunoblotting with anti-Myc, and anti-FLAG mAb, respectively (upper panel). The
expression levels of introduced human GATA3 mRNA were assessed by a quantitative RT-PCR analysis. The
relative intensity (/HPRT) with standard deviations is shown. (lower panel). Two experiments were performed
with similar results. B, 293T cells were transfected with GATA3-IRES-EGFP and FLAG-tagged Gfi1. Two days after
transfection, the expression of GATA3, EGFP and Gfi1 proteins was assessed by immunoblotting. Two experi-
ments were performed with similar results. C, the degradation of GATA3 was assessed by a pulse-chase anal-
ysis. GATA3 expression plasmid was introduced into 293T cells with control or Gfi1 expression plasmid. Two
days after transfection, the cells were labeled with [35S]methionine and [35S]cysteine and chased for the indi-
cated periods. Labeled GATA3 protein was immunoprecipitated and visualized by autoradiography. Two
experiments were performed with similar results. D. The ubiquitination of GATA3 was determined by immu-
noblotting. 293T cells were transfected with GATA3 expression plasmid plus control or Gfi1 expression plas-
mid. 48 h after transfection, the cells were treated with MG132 (50 �M) for 2 h. GATA3 protein was immuno-
precipitated (IP) with anti-GATA3 mAb, and the level of ubiquitination was assessed by immunoblotting (IB)
with anti-Ub mAb (left panel). The positions of migration of ubiquitinated GATA3 (Ub-GATA3) and IgH are
indicated. Three independent experiments were performed with similar results.
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lation of GATA3 protein stability via the repression of
ubiquitin/proteasome-dependent GATA3 degradation. There-
fore, the cooperation of Gfi1 with GATA3 is required for the
proper Th2 cell differentiation.
We previously reported that the activation of the Ras-ERK

MAPK cascade inhibits the ubiquitin/proteasome-dependent
degradation ofGATA3 (24). In the present study, we found that
Gfi1 is rapidly induced after TCR-mediated activation in an
ERKMAPK/calcineurin-dependent manner (Fig. 1A) and sup-
pressed the degradation of GATA3 protein (Figs. 4–6). These
results raise the possibility that ERK MAPK regulates GATA3
stability through the induction of Gfi1 expression. Gfi1 has
been reported to be associated with PIAS3, a small ubiquitin-
like modifier (SUMO) ligase, and inhibits the binding with
STAT3 (45). STAT3 could escape fromPIAS-mediated sumoy-
lation and increase transcriptional activity. We previously
reported that Mdm2 binds to GATA3 and acts as an ubiquitin
ligase forGATA3 (24). As in the case of PIAS3, it is possible that
Gfi1 binds to Mdm2 and sequesters its E3 ligase activity for
GATA3. In fact, the association of Gfi1 with Mdm2 was

detected in the transfected 293T
cells and Th2 cells.3 Furthermore,
the ubiquitination of Gfi1 protein
has also been reported (46, 47).
Although further studies are
required to elucidate the precise
mechanism of Gfi1-mediated inhi-
bition in the GATA3 ubiquitina-
tion, it is likely that Gfi1 regulates
GATA3 protein stability through
the repression of ubiquitination.
Gfi1 acts as a transcriptional

repressor through a unique N-ter-
minal SNAG domain (26). The pro-
line residue at position 2 was crucial
for repressor activity of Gfi1,
because the substitution of proline
to alanine (Gfi1 P2A mutant) abol-
ished the transcriptional repressor
ability. Although the SNAG domain
of Gfi1 was required for the stabili-
zation of GATA3 protein, Gfi1 P2A
mutant could suppress GATA3
ubiquitination and stabilizeGATA3
protein (Fig. 6, B and C). These
results demonstrated that the
repressor activity of Gfi1 was not
essential for GATA3 stabilization
and that the SNAG domain might
has a distinct function from tran-
scriptional repression.
In this report, wemostly analyzed

the Gfi1 effects on the GATA3 sta-
bilization using 293 T cells. Because
Gfi1-mediated stabilization of
GATA3 was observed in 293T cells
as well as Th2 cells (Figs. 4–6), it is
likely that Gfi1 stabilized GATA3

protein in Th2 cells through the similar machinery that would
operate in 293T cells. However, GATA3 and Gfi1 were not
expressed endogenously in 293T cells. The identification of a
Gfi1 target ubiquitin E3 ligasemay help us to better understand
the molecular mechanism controlling GATA3 degradation.
It was previously reported that Gfi1 is required for IL-2-de-

pendent expansion of GATA3high Th2 cells (48). In our exper-
iment, the mRNA expression level of GATA3 was not changed
in expandedGfi1�/� developingTh2 cells (Fig. 4B). Retrovirus-
mediated introduction of Gfi1 into Gfi1�/� developing Th2
cells was sufficient to induce GATA3 protein expression (Fig.
4E). Furthermore, the IL-2-dependent expression of GATA3
protein was impaired inGfi1�/� effector Th2 cells.3 Therefore,
the reducedGATA3high cell number inGfi1�/�Th2 cellsmight
be also due to the enhanced degradation of GATA3 protein.
In Gfi1�/� developing Th2 cells, the production of IL-5 was

severely decreased, whereas IL-4 and IL-13 production was not

3 M. Yamashita and R. Shinnakasu, unpublished observation.

FIGURE 6. The SNAG domain of Gfi1 is required for the stabilization of GATA3 protein. A, a schematic
representation of Myc-tagged Gfi1 mutants. WT Gfi1 and two mutants (P2A and dSNAG) are shown with
location of Myc tag. B, 293T cells were transfected with the expression plasmids for FLAG-tagged human
GATA3 plus Myc-tagged WT or mutant Gfi1. Two days after transfection, the nuclear extracts were prepared,
and the levels of FLAG-tagged GATA3 and Myc-tagged Gfi1 were determined by immunoblotting with anti-
FLAG, and anti-Myc mAb, respectively (upper panel). The expression levels of introduced human GATA3 mRNA
were assessed by a quantitative RT-PCR analysis (lower panel). The relative intensity with standard deviations is
shown. Three experiments were performed with similar results. C, the ubiquitination of GATA3 was determined
by immunoblotting with anti-Ub mAb. 293T cells were transfected with FLAG-tagged GATA3 expression plas-
mid plus Myc-tagged WT or mutant Gfi1 expression plasmid. Two days after transfection, the cells were treated
with MG132 (50 �M) for 2 h. GATA3 protein was immunoprecipitated (IP) with anti-GATA3 mAb, and the level
of ubiquitination was assessed by immunoblotting (IB) with anti-Ub mAb (upper panel). The positions of migra-
tion of ubiquitinated GATA3 (Ub-GATA3) and IgH are indicated. Three independent experiments were per-
formed with similar results.
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affected (Fig. 1, C and D). The methylation status of histone
H3-K4 and the acetylation status of histone H3-K9/14 at the
IL-5 gene locus were significantly decreased in developing Gfi-
1�/� Th2 cells (Figs. 1E and 2). Again, histone modifications at
the IL-13/IL-4 gene loci were not affected (Fig. 1E). Although
the induction of H3-K4 methylation and H3-K9/14 acetylation
at the IL-4, IL-5, and IL-13 gene loci was dependent onGATA3
expression (34, 35, 37, 49), the higher expression level of
GATA3 is required for the induction of IL-5 gene activation in
comparison with those of the IL-4/IL-13 gene (37). A different
dependence onGATA3 expression levelmay explain the differ-
ence of histone modifications (H3-K4 methylation and
H3-K9/14 acetylation) in Gfi1�/� Th2 cells between the IL-4/
IL-13 gene loci and the IL-5 gene locus.
Enhanced production of IFN� was observed in Gfi1�/� cells

cultured under the Th2 condition and under the Th1 condition
with low concentration of IL-12 (supplemental Fig. S3). Fur-
thermore, the levels of histone H3-K9/14 acetylation and of
H3-K4 methylation at the IFN� gene locus was dramatically
increased in theGfi1�/� Th2 cells (Fig. 3). For the repression of

the IFN� gene activation including
the suppression of H3-K4 methyla-
tion and H3-K9/14 acetylation, the
expression of GATA3 is required
(34, 38–40). In addition, the expres-
sion of the T-box type transcription
factor, T-bet promotes IFN� pro-
duction in Th1 cells (50). Although
the level of T-bet was increased
slightly in theGfi1�/� Th2 cells, the
level was quite low in comparison
with that in the Th1 cells (Fig. 4A).
Therefore, the de-repression status
of the IFN� gene locus in Gfi1�/�

Th2 cells appeared to be due to the
decreased level of GATA3 protein.
Gfi1 contains six C2H2 zinc fin-

gers and is able to bind to specific
DNA target sequence (51). The con-
sensus recognition sequence, deter-
mined by selection for Gfi1 binding
from a random DNA sequence
library, is TAAA(T/G)CAC(A/
T)GCA. We identified a potential
Gfi1-binding site within the pro-
moter region of the IL-13 gene,
whereas there are no potential bind-
ing sites for Gfi1 in other regulatory
regions of the Th2 cytokine gene
locus (IL-4 promoter, IL-5 pro-
moter, CGRE, CNS1, and VA
enhancer) and the IFN� gene locus
(IFN� promoter, CNS1, and CNS2).
We also performed aChIP assay and
confirmed the Gfi1 binding within
the Th2 cytokine gene locus and the
IFN� gene locus. As expected, the
binding of Gfi1 was only detected at

the IL-13 promoter.3 Therefore, it is unlikely that Gfi1 directly
regulates IL-5 and IFN� production in Th2 cells.
Although the expression of Gfi1 mRNA was equivalently

induced in CD4 T cells cultured under both Th1 and Th2 con-
ditions, its expression was preferentially maintained in devel-
oping Th2 cells.3 STAT6-deficient CD4 T cells cultured under
Th2 conditions also failed to maintain Gfi1 mRNA expression
(supplemental Fig. S1B). These results are consistent with pre-
vious data, in which Gfi1 expression is Th2 cell-specific and
STAT6-dependent (30). Th2 cell-specific maintenance of Gfi1
expressionmay contribute to the Th2 cell-specific stabilization
of GATA3 protein. In addition, our preliminary results indicate
that the introduction of GATA3 can induce Gfi1 mRNA
expression in developing Th1 cells.3 These data raise the possi-
bility that GATA3 and Gfi1 make a positive feedback loop for
stable expression of both genes and control Th2 cell differenti-
ation. In summary, the results of this study indicate that Gfi1 is
a downstream target of the ERKMAPK cascade, and it plays an
important role in the regulation of the GATA3 protein expres-
sion and Th2 cell functions.

FIGURE 7. Introduction of GATA3 into developing Gfi1�/� Th2 cells rendered Th2 cell function. A, naive
CD4 T cells from Gfi1�/� mice were stimulated under the Th2 conditions for 2 days, and then the cells were
infected with a retrovirus vector containing a GATA3 (pMXs-GATA3-IRES-hNGFR). Three days after infection, the
IFN�/IL-5 staining profile of GATA3-infected cells was determined by intracellular staining. The percentages of
cells in each quadrant are indicated. Three independent experiments were performed with similar results.
B, hNGFR-positive infected cells were enriched as described in Fig. 4E and restimulated by anti-TCR mAb for 2 h.
The expression of each cytokine mRNA was assessed by quantitative RT-PCR. C, the levels of trimethylation of
H3-K4 were determined by a ChIP assay with a quantitative PCR as described in Fig. 1E. Three independent
experiments were performed with similar results.
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