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Development of Th2 subset of CD4™* T cells involves the interleukin-4 (IL-4)- and Stat6-dependent increase
in GATA-3 expression during primary activation. Recently we reported that the phenotypic stability and factor
independence of Th2 cells involves acquisition of an intracellular pathway that maintains GATA-3 expression.
Evidence from retroviral expression studies implied that this pathway involved an autoactivation of GATA-3
expression, since Stat6-deficient T cells induced endogenous GATA-3 when infected with GATA-3-expressing
retroviruses. That study left unresolved the issue of whether GATA-3 autoactivation was direct or indirect.
Several other Th2-specific transcription factors have been described, including c-Maf and JunB. We therefore
examined the ability of these other transcription factors to induce GATA-3 expression and promote Th2
development. Neither c-Maf nor JunB induced Th2 development in Stat6-deficient CD4™ T cells, in contrast
to GATA-3. Consistent with this indication of a possible direct autoactivation pathway, we also observed that
heterologous GATA family proteins GATA-1, GATA-2, and GATA-4 were also capable of inducing GATA-3
expression in developing Stat6-deficient T cells and promote Th2 development. Mutational analysis revealed
evidence for two distinct mechanisms of GATA-3 action. IL-4 induction by GATA-3 required each of the
functional domains to be present, whereas repression of gamma interferon could occur even when mutants of
GATA-3 lacking the second transactivation domain, TA2, were expressed. The GATA-dependent induction of
the GATA-3 but not the other GATA genes in T cells suggests that T-cell-specific cis elements within the
GATA-3 locus likely cooperate with a general GATA recognition motif to allow GATA-3-dependent autoacti-

vation.

GATA family transcription factors include six known mem-
bers with a common DNA-binding domain that is highly con-
served among vertebrate species (1, 30, 31, 50, 53). Regions
outside the DNA-binding domain vary substantially among
members of this family but are conserved between species,
suggesting conserved functions of homologous GATA factors
between species. GATA-1 expression is restricted to hemato-
poietic lineage cells and plays an important role in erythroid
lineage development (58). GATA-2 is less restricted, with ex-
pression in hematopoietic, endothelial, and neuronal cells (5,
49). GATA-3 is important for embryonic brain development
and T-cell lineage development (8, 33). GATA-4, GATA-S,
and GATA-6 are expressed in the endoderm in an overlapping
manner; these proteins have been implicated in regulating gut
and cardiac tissue formation (1, 9, 16, 19, 24). Thus, GATA
transcription factors are significant in lineage specification of
many cell types.

While GATA factor expression is lineage and stage specific,
they bind a common cis element, WGATAR (21, 29), by a
two-C4-zinc finger DNA-binding domain (28). The C-terminal
zinc finger may be more important for DNA-target interac-
tions, since its deletion prevents DNA binding and completely
eliminates function (28). The N-terminal zinc finger domain
may influence DNA binding (28, 38) and interactions between
GATA and transcriptional cofactors, such as the FOG-1 and
FOG-2 proteins (27, 42, 46, 52). The protein regions surround-
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ing the GATA-1 C-terminal zinc fingers are targets of acety-
lation (2, 3), which can modify the ability of GATA-1 to inter-
act with CBP/p300 histone acetyltransferases to regulate
transcriptional activity (2, 3, 15). These domains, comprising
the first 214 amino acids of GATA-3, are required for activa-
tion of a GATA-dependent reporter construct (54). The first
119 amino acids of GATA-4 are required for synergistically
activating transcription of the atrial natriuretic factor promoter
with the homeodomain protein Nkx2.5 (6), suggesting that the
amino terminus of GATA-3 may be required for higher-order
interactions with additional factors as well.

T-cell-specific GATA-3 activity was initially found by its
binding to T-cell receptor (TCR) da enhancer (10, 13, 17, 22).
However, the lethality of GATA-3 targeting (36) prevented
conventional analysis for TCR gene expression, which required
RAG-1 blastocyst reconstitution (47) and revealed an arrest of
thymocyte development at the double negative stage, specifi-
cally within the CD44" CD25~ CD4~ CDS8  stage (11).
GATA-3 is also important to later stages of T-cell develop-
ment, being involved in commitment of CD4" T cells to the
T-helper 2 (Th2) phenotype (34, 35, 57). GATA-3 expression
directed by the CD4 promoter in transgenic mice caused the
increased production of several Th2 cytokines (57). Further-
more, GATA-3 was found subsequently to inhibit Th1 cytokine
expression by a mechanism that was independent of the induc-
tion of interleukin-4 (IL-4) (35).

GATA-3 is the predominant GATA member expressed in
thymocytes and T cells, with no evidence for expression of any
other family members at significant levels (8, 33). In mature
CDA4 T cells, GATA-3 expression is regulated by cytokines and
costimulation during the primary T-cell activation (35, 41). In
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naive T cells, GATA-3 is expressed at low levels, which is
increased by IL-4 in a Stat6-dependent manner and decreased
by IL-12 in a Stat4-dependent manner (35). Importantly,
GATA-3 may play a role in controlling its own expression
through a Stat6-independent autoactivation pathway (34). This
pathway represents a potentially important step in the stable
commitment of T cells to the Th2 lineage, since GATA-3
expression is maintained in the absence of the Th2-inducing
signals initially required for Th2 development (35). Autoacti-
vation of other GATA family members has also been pro-
posed. GATA-1 expression is increased during erythroid de-
velopment and has been shown to involve autoactivation
through WGATAR elements in the GATA-1 promoter en-
hancer (32, 51). Furthermore, GATA-2 autoactivation may
occur during pituitary cell lineage commitment and participate
in counterregulation of the transcription factor Pitl (4). Thus,
autoactivation may participate generally in lineage commit-
ment programs enacted by GATA family factors.

The present study extends previous studies of GATA-3 reg-
ulation during T-cell development by defining the require-
ments for GATA-3 induction in T cells by GATA factors
independent of the c-Jun-activated kinase (JAK)/STAT path-
way. In particular, we tested the hierarchy of Th2-specific tran-
scription factors for STAT-independent Th2 development and
GATA-3 expression, analyzing potential interactions between
GATA-3, c-Maf, and JunB. Furthermore, we examined the
structural features of GATA-3 that are required for autoacti-
vation. Our results indicate that activation of the GATA-3
gene can occur in response to forced expression of heterolo-
gous GATA factors. This result suggests that T-cell-specific
GATA-3 induction results from cooperation between T-cell-
specific factors targeting cis-acting elements within the
GATA-3 locus, rather than by GATA-3’s exerting site-specific
actions on targets that are unique within the GATA family.
Finally, the GATA-3-dependent activation of Th2 cytokines
and the repression of gamma interferon (IFN-y) may involve
structurally distinct mechanisms of transcriptional control.

MATERIALS AND METHODS

Mice, cytokines, and antibodies. DO11.10 TCR-transgenic Stat6-deficient
mice were provided by M. J. Grusby (18). Recombinant cytokines and antibodies
have been described previously (39). R. D. Schreiber generously provided mono-
clonal anti-IFN-y antibody H22. IL-4, IL-5, and IFN-y enzyme-linked immu-
nosorbent assay (ELISA) analysis was performed as described (14, 39).

T-cell activation and retroviral infection. Wild-type and Stat6-deficient
DO11.10 splenocytes were purified by red blood cell lysis (Sigma, St. Louis, Mo.)
and activated with ovalbumin (0.5 mg/ml) (Sigma) at 6 X 10°%ml in IMDM
medium. IL-12 (10 U/ml) and anti-IL-4 (11B11; 10 pwg/ml) were added for Thl
development, IL-4 (100 U/ml) was added for Th2 development, and nothing was
added for neutral development. Cells were infected at 36 h of activation using
18 X 10° cells, 5 ml of retroviral supernatant, Polybrene (8 pg/ml) (Sigma), and
IL-2 (40 U/ml). Cells were harvested 7 days after activation, and murine CD4"
(mCD4 ") green fluorescent protein-expressing (GFP™) cells were purified by
cell sorting following staining with phycoerythrin-conjugated anti-CD4 (GK1.5;
PharMingen). Cells were reactivated on BALB/c splenocytes as antigen-present-
ing cells (2,000 rad, 2.5 x 10° cells) and expanded for 1 week under the initial
conditions. Cells (1.25 X 10°) were harvested on day 14 and restimulated on
BALB/c splenocytes as antigen-presenting cells (2,000 rad, 2.5 X 10° cells).

Retroviral constructs. The control retroviral vector GFP-RV and GATA-3RV
have been described (39). GATA1-RV was constructed by generating a cDNA
using the sense primer 5'GAAGATCTACGCGTCGACCCATGGATTTTCCT
GGT3' and antisense primer 5'CCGCTCGAGGGTCAAGAACTGAGTGGG
GCG3’ with the template plasmid pMT2-mGATA-1 (50). GATA2-RV was
generated by NotI digestions of plasmid pBSSK GATA-2 (from Naoko Mineg-
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ishi; unpublished) and treatment with Vent polymerase, to generate a 1.4-kb
GATA-2 cDNA with blunt ends. A 1.9-kb GATA-4 cDNA was generated by
EcoRI digestion of pMT2-GATA4 (1) and treatment with Vent polymerase. The
c-maf cDNA was generated by HindIII-Spel digest of pBSKS c-maf (23) and
treatment with Vent polymerase to generate blunt ends. All fragments were
ligated into the blunt vector GFP-RV. JunB-RV was constructed by isolation of
the Sall-Xhol fragment of RSV-JunB (26) to produce a full-length cDNA and
ligation into the Xhol-digested GFP-RV. GATA-3 deletion mutant constructs
were generated by PCR using Pfu polymerase (Stratagene, La Jolla, Calif.) with
the following primers: ATA1 sense, CGGGTGGTGCGTGTCTGGGTGCTGA
CCGTT; ATAIl antisense, CCTCTGTCCGTTTACCCTCCG; ATA2 sense,
AACGGACAGAGGCCCTGGAGA; ATA2 antisense, GCCCACCACCCCAT
TACCACCACCTAT;ANS sense, TCCGAACCCGGTAGGGGATCC; ANf an-
tisense, CTGTCGGCAGCAAGGAGAGCAGGG; ACf sense, CAGTCTTCGC
TTGGGCTTGATAAGGGGC; and ACf antisense, CTCTGGAGGAACGCTA
ATGGGGACC. The blunt ends of the linear PCR products were ligated using
T4 DNA ligase (NEB). Plasmid sequences were confirmed by restriction diges-
tion and sequencing.

RNA, Northern blots, and RNase protection assay. Total RNA was isolated
with the RNeasy kit (Qiagen). Total RNA (10 pg/lane) was separated by elec-
trophoresis at 100 V for 6 h and transferred to a Zeta Probe membrane (Bio-
Rad, Hercules, Calif.). Probe (10° cpm/ml) was used for Northern hybridization.
The GATA-1 probe was a 1.2-kb EcoRT fragment digested from the vector
pMT2-mGATA-1, the GATA2 probe (a full-length, 1.4-kb NotI fragment di-
gested from the vector pBSSK-mGATA-2), the GATA-3 probe (a 1.5-kb cDNA
[35]), and the GATA-4 probe (a 327-bp 3’ fragment generated using the sense
primer 5'CTAAGCTGTCCCCACAAGGC3' and the antisense primer 5'CAG
AGCTCCACCTGGAAAGG3’ and pMT2-mGATA-4 as the template). The
IL-12 receptor beta 2 (IL-12RB2) chain and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) probes have been describes previously (43).

Western blot analysis. Transduced T cells (107) were stimulated for 16 h with
phorbol myristate acetate (PMA) (50 ng/ml) and ionomycin (1 pM), and 293
cells or QT6 cells (54) were transiently transfected for 48 h using Superfect
(Qiagen). Cells were harvested and lysed with 5% sodium dodecyl sulfate (SDS)-
6.25 mM Tris(pH 6.8)-0.5 mM EDTA (pH 8.0) and centrifuged at 100,000 rpm
for 10 min. Lysates were electrophoresed through an SDS-12% polyacrylamide
gel electrophoresis (PAGE) gel and transferred to nitrocellulose using semidry
transfer of 15 V for 45 min. c-Maf was detected using antibody M173 (Santa
Cruz), and JunB was detected using antibody N17 (Santa Cruz) and visualized by
ECL (Amersham) using goat anti-rabbit immunoglobulin conjugated to horse-
radish peroxidase (1:500) (Jackson ImmunoResearch). GATA-3 and Stat1 pro-
teins were detected by Western blotting as previously described (7, 39).

EMSAs. QTb6 cells were transiently transfected with various GATA-3 expres-
sion constructs as indicated in the figure legends, and nuclear extracts were
prepared after 48 h as described previously (44). For GATA-3 electrophoretic
mobility shift assay (EMSA) studies, the amount of nuclear extract used was
varied to equalize the amount of mutant GATA-3 protein expression according
to Western analysis (Fig. 5B, upper panel), and incubated in 10-pl reactions with
1 pg of poly (dIdC) (Pharmacia) at room temperature and 5 X 10* cpm of the
double-stranded probe CAACCCTACGCTGATAAGATTAGTCTGAAAG.
After 30 min, complexes were electrophoresed in 6% polyacrylamide at room
temperature in 0.4 X Tris-borate-EDTA for 2 h at 150 V.

RESULTS

GATA-3 but not c-Maf or JunB induces IL-4 production in
Stat6-deficient T cells. Recently, GATA-3 expression in Th2
cells was suggested to involve a process of Stat6-independent
autoactivation (34). However, that study did not determine
whether autoactivation involved direct actions of GATA-3 on
the GATA-3 gene or promoter or whether an intermediate
GATA-3-induced factor was involved. At present, three can-
didate transcription factors could participate in the Th2-spe-
cific activation of GATA-3, including GATA-3 itself (34, 57),
c-Maf (12), and JunB (40). GATA-3 and c-Maf are selectively
transcribed in Th2 cells, whereas JunB expression involves
translational or posttranslational control (25, 40). Forced ex-
pression of GATA-3 in Stat6-deficient T cells induced expres-
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sion of c-Maf, suggesting that c-Maf may potentially mediate
an indirect and reciprocal induction of GATA-3 (34).

In an attempt to distinguish whether GATA-3-induced
GATA-3 expression is direct or indirect, we expressed
GATA-3, c-Maf, and JunB by retroviral infection of naive
Stat6-deficient T cells (Fig. 1A), purified virus-infected cells by
cell sorting, and analyzed the effects on Th2 development (Fig.
1A). Infection by control retrovirus did not enhance IL-4 pro-
duction or decrease IFN-y production relative to uninfected
cells (Fig. 1B and C). In contrast, infection by GATA-3-ex-
pressing retrovirus increased IL-4 and repressed IFN-y pro-
duction (Fig. 1B and C) as previously described (35). However,
c-Maf- and JunB-expressing viruses did not induce IL-4 or
inhibit IFN-y (Fig. 1B and C), but were comparable to the
control retrovirus. T cells infected by c-Maf and JunB also did
not induce expression of the endogenous GATA-3 gene, al-
though protein expression of c-Maf and JunB constructs was
confirmed by Western analysis (Fig. 1D). This inability of c-
Maf or JunB expression to induce IL-4 suggests that they are
not sufficient to induce GATA-3 expression. In addition, direct
analysis of these cells for GATA-3 expression confirms that
c-Maf and JunB do not induce GATA-3 expression (data not
shown), implying either that GATA-3 directly autoactivates or
that some unidentified Th2-specific factor acts to induce
GATA-3 expression.

Heterologous GATA factors induce Th2 development. Re-
cent studies have suggested that distinct members of the
GATA family may be able to exert some overlapping functions,
since targeting GATA-3 to the GATA-1 locus allowed a partial
rescue of the erythroid defect seen in GATA-1-deficient em-
bryos (48). Furthermore, an early study of GATA-3 gene reg-
ulation (8) identified a potential GATA-binding site within the
first GATA-3 gene intron, a region shown to be required for
high GATA-3 promoter activity. This site could be a target for
direct GATA-3 gene autoactivation, although that study did
not directly examine this issue. Addressing this issue experi-
mentally requires either direct promoter mapping in transgenic
mice or the development of an efficient reporter system in
primary T cells, an approach beyond current capabilities. To
address this issue, we asked if GATA factors besides GATA-3
could affect Th2 commitment. Thus, full-length cDNAs for
murine GATA-1, GATA-2, GATA-3, and GATA-4 were ex-
pressed by retrovirus in naive Stat6-deficient T cells. Retrovi-
rally infected cells were purified by cell sorting and analyzed
for Th2 development. As expected, wild-type T cells activated
in Th1 conditions and infected by the empty retroviral control
vector showed minimal IL-4 and IL-5 production (Fig. 2B and
C). By contrast, expression of each GATA protein substantially
increased IL-4 and IL-5 production (Fig. 2B and C). Likewise,
each GATA protein increased IL-4 and IL-5 production by
Stat6-deficient T cells activated under neutral conditions rela-
tive to the control retrovirus (Fig. 2E and F). In both the
wild-type and Stat6-deficient T cells, GATA-2 and GATA-3
caused the highest levels of IL-4 production. Interestingly, IL-5
appeared to be more strongly augmented by GATA-1 and
GATA-3, although the basis for these subtle differences be-
tween GATA factors is not clear.

Repression of Thl-associated genes by heterologous GATA
factors. GATA-3 also inhibits IFN-y production through an
IL-4-independent mechanism (35). We examined repression of
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IFN-y by heterologous GATA factors in retrovirally infected
and sort-purified cells as described above. Each GATA protein
produced a nearly complete repression of IFN-y in both wild-
type T cells (Fig. 2D) and Stat6-deficient T cells (Fig. 2G)
relative to high levels of IFN-y produced by cells infected with
the control retrovirus. Thus, heterologous GATA factors
GATA-1, GATA-2, and GATA-4 were capable of mimicking
the developmental effects of GATA-3 in T cells even though
they are normally not expressed in T cells (see Fig. 4A).

Th1 cells but not Th2 cells acquire IL-12RB2 subunit ex-
pression (43), consistent with functional loss of IL-12 signaling
in Th2 cells (45). Furthermore, forced expression of GATA-3
represses IL-12RB2 in T cells activated under Thl-inducing
conditions (35). Thus, we analyzed IL-2RB2 expression in
Stat6-deficient T cells retrovirally transduced with each heter-
ologous GATA factor (Fig. 3). Similar to the previously de-
scribed effect of GATA-3, each of the other GATA factors
produced a similar, nearly complete repression of IL-12RB2
mRNA compared to control vector-infected cells (Fig. 3). In
summary, the forced expression of GATA-1, GATA-2,
GATA-3, and GATA-4 leads in each case both to nearly com-
plete repression of IFN-y production and IL-12RB2 mRNA
expression.

Heterologous GATA factors induce endogenous GATA-3 ex-
pression. Each of the heterologous GATA factors induced
IL-4 and inhibited IFN-y expression in Stat6-deficient T cells,
suggesting that they share developmental effects with GATA-3
(Fig. 2). As a control, we wished to compare the relative levels
of each retrovirus-derived GATA factor. Thus, we carried out
Northern analysis in Stat6-deficient T cells infected by
GATA-1, GATA-2, GATA-3, and GATA-4 retroviruses and
purified them by cell sorting as described for the experiment in
Fig. 2 (Fig. 4A). We used hybridization probes specific to each
GATA factor to measure the relative level of mRNA derived
from each retroviral construct. As expected, we observed ex-
pression of the appropriate GATA factor in each case at the
size appropriate for the retroviral construct (Fig. 4A, open
triangles). In the case of GATA-3-expressing retrovirus, en-
dogenous GATA-3 mRNA was also induced to levels similar
to that in the Th2 control (Fig. 4A, lanes 4 and 6, solid trian-
gles), consistent with our previous report (34). Unexpectedly,
endogenous GATA-3 mRNA was induced by the other GATA
factors as well, but not by the empty retrovirus. To confirm this
induction of GATA-3, we examined the level of GATA-3 by
Western analysis, finding levels of GATA-3 induced by the
heterologous GATA factors generally similar to that induced
by GATA-3 and present in the Th2 control (Fig. 4B). Inter-
estingly, the actions of these heterologous GATA factors were
specifically restricted to the activation of the GATA-3 locus,
since we did not observe activation of other GATA genes in
these T cells (Fig. 4A). Thus, it appears that the GATA-3 locus
is the only one of the tested GATA loci that is inducible in T
cells, but that any GATA factor is capable of mediating this
activation of GATA-3.

Distinct domains couple GATA-3 to IL-4 activation and to
IFN-v inhibition. To determine the domains of GATA-3 that
are important for its various activities in Th2 development, we
generated a number of the previously described mutations
used to define the functional domains of GATA-3 (Fig. 5A)
(54). The ATA1 GATA-3 mutant lacks amino acids 29 to 128,
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FIG. 1. GATA-3 but not c-Maf or JunB induces IL-4 expression in
Stat6-deficient T cells. (A) Schematic of GFP-RV-based retroviral
expression constructs containing GATA-3 (GATA3-RV), c-Maf
(cmaf-RV), or JunB (JunB-RV). (B) Induction of IL-4 by GATA-3 but
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not by c-Maf or JunB in Stat6-deficient T cells. Activated Stat6-defi-
cient or wild-type DO11.10 splenocytes developed under Th2 condi-
tions were transduced with the indicated retrovirus as described (39).
Cells were sorted 7 days after the first activation, restimulated with
ovalbumin (0.5 mg/ml) and irradiated BALB/c splenocytes (2.5 X 10°
cells, 2,000 rad) for 1 week under the initial conditions, then harvested
(day 14), and restimulated. Supernatants were collected after 48 h (day
16) for IL-4 ELISA analysis. Data bars represent the average of four
independent cytokine readings for each point, and error bars show the
standard deviation. (C) c-Maf and JunB fail to suppress production of
IFN-v in Stat6-deficient T cells. Supernatants described in for panel B
were subjected to quantitation of IFN-y levels by ELISA as described
(14). Data are presented as in panel B. (D) Expression of murine stem
cell virus (MSCV) long terminal repeat (LTR)-driven GATA-3, c-Maf,
and JunB. 293 cells were transiently transfected with 20 pg of GATA3-
RV, cmaf-RV, and JunB-RV using Superfect (Quiagen). After 48 h,
cells lysates were electrophoresed by SDS-12% PAGE, transferred to
nitrocellulose, and analyzed by Western analysis. GATA-3 was de-
tected using antibody HG3-31 (Santa Cruz), c-Maf was detected using
M173 (Santa Cruz), JunB was detected using N17 (Santa Cruz), and
Statl was detected using E23 (Santa Cruz).
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encompassing the first transactivation domain, while ATA2
deletes amino acids 132 to 214. The ANf GATA-3 mutant has
a deletion of the entire N-terminal zinc finger (amino acids 249
to 308), and the ACf mutant has a deletion of amino acids 309
to 328 in the C-terminal finger. First, we verified the protein
expression and expected molecular weights of these mutant
GATA proteins (Fig. 5B, upper panel). As expected, ATA1
and ATA2 migrated with the lowest molecular sizes, with ANf
migrating at a larger size and ACf migrating at a size smaller
than wild-type GATA-3. Next we determined the effects of
these mutations in GATA-3 on its ability to bind to a consensus
GATA-binding motif (Fig. 5B, lower panel). Deletion of
amino acids 29 to 128 did not reduce DNA binding as mea-
sured by EMSA. Likewise, deletion of the N-terminal zinc
finger region left DNA binding intact. As expected, in contrast,
deletion of the C-terminal zinc finger abrogated DNA binding,
as did deletion of the region between amino acids 132 and 214.
Thus, this panel contains GATA mutants that both retain and
lose DNA-binding capacity.

These GATA-3 mutants were expressed by retrovirus in
naive wild-type and Stat6-deficient T cells undergoing primary
activation, and the infected cells were purified by cell sorting
for cytokine analysis as before (Fig. 5C to F). All four GATA-3
deletion mutants failed to induce IL-4 in both wild-type Thl
cells (Fig. 5C) and Stat6-deficient T cells (Fig. 5SE). This result
indicates a strong requirement for fully intact GATA-3 for
inducing IL-4 gene expression, as deletion of any of these parts
of GATA-3 protein completely abrogated the induction of
IL-4. However, variable results were found for the ability of
these mutants to mediate the inhibition of IFN-y. ATA2 was
able to repress IFN-vy nearly as well as wild-type GATA-3, both
in wild-type (Fig.D) and Stat6-deficient (Fig.F) T cells, despite
its apparent loss of DNA binding, suggesting that it may exert
these effects by indirect interactions with other protein factors.
In contrast, less inhibition of IFN-y was observed for the ACH,
ATA1, and ANf mutants, which were also somewhat variable
between the wild-type and Stat6-deficient T cells, making in-
terpretation of their effects on inhibiting IFN-y difficult. The
inability of the ACf mutant to activate IL-4 and to inhibit
IFN-y production is consistent with a requirement for
GATA-3 to bind DNA in mediating both of these activities,
since the C-terminal zinc finger mediates GATA-3 DNA in-
teractions.

Structural requirements for GATA-3 autoactivation. To de-
termine how these mutations influence the ability of GATA-3
to activate the endogenous GATA-3 locus, Northern analysis
was performed in Stat6-deficient T cells infected with control
vector (GFP-RV), GATA3-RYV, and the mutants ATA1-RV,
ATA2-RV, ANf-RV and ACf-RV in the previous experiment.
As expected, retroviral GATA-3 expression strongly induced
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FIG. 3. Repression of IL-12RPB2 expression by heterologous
GATA factors. Northern analysis of IL-12RB2 mRNA in cells trans-
duced with GATA-1, GATA-2, GATA-3, and GATA-4. Stat6-defi-
cient lymphocytes transduced with GATA proteins (as described in the
legend to Fig. 2E) were restimulated and expanded for subsequent
Northern analysis. Cells were harvested on day 28 and restimulated
with PMA (50 ng/ml) and ionomycin (1 M) for 6 h prior to RNA
isolation; 10 pg of total RNA was subjected to electrophoresis on a
1.1% agarose gel, transferred to Zeta-probe membrane, and probed
sequentially with IL-12RB2 and GAPDH probes as described (43).

the expression of the endogenous GATA-3 gene (Fig. 6, lane,
2) relative to T cells infected with only the control vector
(GFP-RV). In contrast, retroviral expression of the GATA-3
mutants ATA1, ANf, and ACf failed to activate expression of
the endogenous GATA-3 gene above the low level of back-
ground evident in the empty retroviral control lane (Fig. 6,
compare lanes 1 to 6). The ATA2 GATA-3 mutant unexpect-
edly showed some weak activation of the endogenous GATA-3
gene, consistent with its greater inhibition of IFN-y production
(Fig. 5D and F), although it is not clear whether this is a direct
or an indirect effect mediated by squelching interactions with
other protein factors.

DISCUSSION

At present there are three transcription factors that are
selectively expressed in Th2 cells. GATA-3 augments several
Th2 cytokines, including IL-4, IL-5, and IL-10, (55, 57). c-Maf
is reported to exert a selective action that is restricted to the
IL-4 promoter (12, 20). JunB selectively accumulates in Th2
cells, based on translational rather than transcriptional control
(40), and may augment IL-4 promoter activity in synergy with
c-Maf (25). Since the commitment step in Th2 development
may involve an intracellular feedback pathway of GATA-3
autoactivation, we became interested in characterizing GATA-3
regulation, specifically to address whether GATA-3 expression
was dependent on other Th2-specific transcription factors or

FIG. 2. Heterologous GATA factors induce Th2 development. (A) Schematic of constructs driving the expression of control vector (GFP-RV),
GATA-1 (G1-RV), GATA2 (G2-RV), GATA-3 (G3-RV), and GATA-4 (G4-RV). IL-4 (B and E) and IL-5 (C and F) induction by GATA-1,
GATA-2, GATA-3, and GATA-4 in developing DO11.10 Th1 cells and Stat6-deficient T cells. Activated splenocytes were developed under the
indicated conditions and transduced with the indicated retroviral expression constructs 36 h postactivation. Cells were sorted 7 days after the first
activation for expression of GFP and murine CD4 to greater than 95% puarity, restimulated with ovalbumin protein (0.5 mg/ml) and irradiated
BALB/c splenocytes (2.5 X 10° cells, 2,000 rad) for 1 week under the initial conditions, harvested on day 14, and restimulated for cytokine analysis.
Supernatants were collected after 48 h (day 16) and subjected to IL-4 and IL-5 ELISA analysis. Data are presented as in Fig. 1B. (D and G)
GATA-1, GATA-2, GATA-3, and GATA-4 repress IFN-y production by developing wild-type Th1 cells (D) and Stat6-deficient cells (G). The
supernatants collected from the cells described above were quantified for their levels of IFN-y by ELISA. Data are presented as in Fig. 1B.
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FIG. 4. Heterologous GATA family proteins induce endogenous
GATA-3 expression. (A) Northern analysis of retroviral and endoge-
nous mRNA in cells transduced with GATA-1, GATA-2, GATA-3,
and GATA-4. The cells described in the legend to Fig. 2E were ana-
lyzed for expression of GATA-1, GATA-2, GATA-3, and GATA-4 as
described for Fig. 3. Open triangles indicate the predicted retroviral
GATA mRNA, and solid triangles indicate the predicted endogenous
GATA mRNA. (B) Western analysis of GATA-3 protein levels. Cells
were harvested on day 28 and stimulated with PMA (50 ng/ml) and
ionomycin (1 pM) for 16 h. Cytoplasmic and nuclear proteins were
extracted as described in Materials and Methods, then electrophoresed
through an SDS-12% PAGE gel, and transferred to nitrocellulose.
GATA-3 was detected using antibody HG3-31, and Statl was detected
using antibody E23 (Santa Cruz) as a normalization control.

was direct in nature. By comparison, for example, erythroid
cell development appears to involve GATA-1 autoactivation
by a direct mechanism that relies on a GATA motif in the
distal GATA-1 enhancer (32, 51). Furthermore, since replace-
ment of GATA-1 by GATA-3 partially restored erythroid de-
velopment (48), we wished to directly examine functional over-
lap of heterologous GATA proteins in directing Th2
development. Finally, we sought to determine the structural
requirements underlying GATA-3 autoactivation and Th2 de-
velopment.

We first directly tested the hypothesis that c-Maf or JunB
could induce the Th2-specific expression of GATA-3. We rea-
soned that if either of these factors was responsible for the
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Th2-specific expression of GATA-3, forcing c-Maf or JunB
expression by retrovirus would induce the endogenous
GATA-3 gene, which leads to Th2 development (34). We ex-
pressed c-Maf, JunB, and GATA-3 by retrovirus in Stat6-de-
ficient CD4™ T cells and followed T-cell development. Neither
c-Maf nor JunB induced IL-4 production or inhibited IFN-y
production (Fig. 1), nor was endogenous GATA-3 expression
altered (data not shown). The simplest interpretation is that
neither c-Maf nor JunB is sufficient for inducing Stat6-in-
dependent Th2 development or GATA3 expression. Rather,
GATA-3 autoactivation may depend on other unrecognized
Th2-specific transcription factors, or alternatively, GATA-3
autoactivation may be dependent on GATA-3 alone.
Previously, evidence has been presented for a functional
overlap among the various members of the GATA family.
GATA-3 can partially restore the erythroid development that
is normally dependent on expression of GATA-1 (48). To ask
if functional overlap extends to GATA-3-dependent Th2 de-
velopment, we tested the abilities of several GATA proteins to
induce Th2 development using retroviral infection of wild-type
and Stat6-deficient T cells. GATA-1, GATA-2, GATA-3, and
GATA-4 each enhanced IL-4 and IL-5 production and inhib-
ited IFN-y production (Fig. 2). GATA-2 and GATA-3 are
55% identical at the amino acid level, whereas GATA-1 and
GATA-4 have only between 20 and 25% identity to GATA-3.
The greatest identity among all four of these GATA family
members is within the N- and C-terminal zinc fingers, which
contain a domain found to interact with FOG-1 (52) and the
DNA-binding domain (54), where the GATA factors are all
approximately 90% identical. It is possible, therefore, that
these GATA factors significantly overlap in their ability to bind
to common GATA target sites within DNA, although perhaps
with different affinities, and to bind cofactors, such as FOG-1,
that interact with the GATA N-terminal zinc finger.
Unexpectedly, the forced expression of each GATA factor
induced the expression of the endogenous GATA-3 gene in T
cells (Fig. 4). Notably, while each retroviral GATA factor in-
creased the expression of the endogenous GATA-3 gene, none
of these factors induced expression of the other endogenous
GATA genes. This may suggest that only the GATA-3 locus
possesses an enhancer element that can confer expression in T
cells. Second, expression of GATA-3 but not other GATA
genes appears to be inducible by the activity of GATA factors,
not limited to autoactivation by GATA-3, but also responsive
to GATA-1, GATA-2, and GATA-4. Indeed, GATA-3 gene
expression may actually rely upon induction by other GATA
factors in some tissues (37). This conclusion was reached from
studies in which the expression of GATA-2, under control of
the HOXb1 gene, was found to be required for the normal
expression of GATA-3 in the ventral thombomere 4. This
result suggests that the induction of GATA-3 in T cells caused
by GATA-2 expression in this study may have a normal phys-
iologic role during development. In Jurkat T cells, GATA-3
gene regulation was reported to involve sequences between
—308 and +1004 relative to its transcriptional start site (8),
containing a double GATA-binding consensus within the first
intron. In addition, a T-cell-specific DNase-hypersensitive re-
gion was also reported to reside 10 kb upstream of the tran-
scriptional start site (8). Testing the role of these regions in the
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FIG. 5. Distinct domains couple GATA-3 to IL-4 activation and IFN-y inhibition. (A) Schematic of GATA-3 mutations, illustrating the four
described functional domains of GATA-3 and the amino acids (aa) deleted from each specific expression construct: ATA1-RV, deletion of
GATA-3 residues 29 to 128; ATA2-RV, deletion of GATA-3 132 to 214; AN{, deletion of GATA-3 249 to 308, encompassing the entire N-terminal
zinc finger; and ACf, deletion of GATA-3 309 to 328, a portion of the C-terminal zinc finger region. (B) QT6 cells were transiently transfected with
the indicated GATA-3 expression constructs, and nuclear extracts were prepared after 48 h. Nuclear extracts were electrophoresed by SDS-12%
PAGE, transferred to nitrocellulose, and probed for GATA-3 expression (upper panel). Nuclear extracts were incubated in 10-ul reactions with
the GATA-3 probe for 30 min and resolved by 6% polyacrylamide electrophoresis at room temperature. The solid triangle indicates the
probe-bound GATA complex. (C and E) Mutant GATA proteins fail to activate IL-4 in developing Th1 and Stat6-deficient DO11.10 cells. Data
are presented as in Fig. 1B. (D and F) Mutant GATA proteins differentially repress IFN-y production in developing Th1 (D) and Stat6-deficient
(F) T cells. Data are presented as in Fig. 1B. L.D., limit of detection.
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FIG. 6. Structural requirements for GATA-3 autoactivation. Cells
described in the legends to Fig. 5D and 5E were harvested on day 28,
and total RNA was isolated; 10 pg of total RNA was subjected to
electrophoresis on a 1.1% agarose gel, transferred to Zeta-probe mem-
brane, and probed sequentially with GATA-3 (35) and GAPDH (43)
probes as described. The open triangle indicates the predicted retro-
viral GATA-3 mRNA, and the solid triangle indicates the predicted
endogenous GATA-3 mRNA.

Th2-specific expression of GATA-3 will require more direct
analysis in an appropriate T-cell developmental system.

Autoactivation appears to be a common paradigm in stabi-
lizing developmental programs involving transcription factors.
Positive autoactivation by GATA transcription factors was pre-
viously established in the GATA-1 system. In erythroid lineage
cells, GATA-1 gene autoactivation is thought to provide a
mechanism for progressive accumulation of GATA-1 protein
and to promote erythroid differentiation (51). Analysis of the
GATA-1 regulatory elements has identified GATA sites in
both the promoter and the enhancer that are functionally in-
volved in GATA-1 gene activation (32, 51). Using a transgenic
reporter analysis, the enhancer and promoter were found to
cooperate in driving reporter expression in both primitive and
definitive erythroid populations (32). The GATA-1 enhancer
contains a GATA-binding consensus that is critical for re-
porter activity, implying a model of direct GATA-1 autoacti-
vation and providing a paradigm for direct autoactivation for
GATA-3 in the T-cell lineage.

There are additional mechanisms besides a direct GATA-3-
dependent autoactivation to explain its Th2-selective expres-
sion. GATA-1 directly antagonizes the actions of the Ets family
transcription factor PU.1 in the myeloid lineage, which may
prevent the positive regulation of myeloid genes promoting
erythroid development (56). Thus, direct interference with a
repressor of GATA-3 expression could also explain apparent
GATA-3-dependent induction in developing Th2 cells. Fur-
thermore, GATA proteins associate with FOG family coacti-
vators (52), which can act as activators or repressors of GATA-
mediated transcription, in a context-dependent manner (27,
42,46, 52). In summary, there are several possible mechanisms
that could underlie the Th2-specific expression of GATA-3
and that are consistent with promiscuous activation of
GATA-3 by heterologous family members.

Structural analysis of GATA-3 in Th2 development sug-
gested the possibility of distinct requirements for IL-4 induc-
tion and IFN-y repression. The GATA-3 mutant lacking the
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C-terminal zinc finger completely failed to inhibit IFN-y ex-
pression or activate IL-4. The GATA-3 mutants lacking the
first transactivation domain (TA1) or the N-terminal zinc fin-
ger (Nf) showed only partial inhibition of IFN-y, which varied
between wild-type and Stat6-deficient T cells, but also com-
pletely failed to activate IL-4 production (Fig. 5). Interestingly,
the TA2 mutant completely failed to induce IL-4 production,
as expected, but did retain some ability to repress IFN-y pro-
duction in both wild-type and Stat6-deficient T cells and to
activate endogenous GATA-3. Since this mutant lacked appar-
ent DNA binding, at least as measured by EMSA, these effects
could potentially be mediated by indirect interactions, for ex-
ample, by binding and sequestering GATA-interacting factors.
For example, this mutant conceivably could bind factors such
as FOG-1, thereby limiting the ability of FOG-1 to influence
the transcriptional activity of the native GATA-3 protein.
Thus, it is difficult at present to determine whether the inhibi-
tion of IFN-y observed with this TA2 mutant is a direct effect
of the TA2 protein on IFN-y expression or is mediated by the
partial induction of the endogenous GATA-3, which is known
to be able to inhibit IFN-y expression (35). Distinguishing
between these possibilities will require analysis in a system
where activation of the endogenous GATA-3 gene is blocked,
for example, by using ES cells in which both GATA-3 alleles
have been targeted by homologous recombination (11, 47).
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