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ABSTRACT Interleukin (IL)-4-mediated nuclear signal-
ing by Stat6 has been implicated in lymphoid cell proliferation
and the transcriptional activation of genes encoding major
histocompatability complex (MHC) class II molecules and Fc
receptors. To investigate IL-4-mediated transcriptional
events, we cloned two naturally occurring human Staté6 iso-
forms, Stat6b and Stat6c, that encoded an NH,-terminal
truncation or an SH2 domain deletion, respectively. Stat6
variant mRNAs were differentially expressed in many human
tissues. To elucidate the biologic role of each isoform, we
examined the consequences of overexpression in IL-4-
responsive FDC-P2 cells. Stat6 and Stat6b (to a lesser extent)
enhanced DNA synthesis, up-regulated endogenous MHC
class II and Fcy receptors, and became tyrosine phosphory-
lated in response to IL-4 stimulation. In contrast, Statéc,
which lacks functionally critical SH2 domain residues, unex-
pectedly inhibited IL-4-mediated mitogenesis and cell surface
antigen expression and was not tyrosine phosphorylated.
Although Stat6c only modestly diminished endogenous Stat6
tyrosine phosphorylation, it abolished endogenous Stat6
FcyRI and Ie DNA binding activity and FcyRI-luciferase
reporter transcriptional activation. Our results indicate that
the molecular mechanism of inhibition by Stat6c was due to
suppression of endogenous Stat6 dimer formation. Thus,
Stat6b and Stat6c are naturally occurring attenuated and
dominant negative Stat6 variants, respectively, that affect
IL-4-mediated biologic responses through differential tran-
scriptional regulation.

Interleukin (IL)-4 is a pleiotropic cytokine that plays a prom-
inent role in the regulation of inflammatory and cell-mediated
immune responses (1). Numerous cell types proliferate and/or
differentiate in response to IL-4 (2). Proliferation of quiescent
T cells as well as B cells in the presence of anti-IgM antibodies
(3) is induced by IL-4. Lymphocytic expression of major
histocompatability complex (MHC) class II molecules (4),
CD23 (5) and the IL-4 receptor (6), as well as eosinophilic
regulation of Fcy receptors is intimately associated with IL-4
exposure (7). IL-4 also mediates transcription of unrearranged
IgE and IgG; constant regions, leading to isotype class switch-
ing and subsequent biosynthesis (8, 9). Recently, IL-4 has been
shown to be the major regulator of the lymphokine-producing
phenotype of CD4* T lymphocytes and to facilitate differen-
tiation to Th2 cells (10).

IL-4 treatment induces tyrosine phosphorylation of the IL-4
receptor, designated IL-4Ra (11, 12), a member of the hema-
topoietin receptor superfamily (13, 14). Unlike several mem-
bers of the hematopoietin receptor superfamily, IL-4Re is
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ubiquitously expressed on cells of hematopoietic and nonhe-
matopoietic origin. IL-4Ra activation results in tyrosine phos-
phorylation of multiple substrates including Jak1, Jak3 (15,
16), IRS-1 (17), IRS-2/4PS (18), and Stat6 (13, 14, 19, 20).
Distinct regions of IL-4Ra have also been shown to control
growth and gene expression (21). Phosphorylation of specific
tyrosine residues within the two GYKXF motifs present in the
IL-4Ra has been proposed to be crucial for binding to and
activation of Stat6 (13, 22).

Selective activation of STATSs results in dimerization and
translocation to the nucleus, where each interacts with unique
DNA response elements and activates transcription (23, 24).
Stat6 activation correlates with mitogenic and pleiotropic
functional responses induced by IL-4 (22), IL-13 (25), and
platelet-derived growth factor (26). Although phenotypic anal-
ysis of Stat6~/~ mice have elegantly demonstrated a role for
Stat6 in IL-4-induced lymphocyte proliferation, Th2 helper T
cell differentiation, Ig class switching, and cell surface antigen
expression (27-29), the mechanism(s) by which Stat6 induces
these effects remain incompletely understood. Here, we have
isolated and cloned two novel Stat6 homologs and investigated
their biologic function and mechanistic basis for their effects.

MATERIALS AND METHODS

Materials. Anti-Stat6 peptide sera used for immunoprecipi-
tation or immunoblot analysis were raised against amino acid
residues 689-711 (NH,-VPQVYPPHSHSIPPYQGLSPEES-
COOH) or 787-804 (NH,-GEDIFPPLLPPTEQDLTK-
COOH)), respectively. Anti-phosphotyrosine monoclonal an-
tibody was purchased from Upstate Biotechnology (Lake
Placid, NY). Murine IL-4 was obtained from PeproTech
(Rocky Hill, NJ). Antibodies to CD16/CD32 or I-AY MHC
class II conjugated to fluorescein isothiocyanate (FITC) were
obtained from PharMingen. The sequences of one strand of
the double-stranded Ie and FcyR1 probes used for electro-
phoretic mobility shift assay (EMSA) were 5'-GATCTAAC-
TTCCCAAGAACAG-3' and 5'-GTATTTCCCAGAAAA-
GGAAC-3’, respectively.

cDNA Cloning and Transfection. Human Stat6 cDNA,
cloned in our laboratory (26), was used for Stat6 variant
screening. A cDNA library was constructed using oligo(dT)-
primed human M426 fibroblast cDNAs packaged into
ApCEV29. For library screening, the bacterial strain Y1088
was infected with phage (2 X 10 plaques per 150-mm plate).
Nitrocellulose filters were hybridized with 3?P-labeled full-
length human Stat6 cDNA in Hybrisol-I (Oncor) at 42°C for
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20 h, washed under low stringency conditions (3X SSC, 0.1%
SDS; once at 25°C for 30 min, three times at 40°C for 30 min),
and exposed to x-ray film. The cDNA inserts from plaque-
purified clones were sequenced.

pCEV29-Stat6 variant or control pCEV29 cDNAs contain-
ing the neomycin gene were electroporated into FDC-P2 cells
overexpressing the erythropoietin (EPO) receptor. Stable
transfectants were generated by selection in geneticin (750
pg/ml), and clonal transfectants were established by single cell
dilution. Transfectants were maintained in RPMI media con-
taining EPO (1 unit/ml)/geneticin (750 ug/ml) and used
throughout this study unless otherwise stated.

RNase Protection Assay. Total RNA was isolated from a
variety of human tissues or obtained from CLONTECH. A
344-bp fragment from the 5’ end of the human Stat6c cDNA
was amplified by PCR and cloned in the pBluescriptIl KS(+)
vector. The identity of the insert was confirmed by sequencing.
The plasmid was linearized at the EcoR1 site and a [>?P]JUTP-
labeled 395-bp antisense RNA was synthesized with T7 poly-
merase. The probe was designed such that Stat6, Stat6b, and
Stat6c transcripts would result in 276-, 140-, and 344-bp
protected products, respectively. A 125-bp riboprobe synthe-
sized from the human glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) cDNA (PharMingen) was mixed with the
Stat6 probe and added as an internal standard to each sample.
The size of the protected GAPDH transcript was 97 bp. The
RNase protection assay was performed as recommended by
the manufacturer (Ambion, Austin, TX). Briefly, the ribo-
probes were coprecipitated with 50 ug of total RNA from each
tissue sample, resuspended in the 20-ul hybridization solution,
and incubated at 42°C for 18-20 h. The RNA hybrid digested
with RNase A (10 ug) and RNase T1 (100 units) for 30 min at
37°C. Protected products were analyzed on a 6% acrylamide—
urea gel and visualized by autoradiography.

Mitogenic Assay. [*H]Thymidine incorporation into
FDC-P2 cells was performed as previously described (12) with
the following modifications. FDC-P2 cells or FDC-P2 trans-
fectants stably expressing each Stat6 variant (2 X 10° cells/ml)
were washed and resuspended in RPMI 1640 medium with
15% fetal bovine serum containing either IL-3 (5% WEHI) or
IL-4 (0.0001-10 ng/ml). After 48 h of stimulation with either
cytokine, cells were incubated with [*H]thymidine (2 wCi/ml)
for 5 h, washed, and harvested onto glass filters with an
automatic harvester (Skatron, Norway). [’H]Thymidine incor-
poration was measured using a Beckman 5500 scintillation
counter. FDC-P2 cells treated with fetal bovine serum alone
incorporated less than 0.1% of the counts incorporated in the
presence of IL-3. EPO (1 unit/ml) standardization of mito-
genic assays showed <5% variation among transfectants.

FACS Analysis of Cell Surface Antigen Expression. FDC-P2
or FDC-P2 transfectants were untreated or treated with IL-4
(100 ng/ml) for 72 h. 1 X 10° cells were incubated for 60 min
on ice with 2 ug of anti-I-AY, anti-CD23, or anti-CD16/CD32
conjugated to FITC (PharMingen). Cells were washed with 5
ml of ice-cold PBS containing 0.1% sodium azide and resus-
pended in 100 wul of PBS, 0.1% sodium azide. Flow cytometry
was performed and quantitated using a FACScan (Becton
Dickinson).

Phosphotyrosine Analysis. FDC-P2-Stat6 variant transfec-
tants were starved in DMEM, 25 uM sodium orthovanadate
for 3 h, stimulated with IL-4 (500 ng/ml) for 20 min, and
washed once with cold PBS, 100 uM sodium orthovanadate.
Whole cell lysates were prepared by solubilization in RIPA
buffer, immunoprecipitated, and immunoblotted as described
(26).

Electrophoretic Mobility Shift and Supershift Analysis.
FDC-P2 cells or FDC-P2-Stat6 transfectants were starved for
3 h. Cells were treated for the indicated time period with 500
ng/ml IL-4, washed once with cold PBS, 100 uM sodium
orthovanadate, and solubilized in gel shift lysis buffer (26). For
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EMSA, 5 pg of whole cell lysate was incubated with the
32P-oligonucleotide ([*?P]le) probe in 20 mM Hepes, pH 7.9,
40 mM KCl, 1 mM MgCl,, 100 uM EDTA, 500 uM DTT, 6.0%
glycerol, 1 mg/ml BSA, and 100 pg/ml poly(dIdC) for 15 min
and then fractionated on 0.22X TBE (100 mM Tris borate, pH
8.0, 2 mM EDTA), 4.5% acrylamide gels.

Luciferase Reporter Analysis. Luciferase reporter plasmids
were constructed using a 4 X FcyRI site (5'-GTATTTCCC-
AGAAAAGGAAC-3') cloned into the Nhel to Bg/II sites of
pGL2-Basic (Promega) containing a TATA-box and minimal
c-fos promoter (30). NIH 3T3 cells (1 X 105 cells/plate)
overexpressing IL-4Ra were transiently transfected by calcium
phosphate precipitation with 1.0-10.0 ug of each Stat6 variant
and 5 pg of reporter plasmid. After 24 h, cells were starved
overnight in serum-free DMEM and treated with or without
IL-4 (500 ng/ml) for 6 h. Cell lysates were prepared, and
luciferase activity was measured using a Lumat-LB luminom-
eter (Berthold, Nashua, NH). Relative light units for each
sample were normalized to protein concentration as measured
by the method of Bradford.

RESULTS

Isolation of Human Stat6 Variant cDNAs and Comparison
of Deduced Amino Acid Sequences. To investigate IL-4Ra-
mediated signal transduction and transcriptional activation, we
cloned wild-type human Stat6 and three Stat6 variant cDNAs
(Stat6a, Stat6b, and Stat6c) from a human M426 embryonic
lung fibroblast cDNA library. In comparison with Stat6 cDNA,
Stat6a possessed a dramatically shorter 3’ noncoding region
and a polyadenylation sequence juxtaposed to the termination
codon (Fig. 14). Differences among the Stat6, Stat6b, and
Stat6c cDNA noncoding regions were noted primarily near the
polyadenylation sequences. Stat6c also contained a 68-bp
insertion upstream of the initiation codon. The Stat6 and
Stat6a cDNA coding regions were identical, whereas Stat6b
possessed a 139-bp deletion encompassing the last bp of codon
39 up to and including codon 86, resulting in the introduction
of a stop codon. Stat6c contained an 84-bp deletion comprising
the last bp of codon 536 up to and including the first 2 bp of
codon 564.

The deduced amino acid sequence of each Stat6 variant was
compared (Fig. 14). The encoded gene products of Stat6 and
Statba were identical, and because no significant biologic
differences have been observed when these cDNAs were
expressed in FDC-P2 or NIH 3T3 cells (data not shown),
Stat6a herein will be referred to as Stat6. Stat6b possessed an
NH,-terminal truncation of at least 110 amino acids due to the
introduction of a stop codon and utilization of an internal
initiation site, presumably Met!!! (Fig. 14). The deduced
Statéc amino acid sequence was identical to that of Stat6
except for a deletion of amino acid residues 537-564 within the
SH2 domain of the molecule.

Detection and Quantitative Expression of Stat6 Variant
mRNA in Human Tissues. To determine whether the Statob
and Stat6c cDNAs were authentic copies of mRNAs, reverse
transcriptase (RT)-PCR analysis utilizing oligonucleotide
primers designed to detect each variant was performed on
RNA isolated from various human tissues. Primers proximal
but upstream of the Stat6c noncoding insertion and adjacent
but downstream of the Stat6b deletion amplified Stat6, Stat6b,
or Stat6c as unique amplicons in multiple tissue samples (data
not shown). A second RT-PCR analysis using primers flanking
the SH2 domain further verified the existence of the Stat6e
SH2 domain deletion. The identity of each amplicon was
confirmed by cDNA sequencing (data not shown).

To investigate quantitative differences in the expression of
each Stat6 variant transcript among the various human tissues,
we performed a ribonuclease (RNase) protection assay. Indi-
vidual Stat6 variant mRNAs were normalized to GAPDH
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FiG. 1. (A) Schematic diagram of Stat6, Stat6a, Stat6b, and Stat6c
cDNA:s. The Stat6-encoded cDNA (35) is illustrated as an open box. The
putative DNA binding domain (DBD), SH2 domain, and a known
tyrosine residue phosphorylated upon IL-4 treatment (Y) are indicated.
Bases deleted in Stat6b and Stat6e are inclusively shaded. In Stat6b, an
in-frame stop codon is designated by an asterisk. The riboprobe spanning
the Stat6c insertion/Stat6b deletion used in the RNase protection assay
and designed to protect hybrid products of 276, 140, and 344 bp for Stat6,
Stat6b, and Stat6c, respectively, as described in Materials and Methods is
depicted. (B) RNase protection assay of Stat6 variant RNAs isolated from
human tissues. Total RNA prepared from several human tissues was used
in the RNase protection assay. The protected products were analyzed on
6% acrylamide—urea gels, and the dried gel was exposed to x-ray film for
24 h with intensifying screens. The GAPDH antisense probe (97 bp) was
run as an internal standard for each tissue and exposed for 3 h. Stat6,
Stat6b, and Statéc cDNAs were also subject to RNase protection and
shown as controls. Quantitative comparison of Stat6 transcripts was
performed by excision of each fragment, liquid scintillation counting, and
normalization to the internal GAPDH antisense probe. The relative
amount of each Stat6 variant transcript was quantitated relative to lung
tissue (100%) for the same variant. Additionally, the relative ratio of
Stat6/Stat6c transcript is presented.

mRNA for each tissue sample. As shown in Fig. 1B, transcripts
encoding Stat6, Stat6b, or Stat6c were detected at varying
levels in all tissues studied. Stat6b and Stat6c¢ transcripts were
expressed to the greatest extent in spleen and lung, respec-
tively. Among the variants, Stat6 mRNA was consistently
quantitated at two to four times the level of Statbb mRNA
depending on the tissue analyzed. Interestingly, the Stat6
transcript was expressed at 2.7 to 13.8 times the amount of the
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Stat6e transcript in the various tissues. We conclude that Stat6
variant mRNAs are differentially expressed in a variety of
human tissues.

Effect of Stat6 Isoform Expression on IL-4-Induced
[*H]Thymidine Uptake and Cell Surface Antigen Expression
in FDC-P2 Cells. We next investigated the effect of each Stat6
isoform on IL-4-mediated proliferation by expressing each
gene product in FDC-P2 cells and examining IL-4-induced
DNA synthesis. As shown in Fig. 24, IL-4 (10 ng/ml) induced
25% greater [*H|thymidine incorporation in FDC-P2 cells
overexpressing Stat6 (FDC-P2-Stat6) than similarly treated
FDC-P2 empty vector transfectants. DNA synthesis induced by
IL-4 in FDC-P2 cells overexpressing Statob (FDC-P2-Stat6b)
was similar to that observed in control FDC-P2 cells. In
contrast, treatment with saturating concentrations of IL-4 (10
ng/ml) resulted in reduced [*H]thymidine incorporation by at
least 30% in FDC-P2-Stat6c. Expression of Statéc inhibited
IL-4-mediated [*H]thymidine incorporation by 50-70% at
lower IL-4 concentrations when compared with empty vector
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FiG. 2. (A) Effect of Stat6 isoform expression on IL-4-induced
mitogenesis in FDC-P2 cells. FDC-P2-Stat6 (light gray bar), FDC-
P2-Stat6b (medium gray bar), FDC-P2-Stat6c¢ (black bar), or control
FDC-P2 (open bar) transfectants were treated with IL-4 at the
indicated concentration. Each bar represents the average of three
determinations = SEM. Background uptake was typically less than
2000 cpm for each transfectant. (B) IL-4 induction of cell surface
antigen expression on FDC-P2 or FDC-P2-Stat6 isoform transfec-
tants. Cell surface staining of FDC-P2-Stat6, FDC-P2-Stat6b, FDC-
P2-Stat6e, or control FDC-P2 transfectants was performed with
FITC-conjugated anti-I-A9 or anti-CD16/32 after 72 h in the presence
(solid line) or absence (dotted line) of IL-4. Fold induction (fluores-
cence intensity in the presence of IL-4/fluoresence intensity in the
absence of IL-4) is presented in the upper right corner of each
histogram.
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transfected cells. Thus, expression of Stat6 enhances, whereas
Stat6c inhibits, IL-4-induced DNA synthesis in FDC-P2 trans-
fectants.

IL-4 has pronounced effects on the cell surface expression
of I-A¢ (MHC class IT) molecules and Fc receptors (4, 5). In
human monocytes, IL-4 has been shown to induce Stat6
binding to the FcyRI promoter (13, 14). Therefore, we ana-
lyzed whether expression of the different Stat6 isoforms had
any effect on the levels of IL-4-inducible cell surface antigens
in FDC-P2 cells by flow cytometry. As expected, I-A¢ and
CD16/CD32 cell surface staining was increased in IL-4-
treated FDC-P2 cells (Fig. 2B). Enhanced I-AY and CD16/
CD32 staining was observed in FDC-P2-Stat6 transfectants.
FDC-P2-Stat6b transfectants also showed up-regulation of
IL-4-induced I-AY and CD16/CD32 expression but to a much
lesser extent. In contrast, the ability of IL-4 to induce I-A¢ and
CD16/CD32 molecules was abolished in FDC-P2-Stat6c
transfectants. Similar effects on CD23 molecules were also
observed (data not shown). These results strongly suggest that
Stat6 plays a significant role in mediating IL-4-induced I-A¢,
CD16/CD32, and CD23 cell surface expression in FDC-P2
cells. Moreover, Stat6c has potent dominant inhibitory effects
on the ability of IL-4 to mediate up-regulation of these cell
surface antigens.

Effects of IL-4 Stimulation on Tyrosine Phosphorylation of
Stat6 Isoforms Expressed in FDC-P2 Cells. To gain insight
into the mechanistic basis by which Stat6b and Stat6c might be
exerting effects on IL-4-mediated proliferation and functional
responses, we analyzed the expression and tyrosine phosphor-
ylation of each Stat6 isoform in the FDC-P2 transfectants.
Expression was first examined using anti-human Stat6 serum
that does not recognize murine Stat6. Whole cell lysates from
untreated or IL-4-treated FDC-P2 or FDC-P2-Stat6 isoform
transfectants were immunoprecipitated with the anti-human
Stat6 serum and subjected to SDS/PAGE,; resolved proteins
were subsequently immunoblotted with anti-human Stat6 se-
rum. As shown in Fig. 34, a 100-kDa species was readily
observed in immunoprecipitates from FDC-P2 cell lysates
overexpressing human Stat6. Stat6b and Stat6c were detected
as 95- and 102-kDa species in FDC-P2-Stat6b or FDC-P2—
Stat6c immunoprecipitates, respectively. Stat6 and Stat6b were
expressed at similar levels, whereas Statoc was expressed at
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F1G. 3. Expression and IL-4-induced tyrosine phosphorylation of
Stat6 isoforms in FDC-P2 cells. (4 and B) Detection of human Stat6.
FDC-P2 transfectants were starved as indicated and then stimulated
with IL-4 (500 ng/ml) for 20 min. Whole cell lysates containing
equivalent amounts of protein were then immunoprecipitated (IP)
with anti-human Stat6 serum and subjected to SDS/PAGE. Resolved
proteins were transferred to Immobilon-P membranes and immuno-
blotted (Blot) with anti-human Stat6 serum (A4) or anti-phosphoty-
rosine (PY) (B) (26). (C and D) Detection of mouse/human Stat6.
FDC-P2 or FDC-P2-Stat6 isoform transfectants were treated with
IL-4, immunoprecipitated with anti-Stat6 serum, and subjected to
SDS/PAGE. Immobilon-P membranes were immunoblotted with
anti-Stat6 serum (C) or anti-phosphotyrosine (D). Bound primary
antibody was detected by anti-rabbit or anti-mouse antibody conju-
gated to horseradish peroxidase followed by enhanced chemilumines-
cence (Amersham).
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levels 3-fold lower than that of either of the other isoforms. No
human Stat6 was detected in immunoprecipitates from
FDC-P2 cells transfected with the pCEV29 vector alone (Fig.
34).

To determine whether each Stat6 isoform could be activated
by IL-4, we first examined whether these Stat6 species became
tyrosine phosphorylated in response to IL-4 treatment. Whole
cell lysates from untreated or IL-4-treated FDC-P2-Stat6
transfectants were immunoprecipitated with anti-human Stat6
serum and subjected to SDS/PAGE; resolved proteins were
immunoblotted with antiphosphotyrosine antibody. As shown
in Fig. 3B, 100- and 95-kDa tyrosine-phosphorylated species
were readily detected in IL-4-treated FDC-P2-Stat6 and FDC-
P2-Stat6b transfectants, respectively. Stat6 tyrosine phosphor-
ylation was greater than that of Stat6b, and no Stat6c tyrosine
phosphorylation was detected.

We next asked whether Stat6 isoform overexpression would
affect endogenous murine Stat6 phosphorylation. To assay
endogenous Stat6 activation, lysates were immunoprecipitated
with an anti-Stat6 serum that recognizes both murine and
human Stat6. As shown in Fig. 3C, similar levels of murine
Stat6 were observed in FDC-P2 cells and FDC-P2 isoform
transfectants. Human Stat6 isoform expression was detected in
a manner consistent with that observed utilizing anti-human
Stat6 serum. Similar levels of endogenous murine Stat6 ty-
rosine phosphorylation were detected in native FDC-P2 cells
as well as in Stat6 and Stat6b isoform transfectants in response
to IL-4 treatment (Fig. 3D). However, Stat6c expression
slightly, but consistently, diminished (14.7 = 2.1%) IL-4-
induced endogenous murine Stat6 tyrosine phosphorylation
(Fig. 3D). Human Stat6 and Stat6b, but not Stat6c, tyrosine
phosphorylation was also detected utilizing this antiserum,
confirming our previous results (see Fig. 3B). These results
argue that Stat6 and Stat6b, but not Statéc, are tyrosine
phosphorylated in response to IL-4 and that IL-4-mediated
tyrosine phosphorylation of endogenous murine Stat6 is only
partially reduced by the expression of the human Stat6c
isoform.

Differential DNA Binding Activity and Transcriptional
Activation of Stat6 Isoforms. Stat6 has been shown to bind
with high affinity to a region within the FcyRI promoter (13,
14). Its DNA binding capacity can be readily distinguished
from that of the other STATS by its ability to bind a GAS-like
element found in the Ig germ line ¢ promoter of the IL-4-
responsive human Ce gene (Ie). To determine whether ex-
pression of the three human Stat6 isoforms affected IL-4-
induced FcyRI and Ie promoter binding activity, FDC-P2
transfectants were stimulated for 20 min. Whole cell extracts
were prepared and assayed for the induction of [3?P]FcyRI or
[**P]le DNA binding activity by EMSA (Fig. 4 4 and B).
Although extracts from untreated FDC-P2 did not contain any
FcyRI or Ie binding activity, IL-4 treatment led to rapid
induction of FcyRI and Ie binding. DNA binding activity was
confirmed by promoter competition studies and supershift
analysis utilizing two independent Stat6 antisera (data not
shown). IL-4-induced [**P]FcyRI or [*P]le binding activity
observed in lysates from FDC-P2 transfectants overexpressing
human Stat6 was identical to that detected in lysates from
IL-4-stimulated parental FDC-P2 cells, albeit at greatly in-
creased levels. Overexpression of Stat6b also led to enhanced
DNA binding but to a lesser extent than that observed in
FDC-P2-Stat6 lysates. Stat6c did not possess detectable DNA
binding activity. In contrast, it inhibited IL-4-induced endog-
enous murine Stat6 FcyRI and Ie DNA binding activity by
greater than 80% (Fig. 4 A and B).

To gain further insights concerning the role of each Stat6
variant in mediating IL-4-induced transcriptional activation,
we utilized the FcyRI promoter coupled to a luciferase
reporter containing the minimal fos promoter. As shown in
Fig. 4C, IL-4 treatment of NIH 3T3-Stat6 transfectants re-
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FIiG. 4. (A and B) IL-4-induced [*2P]FcyRI and [3?P]le binding to
Stat6 isoforms. FDC-P2 or FDC-P2-Stat6 isoform transfectants were
starved as indicated and then untreated or treated with IL-4 (500
ng/ml) for 20 min. Whole cell lysates were incubated with [3?P]FcyRI
or [32P]Ie for 15 min and assayed by EMSA (26). Binding activity was
visualized by autoradiography. (C) Effect of Stat6 isoforms on FcyRI
luciferase reporter transcriptional activation in the presence (solid bar)
or absence (open bar) of IL-4. The relative luciferase activity of
IL-4-stimulated NIH 3T3 cells (solid bar) is compared with unstimu-
lated cells (open bar). The amount of transfected cDNA is indicated
below. Endogenous Stat6 activation was identical in control pCEV29
transfected (10 ug) or nontransfected NIH 3T3 cells. Values shown are
the mean * SEM of three determinations.

sulted in a 220-fold induction of the FcyRI luciferase reporter
compared with a 5-fold induction observed in IL-4-treated
control NIH 3T3-pCEV29 empty vector transfectants. NIH
3T3-Stat6b transfectants exhibited a 20-fold induction.

The mechanism by which Stat6c exerted inhibitory effects
was also investigated using the FcyRI-luciferase reporter (Fig.
4C). In contrast to the enhanced transcription observed with
Stat6, IL-4-induced luciferase activity was completely abol-
ished in NIH 3T3-Stat6¢ transfectants. Indeed, Stat6c exerted
a dominant negative effect on transcriptional activation even
when transfected at a concentration much less than that of
Stat6 (data not shown). The dose-dependent inhibition of
Stat6-induced transcriptional activation by Stat6c further sug-
gests that Stat6c expression levels predicate transcriptional
outcome (Fig. 4C).

Effect of Stat6c on Endogenous Stat6 Dimerization. To
elucidate the molecular mechanism of Stat6c’s potent tran-
scriptional inactivation, we considered several possibilities.
Because endogenous Stat6 tyrosine phosphorylation is only
partly diminished by Stat6c, inhibition of IL-4-induced endog-
enous Stat6 association with IL-4R« or JAK activation seemed
unlikely. Moreover, Stat6c does not directly bind FcyRI or Ie
promoter elements, making competitive transcriptional inac-
tivation improbable. Therefore, we performed cross-linking
studies to investigate whether Stat6c might effect endogenous
Stat6 dimerization. Whole cell lysates from IL-4-treated
FDC-P2 cells or Stat6 and Stat6c transfectants were incubated
with disuccinimidyl glutarate. Immunoprecipitation followed
by immunoblotting with anti-Stat6 serum revealed the pres-
ence of a Stat6 dimer in IL-4-treated lysates (Fig. 5). FDC-
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Fic. 5. Effect of Stat6c on IL-4-induced dimerization of murine
Stat6. FDC-P2, FDC-P2-Stat6, or FDC-P2-Stat6¢ transfectants were
incubated in the presence or absence of IL-4. Disuccinimidyl glutarate
cross-linking of Stat6 dimers in whole cell lysates was assayed by
immunoprecipitation followed by immunoblotting with anti-Stat6
serum (13). Arrows indicate each Stat6 variant. An open arrowhead
marks the position of the apparent Stat6 dimer.

P2-Stat6 transfectants treated with IL-4 exhibited greatly
increased levels of the Stat6 dimer when compared with the
endogenous Stat6 in the FDC-P2 control cells. Strikingly,
endogenous Stat6 dimerization was reduced by greater than
60% in IL-4-treated FDC-P2-Stat6¢ transfectants in compar-
ison with the FDC-P2 control cells (Fig. 5). Thus, the molec-
ular basis of transcriptional inactivation by Stat6c seems to be
due to the suppression of endogenous Stat6 dimer formation.

DISCUSSION

In the present study, we have investigated the biologic prop-
erties of two Stat6 homologs, Stat6b and Stat6ec, that were
isolated from a human embryonic lung fibroblast cDNA
library. Stat6b and Stat6c possessed an NH,-terminal trunca-
tion or a SH2 domain deletion, respectively. Although equiv-
alent expression levels of human Stat6 and Stat6b were
detected after stable transfection of murine FDC-P2 cells,
IL-4-induced MHC class II and Fc receptor cell surface
expression, promoter binding, and transcriptional activation
were attenuated in Statéb transfectants relative to those
overexpressing Stat6. Furthermore, expression of human
Stat6c unexpectedly abolished or dramatically reduced these
IL-4-mediated events, most likely through the inhibition of
endogenous Stat6 dimerization. Thus, each Stat6 isoform
apparently acts to differentially control the extent of IL-4-
induced functional responses and cellular proliferation.

Stat6b and Stat6c are naturally occurring isoforms of Stat6.
However, differential splicing is not unprecedented within the
STAT family (31). Statl, -3, -5A, and -5B genes have been
demonstrated to encode variants that arise from the differen-
tial mRNA splicing of exon(s) encoding COOH-terminal
domains (31-33). COOH-terminally processed Stat1 failed to
activate transcription (32). COOH-terminally truncated
StatSA and B homologs and, in some instances, Stat3 were
found to be dominant negative regulators of transcription (31,
33). However, no dominant negative STAT molecule other
than Stat6c has been isolated that contains a deletion of critical
amino acids within the SH2 domain. Furthermore, STAT
variants have yet to be reported that, like Stat6b, possess
deletion of exon(s) encoding NH,-terminal domains.

Recent structure—function analyses of Statl and Stat4 sug-
gest at least two potential functions for STAT NHo,-terminal
domains. Two studies indicated that the NH,-terminal domain
was necessary for cooperative binding (34) and activation of
the interferon promoter (35). However, a third report pro-
vided evidence that the NH,-terminal domain of Statl was
required for its inactivation by an unknown phosphatase and
that lack of phosphatase regulation resulted in enhanced
activity (36). The reduction in promoter binding and transcrip-
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tional activation of Statéb observed in the present study is
consistent with a role for the NH,-terminal domain of Stat6 in
cooperative DNA binding and transcriptional activation.

We have demonstrated that a naturally occurring STAT
molecule containing an SH2 domain deletion can function in
a dominant negative manner. Previous findings would predict
that deletion of this critical region would block dimer forma-
tion, resulting in the generation of an inactive molecule. We
were also unable to detect tyrosine phosphorylation of Stat6c
in response to IL-4 stimulation, further implying that this
protein should be nonfunctional. However, Stat6c was shown
to consistently behave as a dominant negative species. In this
regard, expression of human Stat6c was demonstrated to
inhibit IL-4-mediated dimerization of endogenous murine
Stat6. Although the precise mechanism by which Stat6c in-
hibits dimerization remains elusive, it does not seem to dra-
matically decrease endogenous Stat6 tyrosine phosphorylation
in response to IL-4 stimulation. Therefore, inhibition of IL-
4Ra/Stat6 association or JAK activity seems to be unlikely.
Moreover, Stat6c did not bind Ie or FcyRI promoter elements,
making transcriptional inactivation by a direct competitive
mechanism improbable. In this regard, we have yet to detect
direct association of Stat6c with endogenous Stat6 in a dimeric
complex using epitope-tagged Stat6c (data not shown).

The presence of identical amino acid residues within each
isoform except for the deleted regions precludes development
of antisera specific for any one isoform. However, RNase
protection and RT-PCR analysis that distinguishes among the
multiple Stat6 variants at the mRNA level has suggested that
each variant may be differentially regulated in a tissue-specific
manner. In addition, expression of each Stat6 isoform may
result in varying degrees of IL-4-mediated transcriptional
regulation and/or interaction with other signaling molecules.
The latter possibility is likely for Statéc, which deletes a critical
arginine residue implicated by x-ray crystallographic data in
phosphotyrosine-SH2 domain interactions (37). In any case,
the attenuated and dominant negative Stat6 isoforms are likely
to play important roles in differential responsiveness to IL-4 by
governing the spatial and temporal expression of transcrip-
tionally activated target molecules.
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