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Signal transducer and activator of transcription 6
(STAT6) regulates transcriptional activation in re-
sponse to interleukin-4 (IL-4)-induced tyrosine phospho-
rylation by direct interaction with coactivators. The
CREB-binding protein and the nuclear coactivator 1
(NCoA-1), a member of the p160/steroid receptor coacti-
vator family, bind independently to specific regions of
STAT6 and act as coactivators. In this study we show
that an LXXLL motif in the STAT6 transactivation do-
main mediates the interaction with NCoA-1. Peptides
representing this motif as well as antibodies generated
against this motif inhibited STAT6/NCoA-1 interaction
in glutathione S-transferase pulldown assays. Peptides
derived from the STAT6 transactivation domain adja-
cent to the LXXLL motif as well as antibodies against
these peptides showed no inhibitory effect. Mutagenesis
of the LXXLI motif eliminated the STAT6/NCoA-1 inter-
action in vitro and in vivo, supporting the specific role of
this motif in NCoA-1 binding. Importantly, mutagenesis
of the STAT-LXXLL motif strongly diminished the IL-4-
regulated activation of the endogenous STAT6 target
gene eotaxin-3. Taken together, these results indicate
that the STAT6-LXXLL-binding motif mediates the in-
teraction with NCoA-1 in transcriptional activation and
represents a new potential drug target for the inhibition
of the STAT6 transactivation function in allergic
diseases.

STAT6?! belongs to the STAT family of transcription factors
that transmit signals from activated cytokine receptors to the
nucleus. Following their obligatory tyrosine phosphorylation
exerted by JAK kinases, STATs dimerize and move to the
nucleus where they modulate transcription through binding to
specific DNA sequence elements (1-3). STAT proteins share
the same structure and functional domains, although they have
distinct regulatory functions in the organism (4). STAT6 be-
comes activated in response to IL-4 and IL-13 and mediates
most of the gene expression regulated by these cytokines. I11.-4
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regulates immune and anti-inflammatory responses. It pro-
motes the differentiation of T helper (Th) precursors toward the
Th2 lineage while inhibiting Th1 development. Furthermore,
IL-4 triggers immunoglobulin class switching to the IgE iso-
type in B-cells. STAT6-deficient mice have defects in IL-4-
mediated Th2 development and immunoglobulin class switch-
ing to IgE, demonstrating the essential role of STAT6 in these
functions (5, 6). Recent studies (7, 8) have shown that the
chemokine eotaxin-3 can be up-regulated by IL-4 and IL-13 in
endothelial cells and dermal fibroblasts in a STAT6-dependent
manner. Eotaxin-3 is a member of the family of CC chemo-
kines, which are known to be potent chemoattractants for
eosinophils. A STAT6-response element was identified in the
promoter of the eotaxin-3 gene, characterizing this chemokine
as a novel STAT6 target gene (8).

Control of gene expression is a dynamic and complex process.
Gene transcription involves assembly of multiple transcription
factors at the distal enhancer region and the basal transcrip-
tional machinery, including RNA polymerase II, at the core
promoter of target genes (9). According to the current model,
gene expression involves the sequential assembly of an array of
coregulatory proteins, including coactivators that are part of
the chromatin-modifying complexes, possessing histone acetyl-
transferase activities (10). Coactivator complexes are recruited
via specific protein/protein interactions, often mediated by spe-
cific interaction motifs in the transactivation domains of DNA-
bound transcription factors or other coactivators.

The transactivation domain (TAD) of STAT6 was character-
ized as a modular, proline-rich region in the carboxyl terminus
of the protein (11, 12). Two distinct transactivation functions,
which cooperate in transcriptional activation, have been
mapped to this domain (13). In earlier studies we reported that
STAT6 recruits the coactivators p300/CBP and NCoA-1 via
direct interaction with specific parts of its transactivation do-
main (14, 15). Both coactivators are required for transcrip-
tional activation by IL-4 (14, 15). p300 and the CREB-binding
protein CBP are large, highly related, multifunctional coacti-
vators that share many structural and functional attributes
and are referred to collectively as p300/CBP (16). p300/CBP
function as coactivators for many DNA-binding transcriptional
activator proteins, including nuclear receptors and other sig-
nal-regulated activators (17). p300/CBP have been shown to
associate with other coactivators such as p/CAF (18) and mem-
bers of the NCoA coactivator family also called the p160/steroid
receptor coactivator (SRC) family (19, 20), thereby providing a
platform for a variety of proteins participating in gene expres-
sion (16). The NCoA coactivators were identified as nuclear
receptor-binding proteins, which enhance transcriptional acti-
vation by ligand-induced transcription factors (21). Three ho-
mologous factors, termed NCoA-1, also called SRC-1 (19, 22);
NCoA-2, also called TIF2 or GRIP1 (23, 24); and NCoA-3, also
called p/CIP, ACTR, or AIB1 (25-27), have been identified by
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several laboratories. Subsequently a number of transcription
factors have been shown to recruit these coactivators. It has
been proposed that distinct classes of transcription factors se-
lectively use specific coactivators and histone acetyltransferase
activities for their function (28, 29). In accordance with this
model, we have observed a specific role of NCoA-1, but not
NCoA-2 or NCoA-3, for STAT6-mediated transactivation (15).
Only NCoA-1 acts as a coactivator of STAT6. STAT6 directly
contacts NCoA-1 via a small carboxyl-terminal part of its trans-
activation domain. A region between amino acids 213—462 in
NCoA-1, which comprises the B part of the Per-Arnt-Sim do-
main and part of a serine/threonine region, mediates the inter-
action with STAT6. Overexpression of the STAT6-interacting
domain of NCoA-1 inhibits transactivation by STAT6 in a
transdominant manner, demonstrating the importance of
NCoA-1 for STAT6 transactivation. In the present study we
characterize the 56-amino acid spanning interaction domain in
the STAT6-TAD that mediates the recruitment of NCoA-1. We
have identified an LXXLL motif (where L is leucine and X is
any amino acid) with a predicted a-helical structure in the
shortest NCoA-1-interacting fragment of the STAT6-TAD. The
a-helical LXXLL motif was originally found in a variety of
coactivators, e.g. NCoA/p160/SRC members, p300/CBP, RIP-
140. It is described as a signature motif, which mediates the
recruitment of these proteins by the nuclear hormone receptors
(30, 31). Specific LXXLL motifs of NCoAs mediate the ligand-
dependent interaction with nuclear receptors, as well as inter-
action with p300/CBP. In this study we demonstrate that
STAT6 recruits NCoA-1 via an LXXLL motif in its transacti-
vation domain. We show that a peptide containing the LXXLL
motif of STAT6, as well as antibodies raised against this pep-
tide, are potent inhibitors of the interaction with NCoA-1 in
vitro. Furthermore, mutagenesis of the STAT6-LXXLL motif
abolishes the binding of NCoA-1 in vitro and in vivo. A STAT6
variant, in which the LXXLL motif is mutated, is less active in
induction of a STAT6-dependent reporter gene. Moreover, the
LXXLIL, mutant of STAT6 shows impaired induction of
eotaxin-3 expression, indicating that recruitment of NCoA-1 by
the STAT6-LXXLL motif is essential for full transactivation of
this endogenous target gene. The LXXLL motif of STAT6 shows
no sequence homology to the known coactivator motifs. A pep-
tide containing the STAT6-LXXLL motif does not interfere
with nuclear receptor/coactivator interactions, suggesting that
this motif might represent a specific target for STAT6 inhibi-
tion. Our data indicate that NCoA-1 does not only use its own
LXXLL motifs to contact DNA-bound factors and coactivators,
but can also be recruited itself by an LXXLL motif of DNA-
bound transcription factors, such as STAT6.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfections, and Luciferase Assays—293T cells were
grown in Dulbecco’s modified Eagle’s medium containing 10% fetal calf
serum, 2 mM L-glutamine, penicillin/streptomycin. Transfections were
performed by the calcium phosphate precipitation method. The follow-
ing day, cells were induced with human IL-4 (10 ng/ml, PeproTech) or
left untreated as indicated and lysed after a further 16 h of incubation.
The human lung epithelial cell line NCI-H292 was grown in RPMI
medium containing 10% fetal calf serum, 2 mM L-glutamine, penicillin/
streptomycin. Cells were transfected with FuGENE 6 transfection re-
agent (Roche Molecular Biochemicals) according to the manufacturer’s
instructions. Cells were induced with human IL-4 (10 ng/ml) or left
untreated and were harvested 40 h after transfection for luciferase
assays. Luciferase and B-galactosidase activities were assayed as rec-
ommended by the manufacturer (Promega). Luciferase activities were
normalized to the lacZ expression. At least three independent experi-
ments were performed.

Plasmids—The reporter genes (GAL4-RE)3TK LUC, N4(STAT-RE)3
LUQC, the lacZ expression plasmid (pCH110), the expression vectors for
h-STAT6 (pXM-STAT6), and GAL4-DNA binding domain have been
described previously (12). The expression vector for mutant STAT6 with
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the point mutations L802A,L805A (pXM-STAT6-mut) was generated
from pXM-STAT®6 by site-directed mutagenesis according to the proto-
col of Stratagene. The expression vectors encoding GFP-tagged wild
type or mutant STAT6 variants were obtained by insertion of the
corresponding STAT6 sequence generated by PCR into the Xhol and
Kpnl sites of ECFP-C1 vector (CLONTECH). Expression vector for
murine NCoA-1 was kindly provided by Joe Torchia (University of
Western Ontario, London, Canada). The expression vectors for the
GAL4-DNA binding domain fusion proteins containing residues 792—
847 of wild type and mutant (L802A,L805A) STAT6 were generated by
insertion of PCR fragments encoding the corresponding sequences into
the EcoRI/Nhel sites of pPCMV-GAL4-DBD. pGEX-5X-1 was purchased
from Amersham Biosciences. The expression vectors for wild type and
mutant STAT6 (L802A,L805A) residues 642—847 fused to GST were
generated by insertion of the corresponding region (generated by PCR)
in-frame into the BamHI/Xhol sites of pGEX-5X-1. The expression
vector for GST-RAR has been described previously (32). To generate a
bacterial expression vector for residues 213—462 of NCoA-1 fused to an
amino- and carboxyl-terminal histidine tag, the PCR fragment encoding
the corresponding region was inserted into the BamHI/Xhol sites of
pET30C (Novagen). Baculovirus expression vector for full-length GST-
and histidine-tagged STAT6 was generated by introducing the GST
sequence in the Ndel site of pFAST-BacHTb-STAT6 expression vector
which contains full-length STAT6 sequences downstream of Hisg.
pFAST-BacHTb expression vector was purchased from Invitrogen. All
constructs were verified by digestion. Inserts generated by PCR were
additionally verified by sequence analysis.

Generation of STAT6 Peptides and Antibodies—Peptides comprising
sequences 794-814 (peptide 1), 817-830 (peptide 2), and 830—847
(peptide 3) of STAT6 were obtained from Eurogentec. Antisera against
the peptides were generated by Eurogentec according to standard pro-
cedure. Crude end bleedings after three booster injections were used as
antisera.

GST Pulldown Assays—Recombinant cDNAs of NCoA-1 in the pC-
MXPL2 or NCoA-1 amino acids 213-462 in pET30C expression vector
were transcribed and translated in vitro in reticulocyte lysates (Pro-
mega) in the presence of [**S]methionine according to the manufactur-
er’s instructions. GST and other GST-STAT6-TAD fusion proteins were
expressed in Escherichia coli. GST-histidine-tagged full-length STAT6
fusion protein was expressed in Sf9 insects cells, infected with recom-
binant baculovirus. All GST proteins were purified with glutathione-
Sepharose beads (Amersham Biosciences). For binding assays, GST
fusions or GST alone (1.5-5 ug) bound to glutathione-Sepharose beads
were incubated with radiolabeled or histidine-tagged proteins in 200 ul
of binding buffer as described previously (33). Ligand-dependent inter-
action of GST-retinoic acid receptor « and NCoA-1 was investigated in
the presence of all-trans-retinoic acid (10~° m). For competition assay,
binding was performed in the presence of antisera or peptides as indi-
cated. After extensive washing, bound proteins were eluted and sepa-
rated on SDS-PAGE. Radiolabeled proteins were visualized by fluorog-
raphy. Histidine-tagged proteins were detected by Western blot using
an antibody recognizing the histidine tag. Amounts and integrity of
bound proteins were estimated after SDS-PAGE by Coomassie staining.

Coimmunoprecipitation Assays—293T cells were transfected with 3
ug of expression vectors encoding GFP-tagged wild type or mutant
STAT6 variants, and 7 pg of expression vector for NCoA-1 per 10
cm-dish. 2 days after transfection the cells were lysed in NETN buffer
as described previously (15). Cleared lysates were incubated with 2 ul
of anti-GFP antisera (CLONTECH) for 2 h and for another hour with
protein A/G-agarose beads. The immunoprecipitated proteins were sep-
arated by SDS-PAGE and analyzed by Western blotting with STAT6
antibody (BD PharMingen and Transduction Laboratories) and SRC-1
antibody (clone 1135, Upstate Biotechnology, Inc.).

Preparation of Whole Cell Extracts and Electrophoretic Mobility Shift
Assays—Transfected cells were induced with IL-4 (50 ng/ml) for 20 min.
They were then washed and supplied with fresh medium. Whole cell
extracts were prepared after different time points as described previ-
ously (12). A double-stranded oligonucleotide probe containing the
STAT6-binding site in the murine Ce germ line promoter between
positions —117 and —97 was end-labeled using [y-*?P]JATP and T4
polynucleotide kinase (New England Biolabs). Unincorporated
[v-*?P]ATP was separated from the labeled probe by centrifugation
through a MicroSpin™ G-25 column (Amersham Biosciences). The
nucleoprotein binding reaction was performed as described previously
(32) using 8 ug of whole cell extracts and 20,000 cpm (corresponding to
~0.5 ng) of the labeled probe.

Preparation of RNA and RT-PCR—Total RNA was prepared using
Trifast reagent (Peqlab) according to the manufacturer’s instructions.



36054

The ¢cDNAs were obtained by reverse transcription of total RNA (2 ug)
using Omniscript reverse transcriptase (Qiagen) and random hexamer
primers. Amplification of eotaxin-3 cDNA was performed with specific
primers (8) and Taq polymerase (Invitrogen) according to the manufac-
turer’s instructions. As a control, the cDNA of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified
with specific primers (34). For both genes an initial denaturation for 4
min at 94 °C and subsequent 30-35 cycles of PCR were performed.
Each cycle consisted of a denaturation period (30 s at 94 °C), an an-
nealing phase (35 s at 60 °C for eotaxin-3 and at 65° for GAPDH), and
an extension period (35 s at 72 °C). PCR products were separated by
agarose gel electrophoresis, and the DNA was stained with ethidium
bromide.

ELISA—To test the affinities of the rabbit antisera to STAT6, a GST
96-well detection module from Amersham Biosciences was used accord-
ing to the manufacturer’s manual. GST-STAT6-TAD was bound to the
plates, which were precoated with GST antibody. After washing, rabbit
antisera were added and detected using peroxidase-coupled anti-rabbit
antibody (Amersham Biosciences). Human eotaxin-3 was measured by
ELISA according to a standard streptavidin-horseradish peroxidase
assay protocol. Briefly, eotaxin-3 was captured with an anti-human
eotaxin-3 antibody and detected with biotinylated anti-human
eotaxin-3 antibody (PeproTech) and streptavidin-horseradish peroxi-
dase (Jackson ImmunoResearch Laboratories). As a control, Dulbecco’s
modified Eagle’s medium was analyzed in parallel and used as refer-
ence. This value was subtracted from sample values.

RESULTS

A 21-Amino Acid Peptide Contains the STAT6/NCoA-1 In-
teraction Motif—We have shown recently that the p160/SRC
family member NCoA-1 is a specific coactivator of STATS6.
STAT®6 recruits NCoA-1 via its TAD (15). The NCoA-1-binding
site is located at the carboxyl-terminal region between amino
acids 792 and 847 of the STAT6-TAD (15). To identify interac-
tion motifs, which mediate the recruitment of NCoA-1, we
designed three peptides that cover the NCoA-1-binding site in
STAT6-TAD (Fig. 14), and we investigated whether they would
act as competitors for the interaction in GST-pulldown exper-
iments. A GST fusion protein containing the TAD of STAT6
was coupled to glutathione-Sepharose and incubated with 25S-
labeled NCoA-1 in the presence or absence of the different
peptides. As expected, NCoA-1 bound strongly to GST-STAT6-
TAD (Fig. 1B, lane 3) but not to GST (lane 2). Peptide 1
efficiently blocked the interaction between STAT6 and NCoA-1
(lane 4). In contrast, peptide 2 and peptide 3 had no effect on
the binding of STAT6 and NCoA-1 (lanes 5 and 6). These
results suggest that peptide 1 contains an essential motif for
the interaction with NCoA-1 and could therefore act as a com-
petitor for binding.

To determine the concentration of peptide 1 required for
efficient inhibition of the STAT6/NCoA-1 binding, a similar
experiment was performed with decreasing amounts of peptide
1. For these experiments we used histidine-tagged fusion pro-
teins comprising the STAT6 interaction domain of NCoA-1
defined in our former studies (15) and GST fusion proteins
containing the full-length STAT6 sequence. The GST-STAT6
fusion also contains a histidine tag allowing estimation of both
protein concentrations by Western blotting. GST or GST-
STAT6 were incubated with NCoA-1 (amino acids 213-462)
and decreasing amounts of peptide 1. Precipitated proteins
were subjected to Western blotting with an antibody recogniz-
ing the histidine tag. NCoA-1 bound strongly to GST-STAT6
but not GST alone (Fig. 1C, lanes 2 and 3). The highest amount
of peptide 1 (0.28 mm) completely abolished this interaction (lane
4), while at a lower peptide concentration (28 uM) a small amount
of bound NCoA-1 could still be detected. The lowest concentration
of peptide 1 (2.8 um, lane 6), which represents a 50-fold molar
excess over the bound GST-STAT6, was still able to compete for
binding of NCoA-1 (compare lanes 3 and 6). These results indi-
cate that peptide 1 represents a sequence of STAT6 that is
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essential for the interaction with NCoA-1 and can therefore act
as a competitor in a concentration-dependent manner.

To confirm that the region of STAT6 present in peptide 1
mediates the interaction with NCoA-1, we raised antibodies
against the different peptides shown in Fig. 1A and tested their
ability to block the STAT6/NCoA-1 interaction. Two rabbits (a
and b) were immunized with each peptide. We performed GST-
pulldown assays with the GST-STAT6-TAD and the radioac-
tively labeled STAT6 interaction domain of NCoA-1 comprising
amino acids 213—-462 in the presence or absence of antiserum.
The binding of GST-STAT6-TAD to NCoA-1 was not affected by
the addition of a preimmune serum to the binding reaction
(Fig. 1D, compare lane 3 to 4). Antisera 1a and 1b, which were
raised against peptide 1, efficiently blocked the STAT6/NCoA-1
interaction (lanes 5 and 6). In contrast, antisera raised against
peptides 2 and 3 did not significantly affect the binding (lanes
7-10). All antisera had similar binding affinities to STAT6, as
determined by ELISA (Fig. 1E). The blocking capacity of anti-
sera la and 1b indicates that these antibodies cover the specific
interaction motif in STAT6, which is then no longer available
for NCoA-1. In summary, the experiments suggest that the
region of STAT6 spanning amino acids 794—-814 harbors a
protein interaction motif which mediates the recruitment of
NCoA-1.

Mutagenesis of the STAT-LXXLL Motif Abrogates NCoA-1
Binding in Vitro—Sequence analyses of peptide 1 revealed a
sequence matching the LXXLL consensus sequence (Fig. 2A).
LXXLL motifs mediate protein/protein interactions and were
originally found in a variety of coactivators. In order to test
whether the LXXLL motif of STAT6 is essential for the recruit-
ment of NCoA-1, we mutated the sequence by replacing
leucines 802 and 805 with alanine (Fig. 24). GST fusion pro-
teins containing the wild type or mutant TAD of STAT6 (amino
acids 642—-847) were tested for their binding to NCoA-1 in GST
pulldown assays. Equal amounts of the GST fusion proteins or
GST alone were incubated with 35S-labeled NCoA-1 (amino
acids 213-462). As shown before, wild type GST-STAT6-TAD
bound NCoA-1 strongly (Fig. 2B, lane 3). Point mutations in the
LXXLL motif completely abolished the binding of GST-STAT6-
TAD to NCoA-1 (lane 4). Although the two point mutations
alter the migration of the STAT6 fusion protein in SDS-PAGE,
both wild type and mutant proteins were expressed in similar
amounts (Fig. 2C, lane 2 and 3). This excludes the possibility
that the difference in binding was due to a difference in protein
input. The results from these experiments clearly demonstrate
that the LXXLL motif of STAT6 is essential for the interaction
with NCoA-1 in vitro.

Mutations in the LXXLL Motif Abolish NCoA-1 Recruitment
in Vivo—To prove the function of the STAT-LXXLL motif in
NCoA-1 recruitment in vivo, fusions of wild type and mutant
STAT-TAD (amino acids 792—847) with the GAL4-DNA bind-
ing domain were analyzed in transactivation studies (Fig. 3A).
293T cells were transiently transfected with the different
GAL4-DNA binding domain fusions, a GAL4 reporter, and the
NCoA-1 expression vector or control vector as indicated. Ex-
pression of GAL4-DNA binding domain alone did not result in
marked expression of the luciferase gene neither in the pres-
ence nor in the absence of exogenous NCoA-1 (Fig. 3B, lanes 1
and 2). The GAL4 DNA binding domain fusion with wild type
STAT6 amino acids 792—-847 strongly enhanced luciferase ex-
pression (lane 3). This induction was increased 2-fold by coex-
pression of NCoA-1 (lane 4). The mutant GAL4 STAT6 fusion
displayed only 20% of the wild type transactivation potential
(compare lanes 5 and 3). Furthermore, NCoA-1 could not stim-
ulate the transactivation potential of the mutant GAL4-STAT6
fusion (lane 6). To verify these results, we repeated the exper-
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Fic. 1. Peptide 1 is a potent inhibitor of the interaction be-
tween STAT6 and NCoA-1 in vitro. A, the structure of human
STATS6, the GST-STAT-TAD fusion protein, and peptides derived from
the TAD and antisera raised against the different peptides. Amino acid
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FiG. 2. Point mutations in the LXXLL motif of STAT6-TAD
abolish the interaction with NCoA-1 in vitro. A, the sequences of
peptide 1 and the LXXLL motif. Alanine mutations introduced into the
sequence are labeled with asterisks. B, GST or GST fusion proteins
containing residues 642—847 of wild type (WT) or mutant (mut) STAT6
were incubated with **S-labeled NCoA-1 fragment, comprising residues
213-462. Material bound to glutathione-Sepharose was separated by
SDS-PAGE. Radiolabeled protein was detected by fluorography. C, a
quarter of each of the reactions was separately analyzed by SDS-PAGE
and Coomassie staining in order to detect the GST fusion proteins.

iments in the lung epithelial cell line NCI-H292. As observed in
293T cells basal transactivation by the GAL4-DNA binding
domain alone was not affected by coexpression of NCoA-1 (Fig.
3C, lanes 1 and 2). In contrast to what we observed in 293T

position, DBD, Src homology 2 (SH2) domain, TAD, and the cytokine-
dependent phosphorylation site (Y) are indicated. B, GST or the GST-
STAT6-TAD fusion proteins were purified from E. coli, bound to gluta-
thione-Sepharose, and incubated with the 3°S-labeled NCoA-1 in the
presence of 100 pg of peptides as indicated. Material bound to the
glutathione-Sepharose was recovered from the binding reaction, exten-
sively washed, and analyzed by SDS-PAGE and fluorography (lanes
2-6). Input control in lane 1 reflects 10% of the total amount of 3°S-
labeled protein used in the experiments. C, GST-STAT6 was purified
from Sf9 insect cells infected with baculovirus expression vector for
GST and histidine-tagged full-length STAT6. GST or GST-STAT6 was
bound to glutathione-Sepharose and incubated with the histidine-
tagged NCoA-1 fusion protein comprising residues 213—462, purified
from E. coli. Binding was carried out in the presence of 0.28 mm (lane 4),
28 uM (lane 5), and 2.8 puM (lane 6) peptide 1 as indicated. Precipitated
proteins were washed, eluted, and resolved by SDS-PAGE. An aliquot of
the NCoA-1 fragment corresponding to 50% of the material used for the
interaction assay was analyzed in parallel (lane I). Histidine fusion
proteins were visualized by Western blot analysis with an antibody
recognizing the histidine tag. D, GST or GST-STAT6-TAD fusion pro-
tein, bound to glutathione-Sepharose, was incubated with **S-labeled
histidine-NCoA-1 fusion protein, comprising residues 213-462. In sam-
ples 4—8 the binding reaction was carried out in the presence of 10 ul
of the different rabbit antisera (AB Ia,AB 1b, AB 2a,AB 2b, AB 3a, and
AB 3b) or preimmune sera as indicated. Bound proteins were analyzed
by SDS-PAGE and fluorography (lanes 2-8). As a control, 10% of the
35S-labeled protein used in the experiments was analyzed in parallel
(lane 1). E, the rabbit sera were analyzed for binding to STAT6 in
ELISA. GST-STAT6-TAD fusion protein was immobilized on plates that
were coated with GST antibodies. The rabbit antisera were added to the
wells containing GST-STAT6-TAD (black bars) or buffer as a control
(white bars). Bound antibodies were detected using peroxidase-coupled
anti-rabbit antibody. As a control, the binding of secondary antibody to
the plates was analyzed in parallel (lanes 13 and 14). aa, amino acids.
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Fic. 3. Point mutations in the LXXLL motif of STAT6-TAD
abolish the recruitment of NCoA-1 in cells. A, schematic represen-
tation of the fusion protein containing the GAL4-DNA-DBD and the
carboxyl-terminal transactivation domain of STAT6. The GAL4-DNA
binding domain DBD (amino acids 1-147) was fused to residues 792—
847 of STAT6. The position of point mutations is indicated by an
asterisk. B, reporter plasmid (GAL4-RE)3 TK LUC (0.5 png), expression
plasmid encoding GAL4-DBD-STATS6 fusion proteins (25 ng), NCoA-1,
or empty expression vector (100 ng), and SV40-lacZ (50 ng) were trans-
fected into 293T cells as indicated. A, NCI-H292 cells were transfected
with the reporter plasmid (GAL4-RE)3 TK LUC (0.5 png), expression
plasmid encoding GAL4-DBD-STAT®6 fusion proteins (100 ng), NCoA-1,
or empty expression vector (200 ng) and SV40-lacZ (100 ng), as indi-
cated. B and C, luciferase activities were determined and normalized
against B-galactosidase activities. The average values with standard
deviations of three independent experiments are shown. W7, wild type;
mut, mutant.

cells, the wild type GAL4-STAT®6 fusion did not activate tran-
scription when transfected alone indicating that NCoA-1 is
more limiting in this cell line (lane 3). Cotransfection of
NCoA-1 dramatically stimulated the transactivation potential

LXXLL Motif-mediated STAT6 Transactivation

of wild type GAL4-STAT6 (lane 4). In contrast, NCoA-1 could
not enhance transactivation by the mutant GAL4-STAT6 fu-
sion (lane 6). Together these data support the proposal that the
LXXLL motif of STAT®6 is required for recruitment of NCoA-1
in vivo and for NCoA-1-mediated transcriptional activation.

The LXXLL Motif of STAT6 Is Required for Full Transacti-
vation but Is Not Involved in DNA Binding—In order to study
the function of the LXXLL motif in IL-4-mediated transactiva-
tion, we introduced the L802A,LL805A mutation into the full-
length STAT6 sequence (Fig. 44).

We first investigated whether the mutation would disrupt
recruitment of NCoA-1 by full-length STAT6 protein. Coimmu-
noprecipitation experiments were performed with both STAT6
variants and NCoA-1. We used GFP-tagged STAT6 versions,
which can be efficiently immunoprecipitated by anti-GFP se-
rum. 293T cells were transfected with expression vectors for
the different STAT6 variants together with NCoA-1. Both
STAT6 proteins were immunoprecipitated from cell lysates.
The presence of NCoA-1 in the protein complexes was analyzed
by Western blot. NCoA-1 was coimmunoprecipitated by wild
type STAT6 protein (Fig. 4B, lane 6) but not by the mutant
STAT6 (lane 8). Western blot performed with STAT6-specific
antibodies indicated that there were comparable amounts of
both STAT6 proteins precipitated (lanes 2 and 4). These data
show that the mutant STAT6 version is not at all capable of
forming a complex with NCoA-1 in cells.

Next we tested whether such a mutation would affect the
activation or the DNA-binding ability of STAT6. 293T cells
were reported to contain a defective STAT6 (11, 35). We there-
fore used this cell line to study the function of the STAT6-
L802A,LL805A mutant without interference from endogenous
STAT6. Wild type and mutant STAT6 were transfected into
293T cells, and DNA binding activity was analyzed by electro-
phoretic mobility shift assays with cell lysates. To determine
the DNA binding stability of wild type and the STAT6-
L802A,LL805A variant cells were treated with IL-4 for 20 min,
after which the medium was replaced with cytokine-free me-
dium. Cells were harvested at various time points thereafter.
Extracts from mock-transfected cells showed no STAT6-DNA
complex confirming that the endogenous defective STAT6 can-
not bind to DNA (Fig. 4C, lanes 1-4). Both wild type and the
STAT®6 variant specifically bound to the probe, and this binding
did not decrease even after 2 h (lane 5-12). No difference in
complex formation was observed between wild type and the
STAT®6 variant indicating that the L802A,L805A mutations do
not influence activation by tyrosine phosphorylation or DNA
binding of STAT6.

To evaluate the transactivation function of the STAT6 vari-
ant, 293T cells were transfected with either wild type or vari-
ant STAT6 together with a luciferase reporter construct driven
by multimerized STAT6-response elements. Luciferase expres-
sion was investigated in cell lysates after stimulation with
IL-4. As expected, endogenous STAT6 was not able to induce
luciferase expression of the reporter plasmid (Fig. 4D, lanes 1
and 2). Transfection of wild type STAT6 strongly enhanced the
reporter activity after IL-4 stimulation (lane 4), whereas the
STAT6 variant displayed only 50% of the wild type activity
(lane 6). Similar amounts of wild type and variant STAT6 were
expressed in the transfected cells as proven by Western blot-
ting (Fig. 4E, compare lanes 2 and 3). This rules out the pos-
sibility that the distinct transactivation potentials result from
a difference in STAT6 variant expression. Instead these results
clearly show that the LXXLL motif is required for full STAT6-
mediated transactivation and indicate that NCoA-1 recruit-
ment by this motif mediates 50% of the transactivation poten-
tial of STAT6.
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Fic. 4. Point mutations in the LXXLL motif of STAT6 do not affect DNA binding but decrease the transactivation potential of
STAT6. A, schematic representation of functional domains of STAT6. Depicted are DBD, Src homology 2 (SH2) domain, TAD, and the
cytokine-dependent phosphorylation site (Y). Asterisks indicate the position of point mutations. B, 293T cells were transfected with 3 pg of
expression vector for GFP-tagged wild type or mutant STAT6 together with NCoA-1 expression vector. STAT6 proteins were immunoprecipitated
from cell lysates using anti-GFP serum. Immunoprecipitated proteins were analyzed by SDS-PAGE and Western blotting (WB). 1% of cell lysates
was analyzed in parallel (lanes 1, 3, 5, and 7). STAT6 (upper panel) and NCoA-1 (lower panel) were detected with specific antibodies. C, 293T cells
were transfected with 2 pg of empty expression vector (lanes 1-4) or expression vectors for STAT6 (lanes 5-8) or STAT6-mut (lanes 9-12) and
treated with IL-4 for 20 min. Cytokine was removed from the cells, and whole cell extracts were prepared after different time points as indicated.
Equal amounts of extracts were incubated with a radiolabeled double-stranded oligonucleotide probe containing the —117/—97 segment of the
murine Ce germ line promoter. Nucleoprotein complexes were resolved by PAGE and visualized by autoradiography. D, 293T cells were transfected
with N4(STAT-RE)3 LUC (0,36 ng) reporter plasmid, expression vectors for STAT6, STAT6-mut, or empty expression vector (100 ng), and
SV40-lacZ expression plasmid (50 ng) as indicated. Cells were treated with IL-4 or left untreated. Luciferase activities were determined in cell
lysates and normalized against B-galactosidase activities. The values represent the average from three independent experiments. E, cell lysates
from C were analyzed by Western blot (WB) using STAT6-specific antiserum.

The STAT6-LXXLL Motif Contributes to IL-4-regulated
Eotaxin-3 Expression—Because transcriptional activity of a re-
porter gene driven by multimerized binding sites does not
really reflect the transcriptional regulation of chromatin-pack-
aged genes, the contribution of the STAT6-LXXLL motif for
transactivation of an endogenous target gene was analyzed.
293T cells have been described to express the chemokine
eotaxin-3 in an IL-4-dependent manner only after transfection
with functional STAT6. Thus we determined eotaxin-3 expres-
sion in 293T cells transiently transfected with either wild type
or mutant STAT6 after IL-4 stimulation (Fig. 5). In accordance
with a previous report (35), we could detect IL-4-enhanced

eotaxin-3 mRNA expression by RT-PCR only after transfection
of STAT6 (Fig. 5A, lane 4). Transfection of the STAT6-
L802A,LL8O5A variant also resulted in eotaxin-3 expression in
IL-4-treated cells but to a lower extent (compare lanes 4 and 6).
To evaluate the difference in eotaxin-3 induction by wild type
and mutant STAT6 on the protein level, secreted eotaxin-3 was
measured in cell culture supernatants by ELISA. As expected
from the RT-PCR results, mock-transfected cells did not secrete
detectable levels of eotaxin-3, even after cytokine treatment
(Fig. 5B, lanes 1 and 2), whereas cells transfected with wild
type STAT6 produced high amounts of eotaxin-3 upon cytokine
treatment (lane 4). Transfection of the STAT6-L802A,L805A
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Fic. 5. Point mutations in the LXXLL motif decrease expres-
sion of eotaxin-3 in 293T cells. A, 293T cells were transfected with
expression vectors encoding wild type (WT) or mutant STAT6 or empty
expression vector (2 ug). Cells were induced with IL-4 for 16 h or left
untreated as indicated. Total RNA was prepared, and the expression
level of eotaxin-3 and GAPDH was analyzed by RT-PCR. B, cells trans-
fected as described in A were induced with IL-4 for 48 h or left un-
treated. Secreted eotaxin-3 was detected in cell culture supernatants by
ELISA. The average values with standard deviations of three independ-
ent experiments are shown. C, cells from B were lysed and analyzed by
SDS-PAGE and Western blot (WB) using antibodies against STAT6 and
B-actin.

variant also enabled cells to produce eotaxin-3 but again at a
reduced level. Only 50% of wild type expression was achieved
(compare lanes 4 and 6). To confirm that the difference in
eotaxin-3 expression was not due to a variance in STAT6 ex-
pression level, Western blot analysis was performed with cell
lysates. As shown in Fig. 5C, both wild type and variant STAT6
were expressed in similar amounts. These data correspond
nicely to the results obtained from transfection experiments
with an artificial STAT6 reporter gene confirming that the
STAT6-mediated transactivation is impaired when the LXXLL
motif is mutated. The LXXLL motif hence contributes substan-
tially to STAT6-mediated transactivation.

Peptide 1 Comprising the STAT-LXXLL Motif Does Not In-
fluence RAR/NCoA-1 Interaction—The functional character-
ization of the STAT6-LXXLL suggests that it is the most im-
portant motif for the interaction with NCoA-1. Thus we
wondered whether this motif would be structurally and func-
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Fic. 6. Peptide 1 specifically inhibits the LXXLI.-dependent
STAT6/NCoA-1 interaction but not RAR/NCoA-1 interaction. A,
the secondary structure of the LXXLL motif containing the sequence of
STAT6 represented by peptide 1 was predicted by DNASIS software.
Likely H (helical), S (B-sheet), T (turn), and C (coiled) structures are
shown. B, sequence alignment of LXXLIL motif of STAT6 and from
motifs derived from murine NCoA-1. Motifs 1-3 from NCoA-1 reside in
the nuclear receptor interaction domain, and motifs 4 and 5 are derived
from the CBP interaction domain. The core LXXLL motifs are under-
lined. C, GST, GST-STAT6-TAD or the GST-retinoic acid receptor «
(RAR) fusion protein were purified from E. coli, bound to glutathione-
Sepharose, and incubated with >S-labeled NCoA-1. To activate RAR,
ligand was added (10~ M all-trans-retinoic acid (ATRA)) (lanes 4 and 5).
In samples 3 and 5 the binding reaction was carried out in the presence
of 50 pg of peptide 1. Bound proteins were analyzed by SDS-PAGE and
fluorography (lanes 2-8). As a control, 10% of the **S-labeled protein
used in the experiments was analyzed in parallel (lane 7).

tionally related to the LXXLL motifs that are present in
NCoA-1 itself. These motifs form an «-helical structure with a
hydrophobic face built by the conserved leucines. To obtain
initial hints about the structure, we performed a protein two-
dimensional structure prediction of the sequence spanning the
LXXLL motif using DNASIS software, as depicted in Fig. 6A.
This indicated that the LXXLL motif of STAT6 most likely
forms an o-helical structure as well. A sequence alignment
with the LXXLL motifs of NCoA-1 revealed that the STAT6-
LXXLL motif does not share any obvious homology to the core
motif or adjacent residues (Fig. 6B). To prove the unique struc-
ture and function of the STAT6-LXXLL motif, we investigated
whether inhibitory peptide 1 described in Fig. 1, which con-
tains the STAT6-LXXLL motif, would affect the LXXLIL-based
interaction of NCoA-1 with nuclear hormone receptors. We
performed a binding assay with the retinoic acid receptor «
(RAR) and NCoA-1, because this interaction has been described
previously to be dependent on two LXXLL motifs of NCoA-1
(30). GST-RAR bound strongly to radioactively labeled NCoA-1
in the presence (Fig. 6C, lane 4) but not in the absence (lane 6)
of all-trans-retinoic acid. Addition of peptide 1 to the binding
reaction did not affect the recruitment of NCoA-1 to GST-RAR
(lane 5). However, binding of GST-STAT6-TAD to NCoA-1 was
completely blocked in the presence of peptide 1 (compare lanes
2 and 3). Peptide 1 was also not functional in blocking the
NCoA-1/estrogen receptor « interaction (data not shown).
Hence, peptide 1 acts as a specific inhibitor of the STAT6/
NCoA-1 interaction and cannot compete with the LXXLL mo-
tifs of NCoA-1 for nuclear receptor binding. These data confirm
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that the STAT6-LXXLL motif is not related to the NCoA-1-
LXXLL motifs.

DISCUSSION

The aim of this study was the identification of essential
motifs in the transactivation domain of STAT6 to get new
insights into the transactivation mechanism of STAT6 and to
identify targets to inhibit the STAT6 transactivation function.
Transcriptional activation requires the recruitment of coacti-
vators by DNA-bound transcription factors. This often occurs
via protein/protein interaction mediated by distinct structural
motifs within the transactivation domains of the DNA-bound
transcription factors and the coactivator interaction domains
(36). In previous studies (14, 15) we have shown that at least
two coactivators, p300/CBP and NCoA-1, are involved in
STAT6-mediated transactivation. Both coactivators bind inde-
pendently to different parts of the STAT6 transactivation do-
main. NCoA-1 binds between residues 792 and 847 of the
STAT6-TAD.

In this study we have further characterized this interaction
domain. Peptides spanning different parts of the STAT6 inter-
action domain and antibodies raised against these peptides
were used to find potential interaction motifs. A peptide rep-
resenting the first part of the STAT6 interaction domain (ami-
no acids 794-814) efficiently competed for NCoA-1 binding.
Moreover, antibodies recognizing this region in STAT6 effi-
ciently blocked NCoA-1 binding, indicating that the NCoA-1
interaction motif lies between amino acids 794 and 814 of
STAT6. Importantly, antibodies that bind very closely adjacent
to the STAT6-binding motif were not able to block NCoA-1
binding, confirming that a particular motif has to be masked to
prevent NCoA-1 binding. These experiments showed that it is
possible to target the STAT6/NCoA-1 interaction very specifi-
cally either by masking the binding domain of NCoA-1 with
peptides representing the STAT6-binding motif or by covering
the STAT6-binding motif with an antibody. The inhibitory pep-
tides and antibodies identified here will be valuable tools for
further in vivo studies, e.g. microinjection experiments to in-
vestigate whether blocking the NCoA-1 recruitment will inhibit
STAT6-mediated transactivation. In addition, the inhibitory
peptide can present the starting point for the development of
small molecules that block the STAT6/NCoA-1 interaction.

The sequence of peptide 1 contains an LXXLL motif (where L
is a leucine and X any amino acid). This motif was originally
identified in transcriptional coactivators and mediates the in-
teraction of these proteins with nuclear hormone receptors (31).
LXXLL motifs are necessary and sufficient for the binding of
these coactivators to ligand-bound nuclear hormone receptors,
and they are required for coactivation of transcription. Here we
demonstrate that the LXXLL motif in STAT6 is involved in the
interaction of STAT6 with its coactivator NCoA-1. Point muta-
tions (L802A,L805A) in the LXXLL motif (Fig. 2A) completely
abolished the interaction of GST-STAT6-TAD to NCoA-1 (Fig.
2B), demonstrating the crucial role of the LXXLL motif for
binding in vitro. Furthermore, we observed that the STAT6-
LXXLL motif is absolutely required to recruit NCoA-1 to the
promoter and to enhance transcription by the GAL4-DNA bind-
ing domain fusion of STAT6-TAD (amino acids 792—-847). The
transactivation potential of this GAL4 fusion seems to be based
entirely on NCoA-1, which is present at different levels in 293T
and NCI-H292 cells (data not shown). In 293T cells, which
express high NCoA-1 levels, GAL4-STAT6-TAD strongly en-
hanced transcription (Fig. 3B). In NCI-H292 cells, which ex-
press a much lower level, NCoA-1 seemed to be a limiting
factor, leading to a weak transactivation potential (Fig. 3C).
Cotransfection of NCoA-1 dramatically amplified transactiva-
tion by GAL4-STAT6-TAD. Recruitment of NCoA-1 to the
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GAL4-STAT6-TAD was strictly dependent on the intact
LXXLL motif, because mutations of the motif completely abol-
ished the transactivation potential of the GAL4-STAT6-TAD
fusion in both cell lines, and this could not be rescued by
coexpression of NCoA-1 (Fig. 3, B and C).

We analyzed the function of the LXXLL motif in transcrip-
tional activation by full-length STAT6. These experiments
were performed in 293T cells, which lack functional STAT6 and
can therefore be used for analyzing the function of STAT6
variants. In addition, the ability of 293T cells to produce
eotaxin-3 after IL-4 treatment allowed us to analyze the con-
tribution of the STAT6-LXXLL motif to the transactivation of
an endogenous target gene (8).

The L802A,LL805A mutation did not affect the activation by
tyrosine phosphorylation or the DNA binding of STAT6 after
IL-4 treatment (Fig. 4B). However, the ability to activate tran-
scription on an artificial reporter gene containing multimerized
STAT6-binding sites (Fig. 4) as well as on the endogenous
eotaxin-3 target gene (Fig. 5) was strongly reduced. The
STAT6- L802A,LL805A variant displayed in both assays a 50%
reduced transactivation potential compared with wild type
STAT6. Significantly, the finding that eotaxin-3 protein ex-
pression was also reduced by 50% in STAT6 variant-expressing
cells confirmed that the recruitment of NCoA-1 by the STAT6-
LXXLL motif is an essential step in the transcriptional activa-
tion of chromatin-packaged endogenous genes. IL-4-induced
transcriptional activation of the eotaxin-3 promoter is highly
dependent on STAT6-binding sites (8). In contrast to other
STATS6 target genes, e.g. the Ce germ line gene, no activation or
synergistic effects on transcription by NF-«B was detected. Our
results so far demonstrate that the expression of eotaxin-3 is
largely dependent on the recruitment of NCoA-1 by the STAT6-
LXXLL motif. However, we could not predict that this is true
for all IL-4-regulated genes, especially when they are already
activated by tumor necrosis factor-a. It is possible that the role
of NCoA-1 in STAT6-mediated transactivation varies depend-
ing on the specific promoter context as well as on the cellular
context. Further studies have to be performed to investigate
the importance of the LXXLL motif for other STAT6 target
genes.

In previous studies we observed that the coactivator p300/
CBP, which associates with NCoA-1 (19, 20), binds directly to a
different region of the STAT6-TAD (amino acids 677-791) (15).
Therefore NCoA-1 could still be recruited to the STAT6-LXXLL
mutant via bridging to p300/CBP. In this case NCoA-1 would
have an even greater role in STAT6 transactivation. To evalu-
ate the exact contribution of NCoA-1 for STAT6 transactiva-
tion, the transactivation potential of STAT6 has to be deter-
mined in cells lacking this coactivator.

LXXLL motifs are abundant in different coactivators. Many
coactivators contain several LXXLL motifs. The p160/SRC fam-
ily members contain three motifs, which mediate the interac-
tion with the nuclear hormone receptors and two motifs, which
mediate the p300/CBP interaction. p300/CBP itself contains
two motifs (31). All motifs described so far form ao-helical struc-
tures with a hydrophobic face, which is built by the conserved
leucines. However, not all LXXLL motifs are functionally
equivalent. Sequences flanking the LXXLL motif determine
target specificity (37, 38). We analyzed whether the STAT6-
LXXLL motif has any structural or functional relation to the
NCoA-1-LXXLL motifs. From the structural prediction we as-
sumed that the STAT6-LXXLL motif also forms an a-helix.
However, this motif does not share any homologous residues
amino- or carboxyl-terminally to the LXXLL core sequence
with the motifs in the p160/SRC or p300/CBP coactivators (Fig.
6 and data not shown). Because positive as well as negative
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cross-talk between STAT proteins and nuclear receptors has
been described (39, 40), we tested whether the STAT6-LXXLL
motif could compete with the NCoA-1-LXXLL motif for nuclear
receptor binding. We demonstrated that peptide 1, which rep-
resents the STAT6-LXXLL motif and which was a potent in-
hibitor of the STAT6/NCoA-1 interaction, was not able to in-
hibit the NCoA-1/retinoic acid receptor « (Fig. 6) or NCoA-1/
estrogen receptor interaction (data not shown). This suggests
that the STAT6-LXXLL motif is unique and has most likely no
function in cross-talk. It can also be expected that the structure
of the STAT6-LXXLL is unique. Structural analyses of the
STAT6-LXXLL peptide in complex with the STAT6 binding
domain of NCoA-1, which we mapped to a region between
amino acids 213 and 462 (15), are currently in progress.

The IL-4/STAT6 signaling pathway is an attractive target for
the treatment of allergic diseases, because STATS is crucial for
class switching to IgE, a pivotal factor in the pathogenesis of
asthma. Several approaches have been made to inhibit this
pathway as follows: oligonucleotides, which specifically inhibit
binding of STAT®6 to its response element (41, 42); intracellular
peptides, which inhibit the binding of STAT6 to the receptor
(43); antagonistic IL-4 mutants (44); and IL-4-receptor antag-
onists (45). We revealed here a novel approach to inhibit this
pathway. The STAT6-LXXLL motif will be a new, attractive
drug target. This motif is required for the STAT6-mediated
expression of eotaxin-3, a potent chemoattractant of eosino-
phils. The recruitment of eosinophils to sites of inflammation is
a hallmark of allergic diseases. Therefore inhibition of
eotaxin-3 would be a beneficial therapy. It might be feasible to
inhibit the STATS6 signaling pathway by targeting the STAT6-
LXXLL motif without affecting similar motifs. Moreover, small
drug inhibitors can be developed based on the peptide charac-
terized here that will be able to inhibit the STAT6/NCoA-1
interaction.
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