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We have cloned T-cell factor 4N (TCF-4N), an alternative isoform of TCF-4, from developing pituitary and
3T3-L1 preadipocytes. This protein contains the N-terminal interaction domain for 3-catenin but lacks the
DNA binding domain. While TCF-4N inhibited coactivation by -catenin of a TCF/lymphoid-enhancing factor
(LEF)-dependent promoter, TCF-4N potentiated coactivation by (3-catenin of several non-TCF/LEF-dependent
promoters. For example, TCF-4N synergized with [3-catenin to activate the «-inhibin promoter through
functional and physical interactions with the orphan nuclear receptor steroidogenic factor 1 (SF-1). In
addition, TCF-4N and (3-catenin synergized with the adipogenic transcription factor CCAAT/enhancer binding
protein « (C/EBPa) to induce leptin promoter activity. The mechanism by which B-catenin and TCF-4N
coactivated C/EBPa appeared to involve p300, based upon synergy between these important transcriptional
regulators. Consistent with TCF-4N’s redirecting the actions of B-catenin in cells, ectopic expression of
TCF-4N in 3T3-L1 preadipocytes partially relieved the block of adipogenesis caused by [-catenin. Thus, we
propose that TCF-4N inhibits coactivation by B-catenin of TCF/LEF transcription factors and potentiates the

coactivation by B-catenin of other transcription factors, such as SF-1 and C/EBPa.

Wnhts are a family of secreted proteins that play important
roles in essentially all aspects of cell fate. Wnts act through
Frizzled receptors and low-density lipoprotein receptor-re-
lated protein coreceptors to activate several signaling pathways
(19, 41). In the canonical pathway, Wnt signaling inhibits gly-
cogen synthase kinase 3, resulting in hypophosphorylation and
subsequent stabilization of B-catenin. After translocation to
the nucleus, B-catenin binds to and coactivates members of the
T-cell factor/lymphoid-enhancing factor (TCF/LEF) family of
transcription factors, thus mediating the effects of Wnt on gene
expression. Wnts regulate the development of many cell types
(2, 14, 29, 45). In addition to regulating differentiation of
lymphocytes, intestinal crypt cells, and keratinocytes, we re-
cently established that Wnts are key regulators of preadipocyte
differentiation (1, 37). Wntl0b is the best candidate for the
endogenous inhibitory Wnt because this protein blocks adipo-
cyte conversion and expression of Wnt10b is high in preadipo-
cytes and declines upon induction of differentiation. In addi-
tion to regulation of adipogenesis, Wnts play a larger role in
preadipocytes, as Wntl inhibits preadipocyte apoptosis
through induction of insulin-like growth factors (20).

The genetic program of adipogenesis has been studied ex-
tensively in vitro, with embryonic fibroblasts and preadipocyte
lines, and in vivo, with transgenic and knockout mouse models
(21, 22, 26, 32, 34), and a paradigm for the cascade of genetic
events has emerged. After induction of differentiation, there is

* Corresponding author. Mailing address: Department of Physiol-
ogy, University of Michigan Medical School, 1301 E. Catherine Rd.,
Ann Arbor, MI 48109-0622. Phone: (734) 647-4880. Fax: (734) 936-
8813. E-mail: macdouga@umich.edu.

5366

a rapid and transient induction of CCAAT/enhancer-binding
protein beta (C/EBPB) and C/EBPS. These transcription fac-
tors then activate expression of both C/EBPa and peroxisome
proliferator-activated receptor gamma (PPARYy), which then
reinforce each other’s expression through a positive feedback
loop. Activation of the canonical Wnt signaling pathway by
Wnt10b, dominant stable B-catenin, or inhibition of glycogen
synthase kinase 3 inhibits adipogenesis by blocking expression
of C/EBPa and PPARYy (1, 37). While expression of Wnt10b
declines during adipogenesis, levels of nuclear B-catenin re-
main elevated until after C/EBPa and PPARYy are induced,
suggesting that B-catenin has additional roles other than inhi-
bition of adipogenesis through TCF/LEF transcription factors.
In support for this idea, B-catenin coactivates non-TCF/LEF
transcription factors such as androgen receptor, retinoic acid
receptor, and steroidogenic factor 1 (SF-1) (4, 25, 39, 48).
Endogenous Wnt signaling inhibits adipogenesis through ac-
tivation of the canonical pathway and activation of TCF/LEF
transcription factors (37). The four members of the mamma-
lian TCF/LEF family of transcription factors all have an N-
terminal B-catenin-interacting domain and a highly conserved
HMG box DNA binding domain (46). Heterogeneity in TCF/
LEFs arises through multiple mechanisms. For example, forms
of TCF-1 and LEF-1 that lack the B-catenin-interacting do-
main result from alternative promoter usage (13, 33). Similar
forms of TCF-4 and LEF-1 that have been engineered to lack
the B-catenin-interacting domain are commonly used as dom-
inant negative inhibitors of TCF/LEF action. In addition,
members of this family are also subject to extensive alternative
splicing C-terminal to the HMG box. We recently reported
several alternatively spliced isoforms of mouse TCF-4 that are
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truncated N-terminal to the HMG box domain (3). One of
these isoforms, TCF-4N, was identified in developing pituitary
and subsequently in 3T3-L1 preadipocytes and adipocytes.
While TCF-4N does not contain a DNA binding domain, it
retains the region involved in binding B-catenin. A similar
alternatively spliced LEF-1 was identified in humans, but a
function was not reported (18).

Here we report that TCF-4N has multiple roles in regulation
of transcription. While TCF-4N interacts with B-catenin and
inhibits a TCF/LEF-responsive promoter, TCF-4N also inter-
acts with B-catenin to activate promoters that are not respon-
sive to TCF/LEFs. For example, TCF-4N synergizes with
B-catenin to coactivate the orphan nuclear receptor SF-1. In
addition, TCF-4N interacts functionally with B-catenin and
p300 to coactivate the adipogenic transcription factor C/EBPa.
Ectopic expression of TCF-4N in 3T3-L1 preadipocytes par-
tially relieves the block of adipogenesis caused by dominant
stable B-catenin, consistent with a model in which TCF-4N
regulates Wnt signaling by redirecting B-catenin from TCEF/
LEF transcription factors to other transcription factors, includ-
ing SF-1 and C/EBPa.

MATERIALS AND METHODS

Cell culture. Mouse 3T3-L1 preadipocytes and human embryonic kidney 293T
cells were maintained in Dulbecco’s modified Eagle’s medium (Life Technolo-
gies, Inc.) containing 10% calf serum (Sigma) as previously described (42). Y1
adrenocortical carcinoma cells were cultured in Dulbecco’s modified Eagle’s
medium containing 7.5% horse serum (Invitrogen) and 2.5% fetal bovine serum
(Invitrogen). 3T3-L1 preadipocytes were induced to differentiate into adipocytes
2 days after confluence as described previously (11). To visualize cytoplasmic
lipid accumulation, 3T3-L1 cells were stained with Oil Red-O (31). To quantify
retention of Oil Red-O, stained adipocytes were extracted with 1 ml of 4% Igepal
CA-630 (Sigma) in isopropanol for 15 min, and absorbance was measured by
spectrophotometry at 520 nm (1). Nuclear extracts were prepared essentially as
described previously (5).

TCF-4N expression and retroviral plasmids. TCF-4N (see Fig. 1A) was am-
plified from embryonic day 12.5 developing mouse pituitary gland by reverse
transcription-PCR and subcloned into pcDNA3.1+ (Invitrogen) as described
previously (3). An N-terminal deletion of the first 31 amino acids (ANTCF-4N)
was generated by PCR with TCF-4N as a template (see Fig. 1B). The forward
primer (5'-GGATCCACCATGTCGGAAAACTCCTC-3") included a consen-
sus start site of translation downstream of a BamHI restriction site, while the
reverse primer (5'-TTATACCCGCACATGTCCAC-3') recognized the unique
3’ untranslated region of TCF-4N. The resulting PCR fragment was subcloned
into pCR2.1 (Invitrogen). The BamHI-Xhol fragment was then subcloned into
the BamHI and Xhol sites of pcDNA3-AU1/Flag. To create a retroviral expres-
sion vector for TCF-4N, the HindIII-Xhol fragment from TCF-4N in
pcDNA3.1+ was subcloned into the HindIII and Xhol sites of pTS13 containing
a HindIII linker.

Luciferase reporter gene assays. The following reporter genes were used:
pTOPFLASH and pFOPFLASH (Upstate Biotechnology), cyclin D1-luciferase,
mutant TCF(1) and mutant TCF(0-4) (human cyclin D1 [—961]; Frank McCor-
mick, University of California-San Francisco), (Gal4)s-SV40-luciferase (Mitch-
ell A. Lazar, University of Pennsylvania), a-inhibin-luciferase (Kelly Mayo,
Northwestern University), LexA-luciferase (Holly Ingraham, University of Cali-
forni-San Francisco), and leptin-luciferase and mutant leptin-luciferase (M.
Daniel Lane, Johns Hopkins University). Expression constructs for mutant hu-
man B-catenin containing an in-frame N-terminal deletion of amino acids 29 to
48 and ANTCF-4E were provided by Frank McCormick (University of Califor-
nia—San Francisco). The expression construct for TCF-4N was described previ-
ously (3), and the expression vector for TCF-4E was from Gregory Dressler
(University of Michigan).

The mouse C/EBPa expression vector was described previously (36). An
expression construct for a fusion protein of the Gal4 DNA binding domain and
B-catenin, Gal4-BCat, was provided by Kun-Liang Guan (University of Michi-
gan). Expression vectors for mouse SF-1 and a fusion between the LexA DNA
binding domain and SF-1 were from Holly Ingraham (University of California—
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San Francisco). The expression vector encoding a fusion protein of the Gal4
DNA binding domain and the C/EBPa transactivation domain, Gal4-C/EBPa,
was described previously (5). Expression vectors for a deletion mutant of
C/EBPa lacking all conserved regions but CR2 (CR2-C/EBPa) and a deletion
mutant lacking CR2 (CR1/3/4-C/EBPa) were described previously (5). The hu-
man p300 expression vector pVR1012-p300 was obtained from Gary Nabel
(National Institutes of Health).

Human embryonic kidney 293T cells (40-mm plates) were transiently trans-
fected by calcium phosphate coprecipitation with 4 pg of total DNA, including
the luciferase reporter gene (as indicated), and 250 ng of cytomegalovirus B-ga-
lactosidase. Additional plasmid DNAs were varied, based upon experimental
conditions, and are documented in the figure legends. A constant amount of total
cytomegalovirus promoter (pcDNA3.1; Invitrogen) was maintained to control
for potential squelching of the transcriptional machinery. After transfection, cells
were incubated for 48 h and lysed. Luciferase activity was measured, and varia-
tions in transfection efficiency were accounted for by normalization against
B-galactosidase activity (5).

Retroviral infection of 3T3-L1 preadipocytes. 293T cells (10-cm plates) were
transfected by calcium phosphate coprecipitation with control (pTS13) or
TCF-4N retroviral vectors and the viral packaging vectors SV-E-MLV-env and
SV{-E-MLV (7.5 pg of each). Virus-containing medium was collected 16 h after
transfection and passed through a 0.45-um syringe filter. Polybrene (hexadi-
methrine bromide; Sigma) was added to a final concentration of 8 wg/ml. This
medium was then applied to subconfluent (=30%) 3T3-L1 preadipocytes (10-cm
plates). The infection protocol was repeated every 8 to 16 h until cells were
~80% confluent. These cells were trypsin treated and replated in Dulbecco’s
modified Eagle’s medium supplemented with 10% calf serum and 150 pg of
hygromycin (Invitrogen) per ml for 5 days. Cells were then infected with control
(PGS-CMV-CITE-neo) or S33Y B-catenin-expressing retroviruses (Eric Fearon,
University of Michigan) and selected with 400 pg of geneticin (Life Technolo-
gies, Inc.) per ml, and the ability to undergo adipogenesis was evaluated.

Immunoprecipitation and immunoblot analyses. For immunoprecipitation of
TCF-4N with B-catenin, 293T cells (10-cm plates) were transiently transfected
with 10 ug of expression vectors for Myc-tagged mutant B-catenin, TCF-4N, or
ANTCF-4N as indicated. Cells were lysed in 50 mM HEPES (pH 7.5)-125 mM
NaCl-1 mM EDTA (pH 8.0)-1 mM dithiothreitol-1% Igepal CA-630 and pro-
tease inhibitors. Lysates were cleared with protein G plus agarose (Santa Cruz)
and incubated with 4 pl of anti-Myc tag clone 9E10 (Upstate Biotechnology).
Protein G plus agarose was added to samples, and after incubation for 1 h, pellets
were washed and resuspended in sodium dodecyl sulfate (SDS) loading buffer.
Immunoblot analysis was performed with mouse monoclonal immunoglobulin G
against TCF-3 and TCF-4 (Upstate Biotechnology) and B-catenin (Transduction
Laboratories).

For immunoprecipitation of B-catenin with SF-1, nuclear lysates were gener-
ated from Y1 adrenocortical carcinoma cells. Briefly, cell membranes were
disrupted in a buffer containing 25 mM HEPES (pH 7.6), 5 mM KCI, 0.5 mM
MgCl,, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 0.5%
Igepal CA-630. Nuclei were lysed for 1 h in a buffer containing 25 mM HEPES,
10% sucrose, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 0.01%
Igepal CA-630, and 350 mM NaCl, and insoluble proteins were removed by
centrifugation. Nuclear lysates were cleared with protein A/G-agarose for 30 min
and incubated with antihemagglutinin (anti-HA) antibody (Santa Cruz Biotech-
nology) or anti-SF-1 antibody (Upstate Biotechnology). Protein A/G-agarose
was added to the samples, and after incubation for 1 h, pellets were washed and
resuspended in SDS loading buffer. Immunoblot analysis was performed with
mouse monoclonal antibody against B-catenin (Transduction Laboratories).

Immunoprecipitations of C/EBPa with B-catenin were done essentially as
described previously (27). After transient transfection of 293T cells (10-cm
plates) with 5 pg of expression vectors for S33Y B-catenin-Flag (Eric Fearon,
University of Michigan), p42C/EBPa, and CR1/3/4-C/EBPa, cells were lysed in
0.5 ml of buffer A (20 mM HEPES [pH 7.9], 350 mM NaCl, 30 mM MgCl,, 1 mM
EDTA [pH 8.0], 0.1 mM EGTA [pH 8.0], 20% glycerol, 0.5% Igepal CA-630, 1
mM dithiothreitol, and protease inhibitors). After centrifugation, lysates were
diluted with 0.75 ml of buffer B (20 mM HEPES [pH 7.9], 30 mM MgCl,, 1 mM
EDTA [pH 8.0], 0.1 mM EGTA [pH 8.0], 20% glycerol, 0.2% Igepal CA-630, 1
mM dithiothreitol, and protease inhibitors). Lysates were cleared with protein
A-Sepharose (Pharmacia), split in half, and incubated overnight with either 1 pl
of anti-Flag M2 (Sigma) or 1 pl of negative control immunoglobulin G (PPARYy
mouse monoclonal; Santa Cruz) as indicated. Protein A-Sepharose was added to
the samples, and after incubation for 1 h, pellets were washed with wash buffer
A containing 150 mM NaCl. Proteins were eluted by incubation with competitive
Flag peptide (Sigma) overnight, separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), and transferred to a polyvinylidene
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FIG. 1. TCF-4N, an alternatively spliced isoform of TCF-4, lacks
DNA binding domain but retains B-catenin-interacting domain.
(A) The amino acid sequence of TCF-4N (GenBank accession number
AF363725), a novel TCF-4 isoform independently cloned from devel-
oping mouse pituitary and 3T3-L1 preadipocytes, is schematically di-
agramed relative to full-length TCF-4E. The B-catenin interaction
domain is depicted as a black box, and the DNA binding domain is
depicted as a gray box. (B) Engineered forms of TCF-4E and TCF-4N
designed to lack the N-terminal [B-catenin interaction domain
(ANTCF-4E and ANTCF-4N) are diagramed. (C) 293T cells in 10-cm
plates were transfected with 10 pg each of the indicated expression
vectors by calcium phosphate coprecipitation. Cells were lysed after
48 h, and Myc-tagged B-catenin was immunoprecipitated (IP) with an
anti-Myc (amyc) antibody. Immunoprecipitated B-catenin complexes
were separated by SDS-PAGE, followed by immunoblot analysis for
TCF-4 and B-catenin. These results are representative of at least three
independent experiments.

difluoride membrane. After blocking, the membrane was incubated with mouse
monoclonal antibody against B-catenin (Transduction Laboratories) or rabbit
polyclonal antibody against C/EBPa (Daniel Lane, Johns Hopkins University).

RESULTS

TCF-4N, an alternatively spliced isoform of TCF-4, lacks
DNA binding domain but retains [3-catenin-interacting do-
main. Novel isoforms of mouse TCF-4 lacking the HMG box
DNA binding domain were first identified in embryonic mouse
pituitary gland (3). We also cloned a similar isoform of TCF-4
from 3T3-L1 preadipocytes. The mRNA for this novel isoform
contained a stop codon that terminated translation of the pro-
tein prior to the DNA binding domain. We designated this
protein TCF-4N because it contained only the N terminus (Fig.
1A). Transfection of a fusion protein containing TCF-4N and
green fluorescent protein indicated expression in both nuclear
and cytoplasmic compartments (data not shown). In addition,
we identified a bovine expressed sequence tag (EST) (Gen-
Bank accession number BE749318) with homology to TCF-3
that contains a stop codon at the same site as in TCF-4N.
These data, together with the identification of a similar isoform
of human LEF-1 (18), suggest a conserved role for isoforms
such as TCF-4N in regulating transcription.

TCF-4N retains the 3-catenin-interacting domain at the N
terminus. To determine whether TCF-4N interacts physically
with B-catenin, we performed a coimmunoprecipitation anal-
ysis (Fig. 1C). Expression constructs for TCF-4N and ANTCF-
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FIG. 2. TCF-4N inhibits activation by B-catenin of a TCF-respon-
sive reporter gene. 293T cells were transfected with pTOPFLASH (25
ng), which is a TCF-responsive reporter construct (solid bars), along
with expression vectors for B-catenin (10 ng), TCF-4N (25, 50, or 100
ng) and ANTCF-4E (100 ng) as indicated. pFOPFLASH (25 ng), a
reporter containing mutated TCF consensus binding sites, was trans-
fected as a control (open bars). Samples were normalized to B-galac-
tosidase activity to correct for variations in transfection efficiency.
Luciferase activity is reported as activation (mean * standard devia-
tion) relative to pTOPFLASH alone. These results are representative
of at least three independent experiments.

4N, an N-terminal deletion mutant (Fig. 1B), were cotrans-
fected into 293T cells with an expression construct for
dominant stable Myc-tagged B-catenin. As expected, TCF-4N
was immunoprecipitated with B-catenin (Fig. 1C), similar to
full-length TCF-4E (data not shown). However, ANTCF-4N
was not immunoprecipitated by B-catenin (Fig. 1C), suggesting
that TCF-4N interacts with B-catenin via an interaction at the
N terminus.

TCF-4N inhibits activation by 3-catenin of a TCF-respon-
sive reporter gene. 3-Catenin is a coactivator of TCF/LEF
transcription factors. Unlike previously described TCF/LEF
isoforms, TCF-4N lacks a DNA binding domain; however,
TCF-4N retains its ability to interact with B-catenin (Fig. 1C).
We hypothesized that TCF-4N acts as an endogenous inhibitor
of B-catenin by competing with DNA-bound TCF/LEF tran-
scription factors for binding to B-catenin. To determine if
TCF-4N inhibits transcriptional coactivation by B-catenin, we
performed luciferase reporter assays with pTOPFLASH, a
TCF-responsive reporter gene that contains multimerized TCF
binding sites upstream of a minimal promoter and the coding
sequence for luciferase.

Expression constructs for dominant stable B-catenin, TCF-
4N, and ANTCF-4E (Fig. 1B) were transiently transfected into
293T cells along with pTOPFLASH or the negative control
pFOPFLASH. As expected, ectopic expression of B-catenin
increased reporter gene activity (Fig. 2). Cotransfection of
increasing amounts of TCF-4N progressively decreased the
reporter activity in response to 3-catenin, similar to the inhib-
itory effect of the well-established dominant negative form of
TCF, ANTCF-4E (Fig. 2) (44). TCF-4N had no effect on re-
porter activity in the absence of ectopic B-catenin (data not
shown). In addition, neither B-catenin nor TCF-4N influenced
gene expression from pFOPFLASH, in which the TCF binding
sites are mutated (Fig. 2). These results indicate that TCF-4N
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FIG. 3. TCF-4N and B-catenin synergize to activate transcription
from non-TCF-responsive promoters. (A) 293T cells were transfected
with 5 ng of a cyclin D1 promoter-luciferase construct (cyclinD1-luc;
black bars), a cyclin D1-luciferase construct with mutations in the
consensus TCF binding site, mtTCF(1) (open bars), or with mutations
in the one consensus site and four cryptic TCF binding sites, mt-
TCF(0-4) (grey bars). Reporter genes were cotransfected with expres-
sion vectors for B-catenin (250 ng), TCF-4N (125, 250, and 500 ng),
and ANTCF-4E (500 ng) as indicated. Samples were normalized to
B-galactosidase activity to correct for variations in transfection effi-
ciency. Luciferase activity is reported as activation (mean * standard
deviation) relative to the reporter gene alone. (B) 293T cells were
transfected with a Gal4-responsive reporter gene (250 ng), which con-
tains multimerized Gal4 binding sites upstream of a minimal promoter
and the luciferase gene. Cells were cotransfected with expression con-
structs for the Gal4 DNA binding domain fused to B-catenin (Gal4-
BCat; 250 ng) and either 125, 250, or 500 ng of TCF-4N (solid bars),
TCF-4E (open bars), or ANTCF-4N (gray bars) as indicated. Lucif-
erase activity is reported as activation (mean * standard deviation)
relative to the reporter gene with Gal4-BCat. These results are repre-
sentative of at least three independent experiments.

acts through a dominant negative mechanism to inhibit activa-
tion by B-catenin of a TCF-responsive promoter.

TCF-4N and B-catenin synergize to activate transcription
from non-TCF-responsive promoters. TCF-4N inhibits activa-
tion by B-catenin of the TCF-responsive promoter gene pTOP-
FLASH (Fig. 2). To determine the effect of TCF-4N and
B-catenin on what has been reported to be a TCF-dependent
promoter, we performed luciferase reporter assays with the
human cyclin D1 promoter (cyclin D1-luc), which contains one
TCF/LEF consensus site and four cryptic binding sites (40, 44).
While B-catenin activated the cyclin D1 promoter (Fig. 3A),
TCF-4N alone had no effect (data not shown). In contrast to
our hypothesis that TCF-4N would inhibit cyclin D1 promoter
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activity, cotransfection of TCF-4N with B-catenin caused an
increase in reporter gene expression even in the absence of
TCF binding sites, i.e., mtTCF(1) and mtTCF(0-4) (Fig. 3A).
Cotransfection of ANTCF-4N had no effect on B-catenin acti-
vation of the cyclin D1 promoter (data not shown), indicating
that the N terminus of TCF-4N is necessary for its effect.
B-Catenin activated the mutant cyclin D1 reporter genes inde-
pendent of DNA binding by TCF/LEF, because cotransfection
of ANTCF-4E did not reduce promoter activity for either mu-
tant reporter gene (Fig. 3A). Furthermore, the increase in
promoter activity by cotransfection of TCF-4N, despite muta-
tions in the putative TCF binding sites, suggests that -catenin
activates transcription via interactions with transcription fac-
tors other than TCF/LEFs.

To verify that TCF-4N enhances transcriptional coactivation
by B-catenin independently of TCF/LEF transcription factors,
we performed reporter gene assays with a Gal4 DNA binding
domain—B-catenin fusion protein (Gal4-gCat) and a Gal4-re-
sponsive reporter gene (Fig. 3B). While transfection of Gal4-
BCat activated the Gal4-responsive promoter by approximate-
ly100-fold, TCF-4N had no effect on basal promoter activity
(data not shown). When TCF-4N was cotransfected with Gal4-
BCat, TCF-4N synergized with B-catenin, resulting in a dra-
matic 8- to 12-fold increase in reporter gene activity over that
observed with Gal4-BCat alone (Fig. 3B). Cotransfection of
full-length TCF-4E decreased reporter gene activity, presum-
ably by sequestering Gal4-pCat. ANTCF-4N had no effect on
promoter activity, indicating that the N terminus of TCF-4N is
required for its functional interaction with B-catenin. Taken
together, these data indicate that for certain non-TCF/LEF-
dependent promoters, TCF-4N and B-catenin synergize to ac-
tivate gene expression.

B-Catenin and TCF-4N synergize to coactivate SF-1. Our
results with the mutant cyclin D1 promoter suggest that 3-cate-
nin interacts functionally with transcription factors other than
TCF/LEFs (Fig. 3A). Recent evidence with the Dax-I pro-
moter supports a role for B-catenin as a coactivator of SF-1
(25). Expression of this orphan nuclear receptor is restricted to
a subset of endocrine tissues, including gonads, adrenal cortex,
ventromedial hypothalamus, and pituitary gonadotropes (8).
Interestingly, TCF-4N and similar isoforms were first identified
in developing and adult pituitary (3).

To explore the possibility that TCF-4N potentiates coacti-
vation by B-catenin of SF-1, we performed reporter assays with
the SF-1-dependent inhibin promoter (inhibin-luc) (16, 23).
Expression of SF-1 induced inhibin promoter activity, and co-
transfection of B-catenin resulted in an increase above that
with SF-1 alone (Fig. 4A). Cotransfection of increasing
amounts of TCF-4N synergized with B-catenin and SF-1 to
stimulate a greater than 2.5-fold increase in inhibin promoter
activity. The induction of inhibin promoter activity by TCF-4N,
B-catenin, and SF-1 was not influenced by coexpression with
the well-established dominant negative TCF ANTCF-4E (data
not shown), indicating that the effects are not mediated
through TCF/LEF DNA binding sites. The effects of B-catenin
and TCF-4N were largely dependent upon the presence of
SF-1 (Fig. 4A). Our data suggest that B-catenin and TCF-4N
synergize to coactivate the orphan nuclear receptor SF-1.

To verify the functional interaction between SF-1 and a
complex containing B-catenin and TCF-4N, we used a LexA-
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FIG. 4. TCF-4N and B-catenin synergize to coactivate SF-1.
(A) 293T cells were transfected with an inhibin-luciferase reporter
gene (300 ng). Expression constructs for SF-1 (75 ng), B-catenin (300
ng), and TCF-4N (125, 250, and 500 ng) were cotransfected as indi-
cated. Samples were normalized to B-galactosidase activity to correct
for variations in transfection efficiency. Luciferase activity is reported
as activation (mean = standard deviation) relative to the reporter gene
alone. (B) 293T cells were cotransfected with a LexA-responsive re-
porter gene (100 ng) and a LexASF-1 expression construct (10 ng).
Expression constructs for B-catenin (500 ng) and TCF-4N (500 ng)
were cotransfected as indicated. Luciferase activity is reported as ac-
tivation (mean * standard deviation) relative to the reporter gene
alone. (C) SF-1 was immunoprecipitated from nuclear lysates of Y1
adrenocortical carcinoma cells. Immunoprecipitated SF-1 complexes
were separated by SDS-PAGE, followed by immunoblot analysis for
B-catenin. These results are representative of at least three indepen-
dent experiments.

dependent reporter gene and a fusion construct in which the
SF-1 DNA binding domain was replaced with the LexA DNA
binding domain (LexASF-1). Expression of LexASF-1 stimu-
lated an increase in reporter gene activity, and this was further
increased by cotransfection of LexASF-1 with B-catenin (Fig.
4B). Coactivation of LexASF-1 by B-catenin was almost dou-
bled by coexpression of TCF-4N, consistent with our prior
observations with the inhibin promoter (Fig. 4A). In contrast,
cotransfection of B-catenin and TCF-4N without SF-1 resulted
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in no increase in promoter activity (data not shown). These
data demonstrate that TCF-4N potentiates the coactivation of
SF-1 by B-catenin.

The ability of B-catenin and TCF-4N to coactivate Lex-
ASF-1 confirms that the synergy between B-catenin, TCF-4N,
and SF-1 is independent of DNA binding by TCF/LEF tran-
scription factors, raising the possibility that there is a direct
physical interaction between SF-1 and B-catenin. To determine
whether B-catenin and SF-1 interact in vivo, we used immu-
noprecipitation assays with nuclear lysates prepared from Y1
adrenocortical carcinoma cells, which express both SF-1 and
B-catenin. Consistent with the hypothesis that B-catenin and
SF-1 interact physically, endogenous B-catenin was coimmu-
noprecipitated with SF-1 (Fig. 4C). These data indicate that
B-catenin and TCF-4N coactivate SF-1 through direct physical
interactions.

B-Catenin and TCF-4N synergize to coactivate C/EBPa.
Given the emerging concept that B-catenin coactivates tran-
scription factors other than TCF/LEFs, we explored the pos-
sibility that B-catenin and TCF-4N coactivate C/EBPa, a tran-
scription factor important for adipogenesis. To determine if
B-catenin and TCF-4N functionally interact with C/EBPa, we
performed reporter gene assays with the leptin promoter (Lep-
tin-luc and mtLeptin-luc). The leptin promoter contains a
C/EBP binding site and has been shown to be C/EBPa respon-
sive (12, 15). Expression of C/EBPa increased leptin reporter
gene activity, and coexpression of C/EBPa and B-catenin re-
sulted in an additive increase (Fig. 5A). Cotransfection of
TCF-4N with C/EBPa and B-catenin resulted in a synergistic
activation of the leptin promoter that was dependent upon the
C/EBPa binding site (Fig. 5A). The well-established dominant
negative TCF ANTCF-4E did not influence the increase of
reporter activity by TCF-4N, C/EBPa, and -catenin (data not
shown). In addition, TCF-4N had no effect on C/EBP« activa-
tion of the leptin promoter in the absence of exogenous B-cate-
nin (data not shown). The lack of inhibition by ANTCF-4E
suggests that B-catenin and TCF-4N enhance C/EBPa activity
through a mechanism that is independent of TCF/LEF DNA
binding. Because 293T cells express little or no endogenous
C/EBPa and B-catenin increased leptin promoter activity even
in the absence of C/EBPa binding sites (Fig. 5A), it appears
that B-catenin also interacts with other transcriptional regula-
tors of the leptin promoter. Our data suggest that a complex
containing B-catenin and TCF-4N induces leptin promoter ac-
tivity specifically through coactivation of C/EBPa.

To verify the functional interactions between B-catenin,
TCF-4N, and C/EBPaq, we performed luciferase assays with a
Gal4-C/EBPa expression construct and a Gal4-responsive re-
porter gene (Fig. 5B). The Gal4-C/EBPa chimeric protein
consists of the Gal4 DNA binding domain and the C/EBPa
transactivation domain truncated prior to the leucine zipper.
Transfection of Gal4-C/EBPa increased reporter gene activity
by almost 10-fold (Fig. 5B). While coexpression of B-catenin
with Gal4-C/EBPa did not greatly alter promoter activity,
TCF-4N synergized with these factors to dramatically increase
promoter activity. The effects of TCF-4N required expression
of both Gal4-C/EBPa and B-catenin (data not shown). These
data provide strong evidence that B-catenin and TCF-4N are
transcriptional coactivators for C/EBPa.

Regulation of C/EBPa activity by B-catenin in transfected
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FIG. 5. TCF-4N and B-catenin synergize to coactivate C/EBPa.
(A) 293T cells were transfected with a leptin promoter reporter gene
(250 ng; solid bars) or mtLeptin-luc (open bars), containing a mutated
C/EBPa binding site. Expression constructs for B-catenin (250 ng),
C/EBPa (50 ng), and TCF-4N (125, 250, and 500 ng) were cotrans-
fected as indicated. Samples were normalized to (-galactosidase ac-
tivity to correct for variations in transfection efficiency. Luciferase
activity is reported as activation (mean * standard deviation) relative
to the reporter gene alone. (B) 293T cells were cotransfected with a
Gal4-responsive reporter gene (250 ng) and an expression construct
for the Gal4 DNA binding domain fused to the transactivation and
basic region of C/EBPa (5 ng). Expression constructs for B-catenin
(250 ng) and TCF-4N (500 ng) were cotransfected as indicated. Lu-
ciferase activity is reported as activation (mean * standard deviation)
relative to the reporter gene alone. These results are representative of
at least three independent experiments. (C) Nuclear extracts (20 pg)
prepared 1 to 4 days after induction of 3T3-L1 cell differentiation were
analyzed by immunoblot for expression of B-catenin and C/EBPa.
RNA prepared 1 to 4 days after induction of 3T3-L1 cell differentiation
was analyzed for expression of TCF-4N by RNase protection assay with
a riboprobe specific for the unique 3’ untranslated region.

cells raises the issue of whether the endogenous proteins in-
teract within differentiating preadipocytes. To ascertain
whether B-catenin and C/EBPa are present at the same time
and in the same cellular compartment, we examined expression
of these proteins in nuclear extracts prepared from 3T3-L1
cells at various times after induction of differentiation. Nuclear

B-CATENIN AND TCF-4N COACTIVATE SF-1 AND C/EBPa 5371

B-catenin was elevated for the first 3 days of differentiation but
declined dramatically by day 4 (Fig. 5C). C/EBPa was ex-
pressed by day 2 and was maximal by day 3. Thus, B-catenin is
present in the nucleus during the time that C/EBPa is inducing
expression of PPARy and other adipocyte proteins. In addi-
tion, RNase protection analysis demonstrated that TCF-4N
was expressed throughout differentiation (Fig. 5C).

B-Catenin and TCF-4N interact with C/EBPa and p300 to
activate the leptin promoter. Our laboratory and others have
shown that the coactivators p300 and CREB binding protein
(CBP) functionally interact with C/EBPa (5, 9, 38). Given that
B-catenin also interacts with p300/CBP (10, 24, 43), we hypoth-
esized that p300 is a component of the B-catenin/TCF-4N
complex that coactivates C/EBPa. Previous analysis of the
N-terminal transactivation domain of C/EBPa indicated that
there were four main conserved regions, designated CR1 to
CR4 (Fig. 6A) (6). Of these four regions, CR2 (amino acids 55
to 108) is sufficient to activate transcription and to interact
functionally with p300 (5).

To determine the domains of C/EBPa that mediate func-
tional interactions with the B-catenin/TCF-4N complex, we
performed luciferase assays with the leptin reporter gene (Lep-
tin-luc) and mutants of C/EBP« (Fig. 6B). Cotransfection of a
C/EBPa mutant consisting of CR2 and the bZIP domain
(CR2-C/EBPa) with B-catenin/TCF-4N increased leptin re-
porter activity similar to that in full-length C/EBP«, suggesting
that CR2 is sufficient for functional interactions between
C/EBPa and the B-catenin/TCF-4N complex. Deletion of CR2
(CR1/3/4-C/EBPa) largely reduced the functional interaction
of C/EBPa with B-catenin/TCF-4N (Fig. 6B). Thus, it appears
that CR2 is sufficient to mediate coactivation not only by p300,
but also by B-catenin/TCF-4N.

Our data suggest that the CR2 region of C/EBPa is required
for functional interactions with B-catenin and TCF-4N. To
determine whether the CR2 region of C/EBPa is necessary for
physical interaction between C/EBPa and B-catenin, we per-
formed immunoprecipitation assays with lysates from 293T
cells. We cotransfected 293T cells with 3-catenin, p42 C/EBP«a
and CR1/3/4-C/EBP«, which lacks the CR2 domain. Full-
length C/EBPa (p42) was immunoprecipitated with B-catenin,
but CR1/3/4-C/EBPa was not (Fig. 6C). Using similar meth-
ods, we also found that B-catenin was immunoprecipitated
with p42C/EBPa (data not shown). Taken together, these data
suggest that functional interactions between C/EBPa and
B-catenin are mediated through direct physical interactions.

Our prior findings indicate that CR2 is the strongest trans-
activation domain within C/EBPa and acts, in part, through the
transcriptional coactivator p300 (5). Given that CR2 interacts
with B-catenin/TCF-4N (Fig. 6B and C) and that B-catenin
interacts with p300 (10, 24, 43), it is possible that the transcrip-
tional complex for C/EBPa contains B-catenin, TCF-4N, and
p300. To test whether p300 interacts with B-catenin/TCF-4N to
coactivate C/EBPa, we performed luciferase assays on cells
transfected with the leptin reporter gene and expression con-
structs for C/EBPa, B-catenin, TCF-4N, and p300, as indicated
(Fig. 6D). Cotransfection of p300 resulted in a synergistic in-
crease in promoter activity over that observed with C/EBPa
and B-catenin/TCF-4N. A similar but less robust increase was
observed with p300, C/EBPa, and B-catenin in the absence of
TCF-4N, suggesting a role for TCF-4N in stabilizing interactions
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FIG. 6. B-Catenin and TCF-4N interact with C/EBP« and p300 to activate the leptin promoter. (A) The amino acid sequence of mouse C/EBP«
is schematically diagrammed, with the four conserved regions within the transactivation domain indicated. The CR2-C/EBPa and CR1/3/4-C/EBPa
deletion constructs are shown schematically relative to full-length p42C/EBPa. (B) 293T cells were transfected with Leptin-luc (250 ng) and 50 ng
of expression vectors for full-length C/EBPa (solid bars), CR2-C/EBPa (open bars), or CR1/3/4-C/EBPa (gray bars). Expression constructs for
B-catenin (250 ng) and TCF-4N (500 ng) were cotransfected as indicated. Samples were normalized to B-galactosidase activity to correct for
variations in transfection efficiency. Luciferase activity is reported as fold activation (mean * standard deviation) relative to the reporter gene
alone. (C) 293T cells in 10-cm plates were transfected with 5 pg each of the indicated expression vectors by calcium phosphate coprecipitation.
Cells were lysed after 48 h, and B-catenin was immunoprecipitated with anti-Flag antibody. Immunoprecipitated B-catenin complexes were
separated by SDS-PAGE, followed by immunoblot analysis for C/EBPa and B-catenin. (D) 293T cells were transfected with Leptin-luc (250 ng)
and expression constructs for C/EBPa (50 ng), B-catenin (250 ng), and TCF-4N (500 ng) as indicated. Cells were cotransfected with 250 ng of either
empty vector (solid bars) or human p300 (open bars). Luciferase activity is reported as activation (mean * standard deviation) relative to the

reporter gene alone. Results are representative of at least three independent experiments.

between p300 and the transcriptional complex. Taken together,
these data support a model in which B-catenin coactivates
C/EBPa through a complex that contains TCF-4N and p300.
TCF-4N partially rescues the block of differentiation by ec-
topic expression of B-catenin. Activation of the canonical Wnt
signaling pathway by inhibition of glycogen synthase kinase 3
or enforced expression of PB-catenin blocks adipogenesis
through activation of TCF/LEF target genes (1, 35, 37). Our
results indicate that TCF-4N decreases coactivation of TCF/
LEF family members by B-catenin yet enhances coactivation of
other transcription factors, including C/EBPa. To determine if
TCF-4N alters the ability of B-catenin to block differentiation,
we stably expressed B-catenin alone or B-catenin with TCF-4N
by sequential retroviral infections (Fig. 7A and B). Control
3T3-L1 preadipocytes and those expressing TCF-4N differen-
tiated fully in response to inducers of adipogenesis (Fig. 7A).
While expression of B-catenin blocked the differentiation of
3T3-L1 preadipocytes, coexpression with TCF-4N resulted in
more cells undergoing adipogenesis than observed with B-cate-
nin alone (Fig. 7A). Expression of exogenous B-catenin in both
cell lines was similar by immunoblot analysis (data not shown).
We also performed a reciprocal experiment in which control

cells and B-catenin-expressing cells were infected with control
or TCF-4N retroviruses (Fig. 7B). This experiment produced
similar results, with increased differentiation in cells that ex-
pressed B-catenin and TCF-4N compared to preadipocytes
that expressed B-catenin alone. After extraction and quantifi-
cation of Qil Red-O, we found that the amount of stain was at
least twofold higher in cells that coexpressed B-catenin and
TCF-4N compared to cells that expressed B-catenin alone (Fig.
7A and B). In addition to increasing amounts of triacylglycerol
in these cells, TCF-4N rescued expression of C/EBPa (Fig. 7A
and B, insets), which is an indicator of adipogenesis. These
results are consistent with our reporter gene assays, which
indicate that TCF-4N inhibits B-catenin activation of TCF/
LEF target genes and that TCF-4N enhances coactivation by
B-catenin of other transcription factors, such as the adipogenic
factor C/EBPa.

DISCUSSION

In this study we characterized the function of an alterna-
tively spliced isoform of TCF-4, which we named TCF-4N
because it contains the N terminus of the protein. TCF-4N has
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FIG. 7. TCF-4N partially rescues the block of differentiation caused by ectopic expression of B-catenin. (A) 3T3-L1 preadipocytes were infected
with a control retrovirus (Hygro) or a retrovirus containing the coding region for TCF-4N. Control and TCF-4N-expressing cells were reinfected
with a control retrovirus (Neo) or a retrovirus containing the coding region for S33Y B-catenin. Two days after confluence, cells were treated with
inducers of adipogenesis. Two weeks later, cells were stained with Oil Red-O to visualize the degree of lipid accumulation. The amount of Oil
Red-O was quantified after extraction and is displayed as fold absorbance relative to the empty vector control. Cells were lysed, and expression
of C/EBPa was analyzed by immunoblot (inset). (B) Control (Neo) and S33Y B-catenin-expressing cells were reinfected with a retrovirus alone
(Hygro) or a retrovirus containing the coding region for TCF-4N and analyzed as in A. (C) Model for the regulation of B-catenin by TCF-4N.
Expression of TCF-4N inhibits interactions between B-catenin and TCF/LEF transcription factors. Complexes containing (3-catenin, TCF-4N, and
p300 coactivate multiple transcription factors, including the adipogenic transcription factor C/EBPa.

a translational stop site prior to the DNA binding domain,
resulting in a stable protein that retains the ability to bind
B-catenin (Fig. 1C). TCF-4N inhibits the activation by B-cate-
nin of TOPFLASH, a TCF-dependent promoter, similar to the
well-established dominant negative TCF ANTCF-4E (Fig. 2).
However, TCF-4N enhances the activation by B-catenin of
TCF-independent promoters, such as the mutant cyclin D1
promoters (Fig. 3A), the SF-1-dependent inhibin promoter
(Fig. 4B), the LexA-responsive promoter as activated by Lex-
ASF-1 (Fig. 4B), the Gal4-responsive promoter as activated by
Gal4-BCat or Gal4-C/EBPa (Fig. 3A and 5B), and the
C/EBPa-dependent leptin promoter (Fig. 5SA). The mecha-
nism by which the B-catenin/TCF-4N complex coactivates
C/EBPa appears to involve p300, based upon synergy between
these important transcriptional regulators (Fig. 5 and 6). Fi-
nally, ectopic expression of TCF-4N in 3T3-L1 preadipocytes
partially relieves the block of differentiation caused by B-cate-
nin (Fig. 7A and B). Thus, we propose that TCF-4N inhibits
coactivation by B-catenin of TCF/LEF transcription factors
and enhances the coactivation by B-catenin of other transcrip-
tion factors, such as SF-1 (Fig. 4) and the adipogenic transcrip-
tion factor C/EBPa (Fig. 7C).

The ability of TCF-4N to partially relieve the inhibition of
3T3-L1 adipogenesis caused by B-catenin supports the evi-

dence from reporter gene assays that TCF-4N potentiates co-
activation by B-catenin of non-TCF/LEF transcription factors,
including the positive regulator of adipogenesis C/EBPa (Fig.
5). Rescue of the inhibition of B-catenin by TCF-4N could
potentially be due to inhibition of TCF/LEF-dependent tran-
scription and/or activation of C/EBPa and other adipogenic
transcription factors. Coactivation of C/EBPa by -catenin is
paradoxical, given the inhibitory effect of Wnt signaling and
dominant-stable B-catenin on adipogenesis. Interestingly, nu-
clear B-catenin levels remained elevated for 3 days after in-
duction of adipocyte differentiation (Fig. 5C), despite a decline
in the Wnt10b and Frizzled receptors (1). Levels of the adipo-
genic transcription factors C/EBPa and PPARYy increased dur-
ing this time and peaked 3 days after induction of differentia-
tion. Since B-catenin declined after induction of many
adipocyte markers and the accumulation of lipid, it appears
that B-catenin has a more complex role during adipogenesis
than the strictly antagonistic function predicted by its role in
the canonical Wnt signaling pathway.

Studies that examined the structure of TCF/LEF transcrip-
tion factors bound to B-catenin suggest that they bind as a
heterodimer, with a 1:1 stoichiometry (7, 30). As TCF-4N lacks
the DNA binding domain and a putative nuclear localization
signal, we postulated that TCF-4N could inhibit transcriptional
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coactivation by B-catenin by blocking interactions of B-catenin
with DNA-bound TCF/LEF transcription factors. However,
the mechanism by which TCF-4N enhances transcriptional co-
activation by B-catenin of target genes is unknown. Protein
levels of total exogenous B-catenin are unaltered by TCF-4N,
suggesting that TCF-4N does not increase the stability of
B-catenin (data not shown). B-Catenin has been reported to be
tyrosine phosphorylated, which decreases its affinity for E-
cadherin and increases its affinity for TATA binding protein
(28); however, we saw no change in tyrosine phosphorylation
of B-catenin when it was coexpressed with TCF-4N (data not
shown). However, other important posttranslational modifica-
tions of B-catenin, such as sumoylation or acetylation, may be
regulated by TCF-4N (17, 47). Another possibility is that
TCF-4N alters the cellular localization of B-catenin through
regulation of the cytosolic/nuclear pool or the membrane-
bound pool by an unknown mechanism. However, expression
of TCF-4N does not appear to alter the localization of fluo-
rescently tagged B-catenin (data not shown). Furthermore, the
positive effect of TCF-4N on the activity of the Gal4-BCat
fusion protein (Fig. 3B) suggests that the effects of TCF-4N
may not involve differences in subcellular localization, as Gal4-
BCat is nuclear due to the Gal4 nuclear localization signal.

While the mechanism whereby TCF-4N potentiates tran-
scriptional coactivation by B-catenin does not appear to in-
volve regulation of B-catenin stability, tyrosine phosphoryla-
tion, or subcellular localization, the positive effect of TCF-4N
on B-catenin may be through the recruitment of transcriptional
coactivators. It is well established that B-catenin physically and
functionally interacts with p300 and CBP (10, 24, 43). TCF-4N
may stabilize these interactions, because TCF-4N greatly in-
creased the coactivation of C/EBPa by p300 and B-catenin
(Fig. 6D). Furthermore, TCF-4N may recruit additional coac-
tivators to the complex that are not recruited by B-catenin or
p300 alone.

While we identified and characterized TCF-4N as encoding
the N terminus of TCF-4 in the mouse, we also identified by
database searches a similar isoform of TCF-3 in cows. Strik-
ingly, the alternative splice site and stop codon are completely
conserved between mouse TCF-4N and bovine TCF-3. In ad-
dition, another group recently cloned a similarly truncated
LEF-1 isoform in humans (18). In contrast to TCF-4N and the
putative TCF-3N, which are alternatively spliced and truncated
by insertion of a stop codon immediately after the exon junc-
tion (3), the novel LEF-1 isoform contains an alternative exon
coding for a novel string of amino acids prior to a stop codon.
Similar isoforms of LEF-1 in humans, TCF-4 in mice, and
TCF-3 in cows suggest a conserved and important role for
N-terminal isoforms in regulation of transcription. In this pa-
per we have shown that TCF-4N inhibits TCF/LEF-dependent
transcription and stimulates the coactivation by B-catenin and
p300 of other transcription factors, including C/EBPa. The
effects of TCF-4N on adipogenesis demonstrate its ability to
influence cell growth and differentiation.
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