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We have determined that I-mfa, an inhibitor of several basic helix-loop-helix (b HLH) proteins, and XIC, a
Xenopus ortholog of human I-mf domain-containing protein that shares a highly conserved cysteine-rich C-
terminal domain with I-mfa, inhibit the activity and DNA binding of the HMG box transcription factor XTcf3. Ecto-
pic expression of I-mfa or XIC in early Xenopus embryos inhibited dorsal axis specification, the expression of
the Tcf3/B-catenin-regulated genes siamois and Xnr3, and the ability of B-catenin to activate reporter constructs
driven by Lef/Tcf binding sites. I-mfa domain proteins can regulate both the Wnt signaling pathway and a
subset of bHLH proteins, possibly coordinating the activities of these two critical developmental pathways.

I-mfa directly inhibits the activity of Myf5 and related myo-
genic basic helix-loop-helix (PHLH) proteins by preventing nu-
clear localization and DNA binding (8). These activities are
dependent upon the cysteine-rich C-terminal domain specific
to I-mfa. During mouse embryogenesis, I-mfa mRNA is
broadly expressed in both embryonic and extraembryonic
tissues, including the presomitic mesoderm, the dermomyo-
tome, and the sclerotome, but not in the myotome (23). This
has led to the hypothesis that [-mfa inhibited the activity of the
low levels of Myf5 expressed in the presomitic mesoderm until
developmental signals, possibly including sonic hedgehog
(SHH) and Wnt-1, relieved the I-mfa inhibition of Myf5 and
permitted myogenic differentiation in the myotome (8). Tar-
geted disruption of I-mfa in strain C57BL/6 mice results in
lethality around embryonic day 9.5 (23). Phenotypic and mo-
lecular analysis has revealed that I-mfa inhibits the activity
of bHLH protein MASH2, preventing normal differentia-
tion of trophoblast giant cells. In the 129Sv mouse strain,
homozygous disruption of I-mfa results in abnormal skeletal
development and reduced expression of scleraxis, a bHLH
protein implicated in chondrogenic differentiation (9). These
results provide genetic and molecular support for the role of
I-mfa as a negative regulator of a subset of bHLH transcription
factors and implicate I-mfa as a necessary component of as-
pects of normal somite development.

Recently, human I-mfa domain-containing protein (HIC)
has been identified as a protein that has a cysteine-rich C-ter-
minal domain with a high degree of homology to the C-termi-
nal domain of I-mfa (77% identity and 81% similarity) (40).
HIC has been shown to be able to regulate Tat- and Tax-
mediated expression of viral promoters differentially, stimulat-
ing the expression from the human T-cell leukemia virus type
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I (HTLV-I) long-terminal repeat and suppressing expression
from the human immunodeficiency virus type 1 (HIV-1) long-
terminal repeat. The I-mfa domain was necessary for the reg-
ulatory activity of HIC, just as it was necessary for the ability of
I-mfa to regulate the activity of bHLH proteins. In this regard,
HIC and I-mf represent two families of proteins that share a
highly conserved cysteine-rich regulatory domain, termed the
I-mfa domain. Given the conservation of this domain, it is like-
ly that HIC and I-mfa might be capable of similar protein in-
teractions, and, indeed, I-mfa also regulates HTLV-I transcrip-
tion (40).

Tcf and Lef proteins are highly conserved members of the
HMG domain family of architectural factors that bend DNA
and facilitate assembly of nucleoprotein complexes to regulate
transcription (12, 13). Originally characterized as factors which
bind the enhancer of T-cell-specific genes (42), they have re-
cently been identified as mediators of the Wnt/wingless signal-
ing pathways through interaction with transcriptional coactiva-
tors B-catenin and armadillo (2, 16). Activation of the target
genes in these pathways controls numerous cell fate and dif-
ferentiation events, including axis specification in Xenopus lae-
vis (29), somite patterning or paraxial mesoderm development
in chickens and mice, and gastrulation (7, 31, 34) and axis
formation in mice (14, 17), as well as colorectal epithelial stem
cell maintenance and cancer (20, 21). In this report, we show
that I-mfa and XIC, the Xenopus ortholog of HIC, can repress
the Wnt signaling pathway and directly interact with XTcf3 to
prevent DNA binding and transcriptional regulation by XTcf3.
In both I-mfa and XIC, the cysteine-rich I-mfa domain is both
necessary and sufficient for the interaction with XTcf3. The
ability of the I-mfa domain to interact with both bHLH pro-
teins and Tcf3 suggests that this class of proteins has the
potential to play a role in integrating the signals from multiple
regulatory pathways.

MATERIALS AND METHODS

Embryos and injection of synthetic RNA. The culture of embryos and the
synthesis and injection of capped mRNA were performed as described previously
(37). For perturbation of the endogenous dorsal axis or inhibition of siamois and
Xnr3 expression, injections were made subequatorially into the two dorsal blas-
tomeres of four-cell embryos. In ectopic axis experiments, injections were into
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the equatorial region of two ventral blastomeres of four-cell embryos. For all
other experiments, injections were into the animal pole at the two-cell stage.
Control injections were performed with indicated amounts of B-galactosidase
mRNA.

Western blotting. Embryos were injected with myc-tagged B-catenin or myc-
tagged pt B-catenin RNA into two ventral cells at the four-cell stage. At the early
gastrula stage the embryos were collected and lysed in buffer containing 10 mM
HEPES (pH 7.5), 150 mM NaCl, 2 mM EDTA, and 1% NP-40 and protease
inhibitors. Proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and by immunoblotting with the anti-myc epitope
antibody, 9E10.

Library screening. A Xenopus oocyte lambda gt10 library (35) was screened
using the I-mfa-specific domain of XIC obtained using degenerate PCR primers
based on the sequences for mouse and human I-mfa.

RT-PCR. RNA was isolated from 5 to 10 embryos following lysis in a solution
containing 3 M LiCl and 6 M urea and treated for 30 min with RNase-free
DNase. One to two micrograms of RNA was used for the reverse transcription
(RT) reaction, and one-fifth of the RT product was a template for the PCR. PCR
conditions for XIC, siamois, and Xnr3 included 35 cycles of 94°C for 30 s, 60°C
for 30 s, and 72°C for 1 min. Efla signals were detected using 20 cycles. All
RT-PCR experiments included controls without RT and without a template.
Primers were as follows: XIC, 5’ CTG AAT TCA CAC TGT GTA ACA TTG
TAG TGG 3’ and 5" GAT CTA GAT CCA AAC AGT CTG AAG ATT CAC
3, efla (38), siamois (5), and Xnr3 (44).

Coimmunoprecipitations and MBP pull-down assays. Coimmunoprecipita-
tions were performed essentially as described (8). Embryos were injected twice
in the animal pole with 3 ng of hemagglutinin (HA)-tagged XTcf3 and 3 ng of
myc-tagged mouse I-mfa or I-mfb and collected at Nieuwkoop Faber (NF) stage
10.5 for lysis. Samples were lysed in a solution containing 100 mM Tris (pH 7.4),
150 mM NaCl, 2 mM EDTA, and 0.5% NP-40 and protease inhibitors and
cleared by microcentrifugation for 20 min before adding polyclonal anti-mouse
I-mf antisera. Proteins were collected using protein-A Dynabeads (Dynal),
eluted with Laemmli SDS sample buffer, and examined by PAGE and Western
blotting. Western blots were processed using 12CAS5 anti-HA antibodies and
then visualized using Amersham ECL reagents. In vitro pull-down assays
using maltose-binding protein (MBP) fusions and XTcf3, B-catenin and
XTcf3hmgG4A, and myogenin or MyoD synthesized in a reticulocyte lysate
system (Promega) and labeled with [**S]methionine were performed as previ-
ously described (8). The MBP fusion proteins contained full-length I-mfa, amino
acids 163 through 246 of I-mfa (I-mfa-specific C-terminal domain), full-length
I-mfc, or amino acids 164 through 251 of I-mfb (I-mfb-specific C-terminal do-
main). Tcf3 HMGG4A (J. R. Miller, unpublished data) contained amino acid
residues 259 through 415 fused to the Gal4 activation domain of pGAD424
(Clontech) and subcloned into pCS2™.

Gel mobility shift assays. The DNA probe for Tcf3 binding was a 30-bp
oligonucleotide encompassing the S1 Tcf3/Lef consensus binding site from the
Xenopus siamois promoter (4), and the probe for the myogenic and E proteins
contained an E-box consensus binding site (8). The probes were labeled to the
same specific activity. XTcf3, B-catenin, myogenin, and the E12 and E47 proteins
were synthesized in a wheat germ or reticulocyte lysate (Promega). The purified
MBP-I-mf fusion proteins are described above. Proteins were combined in a
mixture containing 20 mM HEPES (pH 8.0), 3 mM MgCl,, 1 mM dithiothreitol,
and 1 mM EDTA; NaCl to a concentration of 18 mM was provided by the MBP
protein preparation or an equivalent volume of phosphate-buffered saline-10%
glycerol. Following incubation at 30°C for 15 min, 10 ng of end-labeled probe was
added, the mixture was incubated for 10 min at room temperature, and samples
were electrophoresed at 200 V for 4 h at 4°C.

RESULTS

In the mouse and in humans, three mRNA isoforms are
expressed from the I-mf locus: I-mfa, I-mfb, and I-mfc. They
share a common N terminal region and vary in the C terminus
as a result of alternate splicing (8). Originally, we planned to
assess the ability of I-mfa to inhibit myogenesis and the activity
of XMyoD in Xenopus. Therefore, we injected mRNA for [-mf
into the equatorial region of two-cell Xenopus embryos and
evaluated the expression of myosin heavy chain, a protein
expressed in skeletal muscle cells. I-mfa inhibited myosin
heavy chain expression and myogenesis, whereas I-mfb and
I-mfc isoforms did not (data not shown). Interpretation of
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TABLE 1. Inhibition of endogenous dorsal axis
formation in Xenopus embryos®

mRNA injected Amt injected (ng) No. examined Avg DAI
I-mfa 5 17 1.5
I-mfa 1 17 2.2
I-mfa 0.5 25 32
I-mfa 163-246 5 32 1.2
I-mfb or I-mfc 5 63 5
{3-gal control 5 30 5
XIC 5 32 1.1
XIC 1 27 3.0
XIC 0.5 25 3.8

“ Embryos were injected at the four-cell stage into the marginal zone of two
dorsal blastomeres with the indicated mRNAs. Embryos were cultured to the
tailbud stage and scored individually according to the DAI of Kao and Elinson
(18). The average DAI score for each type of injection is shown.

myogenic inhibition by I-mfa was complicated by the unex-
pected lack of anterior and axial structures in many of the
injected embryos, a phenotype that is characteristic of inhibi-
tion of dorsal axis development. This suggested that ectopic
I-mfa was inhibiting the formation of the dorsal axis.

To further characterize the effect of I-mfa on axis specifica-
tion, I-mfa mRNA was injected in the marginal zone of the two
dorsal blastomeres of four-cell embryos. Injected embryos
were cultured to the tailbud stage and scored according to the
dorsoanterior index (DAI), a quantitative scale ranging from
fully ventralized (a score of 0) through normal (a score of 5) to
fully dorsalized (a score of 10) (18). I-mfa injection resulted in
ventralization of the endogenous axis in a dose-dependent
manner, whereas I-mfb and and I-mfc (I-mf isoforms that lack
the I-mfa domain) did not alter normal axis development (Ta-
ble 1). We concluded that I-mfa had an unexpected effect on
axis formation and sought to determine whether a homolog of
murine I-mfa was expressed during Xenopus development.

Using a degenerate primer strategy based on comparison of
the human and mouse I-mfa-specific sequence, we cloned XIC,
a Xenopus cDNA that is the apparent ortholog of HIC (Fig.
1A). Compared to mouse I-mfa, XIC is 82% similar to I-mfa in
the C-terminal I-mfa-specific region and 43% similar to the
region common to all I-mf transcripts. XIC has a higher ho-
mology to the HIC protein, being 78% similar overall and 97%
similar in the C-terminal region.

A developmental time course of XIC expression by RT-PCR
demonstrated that XIC is present as maternal mRNA and
expression persists throughout embryogenesis (Fig. 1B). Dur-
ing the late blastula and early gastrula stages of development
there was no dorsal/ventral asymmetry in XIC RNA expression
as determined by RT-PCR; in situ hybridization also revealed
no spatially restricted expression (Fig. 1B; data not shown).
Ubiquitous expression at the RNA level is characteristic of all
currently known axis-determining factors, and the presence of
the XIC mRNA in pre-mid-blastula-transition embryos is con-
sistent with a possible role in axis specification.

Injection of XIC in the marginal zone of the two dorsal
blastomeres resulted in a degree of ventralization that was
similar to that obtained with injection of mouse I-mfa (Table
1). Both mouse I-mfa and XIC share the carboxy-terminal
domain specific to the mouse I-mfa isoform, implicating this
region as necessary for alteration of axis specification. Injecting
mRNA that encoded only the I-mfa-specific domain (amino
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FIG. 1. Sequence and RNA expression pattern of X/C. (A) Amino
acid sequence comparison of mouse I-mfa, HIC, and XIC is shown.
The conserved carboxy-terminal regions are boxed. (B) RNA from
whole Xenopus embryos or the dorsal and ventral halves at specific
developmental stages was isolated and reverse transcribed for ampli-
fication using primers specific for the specific domain of X/C cDNA.
Expression of efla was monitored as an internal control. There were no
XIC PCR signals from control samples prepared without RT.

acids 163 through 246 of mouse I-mfa) resulted in ventraliza-
tion of the embryo to the same degree as that caused by the full
I-mfa protein (Table 1), demonstrating that the action of this
carboxy-terminal region is sufficient to alter axis specification.
Deletion of the I-mfa-specific domain from either protein
eliminated its effect on axis formation. From these experiments
we concluded that XIC has an effect on axis formation that is
indistinguishable from that of I-mfa. Because this raises the
possibility that XIC normally functions in axis development, we
investigated the mechanism of action of both I-mfa and XIC.

The molecular steps in the axis specification of Xenopus have
been intensively studied (6, 27, 29). Described briefly, signaling
through a Wnt-like cascade reduces the function of GSK-3,
protecting B-catenin from phosphorylation-dependent degra-
dation. The stabilized B-catenin interacts with the Tcf/Lef tran-
scription factor to initiate siamois expression, which is suffi-
cient for dorsal axis specification. To ascertain the step at
which [-mfa perturbs the pathway, we used this well-charac-
terized system to test the ability of I-mfa to block axis dupli-
cation by specific components of the Wnt pathway. Injection of
mRNA for Xwnt-8, a dominant negative GSK-3 (dnGSK-3)
(33), B-catenin (46), or siamois into the marginal zone of the
two ventral blastomeres of four-cell embryos resulted in the
formation of a second axis containing eyes and cement gland
(Table 2). Coinjection of I-mfa RNA completely blocked the
specification of a second axis by Xwnt-8, dnGSK-3, and B-cate-
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TABLE 2. Inhibition of ectopic dorsal axis in Xenopus embryos

mRNA injected” Duplicate axes (1)" Single axis (n)°

Xwnt-8 + control 16 3
Xwnt-8 + I-mfa 0 25
dnGSK3 + control 20 1
dnGSK3 + I-mfa 0 23
B-catenin + control 15 1
B-catenin + I-mfa 0 15
pt B-catenin + control 49 9
pt B-catenin + I-mfa 2 46
siamois + control 29 2
siamois + I-mfa 22 3
XTcf3 HMGG4A 36 2
XTcfSHMGG4A + I-mfa 0 66
XTcf3HMGG4A + I-mfb 12 0
XTcfSHMGG4A + 163-246 0 5

“ Injection of 20 pg of Xwnt-8, 2 pg of dnGSK3, 300 pg of B-catenin, 25 pg of
pt-B-catenin, 20 pg of siamois mRNA, or 50 pg of XTcf3BHMGG4A was per-
formed alone or in combination with 5 ng of I-mfa or B-galactosidase mRNA into
the marginal zone of two ventral blastomeres of four-cell embryos. Two nano-
grams of RNA for I-mf proteins was coinjected with Tcf3BHMGG4A.

b Ectopic axes, scored at the tailbud stage, contained eyes and cement glands
and were generated by minimal amounts of the Xwnt-8, dnGSK-3, or B-catenin
mRNA.

¢ Coinjection of I-mfa resulted in embryos containing only a single axis; inhi-
bition of the ectopic axes was complete.

nin, but it did not affect formation of a second axis by siamois.
These data indicate that I-mfa acts prior to the transcriptional
activation of siamois, possibly at the level of Tcf3 or B-catenin.
To assess whether I-mfa facilitates the degradation of B-cate-
nin, we injected mRNA encoding a phosphorylation site mu-
tant of B-catenin (pt B-catenin) (46) that is resistant to GSK-
3-mediated degradation. I-mfa efficiently blocked second-axis
specification by pt B-catenin (Table 2), and the stability of pt
B-catenin in the presence of I-mfa was demonstrated by West-
ern analysis (Fig. 2, lane 4). These data demonstrate that I-mfa
blocks the activity of B-catenin-dependent transactivation in a
manner that does not rely on the degradation of B-catenin. To
examine the effect of the proteins containing the I-mfa-specific
domain on XTcf3 function, we injected XTcf3HMGGal4AD
(J. R. Miller, unpublished), which contains only the HMG-box

uninjected
B-catenin

pt B-catenin

pt B-catenin+I-mfa
pt B-catenin+l-mfb

e e B-catenin
1 2 3 4 5

FIG. 2. I-mfa inhibits dorsal axis in the presence of stable pt (3-cate-
nin. The two ventral cells of four-cell Xenopus embryos were injected
with 60 pg of mRNA encoding myc-tagged B-catenin (lane 2) or myc-
tagged pt B-catenin (lanes 3 through 5). I-mfa (2.5 ng; lane 4) or I-mfb
(2.5 ng; lane 5) mRNA was coinjected with the mutant pt B-catenin
mRNA in some embryos. Embryos were collected for analysis of pro-
teins by Western blotting with antibody to the myc epitope. Lysate
from the uninjected embryos is shown in lane 1.
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DNA binding domain of Tcf3, fused to a Gal4 activation do-
main. Transactivation by this construct is independent of
B-catenin protein. Overexpression of XTcf3HMGG4A on the
future ventral side of embryos leads to production of ectopic
dorsal axes. Coinjection of I-mfa or the I-mfa domain (amino
acids 163 to 246) alone but not I-mfb efficiently repressed the
development of ectopic axes (Table 2). We concluded that
I-mfa acts within the Wnt pathway, at the level of XTcf3.

Since I-mfa and XIC both block formation of the endoge-
nous axis, we next examined whether they do so by blocking the
expression of Wnt target genes that function in axis formation.
Both siamois (4) and Xnr3 (26) are direct targets of the B-cate-
nin/Tcf transcriptional activation complex that participate in
specification of the dorsal axis in Xenopus embryos. To deter-
mine whether I-mfa prevents transcription of siamois and Xnr3,
we monitored mRNA levels by RT-PCR in I-mfa- and control-
injected embryos. Injection of I-mfa mRNA substantially re-
duced the abundance of both siamois and Xnr3 mRNA (Fig.
3A, lane 2). Coinjection of I-mfa mRNA with an excess of
B-catenin mRNA partially rescued the expression of siamois
and Xnr3 (lane 4). Consistent with ventralization of the dorsal
axis, reduction of dorsal specific gene expression was dose
dependent (lanes 6 through 8). As with other experiments,
identical results were obtained when X/C mRNA was injected
into embryos.

The regulatory sequences of the siamois and Xnr3 genes
contain binding sites for Tcf/Lef (4, 26), through which B-cate-
nin regulates transcription in a complex with Tcf/Lef. To de-
termine whether I-mfa prevents expression of siamois and
Xnr3 in a manner involving these Tcf/Lef binding sites, we
injected reporter constructs containing the Tcf/Lef binding
sites in the context of the siamois regulatory region into the
animal pole of two-cell-stage embryos (Fig. 3B). The assay
relies on endogenous XTcf3 and exogenous B-catenin. Activity
from the siamois construct S013, containing an 800-nucleotide
promoter fragment with three intact Tcf binding sites, was
induced by 3-catenin, as previously reported (4). I-mfa strongly
repressed the B-catenin induction of reporter activity. In con-
trast, [-mfb had no significant effect on this or any other re-
porter used (Fig. 3B), indicating the necessity of the conserved
carboxy-terminal region of I-mfa. We extended our analysis to
the synthetic promoter TOPFLASH, which consists of multi-
merized Tcf/Lef binding sites (21). Again, I-mfa inhibited the
B-catenin-mediated activation of this promoter, whereas mu-
tation of the Tcf binding sites in the FOPFLASH mutant pro-
moter (Fig. 3C) reduced the amount of both activation by
B-catenin and suppression by I-mfa. We observed similar re-
sults using XJC mRNA. We concluded that proteins containing
the I-mfa domain prevent the B-catenin/Tcf complex from
positively regulating transcription.

Because the observed inhibition of XTcf3-dependent tran-
scriptional activity could be direct or indirect, we next exam-
ined whether I-mfa physically associates with XTcf3. In vitro-
translated, *°S-labeled XTcf3 protein was incubated with
purified MBP-I-mf fusions and the complexes were collected
on amylose resin. The MBPs fused with I-mfc and a sample
with no I-mf protein (not shown) were used as controls. As
shown in Fig. 4A, XTcf3 interacts specifically with I-mfa (lane
1) but not with I-mfc (lane 2). B-Catenin is also pulled down
with I-mfa and XTcf3 (lane 3) but not in the absence of XTcf3
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FIG. 3. I-mfa is an inhibitor of dorsal marker gene expression and
Tcf3/B-catenin-dependent promoter activation. (A) I-mfa reduces en-
dogenous expression of siamois and Xnr3. Five nanograms of control
mRNA (lane 1), I-mfa mRNA (lane 2), B-catenin (lane 3), or I-mfa
plus 1.5 ng of B-catenin mRNA (lane 4) was injected subequatorially
into the dorsal side of four-cell embryos. To determine a dose response
1 ng (lane 6), 2.5 ng (lane 7), or 5 ng (lane 8) of I-mfa mRNA was
injected as described in Materials and Methods. At early gastrula
stages of development, RNA was isolated from pools of eight embryos,
and RT-PCR was performed using primer pairs for siamois and Xnr3
with efl/ o as an internal control. Control reaction mixtures containing
no RT showed no PCR signals. (B) I-mfa negatively regulates 3-cate-
nin-responsive siamois promoter activity. Two-cell embryos were in-
jected into the animal pole with 300 pg of the siamois S013 (with
Tcf/Lef sites) reporter construct and the indicated mRNAs—-catenin
(300 pg), I-mfa (5 ng), or I-mfb (5 ng). Results of a representative
experiment are shown. (C) I-mfa inhibits B-catenin activation of a
synthetic Lef/Tcf promoter fused to luciferase. Three hundred pico-
grams of TOPFLASH or FOPFLASH reporter DNA was injected into
the animal pole of two-cell embryos with 300 ng of B-catenin and 5 ng
of I-mfa as indicated. Results of a representative experiment are
shown. Embryos for all luciferase assays were collected at NF stage
10.25 in pools of five embryos and assayed in triplicate. Results were
averaged and expressed as relative light units (RLU).

(lane 4), indicating that B-catenin does not directly bind I-mfa.
Our inability to detect direct interaction between I-mfa and
B-catenin suggests that it joins the complex through its inter-
action with the N terminus of Tcf3. Further characterizations
that mapped the regions required for the I-mfa and XTcf3
interaction were obtained using XTcf3HMGG4A as a tem-
plate for protein used in the MBP-I-mfa pull-down assay.
Consistent with the results of in vivo functional analysis, the
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FIG. 4. I-mfa and XTcf3 interact directly in vitro and in vivo. (A) In
vitro association between XTcf3 proteins and I-mf proteins. Full-
length XTcf3 protein interacts with MBP-I-mfa (lane 1) but not with
MBP-I-mfc (lane 2). B-Catenin (bcat) protein participates in a multi-
protein complex with I-mfa, but only if XTcf3 is included (lane 3).
B-Catenin does not interact with I-mfa alone (lane 4) or with I-mfc
(lane 5). Lanes 6 and 7 contain aliquots of input proteins that repre-
sent 15% of the amounts in experimental reaction mixtures. (B) The
DNA binding domain of XTcf3, expressed in the XTcf3HMGG4A
protein, associates with full-length MBP-I-mfa (lane 1) and the C-
terminal domain of I-mfa (lane 3) but not with full-length MPP-I-mfc
(lane 2) or the C-terminal domain of I-mfb (lane 4). (C) XTcf3 coim-
munoprecipitates with I-mfa but not I-mfb from Xenopus embryos.
Embryos were injected with 3 ng of HA-tagged X7¢f3 RNA, in com-
bination with 3 ng of either myc-tagged I-mfa (lanes 1 and 2) or
myc-tagged I-mfb RNA (lanes 3 and 4). Following immunoprecipita-
tion using anti-I-mf antibodies (lanes 1 and 3), proteins were examined
by Western blotting with anti-HA antibodies. Lanes 2 and 4 were from
mock immunoprecipitation reaction mixtures containing no anti-I-mf
antibodies. Background signals in lanes 2, 3, and 4 may be due to
nonspecific binding of XTcf3 to the beads, as they are not dependent
on the presence of antibody. +, included; —, not included.

XTcf3 protein that contains only the DNA binding domain
XTcf3BHMGGH4A physically interacts with full-length I-mfa
(Fig. 4B, lane 1) as well as the I-mfa-specific domain alone
(lane 3), but it does not interact with full-length I-mfc (lane 2)
or the C-terminal region of I-mfb (lane 4). XTcf3 also interacts
specifically with I-mfa in vivo, as demonstrated by results of
coimmunoprecipitation from injected Xenopus embryos. We
injected the animal pole of two-cell Xenopus embryos with
mRNA encoding HA-tagged X7Tcf3 and either myc-tagged
mouse [-mfa or myc-tagged I-mfb. Injected embryos were
lysed, and the I-mf proteins were immunoprecipitated with an
antibody that recognizes mouse I-mf isoforms, but not XIC,
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followed by Western blot detection of the HA-tagged XTcf3.
XTcf3 coprecipitated with I-mfa (Fig. 4C, lane 1) but not I-mfb
(lane 3), indicating that the I-mfa domain mediates complex
formation, as was observed in the in vitro assays. We concluded
that both in vivo and in vitro, I-mfa and XIC interact directly
with XTcf3.

I-mfa is known to inhibit the activity of myogenic bHLH
transcription factors by two mechanisms: (i) I-mfa masks the
nuclear localization signal of the myogenic bHLH protein,
resulting in cytoplasmic accumulation; and (ii) interaction of
bHLH proteins with I-mfa also prevents DNA binding inde-
pendently of nuclear localization (8). To determine whether
I-mfa interferes with the binding of XTcf3 to DNA, we per-
formed gel mobility shift assays using a single XTcf3 binding
site from the siamois gene promoter as a probe (4). In vitro-
translated XTcf3 protein bound to the probe and formed a
low-mobility complex (Fig. 5SA, lane 2). Addition of purified
I-mfa fusion protein (MBP with the I-mfa C-terminal domain,
residues 163 through 246) interfered with the assembly of the
complex in a dose-dependent manner (Fig. 5A, lanes 3, 4, and
5). The unique carboxy-terminal domain (residues 164 through
251) of I-mfb and full-length I-mfc (Fig. SA, lanes 6 and 7) did
not affect the XTcf3-DNA complex formation even when in-
cluded at the highest concentration that was tested for the

>
o)

control lysate
Tcf3+l-mfa 1x
Tct3+l-mfa 5x
Tcf3+l-mfa 20x
Tcf3+1-mfb 20x
Tcf3+I-mfc 20x

Tct3

—— - TCf3

-

|-mfa 20x-post assembly

control lysate

I-mfa 20x

1 2 3 4 5 6 7

FIG. 5. Inhibition of XTcf3 binding to DNA by the I-mfa domain.
(A) In vitro-translated XTcf3 protein formed a complex with DNA in
an electrophoretic mobility shift assay (lane 2) that was diminished by
the addition of increasing amounts of purified I-mfa domain-contain-
ing protein (lanes 3, 4, and 5). Purified I-mfb (lane 6) and I-mfc (lane
7) did not reduce the amount of shifted probe. 1X corresponds to 0.2
wg of purified MBP fusion protein. A control reaction containing only
the probe is shown in lane 1. Asterisks on right-hand side of panel A
indicate nonspecific bands. (B) I-mfa reduces binding of Tcf3 to DNA
less efficiently when added after assembly of the DNA-protein com-
plex. Purified I-mfa domain-containing protein was added either be-
fore (lanes 2 through 5) or after (lane 6) in vitro-translated XTcf3
protein was combined with probe DNA. Lanes 5 and 6 show reactions
containing equivalent amounts of I-mfa, and the sample shown in lane
1 contained only control lysate and probe.
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FIG. 6. I-mfa inhibits binding by Tcf3 and myogenin-E12 hetero-
dimers, but not by E47 homodimers. In vitro-translated XTcf3 (lanes
2 through 5) and heterodimers of myogenin and E12 protein (lanes 8
through 11) formed complexes with probes containing their respective
DNA binding sites that were reduced by increasing amounts (0.2 pg
[lanes 3, 9, and 14], 1 g [lanes 4, 10, and 15], and 4 pg [lanes 5, 11, and
16]) of I-mfa domain-containing protein. The band shift generated by
E47 homodimers (lanes 13 through 16) binding to the same DNA
probe as the myogenin-E12 heterodimer was not affected by the same
amounts of I-mfa protein.

I-mfa domain. I-mfa alone did not bind to the probe (data not
shown). When I-mfa was added after the assembly of Tcf3-
DNA complexes, it did not efficiently disrupt the preassembled
complex (Fig. 5B). These data indicate that the I-mfa domain
blocks the transcriptional activity of B-catenin by interacting
with the DNA binding domain of Tcf3, thus preventing the
Tcf3-B-catenin complex from binding DNA. This mechanism is
consistent with the nuclear as well as cytoplasmic localization
of I-mfa (8). Immunofluorescent colocalization of I-mfa, XTcf3,
and B-catenin expressed in cultured fibroblasts and in Xenopus
embryos demonstrated that I-mfa colocalized with B-catenin
and Tcf3 in the nucleus and that I-mfa did not prevent the
nuclear localization of Tcf3 or B-catenin (data not shown).

As a test of specificity, we compared the ability of I-mfa to
inhibit DNA binding of Tcf3 with its ability to inhibit binding
of a previously characterized I-mfa-sensitive protein complex
(a myogenin-E12 heterodimer) and an I-mfa-insensitive com-
plex (an E47 homodimer). As in the previous experiment, Tcf3
formed a low-mobility complex with a probe containing its
binding site, and increasing amounts of I-mfa diminished for-
mation of that complex (Fig. 6, lanes 2 through 5). An E12-
myogenin heterodimer similarly formed a low-mobility com-
plex with a probe containing its E-box binding site, and
increasing amounts of I-mfa diminished the formation of this
complex (lanes 8 through 11). In contrast, I-mfa did not sub-
stantially inhibit the binding of an E47 homodimer to the same
E-box probe (lanes 13 through 16).

We next sought to determine whether I-mfa bound to Tcf3
with approximately the same affinity that it bound to the myo-
genic bHLH proteins. Previous studies had demonstrated that
I-mfa interacted with myogenin and Myf5 with a higher affinity
than with MyoD, and we therefore compared the relative abil-
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ities of myogenin, MyoD, and Tcf3 to bind to I-mfa. We used
an amount of MBP-I-mfa that was limiting relative to the
amount of in vitro-translated myogenin protein, as demon-
strated by the increased amounts of protein pulled down by
increasing amounts of MBP-I-mfa (Fig. 7A, lanes 1 through 3).
This amount of I-mfa also pulled down Tcf3 and MyoD (lanes
4 and 5, respectively). Based on this titration, we used inter-
mediate amounts of MBP-I-mfa with saturating amounts of
myogenin and added equivalent amounts of MyoD or Tcf3.
Roughly equal amounts of myogenin and Tcf3 bound to the
limiting amounts of I-mfa when both were added together (Fig.
7B, lanes 3 and 4), indicating relatively equal affinities of myo-
genin and Tcf3 for I-mfa. In contrast, the presence of myoge-
nin precluded MyoD from binding to I-mfa (Fig. 7B, lanes 1
and 2), despite the fact that MyoD would bind I-mfa in the
absence of myogenin (Fig. 7A, lane 5), which is consistent with
the previously demonstrated higher affinity of I-mfa for myo-
genin than for MyoD.

DISCUSSION
We have demonstrated that two I-mfa domain-containing
proteins, I-mfa and XIC, can regulate the transcriptional ac-
tivity of a B-catenin-Tcf3 complex. Mechanistically, the I-mfa
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FIG. 7. I-mfa has similar binding affinity for XTcf3 and for myo-
genin. (A) In a pull-down assay using a constant amount of input in
vitro-translated protein, increasing amounts of MBP-I-mfa (0.2 pg,
1 pg, and 4 pg) recovered increasing amounts of myogenin (lanes
1 through 3), demonstrating that the I-mfa was limiting relative to the
amount of myogenin. In vitro-translated XTcf3 and MyoD were also
recovered by the MBP-I-mfa (lanes 4 and 5). (B) In a competitive pull-
down assay, limiting amounts of I-mfa protein were incubated with rela-
tively equal amounts (as determined by phosphorimager quantitation and
adjustment for the number of methionine residues in each protein)
of myogenin together with either MyoD or XTcf3. Relatively equal
amounts of myogenin and XTcf3 (lanes 3 and 4) were pulled down by
the limiting amount of I-mfa, whereas myogenin showed preferential
binding compared to MyoD (lanes 1 and 2). Lanes 5 through 7 show
representative aliquots of the in vitro-translated input proteins.
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domain directly interacts with XTcf3 and prevents its binding
to DNA, but the I-mfa does not disrupt the formation of a
complex between Tcf3 and B-catenin. As a consequence, the
I-mfa domain proteins inhibit the ability of B-catenin to me-
diate transcription through Tcf3/Lef binding sites in promoters
responsive to an activated Wnt pathway. In vivo this results in
the inhibition of dorsal axis formation when I-mfa RNA or XIC
RNA is injected into early Xenopus embryos. Since XIC is
expressed ubiquitously as both a maternal and zygotic tran-
script in Xenopus embryos, it has the potential both to regulate
the axis determination activity of XTcf3 and to modulate the
proposed functions of XTcf3 or Lef at later stages of develop-
ment, such as neural patterning (25) or mesoderm develop-
ment (15).

The knowledge that I-mfa can interact with Tcf/Lef proteins
and modulate the Wnt signaling pathway allows reconsidera-
tion of the phenotype of the I-mfa knockout mouse (23). In the
129/Sv mouse strain, I-mfa knockout resulted in delayed neural
tube closure and decreased expression of Pax-1 and scleraxis in
the ventral sclerotome and suppressed the outgrowth of the
cartilagenous rib primordia, resulting in skeletal-patterning de-
fects. Although some or all of these features could reflect
dysregulated bHLH activity, it is interesting that dorsoventral
patterning of the somite is regulated by a combination of Wnt
and SHH signals (7, 10, 39). Wnt signaling appears critical for
the formation of the paraxial mesoderm and dorsal somite
development, whereas SHH acts to ventralize the somite (7,
24, 45). It is likely that the Wnt signaling is mediated at least in
part through Tcf-1 and Lef-1, since the double knockout of
both Tecf-1 and Lef-1 has a phenotype similar to the Wnt3a
knockout (11). Therefore, the relatively high level of I-mfa
expression in the ventral somite and sclerotome (8, 23) could
act to limit the dorsalizing activity of Wnt signaling. In this
regard, overexpression of Wnt-1 inhibits Pax-1 expression and
suppresses chondrogenesis (7), phenotypes seen in the I-mfa-
null mouse. In contrast to the 129/Sv mouse strain, deletion of
the I-mf gene in the C57BL/6 mouse strain results in placental
failure that is secondary to a decreased number of trophoblast
giant cells. In this case, we demonstrated that I-mfa binds the
bHLH protein Mash2 and prevents its transcriptional activity
in a manner analogous to the inhibition of the myogenic bHLH
proteins by I-mfa. Disruption of Wnt-2 causes placentation
defects that are associated with ectopic giant cells in the pla-
centa (28). Therefore, Wnt-2 suppresses the ectopic giant cells,
whereas I-mfa promotes the formation of giant cells. Since
Tcf-1 is expressed in the derivatives of the trophectoderm (32)
and the combined Tcf-1/Lef-1 double-mutant mouse does not
form a placenta (11), it is plausible to suggest that some of the
placentation defects in the I-mfa-null mice might be secondary
to a loss of inhibition of the Wnt signaling pathway.

Multiple roles for mammalian Tcf/Lef proteins during early
development are consistent with their complex overlapping
expression patterns (22, 32). Tcf-1 and Lef-1 have wide, coin-
cident expression patterns until embryonic day 13.5 when they
are expressed in common regions such as tooth buds and the
thymus as well as unique regions such as trophectoderm-de-
rived cells and thoracic prevertebrae for Tcf-1 and tail prever-
tebrae and brain for Lef-1. Both are expressed exclusively in
lymphoid cells of adult animals. The phenotype of double
knockout mice for Tcf-1 and Lef-1 correlates the activity of
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these proteins with Wnt signal transduction and reveals redun-
dant roles that affect paraxial mesoderm differentiation as well
as development of placenta and limb buds. Tcf4 expression
overlaps with that of Lef-1 in the embryonic brain, but it is
uniquely expressed in the intestinal epithelium. Mice lacking
the Tcf4 gene are normal with the exception that they fail to
maintain crypt stem cells of the small intestine (20). Tcf3 is
expressed for a short period during gastrulation (22). The
widespread expression pattern and knockout phenotype of I-
mfa (23) are consistent with a potential role in regulation of
Tcf/Lef activities, particularly in skeletal, placental, and meso-
derm development. That additional effects of the knockout
were not observed may be due to overlapping expression of
a murine ortholog of HIC. While we currently know nothing
about HIC RNA levels during mammalian development, the
expression of this RNA in adult lymphoid tissue and the
small intestine encourages investigation of its role in Tcf-1-
or Tcf3-mediated thymocyte (41) or colorectal epithelial
differentation and carcinoma (20). It is interesting that HIC
suppression of transcription from the HIV-1 long-terminal
repeat in T cells may be explained by the presence of a
functionally significant (19) Tcf-1 binding site in the retro-
viral enhancer. Factors which negatively regulate HIV tran-
scription could contribute to the development of cell popu-
lations that contain latent virus. A clearer understanding of
the importance for I-mfa domain proteins, particularly with
regard to Wnt signaling through Tcf/Lef proteins during early
development, will necessitate a description of the embryonic
expression patterns of other family members such as HIC and
possibly the generation of null mutations of both genes.

The canonical Wnt signal transduction cascade is subject to
multiple levels of negative control. Most negative regulation of
the Wnt signaling pathway occurs through control of the deg-
radation of B-catenin by factors including adenomatous polyp-
osis coli and axin (1, 30). In addition, members of the Sox
protein family have been shown to interact with the same
armadillo repeat region of B-catenin as do Tcf and Lef, thereby
repressing its signaling activity (47). Corepressors of Tcf3 also
play a role in regulation of Wnt pathway activity. Specifi-
cally, Groucho (36) and CtBP (3) are corepressors
of XTcf3 that affect Xenopus development. In contrast, I-mfa
does not promote the degradation of B-catenin or prevent the
translocation of B-catenin to the nucleus (L. Snider, unpub-
lished observations). Instead, I-mfa prevents the binding of
the B-catenin-Tcf3 complex to DNA by masking the
Tcf3BHMGDNA binding domain. It is interesting that I-mfa
interacts with an alpha-helical region of the myogenic bHLH
proteins to mask their DNA binding and nuclear localization
signals and that the Tcf3 HMG domain also has an alpha-
helical structure (43). In summary, we have demonstrated that
I-mfa domain proteins that are known to interact with a subset
of bHLH proteins also interact with the HMG transcription
factor Tcf3 and repress Wnt signal transduction. Because
members of these protein families participate in multiple dif-
ferentiation pathways, the I-mfa domain has the potential to
coordinate their regulation.
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