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The CdxI gene product is essential for normal anterior-posterior vertebral patterning. Expression of CdxI
is regulated by several pathways implicated in anterior-posterior patterning events, including retinoid and Wnt
signaling. We have previously shown that retinoic acid plays a key role in early stages of CdxI expression at
embryonic day 7.5 (E7.5), while both Wnt3a signaling and an autoregulatory loop, dependent on Cdx1 itself,
are involved in later stages of expression (ES8.5 to E9.5). This autoregulation is reflected by the ability of Cdx1
to affect expression from proximal CdxI promoter sequences in tissue culture. However, this region is devoid
of a demonstrable Cdx response element(s). We have now found that Cdx1 and LEF1, a nuclear effector of Wnt
signaling, synergize to induce expression from the Cdx! promoter through previously documented LEF/T-cell
factor response elements. We also found a direct physical interaction between the homeodomain of Cdx1 and
the B box of LEF1, suggesting a basis for this synergy. Consistent with these observations, analysis of Cdx1
Wnt3a” compound mutants demonstrated that Wnt and Cdx1 converged on CdxI expression and vertebral
patterning in vivo. Further data suggest that Cdx-high-mobility group box interactions might be involved in a

number of additional pathways.

Somites are derived from segmentation of the paraxial me-
soderm in the caudal embryo and subsequently differentiate
into the dermamyotome and sclerotome, the latter being the
anlage of the vertebrae. Many vertebrae exhibit morphological
differences along the anterior-posterior axis, such as the ribs
characteristic of thoracic vertebrae. These distinct morpholog-
ical characteristics are indicative of patterning events which
dictate vertebral identity along the anterior-posterior axis. A
number of signaling molecules, such as retinoic acid, are well
documented to affect vertebral anterior-posterior patterning.
All such effectors typically impact on the expression of Hox
genes, and a wealth of gain- and loss-of-function experiments
clearly demonstrate a critical role for Hox gene products in
vertebral patterning (see, e.g., references 9, 11, 13, 19, and 27).

The 39 murine Hox genes are distributed in four clusters,
Hoxa to Hoxd, which have likely evolved by duplication of an
ancestral complex related to the HOM-C genes of Drosophila
melanogaster (17, 18, 20). In the mouse, Hox expression is
initiated at embryonic day 7.5 (E7.5) in the primitive streak,
with transcripts subsequently expanding anteriorly in the neu-
ral tube and mesoderm to eventually reach a predetermined
rostral limit (14, 45, 50). The onset and rostral limit of expres-
sion are generally related to the location of a given Hox gene
within its complex, with more 3’ members initiated earlier and
reaching more rostral limits of expression than 5’ paralogs.
This results in staggered domains of Hox expression along the
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anterior-posterior axis, which have been suggested to comprise
a Hox code (5, 23, 33).

While Hox genes are expressed initially in the primitive
streak and subsequently in the somites and prevertebrae, graft-
ing experiments in the chicken embryo demonstrate that ver-
tebral anterior-posterior patterning is imparted before overt
segmentation of the paraxial mesoderm, likely during or
shortly after gastrulation (34, 44). Paraxial mesoderm from
such transplants also retains the Hox expression patterns char-
acteristic of its original axial position, suggesting that the mo-
lecular program dictating anterior-posterior patterning is im-
parted during this early stage of vertebral ontogenesis.

Considerable effort has been directed to a better under-
standing of the mechanisms involved in establishing Hox gene
expression. Recently, members of the vertebrate Cdx family,
Cdxl, Cdx2, and Cdx4, have emerged as important players in
this process. Cdx genes encode homeodomain transcription
factors related to the Drosophila gene caudal. A number of
studies suggest a key role for Cdx members in vertebral pat-
terning by direct regulation of Hox expression. In particular,
loss-of-function studies in the mouse have shown that Cdx!
null mutants, Cdx2 heterozygotes, and Cdxl '~ Cdx2"'~ com-
pound mutants all exhibit skeletal defects which are associated
with a posterior shift in the anterior boundaries of expression
of a number of Hox genes (8, 55, 60). Furthermore, consensus
Cdx binding motifs have been identified in the promoters of
many Hox genes (2, 55), some of which direct spatial expres-
sion in vivo (7). Gain- and loss-of-function studies in chicken
and frog embryos also support a role for Cdx members in
anterior-posterior patterning of both mesoderm and neurecto-
derm through regulation of Hox expression (3, 30).

A number of signaling pathways, including retinoic acid and
some members of the fibroblast growth factor and Wnt/wing-
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less families, affect posterior embryonic patterning, at least in
part through regulation of Hox expression. However, the
means by which these signaling molecules impact Hox expres-
sion is incompletely understood. A number of studies have
demonstrated that Cdx family members respond to fibroblast
growth factor, Wnt, and retinoic acid (3, 28, 29, 30, 47, 49),
suggesting that Cdx proteins serve to convey these signals to
the Hox genes. Of particular relevance to the present study, we
(28, 49) and others (29) have shown that Cdx! is directly
regulated by both retinoic acid and Wnt3a in the caudal em-
bryo.

The Wnt signaling pathway is involved in many developmen-
tal processes (reviewed in references 42 and 62). Activation of
the canonical Wnt signaling pathway results in stabilization of
cytoplasmic B-catenin, which subsequently translocates to the
nucleus and associates with LEF/T-cell factor (TCF) transcrip-
tion factors (LEF1, TCF1, TCF3, and TCF4) to induce expres-
sion of target genes. Wnt3a is expressed in an overlapping
manner with Cdx! in the primitive streak and tailbud of murine
embryos (41, 56). Wnt3a homozygous null embryos (56) and
the Wnt3a hypomorph vestigial tail (v¢) (24) exhibit vertebral
abnormalities which occur concomitant with reduced expres-
sion of Cdx! and certain Hox genes (29, 49). This effect is likely
mediated through two LEF/TCF response elements present on
the proximal CdxI promoter, which function in tissue culture
(38, 49) and are also essential for normal expression of a Cdx!
transgenic reporter in vivo (39). Among the Wnt nuclear ef-
fectors, LEF1 and TCF1 are most likely responsible for con-
veying the Wnt3a signal to Cdx!, based on their overlapping
patterns of expression (46, 56) and the finding that LEFI TCF1
double null mutants have phenotypes similar to those of Wnt3a
null mice (21, 56).

In addition to regulation by Wnt and retinoic acid, Cdx1 is
required to maintain its own expression in vivo. This autoreg-
ulation can be recapitulated in P19 embryocarcinoma cells in
tissue culture, where Cdx1 can induce expression from a re-
porter vector comprised of proximal Cdx/ genomic sequences
(49). However, consensus Cdx1 binding motifs have not been
identified in these sequences, and the means by which this
effect is mediated is unclear. We now present evidence that this
autoregulation is mediated by direct physical interaction be-
tween Cdxl and LEF1, with the latter binding to the Cdx!
promoter. This interaction occurs between the homeodomain
of Cdx1 and the B box of LEF1. Analysis of an allelic series of
Cdx] Wnt3a""" mutants further supports an interaction be-
tween Wnt signaling and Cdx! autoregulation in vivo. Finally,
we present evidence that Cdx-high-mobility group (HMG) in-
teractions may be involved in other regulatory pathways.

MATERIALS AND METHODS

Plasmid constructs. The Cdx! genomic sequences and derivation of reporter
vectors have been described previously (28, 49). The Flag epitope-tagged Cdx1
vector was generated by subcloning the relevant coding sequences into a modi-
fied pCEP4 plasmid (Invitrogen), while the Flag-tagged retinoic acid receptor
gamma (RARYy) fusion construct was generated by PCR and subcloned into
pSGS5 (Stratagene). The reporter construct bearing four Cdx binding elements
from the Hoxb8 promoter was generated by subcloning EcMs79 sequences (7)
into pTK109-Luc (43). Expression vectors for glutathione S-transferase (GST)-
Cdx1 fusion proteins were generated by PCR and subcloned in pGEX4T-1
(Amersham-Pharmacia). The LEF1ABbox vector was generated by PCR and
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subcloned into pSGS. The Cdx1-LEF1 fusion constructs were made by PCR and
subcloned into pCMV5 (Liliana Attisano) or pCEP4Flag. Further details of the
derivation of these constructs are available upon request.

The pXPA17-5XUAS reporter vector, harboring five GAL4 binding elements,
and the expression vector pPCMXGAL4DBD, used to generate GAL4-Cdx1
fusion constructs, were gifts from Mark Featherstone. Hemagglutinin (HA)
epitope-tagged LEF1 expression vectors were provided by Liliana Attisano,
while the LEF1 DNA binding domain/B-catenin activation domain (LEF1AN-
BCTA) and the LEF1 N-terminal deletion mutant (LEF1AN/pCS2) were pro-
vided by Andreas Hecht. The Flag-tagged B-catenin expression vector was pro-
vided by David Rimm, and the LEF/TCF reporter vector pGL3-OT and control
pGL3-OF vector were provided by Bert Vogelstein.

Cell culture and transfections. P19 embryocarcinoma cells were propagated
under standard conditions. For transfection analysis, cells were passed into
six-well plates and transfected the same day by the calcium phosphate precipi-
tation method. Unless otherwise stated, transfections consisted of 1 pg of re-
porter construct and 0.5 pg each of expression vector(s) and empty vector (where
required) to a final amount of 2 ug of DNA. The following day, the medium was
replenished, and culture was continued for another 24 h. Cells were then dis-
rupted in 250 pl of lysis buffer (0.1 M Tris [pH 8.0], 1% Igepal, 1 mM dithio-
threitol) and assessed for luciferase activity with an AutoLumat LB953 lumi-
nometer (Berthold Technologies). Cos7 and F9 embryocarcinoma cells were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal bovine serum. Transfections were performed under the
same conditions as for P19 cells except that 100-mm tissue culture plates were
used with a total of 25 ug of expression vector(s) per transfection.

Chromatin immunoprecipitation assays. Chromatin immunoprecipitation as-
says were performed as previously described (37) with anti-FlagM2 antibody
(Santa Cruz Biotechnology). PCRs were performed for 30 cycles (96°C for 29 s,
60° C for 30 s, and 72° C for 1 min), with primers flanking the proximal Cdx]
LEF/TCF response elements, the Cdx! retinoic acid response element, or exon
3. Amplification products were resolved on a 2% agarose gel, transferred to a
Hybond N (Amersham-Pharmacia) membrane, and hybridized with an internal
oligonucleotide probe specific for the predicted amplification product (oligonu-
cleotide sequences available on request).

Immunoprecipitation assays. Cells were harvested in immunoprecipitation
buffer (20 mM Tris [pH 8], 25 mM NaCl, 1.5 mM MgCl,, 1 mM EGTA, 1%
Triton X-100, 10% glycerol, 1 mM dithiothreitol, and protease inhibitors) and
immunoprecipitated with mouse monoclonal anti-HA antibody (Covance,
Berkeley, Calif.) with 20 pl of protein A-G Plus—agarose (Santa Cruz). The beads
were washed twice with immunoprecipitation buffer, and proteins were resolved
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Western blots were performed by the ECL method (Amersham-Pharmacia) with
anti-FlagM2 antibody (Santa-Cruz Biotechnology) at a 1:5,000 dilution.

GST fusion proteins. Fifty milliliters of bacterial culture, transformed with the
appropriate GST-Cdx1 plasmid, was grown to an optical density of 0.6 to 0.8 and
treated with 0.5 mM isopropylthiogalactopyranoside (IPTG) for 2 to 3 h. Cells
were recovered by centrifugation, resuspended in 1.5 ml of phosphate-buffered
saline containing 1 mM dithiothreitol, 0.02% Triton X-100, and protease inhib-
itors, and disrupted by sonication. Triton X-100 was added to a final concentra-
tion of 1%, and the lysate was incubated on ice for 15 min. Following centrifu-
gation, the supernatant was incubated with glutathione-agarose beads (Sigma)
for 1 h at 4°C. The beads were recovered by centrifugation, washed three times
with phosphate-buffered saline, and used for in vitro binding assays.

In vitro pulldown assays. [**S]methionine-labeled LEF1 proteins were gener-
ated with the TNT system (Promega), and 5 pg of GST fusion protein was
incubated with 5 pl of labeled LEF1 in 750 pl of TNEN buffer (50 mM Tris [pH
7.5], 100 mM NaCl, 0.1% Igepal, 5 mM EDTA, 1 mM dithiothreitol, and
protease inhibitors). The beads were then washed with TNEN, proteins were
resolved by SDS-PAGE, and interactions were revealed by phosphorimaging.

Generation and analysis of mice. vestigial tail (Wnt3a""") mice were obtained
from the Jackson Laboratory (Bar Harbor, Maine). Cdx! null mice were de-
scribed previously (55). An allelic series of compound mutant offspring were
generated from Wnt3a"/* Cdx1™'~ intercrosses. Mice were mated overnight, and
females were examined the following morning for the presence of a vaginal plug;
noon of the day that the plug appeared was considered E0.5. CD1 mice (Charles
River) were used as wild-type controls; no overt differences in gene expression
have been observed between CD1 offspring relative to wild-type offspring from
the Wnt3a™ or Cdxl mutant colonies (49). In situ hybridization and skeletal
preparations were performed as previously described (1, 49).
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FIG. 1. Cdx1 is present on its own promoter in vivo. (A and B)
Anti-Flag chromatin immunoprecipitation analysis of the endogenous
Cdx1 promoter (A) and downstream sequences used as a negative
control (B) on mock-transfected (upper panel) and Flag-Cdx1-trans-
fected (lower panel) F9 cells. (C) Identical analysis of the endogenous
Cdx1 promoter on mock-transfected (upper panel) and Flag-RARy
(lower panel)-transfected F9 cells. After anti-Flag immunoprecipita-
tion of the sonicated chromatin extracts, DNA was purified and am-
plified by PCR with oligonucleotides spanning the region of the Cdx1
promoter encompassing the LEF/TCF response elements in panel A,
the retinoic acid response element in panel C, or exon 3 in panel B.
Products were resolved by agarose gel electrophoresis and assessed by
Southern blot analysis with an internal oligonucleotide probe specific
to the predicted amplification products. Lanes 1 to 3 (before immu-
noprecipitation) and 4 to 6 (after immunoprecipitation) represent
PCR amplifications of serial dilutions of DNA. Lane 7 is a negative
control in which DNA was not included.

n

RESULTS

Cdx1 associates with its own promoter in vivo. Cdx! expres-
sion is lost in Cdx! mutants at E8.5 (50), suggestive of an
autoregulatory loop. Cdx1 can induce expression from Cdx/
promoter sequences in transfection assays. However, Cdx re-
sponse elements are not evident in these sequences (16, 49),
and electrophoretic mobility shift assay analysis has failed to
reveal association of Cdx1 with any region of this promoter
(our unpublished observation). Despite the absence of such
regulatory elements, chromatin immunoprecipitation experi-
ments demonstrated that the Cdx1 protein is present on the
proximal Cdx! promoter (Fig. 1A) but not on more distal
sequences (Fig. 1B). This association was comparable to
RARYy binding to this region, which likely occurs through a
previously documented retinoic acid response element (28)
(Fig. 1C).
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FIG. 2. Synergy between Cdx1 and LEF1. (A) P19 cells were trans-
fected with the 2-kb CdxI reporter alone or with various amounts of
the expression vectors (0.05 to 0.5 pg) as indicated. Cells were har-
vested 48 h posttransfection, and extracts were assessed for luciferase
activity. Data are expressed as induction relative to activity with the
reporter vector alone. (B) P19 cells were transfected with a reporter
construct harboring Cdx1 binding sites from the Hoxb8 promoter
(CDXRE) or with wild-type (pGL3-OT) or mutant (pGL3-OT) LEF/
TCF response elements. Transfections were done with the reporter
vector alone or with the indicated expression constructs. Luciferase
activity was determined as above and expressed as induction relative to
activity with the reporter vector alone.

Cdx1 and LEF1 act synergistically. The above data suggest
that Cdxl1 is able to associate with its own promoter. While
cryptic Cdx1 binding elements cannot be ruled out, one alter-
native possibility is that Cdx1 may interact with other relevant
transcription factors, including RARs or LEF/TCF members.
Transfection analysis was therefore used to examine the effect
of LEF1I, retinoic acid, and Cdxl, individually and in combi-
nation, on expression of a Cdx! reporter in P19 cells.

In agreement with previous findings, retinoic acid, LEF1,
and Cdx1 all induced the CdxI reporter (Fig. 2A and data not
shown) (49). Only additive interactions were seen between
retinoic acid and Cdxl in transfection analysis (data not
shown). However, a strong interaction was observed between a
LEF1-B-catenin fusion protein (LEF1AN-BCTA) (61) and
Cdx1 which greatly exceeded the additive values achieved with
either transcription factor alone. This outcome was not likely
an artifact of the nonphysiological fusion protein, since a sim-
ilar synergistic interaction was also seen between Cdx1, LEF1,
and B-catenin (data not shown).

To further understand the basis for the synergistic interac-
tion between LEF1 and Cdxl1, the ability of LEF1AN-BCTA
and Cdx1 to regulate synthetic reporter vectors harboring ei-
ther Cdx or LEF/TCF response elements was examined. The
Hoxb8 promoter contains a regulatory element consisting of
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FIG. 3. Cdxl1 interacts with LEF1 in vivo. Whole-cell lysates from
Cos7 cells transfected with the Cdx1-Flag and/or Lefl-HA expression
vectors were immunoprecipitated with anti-HA antibody and analyzed
by Western blotting with an anti-Flag antibody (top panel). Expression
of LEF1 was assessed by reprobing the blot with an anti-HA antibody
(bottom panel). Inputs represent 5% of the total lysate used for im-
munoprecipitation.

four functional Cdx binding sites (7). Transfection analysis
revealed that Cdx1 elicited a strong transcriptional response
through these elements (Fig. 2B). LEF1AN-BCTA alone did
not activate this reporter, and cotransfection with both Cdx1
and LEF1AN-BCTA gave an induction comparable to that
seen with Cdx1 alone. The pGL3-OT and pGL3-OF reporters
contain three wild-type or mutant LEF/TCF response ele-
ments, respectively (25). As expected, LEFIAN-BCTA medi-
ated a significant induction of pGL3-OT which was lost in
pGL3-OF. While Cdx1 did not induce the pGL3-OT reporter,
it markedly potentiated the effect of LEF1AN-BCTA (Fig. 2B).
This interaction was abolished upon mutation of the LEF/TCF
binding sites. Taken together, these data suggest that LEF1
and Cdxl can synergize in a manner that is dependent on
association of LEF1 with cognate response elements but in the
absence of direct binding of Cdx1 to the DNA.

Cdx1 and LEF1 interact in vitro and in vivo. The synergy
observed between LEF1 and Cdxl1 in transcription assays, to-
gether with the observations from chromatin immunoprecipi-
tation studies, suggested that these two proteins might interact
physically to regulate CdxI expression. We initially tested this
by coimmunoprecipitation experiments from Cos7 cells trans-
fected with epitope-tagged Cdx1 and LEF1 and found that
Cdx1 coimmunoprecipitated with LEF1 when the two were
coexpressed (Fig. 3).

To determine if LEF1 and Cdx1 association was direct, we
used GST-Cdx1 fusion proteins and in vitro-translated LEF1
to assess interaction in a cell-free system. All GST-Cdx1 fu-
sions were stably expressed, as evaluated by Coomassie blue
staining (data not shown). As shown in Fig. 4A, LEF1 inter-
acted with GST-Cdx1 but not with GST alone. Similar assays
indicated that the Cdx1 homeodomain alone was sufficient for
association with LEF1, whereas N-terminal sequences failed to
interact (Fig. 4A). In order to exclude the possibility that both
proteins bound nonspecifically to contaminating DNA, we re-
peated the assay in the presence of ethidium bromide, which
prevents Cdx1-DNA interactions (data not shown), and found
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that it did not affect the Cdx1-LEF1 association (data not
shown).

To further characterize the LEF1-Cdx1 association, we used
deletion analysis to determine the LEF1 sequences mediating
the interaction with the Cdx1 homeodomain. Progressive de-
letion of the C-terminal region of LEF1 completely abolished
interaction with GST-Cdx1 when the integrity of the HMG box
was affected (Fig. 4B; summarized in Fig. 4F). Indeed, internal
deletion of the C-terminal HMG box sequences eliminated
interaction with Cdx1, whereas loss of the entire N-terminal
region of LEF1 had no effect on association with either the
full-length protein or the Cdx1 homeodomain (Fig. 4C).

Previous work suggested that a 9-amino-acid sequence, the
B box, located within the C-terminal region of the HMG do-
main is involved both in nuclear localization of LEF1 and in
contributing to DNA binding (48). To assess the potential
involvement of the B box in Cdxl1 interaction, we generated a
LEF1 mutant lacking the B box and assessed its ability to
associate with Cdx1. As shown in Fig. 4D, GST-Cdx1 inter-
acted with full-length LEF1 but not with the B box mutant.
Similar results were also seen in vivo, where a LEF1ABbox
mutant failed to interact with Cdx1 (Fig. 4E). Together, these
data demonstrate that the Cdx1 homeodomain binds to LEF1
B box sequences.

Transactivation domain of Cdx1 confers transcriptional ac-
tivity on LEF1 HMG box sequences. The mechanism by which
Cdx1 activates transcription is poorly understood. We used a
mammalian one-hybrid approach to identify transactivation
domains, using Cdx1-GAL4 DNA binding domain chimeras
and assaying their ability to activate transcription from GAL4
binding elements. Western blot analysis indicated that all fu-
sion proteins were stably expressed (data not shown). Unex-
pectedly, the chimera containing full-length Cdx1 did not ex-
hibit significant transcriptional activity (Fig. S5A), perhaps due
to steric hindrances, which may prohibit proper DNA binding
and/or coactivator recruitment. In marked contrast, deletion of
the C-terminal sequences resulted in significant reporter acti-
vation. However, additional dissection of this region resulted
in loss of transactivation potential (Fig. SA and data not
shown). Interestingly, the transactivation domains of Cdx2 (57,
58) and Xcad3 (the Xenopus homologue of Cdx4) (30) map to
a similar region despite the relatively weak conservation be-
tween these sequences (22).

We subsequently determined whether recruitment of the
Cdx1 transactivation domain to the Cdx! LEF/TCF response
elements could regulate expression. To assess this, we gener-
ated chimeras consisting of either the N-terminal Cdx1 se-
quences and the HMG box of LEF1 or the LEF1 N-terminal
region fused to the Cdxl homeodomain and compared their
ability to induce transcription of a reporter containing 180 bp
of the proximal Cdxl promoter, a region which harbors two
LEF/TCF response elements (38, 49). As shown in Fig. 5B,
only the Cdxl N terminus-LEF1 HMG box fusion protein
transactivated this reporter, and this outcome required the
LEF/TCF response elements. This observation is consistent
with a model in which LEF1 serves to recruit Cdx1 to the Cdx1
promoter, where it contributes to transactivation. It is notable
that this chimera elicited a considerably weaker induction than
that seen with Cdx1-LEF1 and B-catenin. This may be due to
a key role for B-catenin in regulating transcription from the



5032 BELAND ET AL.

MoL. CELL. BIOL.

(=]
-
2 &
A) -~ Z B B)
5 8 3 LEF1
& Q9
i2225 313 1-324 1-334 1-370 1-383 1-397
£EQ0 0 00 e = et b sciol
L R g— = B OB = S
1 2 3 4 5 1 2 3 45 6 7 8 9 1011 12
g
]
=
C) X %3 D) = o
= = T = =
S e ER 2 = 2
288 £6 88 E8 285
—
1 2 3 4 5 6 7 1 2 3 45
LEF1AHMG LEF1AN LEF1 LEFI1
ABbox
E) LEF1 F) Interaction
LEF1 ABbox LENL Ll
Cdx1 ABbox 1 Cdx1 1 287 377 397
— 1-397 [ FAMG] ] +
E E E 1-383 [ S .| +
E B SRS & 1-370 [ = -
- — =9 -
- | erc 1-334
134 T 2
— - | 4Cdxl s
1313 717 -
LEF1
B Ly AHMG 7 -
123 4 56 ABbox [ ==Y [ =
AN 1 T ] +

FIG. 4. Cdxl interacts directly with LEF1. GST-Cdx1 and **S-labeled LEF1 constructs were generated and assessed for interaction as described
in Materials and Methods. (A) Both full-length Cdx1 (GST-Cdx1) and the Cdx1 homeodomain (GST-Cdx1Homeo) interact with LEF1 (lanes 3
and 5), whereas Cdx1 N-terminal sequences do not (lane 4). (B) Deletion of sequences N-terminal to position 383 of LEF1 abolished interaction
with Cdx1 (compare lane 10 to lane 8; odd-numbered lanes are 20% input of the various **S-labeled LEF1 constructs, and even-numbered lanes
are from the GST-Cdx1 pulldown). (C) Deletion of the LEF1 HMG box (lane 3) abolishes interaction with Cdx1, whereas loss of N-terminal LEF1
residues has no effect on interaction with either full-length Cdx1 (lane 6) or the homeodomain sequences of Cdx1 (lane 7). (D and E) Deletion
of the LEF1 B box abolishes interaction with Cdx1 in vitro (D, compare lane 5 to lane 2) and in vivo (E, lane 6). (F) Schematic representation
of LEF1-Cdx1 interactions. Coimmunoprecipitations (panel E) were performed as in Fig. 2 except the ABbox mutant was used instead of

full-length LEF1.

Cdx1 promoter, consistent with our finding that all three pro-
teins coimmunoprecipitate (data not shown).

Genetic evidence for Cdx1-LEF/TCF interactions. To deter-
mine the in vivo relevance of Cdx1-LEF1 interactions, we
assessed the skeletal morphology of an allelic series of Cdx!/
Wnt3a* compound mutants. The Wnt3a" mouse, a Wnt3a hy-
pomorph, was chosen for this analysis because Wnt3a null
mutants have severe caudal defects which preclude assessment
of the direct impact of Wnt signaling on CdxI expression; a
similar caveat applies to LEFI TCFI double null mutants (21,
56).

The murine vertebral column is composed of seven cervical
(C1 to C7), 13 thoracic (T1 to T13), six lumbar (L1 to L6),

three or four sacral (S1 to S4), and 31 caudal vertebrae. The
first cervical vertebra (C1 or atlas) exhibits thick neural arches
and possesses a ventrally located tubercle, the anterior arch of
the atlas (Fig. 6A). The neural arches of C2 are intermediate
to those of C1 and more posterior cervical vertebrae. C3, C4,
and C5 are virtually identical to one another, while C6 is
distinguished by the ventrally protruding anterior tuberculi.
The thoracic vertebrae are characterized by the presence of
ribs, the first seven of which (T1 to T7) are attached to the
sternum.

All combinations of Cdx! Wnt3a" compound mutants were
viable and fertile. Wnt3a"""" offspring exhibited a foreshort-
ened tail, as previously described (29, 56), and this phenotype
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FIG. 5. Transcriptional activation domain of Cdxl activates the
Cdx1 promoter. (A) The N-terminal domain of Cdx1 contains a trans-
activation function. P19 cells were transfected with a reporter vector
containing GAL4 binding elements (pXPA17-5XUAS), alone or with
the indicated GAL4 DNA binding domain-Cdx1 fusion. Luciferase
activity was measured 48 h posttransfection and expressed as induction
relative to activity with the reporter vector alone. (B) The N-terminal
domain of Cdx1 can activate transcription from the Cdx/ promoter
when fused to the LEF1 HMG box. P19 cells were transfected with the
180-bp proximal CdxI reporter construct (WT) or an identical con-
struct lacking the LEF/TCF response elements (MUT). Transfections
were performed either with the reporter vector alone or with the
indicated fusion construct. Luciferase activity and results were deter-
mined as above.

was not exacerbated by subsequent loss of Cdx! (data not
shown). We did not detect any vertebral defects in the
Wnt3a*"" background, although a low incidence of a subtle
C2-C1 malformation has been reported by others (29) (Table
1 and Fig. 6B). As described previously (1), CdxI ™'~ offspring
exhibited certain vertebral defects; C2 often presented charac-
teristics indicative of a C1 morphology, including an anterior
arch of the atlas-like structure and/or thicker neural arches
(Table 1 and Fig. 6C). The neural arches of C1, C2, and C3
were frequently malformed (Table 1 and Fig. 6C), and basioc-
cipital-anterior arch of the atlas fusions were observed at a
lower frequency.

Cdx1~'~ offspring also exhibited vertebral defects consistent
with prior work (Table 1, Fig. 6D) (1, 55). Close apposition or
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FIG. 6. Skeletal analysis of Cdx] Wnt3a" compound mutants. The
cervical region of whole-mount skeletal preparations from (A) wild-
type, (B) Wnt3a"", (C) CdxI*'~, (D) Cdx1~'~, (E and F) Cdx1*'~
Wnt3a™*, (G and H) Cdxl™~ Wnt3a""" and (I and J) Cdxl '~
Wnt3a*"" offspring. Note the normal cervical region for both wild-type
(A) and Wat3a*"" (B) mice. (C, E, and F) CdxI*/~ and CdxI*'~
Wnt3a*"* mice exhibit similar phenotypes, notably an ectopic anterior
arch of the atlas (*AAA), a broader C2 neural arch, and a C1-C2
fusion (F). (D, I, and J). CdxI null and CdxI '~ Wnt3a"""" mice exhibit
identical vertebral defects, notably malformation and malposition of
C1 and anterior transformation of C2, C3, and C7, denoted “Cl1,”
“C2,” and “C6,” respectively. The arrowhead in panel J indicates a
partial rib associated with presumptive T1 which does not reach the
sternum. (G and H) CdxI*/~ Wat3a"™" offspring exhibit an exacer-
bated phenotype compared to either single mutant (compare panels G
and H to panels B and C). In particular, note the fusion of the anterior
arch of the atlas with the basioccipital bone (arrowhead) and the
presence of an ectopic anterior arch of the atlas. Note also the mal-
formations and fusions of neural arches C1 to C3 and the presence of
TA on C7 instead of C6 (H). Abbreviations: AAA, anterior arch of the
atlas; *AAA, ectopic anterior arch of the atlas; TA, tuberculum ante-
rior; EO, exoccipital; C, cervical vertebrae; T, thoracic vertebrae. Quo-
tation marks indicate presumptive anterior transformations.
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TABLE 1. Vertebral phenotypes of compound Wnt3a" CdxI mutants”

No. (%) with genotype:

a vt/vt vtfvt vt/vt vt/vt
(n=14) (n = 20) (n =18) (n =29) (n = 20) (n = 21) (n = 20)
Basioccipital fusion to 2 (11) 29 (100) 2 (10) 9 (43) 20 (100)
AAA
Vertebra 1
Malformed NA 3(17) 6 (30) 5(24)
Fusion to occipitals 29 (100) 18 (90)
Vertebra 2
Cl1 identity (AAA 10 (56) 29 (100) 12 (60) 20 (96) 20 (100)
and/or thick NA)
Malformed NA 2 (11) 8 (40) 18 (86)
Vertebra 3
C2 identity 29 (100) 4(19) 20 (100)
Malformed NA 1(6) 4(14) 5(24) 1(5)
NA fusions
V1-V2 1(6) 6 (30) 3(14)
V2-V3 1 (6) 4(19)
TA on vertebra 7 28 (97) 1(5) 4(19) 20 (100)
instead of vertebra 6
Vertebra 8
C7 identity 11 (38) 2 (10)
Incomplete ribs 18 (62) 11 (55)

“ AAA, anterior arch of the atlas; NA, neural arch; TA, anterior tuberculi.
> From Allan et al. (1).

fusion of C1 to the basioccipital bone, accompanied by a re-
duction of C1 neural arches and loss of the anterior arch of the
atlas, was observed in all Cdx! mutants. This occurred con-
comitant with C2 to C1, C3 to C2, and C6 to C5 transforma-
tions, determined by morphological criteria as previously de-
scribed (1, 55). Most CdxI ™'~ skeletons also exhibited partial
ribs on the eighth vertebra (i.e., presumptive T1). A significant
percentage of the skeletons also exhibited a T1 to C7 pheno-
type.

The CdxI™*'~ Wnt3a""" mice presented phenotypes approx-
imating that of Cdx1 heterozygote mutants, albeit with a higher
incidence of malformed neural arches and C2-C1 fusion (Table
1 and Fig. 6E and F). The CdxI '~ Wnt3a""" double mutants
also closely phenocopied Cdx! single null offspring (Table 1
and Fig. 61 and J). This result is in accordance with previous
observations that put Wnt3a signaling upstream of CdxI (49).

In marked contrast to the double null mutant phenotype,
Cdx1™'~ Wnt3a""" offspring exhibited a profound synergistic
interaction relative to the defects observed in either individual
background (Table 1 and Fig. 6G and H). Fusion between the
anterior arch of the atlas and the basioccipital bone, observed
at a low incidence in Cdxl heterozygotes and never in
Wnt3a""" offspring, was found in approximately half of the
Cdx1™'~ Wnt3a""* compound mutants. The incidence of mal-
formation of the neural arches of C1, C2, and C3 and C2 to a
Cl1 transformation was also markedly increased. Transforma-
tion of C3 to a C2 identity occurred in about 20% of Cdx1™/~
Wnt3a""" offspring but was never seen in the Cdx1*/~ or
Wnt3a*"*" background.

As Cdx1™'~ Wnt3a*’* mutants phenocopy CdxI™'~ mice
and Wat3a"""" offspring exhibit a wild-type axial skeleton, the
increased penetrance of the defects seen in CdxI*'~ Wnt3a""""
offspring cannot be explained by a simple additive effect of

Cdx1 and Wnt3a on vertebral patterning but rather by a syn-
ergistic interaction. Such a mechanism is in agreement with the
physical interaction between Cdxl and LEF1 on the CdxI
promoter. To further investigate this possibility, Cdx! expres-
sion was assessed in the relevant mutant backgrounds by
whole-mount in situ hybridization of E8.5 and E9.5 embryos.
Despite the high incidence of homeotic transformations in
Cdx1™'~ mice, CdxI expression was not appreciably altered
(Fig. 7A and B). This is consistent with the prior finding that
both wild-type and mutant CdxI transcripts are equally stable
and therefore that the homeosis observed in CdxI ™/~ offspring
is due to reduction in Cdx1 protein per se (49). CdxI expres-
sion was marginally downregulated in the tailbud of Wnt3a""!
embryos, as previously described (Fig. 7C) (49), although this
reduction is apparently not sufficient to affect vertebral pat-
terning. Finally, a strong reduction of CdxI expression was
observed in Cdxl™'~ Wnt3a""" embryos (Fig. 7D), in close
agreement with the synergistic effect of these mutant alleles on
vertebral morphogenesis. We also found that this effect was
stage specific, as no differences were detected at E7.5 (Fig. 7E
and F), which is in accordance with previous findings demon-
strating that Cdx! autoregulation commences around ES8.5
(49). These observations are consistent with a mechanism for
Cdx] autoregulation involving an interaction between Cdxl
and LEF/TCF on the Cdx! promoter.

Cdx1 interacts with Sox2. The HMG box is a conserved
sequence shared by many transcription factors. We therefore
asked whether Cdx1-HMG box interaction could reflect a
more general paradigm. Using in vitro interaction assays, we
found that Cdx1 and the homeodomain sequences alone could
interact with Sox2, a member of the Sry-related HMG box
family of transcription factors (12) (Fig. 8). Conversely, Sox2
failed to interact with Cdx1 N-terminal sequences. This asso-



VoL. 24, 2004

A B

»/g(

o/ “

Cdx1*-

C

“('/q

FIG. 7. Stage-specific attenuation of CdxI expression in CdxI™*/~
Wnt3a*""" compound mutants. Cdx] expression was assessed by whole-
mount in situ hybridization in E8.5 (A to D) or E7.5 (E and F)
embryos. (A and E) Wild-type control. (B) CdxI*/~. (C) Wnt3a*™". (D
and F) CdxI™~ Wnt3a""". Note the nearly complete loss of CdxI
expression at E8.5 in CdxI™'~ Wnt3a"""" embryos relative to that in the
cognate mutant backgrounds, while expression is unaffected at E7.5.

ciation appeared to be specific, since no interaction was ob-
served under identical conditions with Sox9 (data not shown),
suggesting that Cdx1 may interact with a subset of HMG box-
containing proteins.
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FIG. 8. Cdxl homeodomain interacts with Sox2 in vitro. **S-la-
beled Sox2 was incubated with GST alone or GST-Cdx1 (full length, N
terminus, or homeodomain only). Sox2 specifically interacted with
both full-length Cdx1 (lane 3) and the Cdx1 homeodomain (lane 5).
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DISCUSSION

Our prior work suggested that Cdx1 expression is dependent
on some form of autoregulation (49). Since we could not dem-
onstrate direct Cdx binding on CdxI-responsive promoter se-
quences, we postulated that the autoregulation either involves
an intermediate which is itself a Cdx1 target or is dependent on
a cofactor(s) which acts in concert with Cdx1 to regulate Cdx!
expression. In the present study, we present evidence support-
ing the latter mechanism of action. We found that Cdx1 can be
detected on its own promoter in vivo and can synergize with
LEF1 in inducing transcription from Cdx] sequences contain-
ing LEF/TCF response elements. We also demonstrated that
Cdx1 and LEF1 physically interact. The importance of this
interaction in vivo is suggested by the synergistic effect of Cdx1
and Wnt3a" mutant alleles on Cdx] expression and vertebral
patterning. As Cdx1 can also interact with Sox2, these data
further suggest that Cdx-HMG interactions may be involved in
the transcription of additional target genes.

Cdx1 interacts with LEF1 to mediate Cdxl expression in
presomitic mesoderm. We and others (16, 49) have been un-
able to find evidence for direct binding of Cdx proteins to Cdx!
promoter sequences. However, in the present study, chromatin
immunoprecipitation studies indicated that Cdx1 was indeed
present on its own promoter in a manner similar to RARYy, a
direct regulator of CdxI expression (28). Moreover, we found
synergistic interactions between Cdx1l and LEF1 in transfec-
tion assays, suggesting that Cdx1 autoregulation might be me-
diated via a LEF1-dependent mechanism. Consistent with this,
we found that Cdx1 and LEF1 interact physically and mapped
the Cdxl-interacting domain to the B box of LEF1.

The B box sequence of all LEF/TCF proteins is highly con-
served, suggesting that other members of this family can sub-
stitute for LEF1 in Cdx1 association and autoregulation. In this
regard, TCF4 can mediate Wnt induction of CdxI expression in
several cell types (16, 26, 38). However, as regards vertebral
patterning, LEFI and TCF1 are coexpressed with Cdx! in the
posterior embryo, with transcripts for all three genes found
with a caudal-high distribution in the posterior embryo (41,
46). In agreement with this, CdxI is a Wnt3a target, and it has
been shown that LEF1 and TCF1 are critical transducers of the
Wnt3a signal in the caudal embryo (29, 30). Analysis of
Wnt3a” Cdx1 compound mutants, discussed below, also sup-
ports a role for LEF1 in Cdx1-dependent vertebral patterning.

Although the above observations suggest that LEF1 and
TCF1 are the principal mediators of Cdxl expression in the
caudal embryo, Cdx1 is coexpressed with these and other LEF/
TCF family members in a number of other tissues, including
the limb bud, intestinal epithelium, and, to a lesser extent,
central nervous system (10, 36, 41, 53). While a role for Cdx1
in these tissues has not been described, perhaps due to func-
tional redundancy with Cdx2 (60), this expression pattern may
reflect an autoregulatory loop similar to that proposed for
Cdxl in the caudal embryo.

DNA-binding-independent role for Cdx1? The Cdx1-LEF1
interaction is not the first example of homeodomain-HMG box
interactions. Indeed, the nonhistone chromatin-associated pro-
tein HMG1 is able to interact with numerous Hox proteins
(64). However, HMG1 null mutants do not exhibit a phenotype
related to Hox loss of function (6), suggesting that this may be
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a spurious or vestigial interaction. A number of Pou homeodo-
main and Sox-HMG box proteins have also been shown to
associate (40, 54), although these interactions are typically
accompanied by direct DNA binding of each factor to cognate
response elements. An interaction between the paired-like ho-
meodomain protein Alx4 and LEF1 has also been reported (4).
In this case, the N-terminal region of Alx4, not its homeodo-
main, has been shown to interact with the LEF1 HMG box.
Moreover, as with Pou-Sox interactions, both Alx4 and LEF1
bind to cognate response elements, with Alx4 DNA binding
being enhanced by interaction with LEF1; similar observations
have been made with regard to HMG1-Hox-DNA interactions
(4, 64).

The above data are indicative of HMG-homeodomain inter-
actions in which both partners directly bind to DNA, and in at
least some cases, this binding is modulated by protein-protein
interaction. We have been unable to detect direct Cdx1 binding
with any Cdxl promoter sequences. It is conceivable that a
cryptic Cdx binding site exists that functions, for example, in
the context of chromatin. Indeed, such a chromatin-dependent
event could explain our inability to demonstrate the presence
of LEF1-Cdx1 complexes on DNA in electrophoretic mobility
shift assays (our unpublished observation). In this regard, chro-
matin has been shown to have profound effects on LEF1 in-
teraction with B-catenin (59).

While we cannot unequivocally discount direct Cdx1-DNA
interactions as a mechanism contributing to CdxI autoregula-
tion, our data support a model in which Cdx1 exerts effects on
transcription through an interaction with LEF1. In addition to
genetic analysis of Wnt3a"” CdxI compound mutants and phys-
ical interaction data, this possibility is also supported by the
finding that Cdx1 potentiated LEF1-induced expression from
the pGL3-OT reporter, a Wnt signaling reporter (25) which
does not respond to Cdx1 alone. It is also interesting that LEF1
has been suggested to participate in an autoregulatory loop for
the melanocyte-specific microphthalmia-associated transcrip-
tion factor (MITF-M) (51) in a manner reminiscent of our
proposed mechanism for Cdx1 autoregulation.

In the canonical Wnt pathway, LEF1 serves to recruit
B-catenin, which plays a pivotal role in transcriptional activa-
tion (reviewed in reference 42). In this regard, Alx4-LEF1
functional interaction is B-catenin dependent, whereas MITF-
M-LEF1 is not (4, 51). As Cdx1 harbors a transcription acti-
vation domain, it is conceivable that its interaction with LEF1
could obviate the necessity for p-catenin for transcriptional
regulation. However, the synergistic interaction between the
Cdx] mutant and Wnt3a" alleles suggests that, on the CdxI
promoter, the Cdx1-LEF1 interaction is B-catenin dependent.
Moreover, immunoprecipitation assays revealed that Cdx1 as-
sociates with a LEF1-3-catenin complex (our unpublished ob-
servation), and therefore Cdx1 binding to LEF1 does not pre-
clude LEF1-B-catenin interaction. Nonetheless, we cannot
exclude the possibility that some genes may be regulated by a
Cdx1-LEF1 complex in a B-catenin-independent manner.

Cdx-Wnt interactions in vertebral patterning. Our analysis
of Wnt3a" CdxI compound mutants supports a role for LEF1-
Cdx1 interactions in Cdx1 autoregulation. While the conver-
gent effect of loss of Cdxl and Wnt3a function on CdxI ex-
pression could be mediated through two independent
processes, our present data suggest that Cdx1-LEF1 interac-
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tion, operating through proximal LEF/TCF response elements
(38, 49), mediates this interaction. Indeed, the ability of Cdx1
to augment LEF1-dependent transcription was seen on the
natural Cdx! promoter as well as the synthetic Wnt-responsive
pGL3-OT reporter, which does not respond to Cdx1 alone.

In CdxI Wnt3a" mutants, attenuation of Cdxl and Wnt
signaling would lead to a reduction, below a critical level, in
Cdx1-LEF/TCF complexes on the CdxI promoter. This hypo-
thetical outcome is clearly reflected by the nearly complete loss
of expression of CdxI in the CdxI*'~ Wat3a*""" compound
mutants at E8.5. The residual Cdx! expression in this back-
ground was likely due to the nature of the Wnt3a* allele, which
is a weak hypomorph (24). This model is also supported by
relative effects of these mutant backgrounds on vertebral pat-
terning. Indeed, the Cdx*'~ Wnt3a""" alleles exhibited syner-
gistic interaction that was more pronounced from the second
cervical vertebra and more caudal, whereas there was little
increase in the defects of more-rostral elements. This is con-
sistent with a role for Wnt3a signaling impacting on Cdx!
shortly after its initial onset of expression (and normal pattern-
ing of rostral vertebrae) with subsequent failure of autoregu-
lation leading to defects of more posterior vertebrae.

HMG box proteins as Cdx partners: a general paradigm?
Cdx-HMG box interactions might contribute to regulatory in-
teractions in addition to Cdx1 autoregulation. As Cdx home-
odomains and LEF/TCF HMG boxes are highly conserved, it is
conceivable that other such interactions do indeed occur. In
this regard, a Cdx2-Tcf4 interaction might explain the inhibi-
tory effect of Cdx2 on the CdxI promoter in colon cancer cells
(16). Indeed, this outcome requires the Cdx2 homeodomain
and occurs in the absence of demonstrated Cdx2 binding sites
on the CdxI promoter (16). LEF1 and TCF1 as well as Cdx2
are also involved in events related to posterior specification (8,
21, 60), suggesting an additional pathway(s) in which these
transcription factors may interact.

In an attempt to identify other potentially relevant HMG
box-Cdx1 interactions, we investigated the ability of Sry HMG
box-related protein (Sox) family members to interact with
Cdx1 and found that Cdx1 could associate with Sox2 in vitro. In
contrast to Sox2, Sox9 did not interact with Cdx1. In this
regard, vertebrate Sox1, Sox2, and Sox3 form a subdivision of
the Sox family, the B1 group, based on HMG box sequence
similarity (12, 52). As our current findings suggest a role for
HMG box sequences in association with Cdx1, these data in-
dicate that the Cdx1-Sox2 interaction is likely reliant on spe-
cific HMG box sequences. In addition, Cdx members exhibit
highly conserved homeodomains, and Cdx1 and -2 have over-
lapping functions in anterior-posterior patterning (60). It is
therefore tempting to speculate that all Cdx members have the
potential to interact with members of the B1 group of Sox
proteins and that Cdx-HMG box interactions may be involved
in a number of ontogenic programs.

In this regard, Sox2 is expressed in a partially overlapping
manner with Cdx! in the neurectoderm and with the chicken
Cdx2 homologue CdxA in the developing gut (31, 32, 41, 63).
While there is presently no indication that Sox2 has a role in
gut development, studies in Xenopus laevis suggest a function
for both Sox2 and Xcad3 (the Xenopus Cdx4 homologue) in the
neurectoderm (30, 35, 47). Analysis of Cdx1-Cdx2 compound
mutant mice and recent studies in the chicken embryo also
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suggest a role for Cdx in regulating Hox gene expression in the
neurectoderm (3, 60). Given that Sox2 is an important regu-
lator of Hoxbl expression in the hindbrain (15), it is tempting
to hypothesize that Cdx-Sox2 interactions may play critical
roles in development of the central nervous system.
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