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The continually renewing epithelium of the intestinal tract arises from the visceral endoderm by a series of
complex developmental transitions. The mechanisms that establish and maintain the processes of cellular
renewal, cell lineage allocation, and tissue restriction and spatial assignment of gene expression in this
epithelium are unknown. An understanding of the regulation of intestine-specific gene regulation may provide
information on the molecular mechanisms that direct these processes. In this regard, we show that
intestine-specific transcription of sucrase-isomaltase, a gene that is expressed exclusively in differentiated
enterocytes, is dependent on binding of a tissue-specific homeodomain protein (mouse Cdx-2) to an

evolutionarily conserved promoter element in the sucrase-isomaltase gene. This protein is a member of the
caudal family of homeodomain genes which appear to function in early developmental events in Drosophila
melanogaster, during gastrulation in many species, and in intestinal endoderm. Unique for this homeodomain
gene family, we show that mouse Cdx-2 binds as a dimer to its regulatory element and that dimerization in vitro
is dependent on redox potential. These characteristics of the interaction of Cdx-2 with its regulatory element
provide for a number of potential mechanisms for transcriptional regulation. Taken together, these findings
suggest that members of the Cdx gene family play a fundamental role both in the establishment of the intestinal
phenotype during development and in maintenance of this phenotype via transcriptional activation of
differentiated intestinal genes.

The epithelium of the intestinal tract arises from the visceral
endoderm by progression through a series of developmental
transitions (reviewed in references 33, 34, and 42). The early
signals for intestinal development have been shown to be
partially directed by the interaction of mesoderm with
endoderm, although the mechanism of this effect has not been
elucidated (reviewed in references 23 and 24). Later events
include the emergence of different epithelial cell lineages,
formation of crypts (proliferative compartment) and villi (dif-
ferentiated compartment), and the coordinated expression of
cell-specific genes. The resultant mature epithelia of the small
intestine and colon have marked regional differences in archi-
tecture, cell populations, and gene expression which define
distinct functional zones of the adult gut (reviewed in refer-
ences 20, 21, and 50). These region-specific phenotypes are
maintained throughout the life of the animal. The regulatory
mechanisms that orchestrate these complex developmental
transitions and maintain the well-ordered regional phenotypes
along the cephalocaudal and crypt-villus axes have not been
defined.

Experiments with transgenic mice have shown that the
developmental and positional signals for gene expression in the
intestinal epithelium reside in regulatory elements of several
intestinal genes (20, 25 [and references therein], 41). Analysis
of the regulatory regions of the intestinal and liver fatty acid
binding proteins (20, 25 [and references therein]) and sucrase-
isomaltase (SI) (41) has shown that there are multiple positive
and negative elements that remain to be well defined which
direct the correct cell lineage and spatial patterns of expression
along the crypt-villus and cephalocaudal axes. It is clear,
however, from analysis of these three genes that the process by
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which expression is restricted to the intestine is regulated at the
level of transcription. The transcriptional mechanisms that
regulate this intestine-specific gene expression are poorly
understood.
Many transcriptional proteins that are essential for tissue-

specific gene expression in other tissues have been identified
and characterized. The elucidation of the mechanisms of
tissue-specific gene transcription in these other tissues has
provided tools to examine the regulation of developmental and
differentiation processes (examples are reviewed in references
48, 49, and 52). Therefore, to advance understanding of the
mechanisms that direct the development of the intestinal
mucosa, information on transcription factors that are involved
in intestinal gene expression is required. To investigate these
issues, our laboratory has studied the mechanisms of transcrip-
tional regulation of the SI gene. In the adult small intestinal
mucosa, this gene encodes an intestinal brush border disaccha-
ridase that is expressed exclusively in absorptive enterocytes
and is absent in the other three epithelial cell types: goblet,
enteroendocrine, and Paneth cells (41, 58, 61). Furthermore,
SI mRNA is expressed in a complex pattern along the intesti-
nal crypt-villus axis with absent expression in crypt cells,
high-level expression in enterocytes located on the lower half
of the villus, and lower levels of expression in enterocytes
located at the villus tip (41, 58, 61). Finally, its expression
mirrors a number of developmental transition points in the
small intestine and, therefore, has served as a marker of
intestinal development for many investigators (15, 35).
We previously reported that intestinal cell-specific transcrip-

tion of the SI gene is dependent on an evolutionarily conserved
promoter that extends approximately 180 bases upstream of
the transcriptional start site (60, 66). The promoter contains a
number of elements that are important for transcription which
also bind specific nuclear proteins (60). The most important of
these elements for intestinal cell-specific transcription is a

22-base region from bases -32 to -54 that is completely
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conserved between the mouse and human genes (60). This
element, designated SIF1 (SI footprint 1), was shown to bind
specific nuclear proteins only from intestinal cell lines or
mouse small intestinal enterocytes (60).
We now report the molecular cloning of a mouse homeodo-

main transcription factor related to caudal that binds with high
affinity to the SIF1 element and is able to activate transcription
of the minimal intestine-specific SI promoter. This predicted
amino acid sequence of our cDNA is identical but for one
amino acid to the predicted sequence of mouse Cdx-2
(mCdx-2) (28). In addition, this protein is highly homologous
to the Cdx-3 homeodomain protein that was cloned from
Syrian hamsters, suggesting that Cdx-3 is the hamster ortholog
of mCdx-2. DNA-protein interaction experiments using anti-
sera to mCdx-2 show that the major SIF1 binding protein in
human intestinal cell lines is Cdx-2. An interesting aspect of
the interaction of Cdx-2 with the SIF1 element was that the
protein was able to bind to the element as either a monomer or
a dimer. Moreover, the formation of a dimer binding complex
was accelerated under reducing conditions, suggesting that
dimerization of Cdx-2 on the SIF1 element is dependent on the
redox state of the protein. Finally, the mCdx-2 mRNA was
expressed only in intestinal tissue in mice. Taken together, our
results show that Cdx-2 is important for intestine-specific
transcription of the SI gene. In addition, as a member of the
homeodomain family of genes, our findings identify Cdx-2 as a
possible regulatory protein involved in intestinal development.

MATERIALS AND METHODS

Analysis of DNA-protein interactions. Extraction of nuclear
proteins from cell lines and electrophoretic mobility shift
assays (EMSA) were performed exactly as previously described
(60). Copper-orthophenanthroline (Cu/OP) footprinting was
performed by using a modification (22) of a previously de-
scribed method (37). Briefly, EMSA was performed, and the
gel was incubated in a solution of 1,10-phenanthroline-copper
(37), the gel was transferred to DEAE membrane, and the
bands corresponding to complexes A and B were eluted from
the membrane and separated in a sequencing gel.

Vector construction and transfection analysis. For transfec-
tion studies, mutations in the SI promoter were incorporated
by using a PCR strategy as previously described (60). Fidelity
of the mutagenesis was verified by sequencing of all constructs.
Plasmids for transfection were purified by two rounds of
cesium chloride gradient centrifugation, and cells were trans-
fected and analyzed as previously described (60).

Prokaryotic expression cloning. The strategy for cloning
SIF1 binding proteins was based on interactions of the proteins
with the DNA element (56, 57, 63). Polyadenylated RNA was
isolated from adult mouse jejunum (Fast Track; Invitrogen
Corp., San Diego, Calif.), and a cDNA library was constructed
in Xgtll by using both oligo(dT) and random hexamer priming
(Clontech Inc., Palo Alto, Calif.). The mouse small intestinal
cDNA library was screened by using a multimerized SIF1
double-stranded oligonucleotide, as previously described (63).
The library was plated on Escherichia coli Y1090 at a low
density (104 PFU/150-mm-diameter culture plate), and
plaques were transferred to nitrocellulose filters (Stratagene,
La Jolla, Calif.). The nitrocellulose filters were subjected to a
denaturation-renaturation process with 6 M guanidine-HCl as
previously described (57, 63). To probe the filters, a self-
annealed, double-stranded oligonucleotide with overlapping
complementary ends (BamHI and BglII sites on the 5' and 3'
ends, respectively) were ligated to form multimers, and the
mixture of multimers was labeled by nick translation, as

previously described (31). Binding of the probe to the filters
and washing of the filters were performed as previously
described (57). Positive plaques were purified to homogeneity
with several rounds of binding, and individual plaques were
picked for analysis of DNA and expressed protein.

Protein from the purified X phage was expressed in a lysogen
preparation (53). Y1089r- clones were grown on a Luria-
Bertani plate at 30°C for 18 to 24 h, and individual colonies
were transferred onto Luria-Bertani plates and incubated at 30
or 42°C. Lysogenic plaques, identified by their inability to grow
at 42°C, were grown at 30°C until mid-log phase, transferred to
44°C with added isopropyl-3-D-thiogalactopyranoside (IPTG)
for 15 min, and then grown 37°C for 2 h with shaking. Aliquots
of the culture were pelleted and then resuspended in buffer
containing Tris-HCl (pH 7.5), 1 mM EDTA, 5 mM dithio-
threitol, and 50 ,ug of phenylmethylsulfonyl fluoride per ml.
The samples were quickly frozen and then thawed, lysozyme (2
mg/ml) was added, and an extraction was performed in 5 M
NaCl for 30 min at 4°C. The supernatant, cleared by centrifu-
gation, was used directly for EMSA.
DNA was purified from lysis cultures of purified X phage by

using the preparation system of Qiagen (Studio City, Calif.).
Insert DNAs were subcloned as EcoRI fragments into pBlue-
script KS- (Strategene). Sequencing reactions were per-
formed with alkaline-denatured, double-stranded plasmid, as
previously described (60, 66).

In vitro expression of cloned protein. For both in vitro and
in vivo expression, the coding region of the cloned mCdx-2
cDNA was cloned into pRc/CMV (Invitrogen Corp., San
Diego, Calif.), which includes both a prokaryotic transcrip-
tional promoter (T7) and the cytomegalovirus (CMV) pro-
moter and enhancer for expression in eukaryotic cells. The
complete coding region of the mCdx-2 cDNA was amplified by
PCR with oligonucleotides corresponding to the translational
start site and the translational termination site. The 5' primer
is 5'-GGGAACiL[ACCATGTACGTGAGCTACC`I`TCTG-
3', and the 3' primer is 5'-CTATTCGAATCACTGGGTGA
CAGT-3'. (The HindIII endonuclease site is underlined, and
the translational start codon is in boldface type.)
The amplified DNA fragment was subcloned into the Hindlll

site of pRc/CMV, and the insert was sequenced in its entirety
to ensure the fidelity of the amplification. The DNA template
was sequentially transcribed and translated in the same reac-
tion mixture containing rabbit reticulocyte lysate, amino acid
mixture, and TNT T7 RNA polymerase, by the protocol
described by the manufacturer (Promega, Madison, Wis.).
Translated protein was analyzed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) and di-
rectly assayed by EMSA.
GST fusion proteins and production of polyclonal antibod-

ies. A mCdx-2-glutathione S-transferase (GST) fusion protein
was made by using the pGex system (Pharmacia). The region
of the mCdx-2 cDNA from nucleotides 404 to 619 was ampli-
fied by PCR and subcloned into the BamHI and EcoRI
restriction sites of pGex-2TK. The subcloned fragment was
sequenced in its entirety to ensure fidelity of the amplification.
The expressed fusion protein was purified by using glutathi-
one-Sepharose 4B from the cleared supernatant of IPTG-
amplified bacterial cultures. The purification of the 34-kDa
fusion protein was confirmed by Coomassie blue staining of
SDS-polyacrylamide gels and by immunoblots with an antibody
to GST. Polyclonal rabbit antisera were produced by subcuta-
neous and intramuscular injections of two rabbits with 100 jig
of GST-Cdx-2 fusion protein mixed with complete Freund's
adjuvant for the initial inoculation and 50 ,ug mixed with
incomplete Freund's adjuvant for the booster injections (Co-
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calico Biologicals, Inc. Reamstown, Pa.). The serum was
purified by protein A-Sepharose chromatography.
RNase protection assay. RNase protection assays were

performed essentially as previously described (41). Single-
stranded 32P-labeled probe for mCdx-2 was synthesized from
pKS-Cdx-2 linearized with DraI, using T7 RNA polymerase
(Promega) and [32P]CTP (3,000 Ci/mmol). This yielded a
probe of 260 bp in length. After synthesis, the 32P-labeled
RNA probes were purified by digestion with RNase-free
DNase I, extraction with phenol and chloroform, and precip-
itation with ethanol. Solution hybridization was performed for
16 h at 45°C in a solution containing 10 ,ug of total RNA, 105
cpm of probe, 80% formamide, 40 mM piperazine-N,N'-bis(2-
ethanesulfonic acid) (PIPES; pH 6.4), 0.4 M NaCl, and 1 mM
EDTA. Samples were then digested with RNases A and T1 for
60 min at 15°C, extracted with phenol-chloroform (1:1), and
precipitated with ethanol. The pellets were resuspended in
loading buffer (80% formamide, 0.1% bromphenol blue, 0.1%
xylene cyanol, 1 mM EDTA [pH 8.0]) and separated in a 6%
denaturing polyacrylamide gel.

RESULTS

Two protein complexes bind to the SIFI element at overlap-
ping sites. We previously showed that the SIF1 element in the
SI promoter formed two specific complexes with nuclear
proteins extracted from intestinal cell lines and mouse small
intestinal enterocytes (60). The two complexes were defined as
complex A (faster mobility in gel) and complex B (slower
mobility in gel). To delineate the protected regions of the SIF1
element in these two complexes, we performed Cu/OP foot-
printing which provides near-single-base accuracy for defining
protected regions of DNA (37). Nuclear protein from Colo-
DM cells, a cell line derived from a colon cancer (51), was used
for this analysis, since these cells have a large amount of SIF1
binding protein and can transactivate the SI promoter through
the SIF1 element in transfection experiments (65, 67). Com-
plex A protected a region of the SIF1 element extending
from base -53 to -45, and complex B protected a region of
approximately double that length, extending from -53 to -37
(Fig. 1). Therefore, the total region protected in complex B
was approximately 17 bases, with the 5' half of this region
protected in complex A. The core of this protected sequence
(complex B) is an inverted repeat of ATAAA, although the
entire protected area is not completely symmetric (Fig. 1).
Therefore, this analysis demonstrated that there were overlap-
ping binding sites for intestinal nuclear proteins interacting
with the SIF1 element. Furthermore, there is an inverted
repeat at the core of the B complex binding site, and the
protein(s) in the A complex binds to the 5' half of the inverted
repeat.

Characterization of the two SIFl-protein complexes. Oligo-
nucleotides containing mutations in the SIF1 element were
used in EMSA experiments to further define the characteris-
tics of the DNA-protein interaction. Mutations throughout the
binding region were able to abolish formation of complex B
(Fig. 2a). However, complex A was formed regardless of the
mutation. The double mutation, M3 plus M5, which intro-
duced mutations into the two half-sites of the SIF1 inverted
repeat, eliminated specific binding of both complex A and B
(Fig. 2a). These data suggested that protein complexes of a
similar size formed with the two half-sites of the SIF1 inverted
repeat and that complex B might be a dimer of the proteins
binding to the two half-sites. However, the Cu/OP footprinting
suggested that the A complex only protected the 5' half-site of
the SIF1 element. The findings of the Cu/OP footprinting and

FP B Apir- FR B A CFP B A

V CcnirnplI Ex B V
.\ Cc)phl-ex A V4

GGGTGCAATAAAACTTTATGAGTA
CCCACGTTATTTTGAAATACTCAT

FIG. 1. Cu/OP footprinting of the SIF1 element. Cu/OP footprint-
ing was performed with an extended double-stranded oligonucleotide
to provide sufficient flanking sequence. A Maxam-Gilbert sequencing
reaction (A+G) of the labeled probe alone was run in the lanes
immediately adjacent to the pictured reaction lanes in order to identify
the bases in the digestion ladder (not shown). Colo-DM is a cell line
derived from a colon cancer (51) that has a large amount of SIF1
binding protein and expresses transfected chimeric SI-reporter gene
constructs (data not shown). We previously defined the two specific
DNA-protein complexes that form with SIF1 as complex A (faster
mobility in gel) and complex B (slower mobility in gel). Protein in
complex A protected a region of the SIF1 element extending from base
-53 to -45, and proteins forming complex B protected a region of
approximately double that length, extending from base -53 to -37
(numbering shown in Fig. lb). Therefore, the total region protected in
complex B is approximately 17 bases, with the 5' half of this region
protected in complex A. The core of this sequence is an inverted repeat
of ATAAA (arrows). FP, free probe; A and B, A and B complex,
respectively.

the EMSA with SIF1 mutants may be explained by different
affinities of nuclear proteins for the two SIF1 half-sites. In
support of this possibility, quantification of EMSA complexes
showed that the amount of nuclear protein bound to mutants
of the 3' half-site of SIF1 was two- to fivefold greater than
proteins binding to mutants of the 5' half-site (assessed by
PhosphorImager) (Fig. 2a).
To directly examine the hypothesis of differential binding to

SIF1 half-sites, truncated oligonucleotides corresponding to
the half-sites were used for EMSA (Fig. 2b). Both half-sites
bound nuclear protein to form a complex of a similar size.
Competition studies showed that the affinity of protein for the
5' half-site (M8) was much greater than the affinity for the 3'
half-site (M9) (Fig. 2b). Therefore, these data are consistent
with the results obtained with Cu/OP footprinting which
showed that the 5' half-site was occupied in the A complex with
little or no binding to the 3' half-site.
To assess the size of the proteins in the two protein-DNA

complexes, EMSA was performed on size-fractionated Colo-
DM nuclear protein. One fraction, corresponding to a protein
with an Mr of 37,000 to 38,000 (fraction 28), yielded two
specific complexes that were the same size as the A and B
complex obtained when using unfractionated Colo-DM extract
(Fig. 2c). Of note, there was another, slightly smaller, protein-
DNA complex that formed with protein from fraction 30
(lower molecular weight). This complex likely represents a
smaller SIF1 binding protein rather than degradation of the
protein in the higher-molecular-weight fraction because there
was no binding activity in the intervening protein fraction
(fraction 29). Therefore, proteins from a narrow molecular
weight range were able to form both complex A and complex
B on the SIFM element. Further evidence of the interaction of
the proteins forming the two complexes was provided by
EMSA experiments with Colo-DM extracts which demon-
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FIG. 2. Characterization of nuclear protein binding to S
EMSA of wild-type SIF1 and mutants. Colo-DM nuclear extra
used in these assays to assess the effects of mutations in t
sequence on DNA-protein interaction. (b) EMSA with truncal
element oligonucleotides. Oligonucleotides that corresponde
putative half-sites of the SIF1 element were synthesized.
half-site; M9, 3' half-site. Colo-DM nuclear extract (5 ,ug) was
each binding reaction mixture. Both M8 and M9 bound to pr
yield a complex of nearly the same size as complex A formed
wild-type SIF1 element. Results of competition experiments ar
in the lanes with the triangles, with the competing oligonu
indicated in the triangle. The fold increased amounts of cor
were 25-, 50-, 100-, and 200-fold. The M8 oligonucleotide cc
for binding to both half-sites much better than the M9 oligonu4
The faster-migrating complexes seen with M9 were determin(
nonspecific. The complex immediately below A competed
added DNA. (c) EMSA of gel-purified fractions of nuclear r

strated that complex B was increased with the temperature of
incubation, concentration of nuclear protein, and time of
incubation (data not shown).
Taken together, these results of the binding of crude intes-

tinal cell nuclear extracts with the SIF1 element allows pro-
posal of a model for DNA-protein interaction. A protein(s)
with an Mr of approximately 38,000 is able to bind preferen-
tially to the 5' half-site of the SIF1 element. A higher-
molecular-weight complex is formed from the occupation of
both half-sites of the SIF1 element. This higher-molecular-
weight complex is most likely a dimer which could be a
homodimer of the same protein that binds preferentially to the
5' half-site or a heterodimer of two proteins of similar molec-
ular weight.

Functional effect of mutations in the SIF1 element. To
examine the functional effect of mutations in the two half-sites
of the SIF1 element, mutations corresponding to M3, M5, or
M3 plus M5 were introduced into the complete evolutionarily
conserved SI promoter (-183 to +54) (Materials and Meth-
ods). Transfection studies were performed with Colo-DM cells
to compare the results with those of the DNA-binding studies.
Results demonstrated that mutation of both half-sites (M3 plus
M5) decreased transcription of the SI promoter to 4% of full
activity (Fig. 3). Mutation of the 3' half-site (M5) provides
partial function of the promoter, suggesting that the binding of
a protein to the 5' half-site is sufficient for some transcriptional
activation. In contrast, mutation of the 5' half-site (M3)
diminishes transcriptional activation to near the levels seen
with a double mutant, suggesting that the 3' half-site alone has
little activity. This transfection analysis of mutant SI promoter
constructs provides functional corroboration of the proposed
model of SIFl-nuclear protein interactions.

Molecular cloning of a SIF1 binding protein. To further
analyze the interaction of intestinal nuclear proteins with the
SIF1 element, we cloned a SIF1 binding protein from mouse
small intestine. The SIF1 sequence was used to screen a mouse
small intestinal Agtll expression library (Materials and Meth-
ods). Seven positive clones were identified after 300,000
plaques were screened with a multimerized SIF1 double-
stranded oligonucleotide. EMSA using the X lysogen of these
seven clones showed that one (Xgtll-3a) had the same pattern
of specific binding to the SIF1 element as seen with crude
intestinal nuclear extract (data not shown). The sequence of
this clone revealed that the 1.37-kb insert contained an initia-
tion codon at nucleotide position 263 resulting in an open
reading frame which encoded for a protein of 311 amino acids
(Fig. 4a). The sequence upstream of the initiation codon
(GCCACCATG) conforms closely to the consensus sequence
for translational initiation (7) as well as initiation sites known
to have excellent function when tested in vitro (36).
Comparison of the predicted cDNA and protein sequence to

,IFi. (a) the databases at the National Center for Biotechnology Infor-icts were mation was performed with the BLAST algorithm. The com-
he SIFi

lt mn cdsqec a 36 iia otercnlted SIF1 plete amino acid sequence was 93.6% similar to the recently
d to the cloned hamster Cdx-3 (hamCdx-3) (19) (Fig. 4b), suggesting
M8, 5' that we isolated the mouse homolog of the hamCdx-3 cDNA.
used for
rotein to
with the
re shown
icleotide
mpetitor
)mpeted
cleotide.
ed to be
with all
proteins.

Colo-DM nuclear extract was denatured and separated in an SDS-
polyacrylamide gel, and the gel was then cut into 50 2.5-mm-width
slices. The protein was eluted from each gel piece and analyzed by
EMSA. Analysis of fractions 20 through 33 is shown; there was no
binding with other fractions. The A and B bands shown in lane 28 were
eliminated by incubation with a 100-fold molar excess of unlabeled
wild-type SIF1 oligonucleotide (data not shown).
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M3+M5

M5

M3

-183 SIF1 *5

II
n=5
mean ± S.D.

50 100

Percent of Wild-Type Construct

FIG. 3. Transfection analysis of SIF1 mutants. Caco-2 and Colo-DM cell lines were transfected with 8 ,ug of either the wild-type promoter
construct linked to the luciferase reporter gene or the indicated mutants of the SI promoter. Two jig of pCMV-,B-galactosidase was cotransfected
to control for transfection efficiency (60). Results are expressed as percent wild-type expression, which was 4.04 x 105 light units/U of
,B-galactosidase.

However, the sequence of our clone that encodes a portion of
the homeodomain is identical to the portion of a mouse cDNA,
called Cdx-2, that was cloned from mouse small intestine by
PCR (29). Furthermore, the complete sequence of the mCdx-2
cDNA has recently been cloned, and the predicted amino acid
sequence differs from our clone only at residue 69, which is a
histidine in our sequence and a tyrosine in the other published
sequence (28) (Fig. 4b). Therefore, our clone is mCdx-2. There
have been 12 homeobox genes related to caudal cloned from a
variety of species, each of which has a high degree of similarity
in the sequence of the homeodomain (Fig. 4c). In addition to
the homeodomain, there are other regions of the proteins that
have been identified as conserved between members of the
caudal family (17). The boxed areas labeled A, B, and C in Fig.
4b have been identified as conserved regions between proteins
related to caudal (17) and are nearly identical between ham
Cdx3 and mCdx-2. Region C contains the hexapeptide, a
conserved region which has been used to classify homeodo-
main proteins, including the family of genes related to caudal
(17). It is of interest that this region in both mCdx-2 and
hamCdx3 contains a cysteine which is unique within the caudal
family. Furthermore, there is a second conserved cysteine
which is not present in the other caudal genes.

Characterization of mCdx-2 interaction with the SIFI ele-
ment. The mCdx-2 cDNA was cloned into pRc/CMV (Mate-
rials and Methods), which served as a vector for in vitro
transcription and expression in cell lines. In vitro transcription
and translation of the mCdx-2 cDNA produced a protein with
an Mr of approximately 37,000 (data not shown), which was
very close to the estimated size from the fractionated nuclear
extract. However, this size is greater than the predicted
molecular weight of the amino acid sequence (Mr = 33,330).
Other investigators have noted that homeodomain proteins
migrate through SDS-polyacrylamide gels in a fashion indicat-
ing a higher molecular weight than the actual size (44). In
vitro-translated mCdx-2 protein formed a protein-DNA com-
plex with the wild-type SIF1 element of a mobility identical to
that of the A complex formed with Colo-DM nuclear extract
(Fig. 5a, lane 2) which was found to be specific in competition
experiments with an excess of unlabeled SIF1 (Fig. Sa, lane 3).
Competition with mutant oligonucleotides showed that
mCdx-2 bound to the M5 mutant (Fig. Sa, lane 5) much more
avidly than to M3 (Fig. Sa, lane 4). This is consistent with the
finding that Colo-DM nuclear extract binds to the 5' half-site
more avidly than the 3' half-site (Fig. 2b).

Dimerization of mCdx-2 on the SIFI element is affected by
redox potential. Under standard conditions of EMSA, the
higher-molecular-weight complex (B) did not form effectively
with in vitro-translated mCdx-2 protein (Fig. Sa), although
increasing the amount of protein in the binding reaction
mixture did lead to some formation of the B complex (data not
shown). Therefore, EMSA was performed under a number of
conditions in an attempt to induce formation of the higher-
molecular-weight complex. High concentrations of magnesium
or zinc ions had little effect on the binding reaction (Fig. Sa,
lanes 7 and 8). However, a higher-molecular-weight complex of
the same size as complex B was formed when the binding
reaction was performed under reducing conditions in the
presence of dithiothreitol (DTT) (Fig. Sa, lane 9).
To evaluate binding of Cdx-2 expressed in cells, nuclear

proteins were extracted from HepG2 cells that had been
transfected with an expression vector for either mCdx-2 or
hamCdx-3. The hamCdx-3 expression vector (a gift of M.
German, San Francisco, Calif.) was used for comparison to the
mouse homolog. Using the same amount of nuclear extract
from transfected HepG2 cells and Colo-DM cells, the identical
pattern of complex A and B was found (Fig. 5b, hamster, lanes
5 and 2; mouse, lanes 1 and 3). Increasing amounts of nuclear
extract from transfected HepG2 cells produced a shift of
complex from A to B (Fig. 5b, hamster, lanes 5, 4, and 3;
mouse, lanes 2, 3, and 4). Finally, a reducing environment
promoted by the addition of DTT shifted nearly all of the
binding activity from complex A to B (Fig. 5b, hamster,
compare lane 5 with lane 6). Similar results were found for
mCdx-2 protein incubated in DTT (data not shown). Taken
together, these data demonstrate that mCdx-2 is able to form
homodimers on the SIF1 element and that the dimerization is
dependent on the redox state of the binding reaction.

Cdx-2 is the major SIFI binding protein in Colo-DM
nuclear extract. Polyclonal antibodies were raised in rabbits to
a bacterially expressed fusion protein of GST linked to a
portion of the mCdx-2 protein extending from residue 48 to
120 (Materials and Methods). This region of the protein is
markedly different between mCdx proteins, and the compara-
ble region was previously used to produce antibodies to
mCdx-4 (17). Immunoblot analysis confirmed that the antisera
recognized in vitro-translated mCdx-2 as well as a single
protein with an Mr of 37,000 in Colo-DM nuclear extract (data
not shown). Therefore, there is a single nuclear protein in
Colo-DM cells that is the appropriate size for Cdx-2 and that

I

MOL. CELL. BIOL.



VOL. 14, 1994 INTESTINAL GENE TRANSCRIPTION 7345

50 100
GGAATTCCGG TCTACTTTCG TAGGAACAGT TAATGACAGC TTACTGGCAA GGAGGTGGGA GGAAAGAAGG AAGAGAGGGG AGGAGGCAGG ACGGAGGGAG

150 200
GGACTGCCCG GGAGGCAGAA GCTCTGCAAG GAGCCGACGG AGCACCGTGG GCTGAGGTGC AGCCAGCTAC CTTTATCTCT AGCCCCCTTC TCCTCCCTCT

250 300
GGCAGCCTTC AACGTTTGTC CCCAGACAGC ATGGTGAGGT CTGCTCTGGG TCCCTCGCCA CCATGTACGT GAGCTACCTT CTGGACAAGG ACGTGAGCAT

M Y V S Y L L D K D V S M>
350 400

GTATCCTAGC TCCGTGCGCC ACTCCGGCGG CCTGAACCTG GCTCCGCAGA ACTTTGTCAG TCCTCCGCAG TACCCGGACT ACGGTGGTTA CCACGTGGCG
Y P S S V R H S G G L N L A P Q N F V S P P Q Y P D Y G G Y H V A>

450 500
GCCGCGGCGG CTGCTACGGC GAACTTGGAC AGCGCTCAGT CCCCAGGGCC ATCCTGGCCC ACCGCGCACG GCGCCCCTCT CCGCGAGGAC TGGAATGGCT
A A A A A T A N L D S A Q S P G P S W P T A H G A P L R E D W N G>

550 600
ACGCACCCGG GGGCGCTGCG GCAGCCAACG CGGTAGCCCA CGGTCTCAAT GGTGGCTCCC CGGCCGCCGC TATGGGCTAC AGCAGCCCCG CCGAATACCA
Y A P G G A A A A N A V A H G L N G G S P A A A M G Y S S P A E Y H>

650 700
CGCGCACCAT CACCCGCATC ATCACCCGCA CCATCCGGCC GCCTCGCCGT CCTGCGCCTC CGGCTTGCTG CAGACGCTCA ACCTCGGCCC CCCGGGGCCC
A H H H P H H H P H H P A A S P S C A S G L L Q T L N L G P P G P>

750 800
GCAGCCACCG CCGCCGCCGA ACAGCTGTCC CCCAGCGGCC AGCGGCGAAA CCTGTGCGAG TGGATGCGGA AGCCCGCGCA GCAGTCCCTA GGAAGCCAAG
A A T A A A E Q L S P S G Q R R N L C E W M R K P A Q Q S L G S Q>

850 900
TGAAAACCAG GACAAAAGAC AAATACCGGG TGGTGTACAC AGACCATCAG CGGCTGGAGC TGGAGAAGGA GTTTCACTTT AGTCGATACA TCACCATCAG
V K T R T K D K Y R V V Y T D H Q R L E L E K E F H F S R Y I T I R>

950 1000
GAGGAAAAGT GAGCTGGCTG CCACACTTGG GCTCTCCGAG AGGCAGGTTA AAATTTGGTT TCAGAACCGC AGAGCCAAGG AGAGGAAAAT CAAGAAGAAG

R K S E L A A T L G L S E R Q V K I W F Q N R R A K E R K I K K K>
1050 1100

CAGCAGCAGC AACAGCAGCA GCAGCAACAA CAGCCTCCAC AGCCGCCGCC ACAACCTTCC CAGCCTCAGC CGGGTGCCCT GCGGAGCGTG CCCGAGCCCT
Q Q Q Q Q Q Q Q Q Q Q P P Q P P P Q P S Q P Q P G A L R S V P E P>

1150 1200
TGAGTCCTGT GACCTCCTTG CAAGGCTCAG TGCCTGGTTC TGTCCCTGGG GTTCTGGGGC CAGCTGGAGG GGTTTTAAAC TCCACTGTCA CCCAGTGACC
L S P V T S L Q G S V P G S V P G V L G P A G G V L N S T V T Q>

1250 1300
CCTCCCGTGG TCTGAAGCGG CGGCGGCACA GCAATCCCAG GCTGAGCCAT GAGGAGTATG GACGCTGCGA GAATCCTCAG AAGAGATTCC TCTCCTCCTA

1350
CCCACGAACA GCATCTACTG ATGGAGATTG AGGACAGAAG ATGAGTGGAA TTATGGACCT CGGGGCCGGA ATTC

b A ' B
10 20 30 40 50 60 70 80 90 100

mCdx-2 SSVRH SGGLNLAPQN FVSPPQYPDY GGYHVAAAAA AtANLDSAQS PGPSWp GY aPGGAAAANA VAHGLNGGSP>~~~~~~~~~~~ 111 l1 1AA- A AA .F^^̂̂^^^^^^^^^^^̂̂ ^^^^^^^^^^A 1 11 1 AT AAA AA- A ^A AAA ^A ^ A

hCdx-3 SSVRH SGGLNLAPQN FVSPPQYPDY GGYHVAAAAA AAANLDSAQS PGPSWS GY PPGGAAAANA VAHGLNGGSP

110 120 130 140 150 160 C 180 190 200
AAAMGYSSPA eYHAHHHPHH HPHHPAAsPS SGLLQTLN 1GPPGPAATa AAEQLSPSGQ R K PAQqSLGSQV KTRTXDKYRV VYTDNQRLEL>

^VAAAAAAAAAv AA AAA_AAAAA^ ^

AAAMGYSSPA DYHAHHHPHH HPHHPAAAPS SGLLQTLN PGPPGPAATG AAEQLSPSGQ R K PAQPSLGSQV KTRTKDKYRV VYTDHQRLZL

210 220 230 240 250 260 270 280 290
NKEFNfSRYI TIRRKsE&AA TLGLSZRQVK IWFQNRRAKZ RKIK-KK-QQ QQQQQQQQQp pqPPPQPSQP QPGaLRSVPE PLSPVtSLQG SVPGSVPGVL>
AAAAA^^^^^ AAAAAAAAAA AAAA^^^^^^ A^AAA^^^^^ AAA AAA AA AAAAA^A^^V V^^AA^^ ^^^^^AA AAAAAAAAAA AAAA^^^

IKEFEYSRYI TIRRKAELAA TLGLSZRQVK IWFQNRRAKZ RXINKKKLQQ QQQQQQQQQL ASPPPQPSQP QPGSLRSVPE PLSPVSSLQG SVPGSVPGVL

300 310
GPAGGVLNsT VTQ>

GPAGGVLNPT VTQ

C
mCdx-2 KDKYRVVYTDHQRLELEKEFHFSRYITIRRKSELAATLGLSERQVKIWFQNRRAKERKIK
mCdx-1 ---S-----------------Y--------------N---T-----------------VN
mCdx-4 -E---------- ----CN------------VN---------------------MI
hamCdx-3 ---------------------Y---------A---------------------------N
rCdx-1 ---------------------Y--------------N---T-----------------VN
CHox-cad ---------------------Y-----------A----T-----------------VN
CHox-cad2-E-------------------CN------------VN---------S------------I
Xcadl ----------Q----------Y---------A---VN-----T----------------N
Xcad2 ---------------------Y-----------A----T-----------------VN
Zfcadl -E--------------------N------------VN--------------------ML-
ceh-3 A----M--S-Y---------- T-PF--SD---Q-STM-S-T---I-I -------D-RD-
caudal ----------F--------YCT---------Q---VN-S------------------TSN

FIG. 4. (a) mCdx-2 cDNA. Complete sequences of the mCdx-2 cDNA and translated protein which was contained in the p3a clone are shown.
The cDNA insert of 1.37 kb was sequenced in both orientations. The polyadenylation signal is not included in this cDNA. (b) Amino acid sequence
comparison. The homeodomain is in boldface type. The boxed regions labeled A, B, and C have been identified as regions of conservation between
proteins related to caudal (17). Regions A and B show a high degree of similarity between hamCdx-3 and mCdx-2 proteins. Region C contains
the hexapeptide, a conserved region which has been used to classify homeodomain proteins, including the family of genes related to caudal (17).
This region in both mCdx-2 and hamCdx-3 contains a cysteine which is unique within the caudal family. Furthermore, there is a second conserved
cysteine (boxed) which is not present in the other caudal genes. These conserved cysteines may be of significance in the regulation of the binding
to the SIF1 element by redox potential (see text). The arrowhead indicates the one residue difference between our sequence and the other reported
sequence for mCdx-2 (28). (c) Comparison of homeodomains of proteins related to caudal. Sequences of the following proteins are shown: mouse
mCdx-1 (11), mCdx-2 (references 28 and 29 and this paper), and mCdx-4 (6, 17), hamster hCdx-3 (19), rat rCdx-1 (12), chicken CHox-cad (10)
and CHox-cad2 (55), X laevis Xcadl and Xcad2 (3), zebra fish Zfcadl (30), C. elegans ceh-3 (5), and D. melanogaster caudal (45).
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FIG. 5. (a) EMSA with in vitro-translated mCdx-2 protein. All binding reaction mixtures used 5 ,ug of translation product. Lane 1, wild-type
SIF1 probe alone; lane 2, wild-type SIF1 probe plus protein; lane 3, wild-type SIF1 probe plus protein and a 100-fold molar excess of unlabeled
wild-type SIF1; lane 4, wild-type SIF1 probe plus protein and a 100-fold molar excess of unlabeled M3; lane 5, wild-type SIF1 probe plus protein
and a 100-fold molar excess of unlabeled M5; lane 6, wild-type SIF1 probe plus protein and a 100-fold molar excess of unlabeled double mutant
(M3 plus M5); lane 7, wild-type SIF1 probe plus protein and Mg2+ to a concentration of 25 mM; lane 8, wild-type SIF1 probe plus protein and
Zn2+ to a concentration of 50 mM; lane 9, wild-type SIF1 probe plus protein and the addition of DTT to a concentration of 60 mM. The A and
B labels refer to the sizes of the complexes found with Colo-DM extract. This was determined from EMSA with both Colo-DM and mCdx-2 on

the same gel (data not shown). (b) EMSA with nuclear extract from HepG2 cells transfected with expression vector for hamCdx-3 and mCdx-2.
HepG2 cells were transfected with an expression vector for hamCdx-3 (phCdx-3) (a gift from M. S. German and W. J. Rutter [19]) or with mCdx-2,
and nuclear protein was extracted 72 h later and used for EMSA. (Left panel) Lane 1, wild-type SIF1 probe alone; lane 2, wild-type SIF1 probe
plus 5 ,ug of Colo-DM nuclear extract; lane 3: wild-type SIF1 probe plus 25 jig of HepG2 nuclear protein extracted following transfection with
Cdx-3 expression vector; lane 4, wild-type SIF1 probe plus 10 ,ug of HepG2 nuclear protein extracted following transfection with Cdx-3 expression
vector; lane 5, wild-type SIF1 probe plus 5 jig of HepG2 nuclear protein extracted following transfection with Cdx-3 expression vector; lane 6,
wild-type SIF1 probe plus 5 jig of HepG2 nuclear protein extracted following transfection with Cdx-3 expression vector plus the addition of DTF
to a concentration of 60 mM; lane 7, wild-type SIF1 probe plus 5 jig of HepG2 nuclear protein. (Right panel) Lane 1, wild-type SIF1 probe plus
5 jig of Colo-DM nuclear extract; lane 2, wild-type SIF1 probe plus 5 ,ug of HepG2 nuclear protein extracted following transfection with Cdx-2
expression vector; lane 3, wild-type SIF1 probe plus 10 jig of HepG2 nuclear protein extracted following transfection with Cdx-2 expression vector;
lane 4, wild-type SIF1 probe plus 25 jig of HepG2 nuclear protein extracted following transfection with Cdx-2 expression vector; lane 5, wild-type
SIF1 probe alone; lane 6, wild-type SIF1 probe plus 5 jig of HepG2 nuclear protein; lane 7, wild-type SIF1 probe plus 5 ,ug of HepG2 nuclear
protein extracted following transfection with pRc/CMV. (c) EMSA with antibodies to Cdx-2. EMSA was performed with the wild-type SIF1 probe
(left panel), the 5' half-site (M8) (middle panel), and the 3' half-site (M9) (right panel). For each panel, EMSA was performed with Colo-DM
nuclear extract, nuclear extract from HepG2 cells transfected with expression vector for hamCdx-3 (similar results obtained for mCdx-3, but not
shown on this gel), and in vitro-translated mCdx-2 protein, in the lanes indicated. Five micrograms of Colo-DM nuclear extract or transfected
HepG2 extract was used for EMSA. One microliter of the 50-jil TNT reaction mixture (Materials and Methods) was used for the in vitro-translated
Cdx-2 protein. The lanes for each extract are as follows: lanes 1, protein alone; lanes 2, protein plus 1 RIl of preimmune rabbit serum; lanes 3,
protein plus 1 RIl of Cdx-2 antiserum. In these experiments, the antibody was added to the binding reaction mixture before the addition of the
radiolabeled oligonucleotide. In other experiments, antibody was added just before loading on the gel, which gave identical results (data not
shown). Closed arrows show the positions of supershifted complex as a result of binding of antibodies. Open arrows indicate the protein binding
complexes with mutant oligonucleotides (M8 and M9) which have a slightly different mobility than with wild-type SIF1, likely because of the
difference in size of the oligonucleotides. The sequences of M8 and M9 are shown in Fig. 2b. FP, free probe.
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FIG. 6. Activation of SI promoter by hamCdx-3 and mCdx-2. (a) HepG2 cells were transfected with a SI gene expression vector containing
bases -66 to +54 of the human SI promoter linked to the luciferase gene (-66h SI-Luc) (60) (4 ,ug) and with expression vectors for hamCdx-3
and mCdx-2 proteins (8 ,ug). The hamCdx-3 expression vector contained the hamCdx-3 cDNA in the pBAT7 vector (phCdx-3) (a gift from M. S.
German and W. J. Rutter [19]). The mCdx-2 expression vector was made by amplification of the coding sequence of mCdx-2 with oligonucleotide
primers containing restriction enzyme sites and a strong translational initiation site on the 5' end and subsequent subcloning into pRc/CMV
(Invitrogen Corp.). The plasmid construct was sequenced to verify the fidelity of the amplification. Two micrograms of pCMV-3-galactosidase was

cotransfected to control for transfection efficiency, as previously reported (60). (b) NIH 3T3 cells were cotransfected with the same constructs
shown in Fig. 3 and an expression vector for mCdx-2 or the vector alone (pRc/CMV).

reacts with the antibody to mCdx-2. The antisera were then
used in EMSA to determine whether Cdx-2 was present in
SIF1-Colo-DM nuclear protein complexes (Fig. Sc). By using
the wild-type SIF1 element, the antisera supershifted the
complexes formed with in vitro-translated mCdx-2 protein,
with nuclear extracts from HepG2 cells transfected with either
the mCdx-2 or hamCdx-3 expression vectors, and with
Colo-DM nuclear extract (Fig. 5c, left panel). Furthermore,
both the A and B complexes were shifted with this antibody.
We next investigated whether mCdx-2 bound independently to
both half-sites of the SIF1 element. The anti-Cdx-2 antibody
supershifted in vitro-translated mCdx-2 protein, nuclear ex-

tracts from HepG2 cells transfected with either the mCdx-2 or
the hamCdx-3 expression vectors, and Colo-DM nuclear ex-
tracts bound to truncated oligonucleotides corresponding to
SIF1 half-sites (Fig. Sc, middle and right panels). These results
demonstrate that the predominant protein binding to the SIF1
element in Colo-DM cells is Cdx-2. Furthermore, it shows that
our antibodies recognize the homologous Cdx-2 proteins in
mice, hamsters, and humans.
mCdx-2 functions as a transcriptional activator of the SI

promoter. To examine the function of Cdx-2 on the SIF1
element in the SI promoter, we performed transient-transfec-
tion experiments with HepG2 and NIH 3T3 cells which neither
express SIF1 binding protein nor support SI gene transcription

(60). A minimal intestine-specific promoter containing only the
SIF1 element and the TATA box (bases -66 to +54) was

linked to the luciferase gene and used as a reporter construct
in cotransfection experiments with an expression vector for
either hamCdx-3 or mCdx-2 (Materials and Methods). Coex-
pression of both proteins with the chimeric SI promoter-
reporter gene construct in HepG2 cells demonstrated marked
stimulation of transcription of the SI promoter (Fig. 6a). NIH
3T3 cells were also cotransfected with the mutant constructs
shown in Fig. 3 and the expression vector for mCdx-2 (Fig. 6b).
These data show that transcription of the SI promoter is
activated by mCdx-2 and that this activation is dependent on
binding to the SIF1 element in the promoter.
mCdx-2 mRNA is expressed exclusively in intestinal tissue.

To examine the tissue distribution of mCdx-2, both RNase
protection and Northern (RNA) blot assays were performed
with RNAs isolated from multiple mouse tissues. These results
showed that mCdx-2 mRNA was expressed in all regions of the
intestine, including duodenum, proximal and distal jejunum,
ileum, cecum, and proximal and distal colon (Fig. 7). This
pattern of expression was similar to that previously reported
for mCdx-1 and mCdx-2 mRNAs (28, 29). Transcripts for
mCdx-2 were not detectable from the other tissues, including
stomach, liver, kidney, spleen, brain, heart, lung, pancreas,
skeletal muscle, and testis (Fig. 7). The lack of expression in

mCdx-2
a
-66hSI-Luc + p

-66hSI-Luc + pI

-66hSI-Luc +

-66hS1-Luc +

10000
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fNf 9'q

28S -

18S_-
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FIG. 7. Tissue expression of mCdx-2. RNase protection and Northern blot assays were performed on 10 ,ug of total RNA isolated from multiple
mouse organs. Probes for both RNase protection and Northern blot were derived from the 3' untranslated region of the mCdx-2 cDNA to ensure
specificity of binding. The Northern blot was stripped of the mCdx-2 probe and rehybridized with a cDNA for a 7S RNA which has previously been
used to normalize for expression in intestine tissue (8).

pancreas tissue is notable, since hamCdx-3 was cloned from a
pancreatic islet cell line (19). hamCdx-3 mRNA also was not
detected in pancreas tissue (19), but this could be due to an
inability to identify a small cell population expressing this gene.

DISCUSSION

A member of the homeodomain family related to caudal
regulates transcription of the SI gene. The SIFi element,
located in the SI gene promoter, was previously shown to be
essential for intestinal cell line-specific transcription (60). We
now demonstrate that the homeodomain protein mCdx-2 is
able to bind to the SIF1 element and activate transcription of
the SI promoter. We also show that hamCdx-3 is the homolog
of mCdx-2, as indicated by sequence, DNA-binding character-
istics, and function in transcriptional activation. Cdx-2 is a
member of a growing family of homeodomain proteins related
to the caudal gene (cad) of Drosophila melanogaster (45).
Genes related to caudal have been found in mice (mCdx-1 [11],
mCdx-2 [28, 29], and mCdx-4 [6, 17]), Syrian hamsters (ham
Cdx-3 [19]), rats (rCdx-1 [12]), chickens (CHox-cad [CdxA]
[10] and CHox-cad2 [55]), Xenopus laevis (Xcadl and Xcad2
[3]), zebra fish (Zfcadl [30]), and Caenorhabditis elegans (ceh-3
[5]). In addition to the SI gene, genes related to caudal have
functional interactions with regulatory elements of the insulin
(19) and fushi tarazu (ftz) genes (9). Syrian hamster Cdx-3 has
been shown to activate the insulin gene, but its role relative to
other transcription factors that also activate the same element
is not clear (19). The interaction of cad and the segmentation

gene ftz is important in Drosophila development (discussed
below).

Interaction of Cdx-2 with the SIFi promoter element. The
interaction of caudal homeodomains with DNA elements has
been most closely examined for CHox-cad (CdxA) (39). DNA
sequences that interact with CHox-cad were selected from
both random oligonucleotides and genomic DNA fragments
(39). This analysis showed that the consensus for Chox-cad
binding was A/C 'l'l'AT A/G (Fig. 8). Four similar binding
sites for the cad protein in the ftz gene promoter were
identified by DNase I footprinting (9) (Fig. 8). Hamster Cdx-3
interacts with the Flat-E and the Flat-F sites in the insulin
minienhancer (19), both of which have some similarities to the
Chox-cad consensus (Fig. 8). However, the binding of these
sites individually has not been carefully investigated. If one
considers the binding sites in SIF1 to be seven bases in length,
as suggested by the Chox-cad consensus, the two SIFM half-
sites also correspond very well to the consensus (Fig. 8).
There are novel aspects of the binding of Cdx-2 to the SIFi

element that have not previously been reported for the home-
odomain proteins related to caudal. First, we found that Cdx-2
was able to bind to the SIFM element as part of a higher-
molecular-weight complex. Experiments with in vitro-trans-
lated Cdx-2 protein suggested that this larger complex is a
homodimer of Cdx-2. This is consistent with the palindromic
nature of the SIF1 element and with the demonstration that
Cdx-2 binds independently to both SIFM half-sites. Interest-
ingly, the binding sites for cad in the ftz promoter and the
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proteins are able to form hom
these dimers bind to DNA in
Cooperative binding has been d4
main of Ultrabithorax to both ad
for HoxB5 to tandem sites (16).
yeast homeodomain protein a2
ative binding (62). Therefore, t
nisms by which homeodomain F

A/C T T T A T A/G regulatory elements. The functional importance of the binding
of Cdx-2 to closely adjacent sites in the SIF1 element, whether

a. T T T T A G G there is true cooperativity of binding, and the nature of the
b. G T T T A T G interaction between Cdx-2 proteins will require additional
c. T T T T A T G investigation.
d. C T T T A T G

The second aspect of Cdx-2 interaction with the SIF1
element that is novel for proteins related to caudal is that the

A A T T A G A formation of the dimer of Cdx-2 on the SIF1 element is
A T T A A C A dependent on the redox state of the binding reaction. Redox-

related posttranslational modifications affecting DNA-protein
cTTTA T G binding is a phenomenon that has been increasingly described

T
T T T A T for transcription factors (1), including homeodomain proteins

(16, 54). The cooperative interaction of HoxB5 to tandem sites
is dependent on redox potential (16), with an increase in
binding upon oxidation. For HoxB5, a cysteine located in the
homeodomain was shown to mediate the enhanced binding
found with oxidation (16). The effect of redox state on the
binding of Cdx-2 is opposite to that of HoxB5, since reduction
of the binding reaction enhances Cdx-2 binding to the SIF1

C C A T A A A C element. In addition, there is no cysteine in the homeodomain
G G T A T T T G of Cdx-2 as there is in HoxB5 (16). Although we have not

b. explored the mechanism of the effect of chemical reduction on
protein binding, the presence of two conserved cysteines in the

d. amino-terminal protein domain suggests that this region of the
T T A T G protein plays a role in protein-protein interactions that are
A A T A C regulated by redox potential.

Role of Cdx-2 in the overall regulation of SI gene expression.
The SI gene is expressed in complex patterns during develop-
ment of the small intestine and colon, in intestinal epithelial

C T A A T T A cell lineages, and along the crypt-villus and cephalocaudal axes
G A T T A A T of the adult small intestine (reviewed in references 41 and 59).
Flat-E A number of lines of evidence indicate that Cdx-2 is not the

sole determinant of the patterns of expression of the SI gene.
First, transgenic mouse experiments suggest that sequences
outside the SI promoter are important for patterns of SI gene

T T A T G A G T A expression. The mouse SI promoter (bases -201 to +54) is
A A T A C T C A T able to direct intestine-specific gene transcription in transgenic

ing sites for caudal and homeodo- mice, but there are marked differences in the lineage-specific
binding sites for proteins related gene expression from the endogenous gene (40a). Sequenceseindiongsiens, proteinserelated between bases -201 and -8500 are able to partially correct

ic DNA selection, is used as a point those differences in expression (reference 41 and unpublished
insulin, and SI promoters. The data), but there remain important differences from the endog-
intact promoters are also shown. enous gene. Second, Cdx-2 mRNA is expressed in the adult

colon, whereas SI is not expressed in adult colon. SI is
expressed transiently in fetal human colon (68) and newborn
mouse colon (40), suggesting that there are elements in the SI

nt are also grouped in closely promoter that suppress expression in adult colon or that
ervening bases (Fig. 8). The mCdx-2 is not active in the colon.
tion between Cdx-2 molecules More information is required before the complete role of
he accumulating evidence that Cdx-2 in the transcriptional regulation of SI can be elucidated.
*e involved in homeodomain This information includes the cellular and temporal patterns of
es of diverged homeodomain Cdx-2 expression, the identification of posttranslational mod-
, elements as dimers, including ifications that may have an effect on activity and the cells in
and 1 3, which homo- or het- which those modifications occur, and the identification of
ident fashion (43), and mem- transcriptional proteins that may interact with Cdx-2 to affect
in family, which require their DNA-binding or transcriptional activity.
(27, 52). Recently, it has been Role of homeodomain proteins related to caudal in devel-
aired class of homeodomain opment. Homeodomain proteins have important roles in the
o- and heterodimers and that regulation of developmental events in multiple organisms (4,
i a cooperative fashion (64). 18, 26, 32). The fact that the Cdx-2 protein plays an important
emonstrated for the homeodo- role in transcriptional activation of an intestine-specific gene
ijacent and distant sites (2) and raises the issue of whether Cdx proteins have a more general
Finally, the interaction of the role in the regulation of other intestinal genes and in directing
with MCM1 leads to cooper- intestinal development. The cad gene has been shown to have
here are a number of mecha- fundamental effects during early developmental events in D.
?roteins may interact on DNA melanogaster. cad is expressed as an early maternal transcript
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and as a zygotic transcript in the posterior cellular blastocyst
and then is expressed in proctodeum, Malpighian tubules,
hindgut, and posterior midgut (45, 46). Mutation of cad results
in fusion, or elimination, of posterior body segments, including
the hindgut and posterior midgut (38). Early overexpression of
cad leads to disruption of head development and segmentation
(47).
There is indirect evidence of a role for Cdx genes in

vertebrate intestinal development. In mice, mCdx-1 mRNA
and protein are first expressed in the ectoderm and mesoderm
of the primitive streak and in derivatives of these tissues until
approximately embryonic day 12 (E12), after which expression
appears to be extinguished (44). At embryonic day 14, before
the endoderm-intestinal epithelial transition, mCdx-1 is ex-
pressed in endoderm and later in intestinal epithelium (44).
Mouse Cdx-4 mRNA and protein are expressed early in
gastrulation but do not appear to be expressed later in
development (17). Expression of genes related to caudal in
other species also suggests a function in early gastrulation (3,
14, 17, 30, 44) and endodermal development (10-12, 14, 29).
Recently, the developmental expression of CHox-cad (CdxA)
protein in chickens has been examined (13). There were some
similarities with the expression of Cdx-1 in mice, with expres-
sion during gastrulation and subsequent by loss of expression
and reexpression in developing endoderm and adult intestinal
epithelium (13). The bimodal pattern of expression noted for
genes related to caudal during development is consistent with
the developmental expression of other homeobox genes. These
intriguing patterns of Cdx gene expression in endoderm and
intestine suggest a developmental role.
Summary. We have shown that Cdx-2 is important for

transcription of a gene that is expressed in terminally differ-
entiated intestinal epithelial cells. Furthermore, the pattern of
developmental expression of genes related to caudal suggests a
role in intestinal development. There are similarities between
these findings and the function of the POU-homeodomain
protein Pit-1/GHF-1 in both pituitary development and in
differentiated gene expression in mature pituitary cells (re-
viewed in reference 52). Taken together, these data suggest
that the family of caudal homeodomain proteins act as regu-
lators of early developmental transitions in the intestine and in
the maintenance of intestinal differentiation in the adult
epithelium.
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