
Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 7318–7323, June 1999
Developmental Biology

Reprogramming of intestinal differentiation and intercalary
regeneration in Cdx2 mutant mice

(developmentyhomeobox)

FELIX BECK*†‡, KALLAYANEE CHAWENGSAKSOPHAK*, PAUL WARING§, RAYMOND J. PLAYFORD¶,
AND JOHN B. FURNESSi

*Howard Florey Institute of Experimental Physiology and Medicine, and Departments of §Pathology, and iAnatomy and Cell Biology, University of Melbourne,
Melbourne 3052, Australia; †Department of Biochemistry, University of Leicester, Leicester LE1 7RH, United Kingdom; and ¶University Division of
Gastroenterology, Leicester General Hospital National Health Service Trust, Leicester LE5 4PW, United Kingdom

Communicated by Francis H. Ruddle, Yale University, New Haven, CT, April 2, 1999 (received for review October 2, 1998)

ABSTRACT The homeobox gene Cdx2, a homologue of the
Drosophila gene caudal, has been implicated in the control of
cell differentiation in the intestinal epithelium. Recently, we
showed that mice in which one allele of the Cdx2 gene had been
inactivated by homologous recombination developed multiple
intestinal polyp-like lesions that did not express Cdx2 and that
contained areas of squamous metaplasia in the form of
keratinizing stratified squamous epithelium, similar to that
occurring in the mouse esophagus and forestomach. We have
now examined colonic lesions from 98 Cdx21y2 mice and
report that the lesions are composed of heterotopic stomach
and small intestinal mucosa. We conclude that Cdx2 directs
endodermal differentiation toward a caudal phenotype and
that haploinsufficient levels of expression in the developing
distal intestine lead to homeotic transformation to a more
rostral endodermal phenotype, such as forestomach epithe-
lium that does not express Cdx2 during normal development.
Intercalary growth (epimorphic regeneration), which previ-
ously has never been described in mammals, then occurs,
resulting in the ordered ‘‘filling in’’ of tissue types at the
discontinuity between the gastric and colonic epithelia. This
intercalary growth in a restricted space results in the forma-
tion of the polypoid lesions observed.

Organized metazoan development depends on the expression
of a hierarchy of genes that sequentially provide increasingly
detailed positional information. Many of them contain a
conserved ‘‘homeobox’’ sequence coding for a DNA binding
homeodomain. A group of such genes, specifying the individ-
ual characteristics of body segments and known as the ho-
meotic selector genes, are clustered in Drosophila into two
gene complexes together called the HOM genes and consisting
of the Antennapedia and Bithorax complexes. These are
strongly conserved during evolution and occur in mammals as
four paralogous groups known as the Hox complexes, again
specifying positional information during development.

Homeobox genes are also present outside the Hox cluster,
and some of these are linked to form a recently defined
ParaHox cluster, which is thought to be an ancient paralogue
of an original ‘‘ProtoHox’’ gene cluster (1).

The part played by Hox genes in determining positional
values is established by numerous gain-and loss-of-function
studies, particularly those involving ectodermal and mesoder-
mal structures. Rather less is known about the anatomical
specification of the gut. Hox and ParaHox genes may be
involved, because many are expressed both in the endoderm
and in the splanchnic mesoderm. For Drosophila, it is thought
that regional specification of the splanchnic mesoderm may

confer positional clues to the endoderm, and mesodermal
influences may also be important in mammals. Little is known,
however, about the genes involved in this process.

A Drosophila homeobox gene called caudal (cad) was iso-
lated by Mlodzik and Gehring (2). Like the Antennapedia-type
genes, it belongs to the hexapeptide class of homeobox genes
(3) but is not a member of the HOM cluster. The posterior
parts of Drosophila larvae that lack both maternal and zygotic
cad gene products are shortened severely, with variable dele-
tions of many of the posterior segments. Duprey et al. (4)
isolated the first mammalian homologue of cad and noted that
expression in the adult mouse was confined to the posterior gut
endoderm, although it was found subsequently that the gene—
called Cdx1—was more widely expressed during embryogen-
esis (5). Subsequently, two additional cad homologues, known
as Cdx2 and Cdx4, have been cloned from murine cDNA or
genomic libraries (6, 7). Both are widely expressed during
development, but the expression of Cdx2, like that of Cdx1, is
confined to the posterior gut endoderm during later develop-
ment and after birth. The conserved linkage of Cdx2 with
Pdx1—a gene expressed in the duodenal and pancreatic
endoderm—indicates that it belongs to the ParaHox clus-
ter (1).

It has been shown that, in the gut, Cdx2 modifies the
expression of molecules involved in cell–cell and cell–
substratum interaction and stimulates markers of enterocyte
differentiation (8), thus triggering cells toward the phenotype
of differentiated enterocytes. Gene inactivation by recombi-
nation with a Cdx2 null mutant construct results in the death
of all Cdx22y2 animals, probably because of a failure to
implant. The death of homozygous null mutants reflects the
strong expression of Cdx2 protein normally seen in the tro-
phectoderm at implantation (9). Cdx21y2 heterozygotes
manifest a variety of effects, including an anterior homeotic
shift involving the cervical and thoracic spine. In this context,
it is interesting to note that Xcad3, the amphibian homologue
of Cdx4, regulates the expression of Hox genes downstream of
fibroblast growth factor in specifying axial position in the frog
(10) and that Cdx1 has a direct effect on Hoxa-7, whereas its
absence alters the mesodermal expression of and axial speci-
fication by Hox genes in mice (11). Of particular interest,
however, is the fact that Cdx21y2 animals develop multiple
intestinal polyp-like lesions, most frequently in the proximal
colon, that contain areas of stratified squamous epithelium
(SSE), similar to that occurring in the forestomach. In this
communication, we show that the lesions consist of heterotopic
gastric and small intestinal tissue, which we believe is the result
of homeosis (12) involving intestinal epithelium and which in
turn initiates a process of intercalation. The intercalated tissue
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eliminates the discontinuity between gastric and colonic mu-
cosa by generation of the intermediate intestinal epithelial
phenotypes.

MATERIALS AND METHODS

Cdx21y2 Heterozygotes. The generation of mice bearing a
null mutation of Cdx2 created by homologous recombination
has been described (9). Animals were in a mixed 129Svy
C57BL6 genetic background.

Histological Preparation. Segments of intestine bearing
lesions were immersion-fixed in 4% (volyvol) paraformalde-
hyde, embedded in paraffin by standard methods, cut into
5-mm sections, and stained with hematoxylin and eosin or by
Mowry’s technique to identify intestinal mucins (13).

Parietal-specific H1,K1-ATPase (antiserum obtained from
A. Smolka of the Center for Ulcer Research and Education,
Los Angeles, and University of California, Los Angeles) was
localized in 12-mm cryostat sections. These were incubated
with monoclonal antibody (mouse) raised against ATPase
isolated from porcine parietal cells and used at 7.5 mg of
protein per ml in incubation for 24 h at room temperature. The
bound primary antibodies were located by using streptavidin–
Texas Red coupled to biotinylated horse anti-mouse IgG.
Reacted sections were mounted in buffered glycerol and
viewed on a Zeiss f luorescence microscope.

Paraffin sections stained for trefoil factor family 2 peptide
(TFF2) were incubated with a mouse IgM monoclonal anti-
body raised against the 16 C-terminal amino acids of TFF2,
followed by visualization by using a goat anti-mouse IgM
horseradish peroxidase conjugate (14). Methacarn-fixed par-
affin sections were stained with a polyclonal antibody to Cdx2
as described by Beck et al. (15). The specificity of the antibody
had been established previously (15).

RESULTS

The alimentary tracts from 98 Cdx21y2 mice and 25 litter-
mate wild-type controls aged between 3 and 18 months were
examined macroscopically. All areas of abnormal-looking
mucosa from heterozygotes and corresponding areas in wild-
type controls were removed and sampled histologically. Het-
erotopic mucosa was identified in 85 (87%) of Cdx2 heterozy-
gotes but in none of the controls. Lesions occurred most
frequently in the proximal colon, which is the site of maximal
expression of the Cdx2 gene in the adult (16). They were
occasionally seen in the small intestine and the distal colon,
with decreasing frequency with distance from the proximal
colon. Lesions were not observed in the stomach, esophagus,
or rectum; they were therefore confined to those parts of the
alimentary tract in which some expression of Cdx2 occurs
during development (15). The mean number (6 SEM) of
lesions observed macroscopically was 1.67 6 0.17, and the
frequency and incidence did not rise with age (Fig. 1). These
results suggest that fresh lesions do not arise in adult animals.

The sectioning procedure we adopted meant that lesions
were cut at various planes. The most instructive were those
('30%) that passed through SSE as a reference point (Fig. 2).
The adjacent tissue showed evidence of intercalation (Figs. 2
and 3). Thus, if one took an ectopic area in the proximal colon
consisting of SSE, then (passing laterally on either side) the
sequence SSE, cardia, corpus, pylorus, small intestine, and
normal colon would be encountered regularly, though one of
the regions might occasionally be abbreviated or even absent.
Between the SSE and the normal colon, gastric and intestinal
mucosa were thus interposed to restore normal continuity of
intestinal tissue types. Prominent in this intercalated region
was tissue typical of the gastric corpus. This tissue was recog-
nizable in hematoxylin- and eosin-stained sections by its
glandular structure and by the presence of eosinophilic parietal

cells and mucus-neck cells. The identity of the parietal cells was
confirmed by immunohistochemistry, which identified the
presence of the parietal cell-specific H1,K1-ATPase (the
gastric proton pump; ref 17; Fig. 4). Also present were gastric
enterochromaffin-like cells (Fig. 3A). These were recognizable
by their prominent granules and subepithelial location. Be-
tween the SSE and gastric corpus tissue there was often a
narrow band of tissue, consisting of one or two tubular glands,
lined with neutral-staining mucus cells and having the appear-
ance of gastric cardiac glands (Fig. 2). Another band of tubular
glands usually appeared on the side of the parietal cell-
containing epithelium away from the SSE; these glands were
branched and had a preponderance of neutral-staining mucus
cells characteristic of gastric antrum (Figs. 3 A and B and 5).
The glands also expressed TFF2, which is characteristic of the
deeper glandular elements of the gastric antrum and is cose-
creted with mucus and probably involved in its stabilization
(ref. 18; Fig. 6). Beyond the glands and before colonic epi-
thelium was encountered, we found small intestine which was
typical, except that villous height was reduced. In hematoxylin-
and eosin-stained sections, this tissue could be recognized by
prominent Paneth cells with typical birefringent granules in
the crypts and by goblet cells in the villous epithelium (Fig. 3
C and D). Sections that did not pass through SSE showed the
same sequence of tissue between the most rostral tissue type
cut and the surrounding colon.

FIG. 2. Portion of a colonic polyp from a Cdx21y2 mouse showing
the sequence SSE, gastric cardia (GCa) containing columnar mucus-
secreting cells with basal nuclei, and gastric corpus (GCo) containing
clearly identifiable parietal (oxyntic) cells (arrows). (Bar 5 45 mm.)

FIG. 1. The frequency of polyps in 98 mice plotted against their
age. The numbers of animals at each monthly time point are indicated
in brackets. The slope of the line is not significantly different from zero
(P 5 0.92).
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FIG. 3. Montage showing the lateral edge of a colonic polyp in a
Cdx21y2 mouse. (Top) The sequence—gastric corpus (GCo), gastric
antrum (GA), small intestine (SI), and colon (C)—is clearly seen. (Bar 5
130 mm.) (A) Transition from GCo to GA. Parietal (oxyntic) cells (closed
arrow heads) and enterochromaffin-like cells (arrows) are easily iden-
tifiable, as are the columnar mucus-secreting cells of the gastric antrum
(open arrow heads). (Bar 5 55 mm.) (B) Transition from GA to SI.
Goblet cells in the villi and Paneth cells (arrow) situated in the crypts are
clearly seen adjacent to the branched mucus-secreting cells of the gastric
antrum. (Bar 5 55 mm.) (C) Transition from SI to C. Stunted villi with
goblet cells and Paneth cells (arrow) in the crypts between villi, lie
adjacent to colonic tissue. (Bar 5 55 mm.) (D) Portion of B magnified
further to show Paneth cells with characteristic eosinophilic granules.
(Bar 5 20 mm.)
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In 20% of the heterotopias, the adjacent native colonic
epithelium showed some degree of epithelial proliferation and
cytological atypia, which we attribute to regeneration accom-
panying local inflammation and ulceration. In about a quarter
of these, the cytological appearance suggested some low-grade
dysplasia. In our previous publication (9), this appearance was
referred to as neoplasia, but, in the light of the present results,
this description is not correct; the predominant cells making up
the lesions belong to heterotopic, well differentiated, organo-
typically normal gastrointestinal populations.

To monitor the ontogeny of the lesions, we examined the gut
from six newborn (i.e., less than 1 week old) heterozygotes and
from pups aged 1 week (n 5 2), 2 weeks (n 5 1), 3 weeks (n 5
1), 4 weeks (n 5 2), 5 weeks (n 5 2), and 6 weeks (n 5 1) in
step serial sections. Distinct heterotopia was present in five of
the newborn mice, taking the form of SSE in each case (Fig.
7) but without evidence of intercalated tissue between it and
the surrounding histologically normal gut. In addition to SSE,
surface mucous cells were apparent in one 2-week-old speci-
men, and in the 3-week-old specimen, intercalated small
intestine could be seen. Gastric corpus tissue containing
parietal cells was apparent at 4, 5, and 6 weeks of age.
Heterotopic gastric tissue was negative for Cdx2 on immuno-
staining at all stages. The gut from four wild-type littermates
was normal, and no distinct lesions were seen in one hetero-
zygote. The appearance of intercalated surface mucous and
small intestine phenotypes before the appearance of gastric
corpus suggests that the process of intercalation may originate
from both the heterotopic areas and the surrounding intestine,
but clonal analysis would be required to verify this place of
origin.

DISCUSSION

Our model for the role of Cdx2 in establishing positional
information in gut development can be summarized as follows.
At the beginning of gut development, all the lining epithelial
cells are capable of dividing and do so frequently, resulting in
normal lengthening of the gut tube. For Cdx21y2 animals, we
postulate that Cdx2 protein levels are lower than optimal but,
in most cells, still above the level required for normal mor-
phogenesis to take place. The observation that histologically
normal regions of the colon stain for Cdx2 supports this
supposition (9). Occasionally, because of epigenetic factors or

random mutations that alter the genetic background in which
the Cdx2 gene acts, there results a heritable situation in which
levels of Cdx2 protein in a single cell fall below the functional
threshold. Such a situation is most likely to be topographically
located where Cdx2 levels are normally high, namely in the
proximal colon, but may occur at any point where the Cdx2
gene is active during development. For example, an epigenetic
mechanism might be operative if Cdx2, like Hoxa 4, is an
autoregulatory homeobox gene (19). Support for this idea
comes from the finding that the gene sequence of Cdx2
contains Cdx binding sites within the first intron (20). In a
rapidly dividing tissue, such as the gut, it is conceivable that
insufficient translation of (lower than normal) message levels
might occur between cell divisions in an individual cell. An
affected cell will, in the course of further development, give
rise to a clone of cells that express levels of Cdx2 that are too
low to code for the formation of the proximal colon phenotype.
We postulate that the function of Cdx2 during embryogenesis
is to code for a factor that determines developmental fate and
that clones of cells expressing deficient functional levels of the
gene product will differentiate in response to a more rostral
protocol specified by a low or absent level of the colon-
differentiating signal. This postulation is supported by our
observation that the heterotopic stomach tissue does not stain
for Cdx2 (9). Subsequently, a process of epimorphic regener-
ation is initiated between the heterotopic clone and the
surrounding colon, leading to the development of intercalated
tissue expressing a gradient of positional information between
forestomach and colon. Interestingly, the intercalated small
intestinal mucosa at the edge of the lesions stains positively for
Cdx2 (Fig. 8); its level of Cdx2 protein expression thus
corresponds with that found in unaffected small intestine.

Southern blotting of dissected tissues from 18 lesions in all
cases failed to identify loss of heterozygosity (9). Although we
cannot rule out the possibility that loss of Cdx2 expression
from the remaining Cdx2 allele could be due to a mutation in
the gene or its regulatory sequence, it seems much more likely

FIG. 5. This section of a colonic polyp shows characteristics of
gastric antrum (GA) and normal colon (C) distal to it. The section was
stained by Mowry’s technique (13) to show PAS-staining (neutral)
mucopolysaccharides in the polyp (upper portion of section) and
alcian-blue-staining (acid) mucopolysaccharides in the normal colon
(lower portion of section). (Bar 5 50 mm.)

FIG. 4. Portion of a colonic polyp showing the junction of gastric
cardia (GCa) and gastric corpus (GCo). (Upper) This section is stained
with hematoxylin and eosin. (Lower) An adjacent section was incu-
bated with antiserum to the gastric proton pump to locate oxyntic cells
in the gastric corpus. (Bars 5 55 mm.)
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that the phenotype of the gastric mucosa reflects the absence
of adequate levels of Cdx2 protein caused by a mechanism such
as the one described above.

Pattern, during normal development, is established initially
by the mapping of major domains by diffusible signals supply-
ing information over a morphogenetic field (as in limb devel-
opment; ref. 21) and subsequently with the onset of more
detailed organogenesis by short-range signals resulting from
cell-to-cell contact. Either of these mechanisms might be
operative in the development of the systematically ordered
intercalated tissue observed in the colonic lesions. Because
epimorphic regeneration involves local cell proliferation, spa-
tial constraints result in the formation of polyp-like lesions. On
occasion, these space constraints resulted in the formation of
‘‘inverted polyps’’ in which ectopic elements protruded be-
neath and elevated the overlying mucosa. Dilated cystic ele-
ments were often present in these structures as well as in the
larger pedunculated lesions. Such distortions of the local
stromal environment in the gut have been suggested recently
as a factor in the development of epithelial neoplasia (22).

Why is there no evidence of intercalary growth when
discontinuous portions of the adult alimentary canal are
apposed as a result of, for example, surgical intervention in
humans where the results of extensive histological examination
of the junctional zones are available? We are able to answer
this by reference to the highest form of life in which extensive
regenerative capacity is easily observed, namely the Amphibia.
The ability to regenerate limbs in Xenopus laevis declines as
development proceeds. Thus, young tadpoles can completely
replace an amputated limb, whereas in postmetamorphic
froglets and adults, recognizable limb structures do not re-
generate (23). It seems reasonable to conclude that similar
mechanisms are operative in mammals, and the plasticity
present at early developmental stages is lost during embryonic
or fetal life.

The hypothesis that homeotic transformation in mammals
may take the form of epithelial heterotopia was put forward by
Slack (24), and our observations provide direct evidence that
such a process does, in fact, occur. Intercalary growth has been
well described in Amphibia (25) and in insect limbs (26), and
its nature has been reviewed comprehensively by Lewis (27).
It has been put forward as a hypothetical explanation for some
of the discontinuities in axial identity resulting from changes
of Hox gene expression in null mutants (28). The work
presented here, however, provides direct evidence of interca-
lary growth in a mammalian system as well as providing insight
into the mechanisms involved in normal gut development.
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