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Essential requirement for Wnt signaling in
proliferation of adult small intestine and colon
revealed by adenoviral expression of Dickkopf-1
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Whereas the adult gastrointestinal epithelium undergoes tremen-
dous self-renewal through active proliferation in crypt stem cell
compartments, the responsible growth factors regulating this
continuous proliferation have not been defined. The exploration of
physiologic functions of Wnt proteins in adult organisms has been
hampered by functional redundancy and the necessity for condi-
tional inactivation strategies. Dickkopf-1 (Dkk1) is a potent se-
creted Wnt antagonist that interacts with Wnt coreceptors of the
LRP family. To address the contribution of Wnt signaling to gas-
trointestinal epithelial proliferation, adenoviral expression of Dkk1
was used to achieve stringent, conditional, and reversible Wnt
inhibition in adult animals. Adenovirus Dkk1 (Ad Dkk1) treatment
of adult mice repressed expression of the Wnt target genes CD44
and EphB2 within 2 days in both small intestine and colon,
indicating an extremely broad role for Wnt signaling in the main-
tenance of adult gastrointestinal gene expression. In parallel, Ad
Dkk1 markedly inhibited proliferation in small intestine and colon,
accompanied by progressive architectural degeneration with the
loss of crypts, villi, and glandular structure by 7 days. Whereas
decreased Dkk1 expression at later time points (>10 days) was
followed by crypt and villus regeneration, which was consistent
with a reversible process, substantial mortality ensued from colitis
and systemic infection. These results indicate the efficacy of sys-
temic expression of secreted Wnt antagonists as a general strategy
for conditional inactivation of Wnt signaling in adult organisms
and illustrate a striking reliance on a single growth factor pathway
for the maintenance of the architecture of the adult small intestine
and colon.

he adult intestinal epithelium is characterized by continuous

replacement of epithelial cells through a stereotyped cycle of
cell division, differentiation, migration, and exfoliation occur-
ring during a 5-7 day crypt-villus transit time (1). The putative
growth factors regulating proliferation within the adult intestinal
stem cell niche have not yet been identified (1, 2), although
studies have implicated the cell-intrinsic action of B-catenin/
Lef/Tcf signaling within the proliferative crypt compartment
(3-7). Tcf-4=/~ mice exhibit a single histologic defect in which
late embryonic proximal small intestine exhibits loss of prolif-
erative stem cell compartments with mild reduction in villus
number, although rapid neonatal lethality has precluded ad-
dressing the role of Tcf-4 in adult mice (3). In chimeric trans-
genic mice allowing adult analysis, expression of constitutively
active NHp-truncated B-catenin-stimulated proliferation in small
intestine crypts, although either NHj-truncated B-catenin or
Lef-1/B-catenin fusions induced increased crypt apoptosis as
well (4, 7). Although these studies suggest the potential involve-
ment of canonical Wnt signaling in the intestinal stem cell niche
(8), modulation of B-catenin/Lef/Tcf-dependent transcription
has also been described by diverse factors, including non-
Frizzled G protein-coupled receptors and PTEN/PI-3-kinase
(9-11).

266-271 | PNAS | January6,2004 | vol. 101 | no.1

The exploration of physiologic functions of Wnt proteins in
adult organisms has been hampered by functional redundancy
and the necessity for conditional inactivation strategies. Dick-
kopf-1 (Dkk1) has been recently identified as the founding
member of a family of secreted proteins that potently antagonize
Wnt signaling (12-14). Dkk1 associates with both the Wnt
coreceptors, LRP5/6 (14-16), and the transmembrane protein,
Kremen, with the resultant ternary complex engendering rapid
LRP internalization and impairment of Wnt signaling through
the absence of functional Frizzled/LRP Wnt receptor complexes
(17). We have previously used adenoviral expression of soluble
ectodomains of the vascular endothelial growth factor (VEGF)
receptors, Flkl and Fltl, to conditionally inactivate VEGF
function in adult animals (18). In the current studies, we have
used a similar strategy to achieve stringent, fully conditional Wnt
inhibition in adult mice by adenoviral expression of Dkk1 (Ad
Dkk1). Here, Ad Dkk1 treatment of adult mice rapidly ablated
canonical Wnt signaling and epithelial proliferation in small
intestine, cecum, and colon, accompanied by progressive archi-
tectural degeneration with loss of crypts, villi, and glandular
structure to the extent of mucosal ulceration and lethality.
During the preparation of this manuscript, Pinto et al. (19)
reported that transgenic expression of Dkkl in the intestine
regulated by the villin promoter resulted in loss of proliferation
and villi in small intestine. By using this fully conditional Ad
strategy, we have observed a more severe phenotype involving
small intestine, cecum, and colon. These data implicate Wnts as
essential growth factors required for maintenance of the robust
proliferation characteristic of both the adult small and large
intestine, suggest the potential utility of Wnts in mucosal repair
of the colon, and illustrate the efficacy of adenoviral expression
of secreted Wnt inhibitors as a general strategy for defining
physiologic functions of Wnt proteins in adult organisms.

Methods

Ad Construction and Production. Dkk1 cDNA was amplified from
embryonic day (E)17.5 mouse embryo cDNA with C-terminal
FLAG and/or Hisg epitope tags, sequenced, and cloned into the
E1 region of E1"E3~ Ad strain 5 by homologous recombination,
followed by Ad production in 293 cells and CsCl gradient
purification of virus as described (18, 20). Detailed methods are
presented in Supporting Methods, which is published as support-
ing information on the PNAS web site. The negative control
virus Ad Fc expressing a murine IgG2a Fc fragment has been
described (18).

Abbreviations: Dkk1, Dickkopf-1; Ad, adenovirus; pfu, plaque-forming unit; SCID, severe
combined immunodeficient.
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Ad Administration and Detection of Plasma Transgene Expression.
Adult (12-16 weeks old) male C57BL/6 or CB17 severe com-
bined immunodeficient (SCID) mice received single i.v. tail vein
injection of 10° pfu of the appropriate Ads. For low-dose studies,
3 X 10® plaque-forming units (pfu) were administered. At
appropriate times after injection, whole blood was obtained by
retroorbital phlebotomy followed by Western blot analysis of 1
wul of plasma using anti-His probe antibody (Santa Cruz Bio-
technology) or anti-His C-term antibody (Invitrogen). Low-dose
(3 x 10%) administration was estimated to produce 10-20% of
the circulating Dkk1 levels in high-dose animals (10° pfu).

Immunohistochemistry and Histology. The following antibodies
were used: Rat anti-mouse CD44 (1:100; BD Pharmingen), rat
anti-mouse Ki67 (1:100; DAKO), goat anti-mouse EphB2
(1:100; R & D Systems), rabbit anti-rat FABP (1:100; Novus
Biologicals, Littleton, CO), and rabbit anti-human lysozyme
(1:100; DAKO). Immunostainings of paraffin-embedded sam-
ples were performed according to standard procedures. Antigen
retrieval was accomplished by boiling samples in Na-citrate
buffer (10 mM, pH 6.0) for 20 min. Color development was
performed by using diaminobenzidine (brown precipitate) with
hematoxylin counterstain. For immunofluorescence, samples
were cryoembedded in OCT compound and sectioned at 7-uM
thickness. Stainings were visualized with Alexa 488-conjugated
secondary anti-goat antibodies (Molecular Probes) and nuclei
were counterstained with Hoechst 33342 (Molecular Probes).
For histological analysis, hematoxylin/eosin and Alcian blue
staining of paraffin-embedded sections was performed accord-
ing to standard protocols. Gremelius staining was performed by
using Pascual’s modified method. Terminal deoxynucleotidyl-
transferase-mediated dUTP nick end labeling (TUNEL) stain-
ing on paraffin-embedded samples used 20 uM biotin-16-UTP
and 0.4 units/ul terminal transferase followed by color devel-
opment (Vectastain ABC kit, Vector Laboratories) and methyl
green counterstaining.

Assay and Quantitation Details. Details of B-catenin-stabilization
assay, TOPFLASH reporter assay, and quantitation of Ki67
immunoreactivity are presented in Supporting Methods.

Results

To achieve conditional Wnt inactivation in adult animals, an
Ad-expressing murine Dkk1 cDNA bearing C-terminal Hiss and
Flag epitope tags was produced (Ad Dkkl) by conventional
methods (refs. 18 and 20 and Fig. 14). The transfected adeno-
viral Dkk1 shuttle plasmid inhibited Wnt3a-stimulated transcrip-
tion of a TOPFLASH reporter gene (Fig. 1B), whereas recom-
binant Dkkl purified from Ad Dkkl supernatants inhibited
recombinant Wnt3a-induced B-catenin stabilization in L cells
(Fig. 1C), which is consistent with appropriate functional activity
(13). Single i.v. injection of purified Ad Dkk1 (10° pfu) into tail
veins of adult (12-16 weeks old) C57BL/6 mice resulted in liver
transduction and produced transient Dkk1 expression in plasma
peaking at day 2 and progressively diminishing over an 11-day
period (Fig. 1D), which is in agreement with the typical expres-
sion kinetics of Ads in immunocompetent mice (18).

Single i.v. administration of Ad Dkkl (10° pfu) to adult
C57BL/6 mice produced progressive weight loss and frequent
melena or hematochezia with >85% mortality by 10 days (Fig.
1E). An identical phenotype was observed with an independent
Ad expressing an N-terminal hemagglutinin (HA)-tagged Dkk1
(Ad Dkk1-HA) (Fig. 1E). In contrast, significant weight loss,
gastrointestinal bleeding, or mortality were not observed with
control Ads expressing either an Ig IgG2a Fc fragment (Ad Fc)
(Fig. 1E), the non-Wnt inhibitor Dkk3 (21), or the soluble VEGF
receptor, Flk1-Fc (18), at levels comparable to, or exceeding that
of, Ad Dkk1 (data not shown). Ad Dkk1 doses of 3 X 108 pfu or
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Fig. 1. Analysis of Ads expressing murine Dkk1. (4) Construction of Ad Dkk1.
Murine Dkk1 ¢cDNA bearing N-terminal IgK signal peptide and C-terminal
FLAG and Hisg tags was inserted into E17E3~ Ad strain 5 by homologous
recombination (7, 8). (B) Inhibition of Wnt3a-stimulated TOPFLASH luciferase
reporter activity by transfected Dkk1. Wnt3a and/or Dkk1 expression vectors
were cotransfected into 293T cells with pTOPFLASH followed by luciferase
measurement. (C). B-Catenin stabilization assay. Purified recombinant Dkk1
(125 ng/ml) was added to L cells 2 h before recombinant Wnt3A (1:8,000;
Nusse Laboratory, Stanford, CA), followed after 3 h by harvest and Western
blot analysis for B-catenin (BD Transduction Laboratories, San Diego). (D) Time
course of Dkk1 expression in the circulation. Adult C57BL/6 mice received
single i.v. tail vein injection of Ad Dkk1 (10° pfu) followed by phlebotomy at
the indicated times. Dkk1 was detected by Western blotting using anti-His
probe, Ab (Santa Cruz Biotechnology), and migrated as a doublet of 38-34
kDa. (E) Survival analysis of C57BL/6 mice after i.v. administration of 10° pfu
Ad Dkk1 (IgK signal/3’ FLAG/His), Ad Dkk1-HA (IgK signal/5'"HA /3’ FLAG/His),
or Ad Fctreatment. Ad Fcor Ad Dkk 1 doses = < 3 X 108 pfu have not exhibited
any mortality over a 120-day time course.

lower produced progressively less precipitous weight loss and
were not associated with either hematochezia, melena, or mor-
tality over a 120-day time course (data not shown).

The ease of preparation of Ad combined with the convenience
of single-injection dosing facilitated examination of synchro-
nized cohorts of Ad Dkk1-treated animals (10° pfu) over defined
intervals of a 10-day time course. Mucosal architecture in
duodenum and proximal jejunum was severely distorted with
rapid and near-total loss of crypts and decreased villus density
by days 2 and 4, without inflammation or crypt necrosis (Fig. 2).
In remnant crypts, Paneth cells predominated, and, by day 7,
crypt loss was followed by villus blunting and fusion, loss of
mucosal integrity, and frank ulceration and mucosal hemorrhage
with mixed inflammatory infiltrate in the lamina propria. The
small intestine exhibited a proximal-distal gradient of histologic
effects with most severe phenotypes observed in duodenum and
proximal jejunum, with the distal jejunum and ileum manifesting
only mild crypt loss and villus blunting (Fig. 2).

In the colon and cecum of C57BL/6J mice, only mild glandular
thinning and/or crypt loss was observed at days 2 and 4, which
was in contrast to striking crypt loss and villus blunting in the
small intestine (Fig. 2). However, by day 7, the cecal and colonic
epithelium exhibited multifocal mucosal degeneration and ul-
ceration of a severity exceeding that of the small intestine, with
the descending colon more severely affected than the ascending
colon (Fig. 2). The spectrum of colonic lesions ranged from
noninvolved foci particularly in ascending colon, to mild glan-
dular thinning, focal ulceration, and extensive areas with com-
plete effacement of architecture and replacement with mixed
inflammatory infiltrates (Fig. 3). Ad Dkk1 treatment of CB17
SCID mice lacking B and T lymphocytes resulted in an identical
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Fig. 2.

Time course of histological changes in the gastrointestinal tract of Ad Dkk1-treated animals. Adult C57BL/6J mice (12-16 weeks old) received single i.v.

tail vein injection of 10° pfu of either Ad Dkk1 or the negative control virus Ad Fc (10° pfu) followed by analysis of organs by hematoxylin/eosin staining at the
indicated times. In duodenum and jejunum, Dkk1 induced crypt loss, villus blunting and fusion, and loss of mucosal integrity, followed by mucosal regeneration
by day 10. The stomach was relatively unaffected. In cecum and colon, Dkk1 induced crypt loss with profound mucosal degeneration and ulceration by day 7
and regeneration by day 10 evidenced by irregular basophilic crypts at day 10. Stomach (st), duodenum (du), proximal jejunum (je), ileum (il), cecum (ce), and

colon (co) are shown.

spectrum of colon architectural lesions as in C57BL/6J mice,
suggesting that the observed colitis in C57BL/6J mice was not
inflammatory or autoimmune in nature. However, the ascending
colon was more severely affected in SCID than C57 with more
extensive and ulcerated lesions (Fig. 3), which was potentially
consistent with higher level and more persistent adenoviral gene
expression in immunocompromised SCID mice. Similarly, rec-
tums of Ad Dkkl1-treated SCID mice exhibited frequent ulcer-
ation as opposed to mild glandular thinning in C57BL/6J mice
(data not shown). In contrast to the profound changes in small
intestine and colon, the stomach of both strains exhibited only
moderate glandular thinning at late time points that could not be
distinguished from gastric atrophy secondary to inappetance
(Fig. 2). Ad Dkk1 small intestine phenotypes were identical in
both C57BL/6J and SCID mice, with severe involvement of
duodenum and jejunum and notable absence of pathology in
ileum. A summary table of gastrointestinal phenotypes in
C57BL/6J and SCID mice is presented in Table 1, which is
published as supporting information on the PNAS web site.

268 | www.pnas.org/cgi/doi/10.1073/pnas.2536800100

Animals treated with lower doses of Ad Dkk1 (3 X 108 pfu)
exhibited ~80% lower plasma levels and displayed a less severe
intestinal phenotype relative to high-dose (10° pfu) animals,
illustrating dose dependency of Ad Dkk1. In these lower-dose
animals, decreased small intestine crypt density with overall
intact mucosal architecture was observed at day 4 in duodenum
but not jejunum and ileum (data not shown). In cecum and colon
of low-dose animals, ulceration, edema, and inflammation were
less severe than with high dose, and these animals did not exhibit
mortality over a 120-day time course (data not shown).

In both small and large intestine, decreased adenoviral trans-
gene expression at day 10 (Fig. 1D) was accompanied by
epithelial regeneration, which was consistent with a reversible
effect. By day 10, duodenum and jejunum exhibited small
numbers of regenerative basophilic, hyperplastic crypts, with
more advanced reconstitution of villus structure in jejunum than
duodenum (Fig. 2). In day 10 colon, hyperplastic regenerative
crypts coexisted with persistent multifocal mucosal ulceration
(Figs. 2 and 3). Despite this regenerative response, frequent
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Fig. 3.

Spectrum of coloniclesions in Ad Fc- or Ad Dkk1-treated C57BL/6J (Upper) and SCID (Lower) mice. Colons were harvested for hematoxylin/eosin staining

at day 7 after administration of 10° pfu of the appropriate Ads to 12-to 16-week-old mice. Moderate thinning of the ascending colon in C57BL/6J versus frequent
ulceration in SCID is depicted. A spectrum of lesions was observed in descending colons of both strains, ranging from focal ulceration to frank effacement of
architecture and replacement with inflammatory infiltrates, the latter being more severe in SCID animals.

mortality was observed with high doses of Ad Dkk1 (10° pfu) at
days 8-10, which was likely secondary to colitis and systemic
infection, with elevated WBC counts (>20 X 10°/ul) and a
left-shifted differential commonly noted in premorbid mice.
Examination of adherens junctions in nonulcerated areas by
electron microscopy and by immunofluorescence did not reveal
significant alterations, whereas histologic examination of other
solid organs including liver revealed them to be unaffected in a
Dkk1-specific fashion, except for thymic atrophy, which could
not be distinguished from systemic illness (data not shown).

Confirming functional blockade of canonical Wnt signaling by
DKk1, the B-catenin/TCF target gene, CD44 (5), was strongly
and rapidly repressed within 2 days in duodenum and jejunum,
with only nonepithelial lamina propria staining remaining (Fig.
4). Ad Dkk1 also potently repressed CD44 expression in ileum,
despite the lack of gross architectural changes (Fig. 2). Epithelial
CD44 expression was markedly reduced by Dkk1 in cecum and
distal colon and partially reduced in proximal colon but was
unaffected in stomach. Dkk1 also repressed the B-catenin/TCF
target gene, EphB2 (6), in duodenum, jejunum, ileum, cecum,
and descending colon, with mild repression in ascending colon,
and little to no repression in stomach (Fig. 4). In contrast, the
magnitude or location of expression of epithelial differentiation
markers for absorptive enterocytes or secretory lineages was not
altered by Dkkl expression (Fig. 6, which is published as
supporting information on the PNAS web site).

The proliferative status of the gastrointestinal epithelium in
Ad Dkk1 mice was examined by immunohistochemistry for the
S-phase marker, Ki67. Ad Dkk1 strikingly repressed enterocyte
Ki67 immunoreactivity (>90%) within 2-4 days in duodenum
and proximal jejunum, with any remnant crypts exhibiting
diminished Ki67 staining and residual expression largely con-
fined to nonepithelial cells of the lamina propria (Fig. 5).
Proliferation in jejunum, along the proximal-distal axis, was
progressively less affected by Ad Dkk1 (data not shown) to the
extent that Ki67 staining in the ileum was not significantly
inhibited by Ad Dkk1 (Fig. 5), despite effective repression of
CD44 and EphB2 expression (Fig. 4). Epithelial Ki67 staining
was also substantially reduced (70-80%) in cecum and descend-
ing colon, moderately reduced in ascending colon (=~60%), and
not significantly affected in stomach. (Fig. 5). In contrast,
TUNEL staining did not reveal increased apoptosis in either the
proliferative crypts or differentiated villi/glands of the stomach,
small intestine or colon (Fig. 7, which is published as supporting
information on the PNAS web site.). In total, these data indi-
cated that Dkk1 elicited stringent in vivo blockade of canonical
Whnt signaling in both small intestine and colon, with repression
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of both Wnt target gene expression and epithelial proliferation
in parallel.

Discussion

The definition of functions of the Wnt family in adult physiology
has been impeded by significant functional redundancy, with
~20 Wnt proteins and 10 Frizzled receptors, as well as the
necessity for conditional inactivation strategies (22). To over-
come these obstacles, we have achieved stringent, fully condi-
tional and reversible inactivation of Wnt signaling in adult mice
by adenoviral expression of the soluble Wnt inhibitor Dkkl1,
which may function as a pan-inhibitor of canonical Wnt signaling
through interactions with the Wnt coreceptors, LRP5/6 (14-16).
The extensive Ad Dkkl repression of proliferation and of
B-catenin/TCF target genes, as well as the progressive loss of
villi and glands in small intestine, cecum, and colon to the point
of mucosal ulceration, implicates the Wnt receptor complex and
canonical Wnt signaling in maintenance of gene expression and
architecture throughout the intestinal epithelium, which is con-
sistent with, but much more extensive than, the mild reduction
of villus number in Tcf4~/~ mouse small intestine (3, 5). The
additional colon and cecum phenotypes observed in Dkk1 mice
could result from either Dkk1 membrane-proximal interference
with Wnt signaling versus membrane-distal effects in Tcf-47/~
animals, or from Tcf-3/Tcf-4 redundancy (23, 24). Analogous
mechanistic redundancy with non-Wnt- or non-Dkk1-sensitive
pathways may underlie the observed proximal-distal phenotypic
gradient in Ad Dkk1 small intestine (Figs. 2 and 3), as well as the
Dkk1 inhibition of Wnt target gene expression but not prolif-
eration in ileum (Figs. 4 and 5). We cannot exclude regional
differences in intestinal phenotypes resulting from local heter-
ogeneity in Dkk1 expression levels, despite circulating Dkk1 in
plasma. Given the direct action of Dkk1 on the LRP/frizzled
receptor complex (14-16), as opposed to the membrane-distal
action of Tcf-4, the current data strongly implicate Dkkl-
sensitive Wnt signaling as essential for maintenance of both
proliferation and architecture of the intestinal epithelium in
adult animals.

During the preparation of this article, a related report by
Clevers and coworkers (19) described transgenic Dkk1 overex-
pression regulated by the intestine-specific villin promoter. In
these studies, proliferation in small intestine crypts was strongly
attenuated with villus blunting, indicating a role for canonical
Wht signaling in maintenance of adult small intestine epithelial
proliferation. The current data, using a distinct, fully conditional
adenoviral approach, are fully consistent with those studies but
suggest a much broader physiologic role for Wnt signaling in the
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Fig.4. Expression analysis of Wnt/B-catenin target genes, CD44 and EphB2,
in the gastrointestinal tract of Ad Dkk1- or Ad Fc-treated adult C57BL/6 mice
(12-16 weeks old). Organs were harvested 2 days after Ad Dkk1 i.v injection
(10° pfu). (Left) Ad Dkk1 repression of CD44 expression in proliferative zones
of all levels of the gastrointestinal epithelium. Arrowheads indicate the
absence of CD44 immunoreactivity in proliferative compartments of the
intestinal epithelium in Ad Dkk1 animals. *, residual CD44 staining in nonepi-
thelial lamina propria. (Right) Ad Dkk1 repression of EphB2 in small intestine
and colon. Repression was weaker in ascending colon and no repression was
observed in stomach. EphB2 immunofluorescence was performed with Alexa
488 detection of EphB2 immunoreactivity (green) and Hoechst 33342 nuclear
counterstain (blue). Stomach (st), duodenum (du), jejunum (je), ileum (il),
cecum (ce), ascending colon (ac), and descending colon (dc) are shown.

adult gastrointestinal tract that is not restricted to the small
bowel, but is a general property of the intestinal glandular
epithelium, whether in small intestine or colon. Colon pheno-
types in villin-Dkk1 mice were not commented on, but, because
the villin promoter has been reported to be active in colon (25),
the absence of such phenotypes could result from low-level Dkk1
expression in the transgenic animals. Indeed, heterozygous
villin-Dkk1 mice did not display small intestine pathology and
crossing of these animals to generate homozygous transgenics,
with concomitant increase of gene expression, was required to
obtain small intestine phenotypes (19). We have observed
similar dose-dependency of the small intestinal phenotype with
Ad Dkkl, although, with the lowest doses (3 X 108 pfu), which
cause attenuation of duodenal crypts, colon pathology is still

270 | www.pnas.org/cgi/doi/10.1073/pnas.2536800100

Fig. 5. Analysis of proliferative state in gastrointestinal epithelium in Ad
Dkk1-treated C57BL/6J mice by Ki67 immunohistochemistry. Arrowheads
indicate the absence of Ki67 immunoreactivity in proliferative compartments
2 days after i.v. injection of Ad Dkk1 or Ad Fc (10° pfu). Note the strong
repression of Ki67 immunoreactivity in duodenum, jejunum, cecum, and
descending colon and moderate reduction in ascending colon. lleum and
stomach were not significantly affected.

evident. Alternatively, the constitutive expression of Dkk1 from
embryogenesis in villin-Dkk1 mice could elicit compensatory
protective mechanisms in colon, a scenario not applicable to Ad
Dkk1, which elicits conditional and transient overexpression in
fully adult mice. Such differences between the two experimental
systems could also underlie our inability to detect defects in
enteroendocrine cell lineages or in goblet cell positioning (Fig.
7), which may be developmentally specified and thus not altered
by transient Dkk1 expression in adult animals, or which may have
longer turnover times than absorptive enterocytes.

The finding of Wnt-dependent proliferation in the colon raises
several therapeutic and pathophysiologic correlates. The ability
of Ad Dkk1 to produce colitis suggests its potential utility as a
novel inducible animal model of inflammatory bowel disease
(IBD). The current data, in which Wnt blockade results in
inhibition of colonic epithelial proliferation and progressive
architectural degeneration, indicate that Wnt proteins represent
essential growth factors for proliferative compartments of the
large intestine. In this regard, it should be interesting to assess
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the therapeutic potential of Wnt proteins to encourage mucosal
regeneration during IBD, perhaps as an adjunctive therapy to
antiinflammatory or immunosuppressive therapy, by analogy to
recently described growth factor-based IBD therapy by using
epidermal growth factor (26). Such attempts should be under-
taken with caution, because it is further tempting to speculate
that the normal physiologic dependence of colon proliferation
on Wnt signaling, described herein, may underlie the efficiency
with which mutations in Wnt pathway components such as
adenomatous polyposis coli or B-catenin can predispose to
colonic neoplasia (27).

Whereas Dkk1 represses Wnt target genes such as CD44 and
EphB2 throughout the gastrointestinal epithelium, the onset of
architectural lesions (small intestine > large intestine >> stom-
ach) correlates well with cell-cycle time and epithelial turnover
rates (28-30), which is consistent with crypt mitosis in Dkk1
animals being insufficient to compensate for rapid epithelial
turnover. Our results do not rule out Dkkl overexpression
phenotypes in nongastrointestinal organ systems; however, the
rapid lethality in high-dose Ad Dkkl1-treated animals compro-
mises the ability to detect changes in more slowly proliferating
nongastrointestinal stem cell compartments. In this regard, the
investigation of nongastrointestinal phenotypes in lower dose Ad
Dkk1 animals, adenoviral expression of other classes of soluble
Wnht inhibitors, or the use of regeneration models, may prove
informative and reinforce the use of soluble Wnt antagonists as
a general strategy for conditional Wnt inhibition in adult
animals.
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The current data reveal a striking reliance on a single signaling
pathway for the maintenance of both the proliferation and
architecture of an adult organ and indicate that a strict depen-
dence on canonical Wnt signaling is a general property of
intestinal epithelium, whether in small intestine or colon. The
present findings, along with that of Pinto er al. (19), suggest that
Whnt proteins represent primary candidates for the long-sought
growth factor(s) responsible for maintenance of the adult intes-
tinal epithelial stem cell niche (1), by analogy to the recent
description of Wnt3a as a potent renewal factor for hematopoi-
etic stem cells (31, 32). The stringent requirement for Dkk1-
sensitive Wnt signaling demonstrated herein recalls the require-
ment of hematopoietic precursors for growth factors such as
erythropoietin and G-CSF and suggests the potential utility of
therapeutic manipulation of Wnt pathways, agonistic or antag-
onistic, for disorders of the intestinal epithelium.
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