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program of the antral and pyloric gastric
mucosa cells. Strikingly, all mpS2~~ mice
developed gastric adenoma, and 30% of
them showed carcinoma. Thus, mpS2 may
function as a gastric-specific tumor suppres-
sor gene. However, as only 30% of the
pS2~ mice developed carcinomas, the loss
of mpS2 protein on its own is clearly not
sufficient for malignancy. Additional genet-
ic alteration may be required, as is the case
for human colorectal tumorigenesis (18).
Interestingly, whereas normal gastric tissues
express large amounts of hpS2, about 50%
of human gastric carcinomas have lost ex-
pression of hpS2 (7, 8, 12, 19). No major
alterations in hpS2 have been found in
genomic DNA extracted from gastric carci-
nomas (19). However, the presence of ab-
errant hpS2 transcripts has been reported
(7), which suggests that subtle hpS2 gene

modifications (such as mutations leading to’

aberrant splicing events) might exist in
some stomach carcinomas.
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Impaired Defense of Intestinal Mucosa in Mice
Lacking Intestinal Trefoil Factor

Hiroshi Mashimo, Deng-Chyang Wu, Daniel K. Podolsky,*
Mark C. Fishman

The mechanisms that maintain the epithelial integrity of the gastrointestinal tract remain
largely undefined. The gene encoding intestinal trefoil factor (ITF), a protein secreted
throughout the small intestine and colon, was rendered nonfunctional in mice by targeted
disruption. Mice lacking ITF had impaired mucosal healing and died from extensive colitis
after oral administration of dextran sulfate sodium, an agent that causes mild epithelial
injury in wild-type mice. ITF-deficient mice manifested poor epithelial regeneration after
injury. These findings reveal a central role for ITF in the maintenance and repair of the

intestinal mucosa.

The gastrointestinal mucosa must main-
tain a barrier against the harsh luminal
contents of acid, enzymes, bacteria, and
toxins. Disruption of this barrier is the sa-
lient feature of a variety of common and
important gastrointestinal disorders, includ-
ing inflammatory bowel disease and peptic
ulcers. Although general protective factors
are thought to contribute to this barrier
function, the role of specific mucosal sur-
face proteins in sustaining mucosal integrity
has not been defined.

The trefoil proteins are a family of pro-
teins expressed specifically and abundantly
at the mucosal surface of the gastrointesti-
nal tract (1). They share a distinctive three-
leafed secondary structure formed by intra-
chain disulfide bonds. These proteins ap-
pear to resist degradation by proteolytic en-
zymes and extremes of pH (2). Enhanced
expression of trefoil proteins is observed
after injury in both the proximal and distal
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gastrointestinal tract (3). These proteins are
secreted onto the mucosal surface by goblet
cells, and in vitro studies suggest that these
proteins may promote maintenance of mu-
cosal integrity. Addition of trefoil proteins
to wounded intestinal epithelial monolayers
increases the rate of restitution, the critical
first phase of wound healing in which epi-
thelial continuity is reestablished (4).

To explore the function of trefoil pro-
teins in vivo, we produced mice unable to
express ITF, one of the members of this
protein family. We used rat ITF cDNA as a
probe to isolate the murine Itf gene from a
phage genomic library, and the identity of
this gene was confirmed by nucleotide se-
quencing (5). A targeting vector for dis-
rupting the gene by homologous recombi-
nation in embryonic stem (ES) cells was
designed and constructed (Fig. 1A). This
targeting vector replaces the entire second
exon encoding the trefoil domain with the
neomycin resistance gene and abolishes the
ability of any resultant peptides to produce
the loop structure characteristic of the tre-
foil proteins. Two independent lines of
mice were generated from distinct ES cell
clones. Disruption of the Iif gene in these
mice was confirmed by Southern (DNA)
blot analysis and the polymerase chain re-



action (PCR) (6).

Northern (RNA) blot analysis of wild-
type mice demonstrated a pattern of normal
tissue expression of murine ITF similar to
that of rat and human ITF, that is, in the
small intestine and colon. Similar analysis
of Itf~'~ mice confirmed the lack of ITF
expression in the gastrointestinal tract (Fig.
1B). In contrast, expression of the other
trefoil proteins, SP and pS2, was unaltered
in the gastrointestinal tract of Itf~/~ mice.
The lack of ITF protein in the colon and
small intestine of Itf~/~ mice was confirmed
by immunohistochemical staining with rab-
bit polyclonal antibody raised against syn-
thetic peptide from the predicted 18
COOH-terminal amino acids of murine ITF
sequences (Fig. 2). The goblet cells of the
Itf~/~ colon lacked any detectable ITF but
had preserved expression of colonic mucin.
The epithelium of Itf~/~ mice appeared
morphologically comparable to that of wild-
type mice.

Itf '~ mice derived from each ES clone
appeared to develop normally and were
grossly indistinguishable from their het-
erozygous and wild-type littermates. They
manifested no evidence of growth retarda-
tion and reached adult maturity without
evident diarrhea or occult fecal blood loss.
Although Itf~/~ mice exhibited normal mu-
cosal architecture, their proliferative com-
partments were expanded [12.2 *+ 1.7 bro-
modeoxyuridine (BrdU)-labeled nuclei per
Itf~/~ crypt, 8.6 = 1.8 BrdU-labeled nuclei
per wild-type crypt; P = 0.001]. The lack of
ITF resulted in impaired physiological mi-
gration of epithelium to the mucosal sur-
face, as evidenced by the virtual absence of
labeled cells in the surface epithelium 3
days after the BrdU pulse (Fig. 3) compared
with the high proportion of surface cells
labeled in mucosa from wild-type mice.

ITF has been shown to promote epithe-
lial migration into areas of wound in vitro,
and we hypothesized that the colon of mice
lacking ITF would be more prone to injury.
Dextran sulfate sodium (DSS) administered
in drinking water reproducibly creates mild
colonic epithelial injury with ulceration in
mice (7). After standardization of DSS ef-
fects in wild-type mouse cohorts, a group of
20 wild-type and 20 Itf~/~ mice (littermates
from heterozygous crosses, >20 g each)
were treated with 2.5% DSS in their drink-
ing water for 9 days. Itf /= mice appeared
markedly more sensitive to the injurious
effects of DSS. Fifty percent of Itf /= mice
developed frankly bloody diarrhea and died
(Fig. 4B); in contrast, only 10% of wild-type
mice treated similarly exhibited bloody di-
arrhea and 5% died. Weight loss was also
more pronounced in the Itf /= mice than in
wild-type mice receiving DSS (Fig. 4A).

Inspection of the colons of Itf~/~ mice

after DSS treatment demonstrated the
presence of multiple sites of obvious ulcer-
ation and hemorrhage. In contrast, the
colons of most of the DSS-treated wild-
type mice were grossly indistinguishable
from those of untreated mice. Histological
examination of the treated Itf~/~ colon
confirmed the presence of multiple ero-
sions and intense inflammatory changes,
including crypt abscesses. Damage was
more pronounced in the distal colon (de-
scending colon, sigmoid, and rectum) of

. REPORTS

the Itf~/~ mice; large, broad areas of mu-
cosal ulceration were seen. Although wild-
type mice exposed to DSS showed evi-
dence of mucosal erosions upon micro-
scopic inspection, most of these were small
and exhibited the features typical of mu-
cosal healing, with complete re-epithelial-
ization of most lesions. In contrast, the
colons of Itf~/~ mice exposed to DSS had
large stretches of denuded epithelia and
lacked evidence of re-epithelialization

(Fig. 4C).

Fig. 1. Generation of ITF-defi-
cient mice. (A) Strategy for mu-
tation of the /tf gene in ES cells.
The entire second exon (Ex2) of
the ftf gene, contained within

the Xba I-Eco Rl fragment, was
replaced by the neomycin resis-
tance (neo) gene cassette. The

A
Xho | Xba | Eco RI Eco Rl
1
Exl Ex2 B3 itnat Native gene
] e
Xno | et i
Not | Xbal Eco RI Eco Rl
L :{ 1l — 1
Exi nec Ex3 hsvtx  Targeting vector
Xho | \/
Xhol Xba | Ecc RI Eco Rl
Iy —il L 1
t 3
Ex1  neo Exd Homologous recombinant

RCol AP TCol LCol Rect

ITF

SP

deleted sequences within the
second exon of the /tf gene en-

code most of the trefoil domain (6). (B) Expression of
ITF is abolished but other trefoil genes are preserved
in the mutant mice. Northern blot analysis (75) used
cDNA probes for ITF (7), SP (16), pS2 (17), and glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH,
as positive control) (78). WT, wild type; KO, ltf~/~
mutant; Stom, stomach; Duo, duodenum; Tl, terminal
ileum; RCol, right colon; AP, appendix; TCol, trans-
verse colon; LCol, left colon; and Rect, rectum.

Fig. 2. ITF is not ex-

pressed in /tf~/~ mice.
(A) Wild-type mouse co-
lon showing ITF-immu-
noreactive staining spe-
cific to the goblet cells
(arrows). (B) /tf~/~ mouse
colon showing no ITF im-
munoreactivity. (C) Mu-
cin stains in wild-type
mouse (79) show ex-
pression within the gob-
let cells (arrows). (D)
Preservation of mucin
stains within /tf~/~ colon
(arrows). Scale bar, 50
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To confirm that this failure of healing
was secondary to the absence of ITF, we
evaluated the ability of recombinant ITF to
restore restitution after application of acetic
acid, an agent that consistently induces fo-
cal mucosal injury in all animals (8). Re-
pletion of ITF-deficient mice by luminal
instillation of recombinant peptide resulted
in reconstitution of normal healing with
enhanced epithelial migration (Fig. 5) and

Wild type

marked attenuation of gross injury.

In vitro evidence suggests that trefoil
proteins play a key role in reestablishing
mucosal integrity after injury. Despite the
normal restriction of SP and pS2 expression
to the proximal gastrointestinal tract, these
trefoil proteins and ITF are abundantly ex-
pressed at sites of colonic injury and repair.
Addition of exogenous ITF to a confluent
layer of intestinal epithelial cells causes in-

it

2 hours |

Fig. 3. Expansion of the proliferative compartment and impaired epithelial migration in /tf~/~ mice. BrdU
labeling (20) shows expansion of the proliferative compartment in /tf~/~ colon at 2 hours. Migration of
crypt cells was assessed 3 days after the BrdU pulse. The epithelium lining the lumen of /tf~/~ mice is
virtually devoid of BrdU-labeled cells, and residual labeled cells are seen in the crypts at 3 days after the
pulse label. In contrast, in wild-type mice, most of the labeled cells have migrated out of the crypts and
onto the lumenal surface by this time. Scale bar, 50 pm.

Fig. 4. Increased DSS- _ 35, A
induced weight loss and 8

death with severe colon- & 301O0WT
ic erosionsin/tf~/~ mice. g . m it
(A) Weight loss (ex- 2

pressed as percent of 'E 20

initial body weight lost) is 2

greater after DSS in £ 15

t~/~ mice (27). WT, wild £

type; bars represent SE. & 10

(B) Survival is diminished  § 5

in /tf~/~ mice, shown as
Kaplan-Meier transform &

of probability versus days

0
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creased migration of these cells into
wounds (4). Addition of trefoil proteins
protects human colonic cell lines in vitro
from injury by toxins and ethanol (9). A
parallel effect, protection against alcohol
or nonsteroidal anti-inflammatory drug
exposure, is conferred by prior topical ad-
ministration of trefoil proteins in the rat
stomach (10). Our results show that mice
lacking ITF are markedly susceptible to
mucosal injury and confirm a protective
role of ITF in the maintenance of the
mucosal barrier, and they also show that
ITF has a role in the normal migration and
turnover of the intestinal epithelium. Reg-
ulation of the constitutive migration mir-
rors the effects of trefoil peptide in pro-
moting epithelial migration to reestablish
continuity after mucosal injury.

Recent studies demonstrate the key role
of a cytokine network in mucosal mainte-
nance of the gastrointestinal tract. Gene-
targeted deletion of cytokines that coordi-
nate immune and inflammatory response
results in colitis in mice (8, 11). Although
a cytokine network may coordinate re-
sponse after injury, mediators that maintain
the normal integrity of the mucosal barrier
must be fundamental in preventing the ac-
tivation of these mechanisms by digestive
enzymes, bacteria, and toxins present in the
gastrointestinal tract lumen. Our results
with ITF-deficient mice demonstrate the

Acetic acid + ITF

TR

Acetic acid

Fig. 5. Effects of repletion of /tf~/~ mice with
recombinant ITF by rectal instillation. Microscop-
ic examination of ulcer borders from untreated
and ITF-treated /tf~/~ mice after acetic acid—
induced injury (23) shows improved epithelializa-
tion over damaged mucosa in treated mice.
Scale bar, 75 pm.




role of trefoil peptides (acting at the apical
surface) in complementing the role of the
cytokine network (acting within the lamina
propria at the basolateral pole of the epi-
thelium). Trefoil factors are unusual in their
resistance to acid and proteolytic enzymes
(12) and therefore have potential as an
orally administered therapy for wvarious
forms of gastrointestinal tract injury, in-
cluding inflammatory bowel diseases.
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