
proerain of the antral and pyloric gastric 
mucosa cells. Strikingly, all m p S 2 '  inice 
developeil gastrlc adenoma, and 30Oh of 
them showed carcinoma. Thus, mpS2 may 
f~rnction as a gastric-specific tuinor suppres- 
.or gene. Holvever, as only 3090 of the  
13S2-' [nice develolled carcinomas, the  loss 
of mpS2 proteln o n  its own is clearly not  
sufficient for malignancy. Addltlonal genet- 
ic alteration nlav be reuuired, as 1s the case 
for human colorectal tunlorigeilesls (1 8). 
Interestlnglp, ~vhereas normal gastric tissues 
express large amounts of hpS2, about 50% 
of huinan gastric carcinomas have lost ex- 
pression of hpS? (7 ,  8, 12, 19) .  N o  inajor 
alterations in hpS2 have been found 111 

genonlic D N A  extracted from gastric carci- 
nornas 119). However. the nresence of ab- , , 

errant hpS2 transcripts has been reported 
( i ) ,  ~vh ich  suggests that s~lbtle hpS2 gene 
~nodificatlons (such as llnitations leading to 
aberrant spllcing events) might exlst in 
some stoinach 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. 

T h e  gastrointestinal inucosa n n ~ s t  main- 
tain a barrier against the harsh lurninal 
contents of acid, enzymes, bacteria, and 
toxins. Disruptloll of this barrier is the  sa- 
lient feature of a variety of conlnlon and 
iinportant gastrointestinal disorders, includ- 
ing inflalnnlatorp bo~vel  disease and peptic 
ulcers. Although general protective factors 
are thought to contrib~rte to this barrier 
function, the role of specific mucosal sur- 
face proteins in sustaining mucosal integrity 
has not been defined. 

T h e  trefoil proteins are a family of pro- 
teins expressed specifically and abundantly 
a t  the  inucosal surface of the gastroiintesti- 
i ~ a l  tract (1 ). They share a distinctive three- 
leafed secondary structure forined by ultra- 
chain disulfide bonds. These proteins ap- 
pear to reslst degradation by proteolytic en- 
zymes and extremes of pH (2 ) .  Enhanced 
expression of trefoil proteins is observed 
after injury in both the  proxlinal and distal 

H Mashlmo, D.-C 'Jllu. D K Podolsky. Gastrointestinal 
Unit and Center for the Study of Infammato>/ Eov/el 
Dlsease, Jackson 7, Massachusetts General Hosp~tal, 
Frult Street, Boston, MA C21 14, USA 
IV;. C. Fshman, Cardiobascuar Research Center, Mas- 
sachusetts General Hospita East 149 13th Street, 
Charlesto~v~n IV;A 021 29, USA. 

-To vhom corres~ondence should be addressed. 

gastrointestinal tract (3). These proteins are 
secreted onto  the  inucosal surface by goblet 
cells, and in vitro st~ldies suggest that these 
proteins may promote maintenance of mu- 
cosal integrity. Addition of trefoil proteins 
to ~voundeil intestinal epithelial monolavers 
increases the  rate of restitution, the  critical 
first phase of wound healing in which epi- 
thelial continuitv is reestabl~shed 14). ~, 

T o  explore tke function of trefoil pro- 
teins in vivo. we llroduced inice unable to 
express ITF, one of the  inenlbers of this 
protein family. W e  used rat ITF cDNA as a 
probe to isolate the inurine Itf gene from a 
phage genomlc library, and the  identity of 
this gene was confirmed by nucleotide se- 
q~rencing (5). A targeting vector for dls- 
r~ipting the gene by hoinologo~~s recombi- 
nation in enlbryonic stem (ES) cells was 
designed and constr~rcted (Fig. 1 A )  . This 
targeting vector replaces the  entlre second 
exon encoding the trefoil domain with the 
neomycin resistance gene and abolishes the 
ability of any resultant peptides to prod~lce 
the  loop structure characteristic of the tre- 
foil proteins. T ~ v o  independent lines of 
mice were generated froin distinct ES cell u 

clones. D ~ s n r p t ~ o n  of the Itf gene in these 
[nice was confir~ned bv Southern ( D N A )  
blot analysis and the  polymerase chain re- 
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action (PCR) (6). 
Northern (RNA) blot analvsis 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-I- 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-1- mice. 
The lack of ITF protein in the colon and 
small intestine of Id-/- 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-I- colon lacked any detectable ITF but 
had preserved expression of colonic mucin. 
The epithelium of Itf-I- mice appeared 
morphologically comparable to that of wild- 
type mice. 

Id-/- 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 maturitv without 
evident diarrhea or occult fecal blood loss. 
Although Itf-1- mice exhibited normal mu- 
cosal architecture, their proliferative com- 
partments were expanded [12.2 ? 1.7 bro- 
modeoxyuridine (BrdU)-labeled nuclei per 
Itf-I- crypt, 8.6 ? 1.8 BrdU-labeled nuclei 
per wild-type crypt; P = 0.0011. 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 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-1- mice (littermates 
from heterozygous crosses, >20 g each) 
were treated with 2.5% DSS in their drink- 
ing water for 9 days. Itf-1- mice appeared 
markedly more sensitive to the injurious 
effects of DSS. Fifty percent of Itf-1- 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-1- mice than in 
wild-type mice receiving DSS (Fig. 4A). 

Inspection of the colons of Itf-1- 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-1- 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 

the Itf-I- 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-1- mice exposed to DSS had 
large stretches of denuded epithelia and 
lacked evidence of re-epithelialization 
(Fig. 4C). 

A mfBszmFig. 1. Generation of m-defi- 
W.I W R I  ~ m m  cient mice. (A) Strategy fur mu- 

I 
d 

ExlmUrJ tation of the /tf gene kr ES cells. oene 
The entire second sxon FO)of 
the Iff gene, contained within 

Ell1 ng Ex3 - T a m  vedw the Xba MCO RI fragment, Was 

Xkol L/ replaced by the neomycin resis- 
~ b . 1  E ~ R I  ~m RI tance @eo) gene cassette. The 

Exlm Ex3 
M e d  seqmwes within the 

Homobgoos second exon of the ltfgene en- 
P code most of the trefo~l domain (6). [B) l%msim of 

IF is abolished but other trefoil genes are preserved 
in the mutant mice. Northem biOt analysis (15) used 
cDNA probes for ITF ( I ) ,  SP (16); pS2 (1 7)' and glyc- 
sraklehyde 3 - w e  (w, 
as positive contrd) (78). WT, wUd type; KO, Wf- 
mutant; Stom, stomach; Duo, duodenwn; TI, terminal 
ileum; RCd, right col0n; AP, appendix; TCd, 

Fig. 2. ITF is not ex- 
pressed in Iff-/- mice. 
(A) Wild-type mouse co- 
lon showing ITF-immu- 
noreactive staining spe- 
cific to the goblet cells 
(arrows). (B) Iff-/- mouse 
colon showing no ITF im- 
munoreactivity. (C) Mu- 
cin stains in wild-type 
mouse (19) show ex- 
pression within the gob- 
let cells (arrows). (D) 
Preservation of mucin 
stains within Iff-/- colon 
(arrows). Scale bar, 50 
Fm. 
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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 

2 hours 

Wild tvoe 

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- 

Fig. 3. Expansion of the proliferative compartment and impaired epithelial migration in Iff-/- mice. BrdU 
labeling (20) shows expansion of the proliferative compartment in Iff-/- colon at 2 hours. Migration of 
crypt cells was assessed 3 days after the BrdU pulse. The epithelium lining the lumen of Iff-/- 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- 
induced weight loss and 
death with severe colon- 
ic erosions in Iff-/- mice. 
(A) Weight loss (ex- 
pressed as percent of 
initial body weight lost) is 
greater after DSS in 
Iff-/- mice (27). VVT, wild 
type; bars represent SE. 
(B) Survival is diminished 
in Iff-/- mice, shown as 
Kaplan-Meier transform 
of probability versus days 
of DSS treatment. (C) Days of DSS treatment 

Representative areas of 1.0 

healing ulceration in wild- 3 O.g 
type colon and nonheal- 2 
ing ulceration in Iff-/- a O.* 
colon. healing In and the re-epithelial- wild type, 'S 0.7 0.6 i: 

p-'- 
ization of ulcers are ap- 0.5 .-- 
parent (arrows) (22). a 

0.4 These signs of healing o 
are not present over the 0.3 

broad ulcer (arrows) in 1 3 5 7 9  
Suwlval days 

Iff-/- mice. Scale bar, 
100 pm. 

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 (1 0). 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 

Acet~c acid + ITF Acettc acid 

Fig. 5. Effects of repletion of Itf-/- mice with 
recombinant ITF by rectal instillation. Microscop- 
ic examination of ulcer borders from untreated 
and ITF-treated Itf-/- mice after acetic acid- 
induced injury (23) shows improved epithelializa- 
tion over damaged mucosa in treated mice. 
Scale bar, 75 pm. 
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role of trefoil peptides (acting a t  the  apical 
surface) in complementing the  role of the  
cytokine network (acting within the lamina 
propria a t  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 a n  
orally adm~nistered therapy for various 
forms of gastrointestinal tract injury, in- 
cluding inflammatory bowel diseases. 
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secondary antbody, av~dn, botinyated horseradsh 
peroxidase H, and dlamnobenzidne tetrahydrochlo- 
r~de reagents per manufacturer's instruct~ons (Vec- 
taStain ABC. Vector Laboratories. Burngame. CA) 
The slides were countersta~ned with hematoxyl~n Ar- 
rows Indicate representat~ve goblet cells expressng 
ITF or mucn (73, 74). 

20 Mice received a angle ~ntraperitoneal inject~on of 
BrdU (50 p g  per gram of body weight) from a freshly 
made stock solution (5 mg/m) d~ssolved n phos- 
phate-buffered sal~ne (PBS). The m c e  were k~lled 2 
hours or 3 days later At necropsy, a longitudinal 
I - c m  section of the ascend~ng colon was taken 
Samples were mmed~ately placed In a cassette, 
f~xed in Carnoy'sfxative overnght, and embedded In 
paraff~n wax lmmunoh~stochem~cal detect~on of 
BrdU was essent~ay as descr~bed [J G. Fox et a / .  
Gastroenterology 11 0, 155 (1 996)] usng monoclo- 
nal ant~body to BrdU (S~gma). VectaStain k~ t ,  and 
hematoxyln countersta~n. Only crypts longtudinaly 
sectoned and v~s~ble  In ther ent~re length were ana- 
lyzed for the number of labeled cells. 

21. Mice were given 2.5% (wiv) DSS (molecular we~ght 
40,000: C N  B~otnedcals, Aurora, OH) n their drink- 
n g  water for nlne consecutive days and weighed 
every other day. 

22. DSS-treated left colon transect~ons were fixed in 4% 
paraformaldehyde, mounted ~n paraffn, and stained 
with hematoxyl~n and eosn. M c e  were given 2.5% 
DSS for 9 days. 

23 A solution of 4% acet~c a c ~ d  (pH 2 3) was slowly 
infused (5 p.l/mg body weight) 3 cm Into the rectal 
lumen of a I~ghtly anesthetzed mouse After expo- 
sure for 30 s, excess fluid was withdrawn and the 
colon was flushed with 0 3 m of PBS After removal 
of excess flu~d, the treatment group was Infused (5 
p /mg  body weight) witli recombnant TF  (1 mgiml). 
w h ~ e  the untreated group was infused (5 p.l/mg body 
weght) w ~ t h  bov~ne serum abumn (BSA: 1 mg/m). 
Mice were agan Infused w t h  ITF (treatment group) or 
BSA (untreated group) after 12 hours M ~ c e  were 
k l e d  30 hours after a c d  Injury and the colons were 
Inspected. Frozen sectons of OCT (Miles)-embed- 
ded specmen were staned w ~ t h  hematoxyin and 
eosln 

24 Supported by NIH grants ROlDK46906, 
P30DK43351, and T32DK07191 and by the Glaxo 
Institute for Dgestve Health (H.M.). 
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