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To determine the function of the pS2 trefoil protein, which is normally expressed in the 
gastric mucosa, the mouse pS2 (mpS2) gene was inactivated. The antral and pyloric 
gastric mucosa of mpS2-null mice was dysfunctional and exhibited severe hyperplasia 
and dysplasia. All homozygous mutant mice developed antropyloric adenoma, and 30 
percent developed multifocal intraepithelial or intramucosal carcinomas. The small in- 
testine was characterized by enlarged villi and an abnormal infiltrate of lymphoid cells. 
These results indicate that mpS2 is essential for normal differentiation of the antral and 
pyloric gastric mucosa and may function as a gastric-specific tumor suppressor gene. 

T h e  human (hpS2) (1 ) and mouse (mpS2) 
(2) pS2 proteins belong to the family of 
trefoil pept~des, which are characterized by 
the presence of one to six cysteine-rich P 
domains (3, 4). Although hpS2 and mpS2 
are normally expressed in the gastric muco- 
sa (2, 5), hpS2 is also abnormally expressed 
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in ulcerative gastrointestinal diseases (6)  
and in various cancers (7-9). In all cases, 
hpS2 and mpS2 are found in the cyto- 
plasm of epithelial cells (2, 9). It has been 
proposed that pS2 functions as a growth 
factor, a protease inhibitor, or a mucin 
stabilizer to modulate cell growth and pro- 
tect the integrity of the gastric mucosa (9, 
10). T o  elucidate the function of pS2, we 
disrupted the mouse pS2 gene by homolo- 
gous recombination. 

We cloned and sequenced the mpS2 gene 
(11). It encompasses 4.1 kb and contains 
three exons (Fig. 1A). Exon 1 [96 base pairs 
(bp)] encodes the NH2-terminal signal pep- 
tide, exon 2 (153 bp) encodes the P domain, 
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and exon 3 (198 bp) encodes the five COOH- 
terminal amino acids and the 3' untranslated 
region. To inactivate the mpS2 gene, we con- 
structed a pRH1-4neo targeting construct en- 
coding 45 mpS2 amino acids corresponding to 
the signal peptide and 15 to 20 amino acids of 
the mature mpS2, as well as the neomycin 
resistance gene (neo) (Fig. 1, A and B). 
pRH1-4neo was electroporated into D3 em- 
bryonic stem (ES) cells, and two clones 
showed a Bam HI DNA restriction Dattem 
consistent with disruption of one of the mpS2 
alleles (Fig. 1C). No additional integrated 
copies of the targeting construct were detect- 
ed in these clones when examined with a neo 
probe. One of the clones was microinjected 
into 300 C57BL/6J blastocysts, which were 
reimplanted in pseudogestante females. Five 
chimeric males were generated, and one of 
them transmitted the mutant allele to off- 
spring when mated with 129/Svj females, 
yielding mpS2+/- heterozygotes. These mice 
were subsequently mated to yield homozy- 
gous mpS2-1- mice (Fig. ID). 

Inactivation of the mpS2 gene was dem- 
onstrated by Northern (RNA) blot analysis 
of total RNA extracted from stomachs of 
mpS2+/+, mpS2+/-, and mpS2-1- litter- 
mates. The 0.6-kb wild-type transcript was 
seen in the mpS2+/+ and mpS2+/- mice, 
whereas the 1.8-kb recombinant transcript 
containing the neo sequence was present 
only in rnpS2+/- and rnpS2-/- mice (Fig. 

2A). Expression of the mpS2 protein was 
investigated by immunoblot analysis of gas- 
tric cytosol and immunohistochemistry of 
stomach sameles. The meS2+/+ and 
mpS2+/- mice expressed high and interme- 
diate levels of mpS2, respectively, whereas 
the mpSZC mice showed no detectable 
expression (Figs. 2B and 3, G and H). 

Genotyping of 86 3-week-old offspring 
from mpS2+/- crosses revealed a frequency 
of 32.5% mpS2+/+, 46.5% mpS2+/-, and 
21% mpS2-1- mice. When interbred, the 
mpSZC mice were fertile, giving rise to an 
average of eight pups per litter, which sug- 
gests that there was no embryonic lethality. 
The appearance and behavior of 5-month- 
old mpS2+1- and mpSZC mice were indis- 
tinguishable from those of m ~ S 2 + / +  mice. 
~ i s i o l o ~ i c  examination of the' brain, heart, 
lung, liver, pancreas, spleen, muscle, mam- 
mary gland, colon, testis, ovary, uterus and 
kidney from 10 mpS2+/+ and 10 mpS2-/- 
mice at 5 months of age did not reveal any 
obvious differences (1 2). 

In contrast. abnormalities were consis- 
tently observed in the stomach and small 
intestine of the mpS2-I- mice (Fig. 3). 
Whereas the fundus mucosa did not show 
any obvious abnormality, the antral and 
pyloric mucosa was thicker in mpS2-1- 
mice. Both sexes were equally affected, and 
the phenotype was fully penetrant in the 20 
mpS2-I- mice examined. The mucosa of 

Fig. 1. Targeted disruption of -7.1 b- 
the mpM gene. (A) The mpS2 
gene locus. (6) The pRH1- RH5 RHI .. . RH2 RH3 RH4 
4ne0 mpS2 targeting con- C *  C 

struct. A 4.1 -kb genomic DNA B E P B  
fragment was generated by A I 1 I 1  I I 1  - - mpS2 gene 
PCR (20) with the use of RHl  pi probe 
and RH2 primers (27). A sec- 
ond fragment (1.1 kb) was ob- 
tained with the RH3 and RH4 B Targeting corstruu 
primers (21). The horizontal pRH1-4neo -4.1 kb- 
arrows indicate primer orien- 
tations. The two fragments 
were subcloned into the Kpn B 

I-Cla I sites of the pBS SK+ C 1 
vector (Stratagene), generat- probe 

1 - npS2gene 
3 P2probe 

ing the plasmids pRH1-2 and 
pRH3-4, respectively.The1.1- -5.8 kb--2.5 kb-+ 
kb Cla I-Xba I fragment from 
pRH3-4 was then subcloned into the Cla I-Xba I site of pRH1-2, D Barn HI 

generating the plasmid pRH1-4. A 1.3-kb Bgl Il-Barn HI PGK-neo +I+ +I- 4- kb 
fragment, which does not contain a polyadenylation signal, was then -7.1 

inserted in the Bgl Il-Bam HI site of pRH1-4, generating the targeting -5 8 
plasmid pRH1-4ne0, which was linearized at the pBS Kpn I site. 
129/Svj D3 ES cell electroporation, culture, and G418 selection -7.1 
were as in (22). Solid boxes indicate the three mpS2 exons and 
horizontal bars indicate the PI and P2 probes (21). B, Bam HI; Bg. 
Bgl I I ;  E, EcoR 1; and P, Pst I .  (C) Targeted mpS2 gene containing P2 
two Bam HI fragments, one of 5.8 kb and one of 2.5 kb. (D) Mouse c m -2.5 
genotyping with Southern (DNA) blot analysis. Genomic DNA was 
extracted from tail fragments of pS2 'I ' , pS2 " , and pS2 ' mice 
as in (22). After Barn HI digestion, DNA was fractionated on 0.8% agarose gel, blotted onto Hybond N+ 
membranes (Arnersham), and hybridized with either the PI or P2 :QP-labeled probe (22). 

3-week-old pups (10 specimens) was already 
twice the normal thickness (12). At 5 
months, all examined mpS2-I- mice (10 
saecimens) exhibited a circumferential ad- 
enoma encompassing the whole antropylo- 
ric mucosa (Fig. 3, A and B). The antral 
and pyloric mucosa showed severe hyper- 
plasia with markedly elongated pits occu- 
pying most of the thickness of the mucosa, 
whereas the glands had a normal appear- 
ance (Fig. 3, C and D). The epithelial cells 
lining the surface and the elongated pits 
showed high-grade dysplasia: The nuclei 
were enlarged and hyperchromatic and 
showed loss of polarity (Fig. 3, E and F). In 
addition, the antral and pyloric epithelial 
cells exhibited a 10-fold increase of the 
mitotic index (12) and were improperly 
differentiated and dysfunctional, as they 
were almost entirely devoid of mucus as 
shown by periodic acid of Schiff (PAS) 
staining (Fig. 3, I and J). In the upper part 
of the adenoma, the glandular architecture 
was distorted, with some branching and 
intraglandular bridging (Fig. 3, D, F, H, 
and J). 

Two to five foci of carcinoma were ob- 
served within the adenoma in 30% of 
5-month-old mpSZC mice. Glands were 
irregular and were closely packed together 
in a "back-to-back" pattern (Fig. 3K), and 
sheets of e~ithelial cells that had crossed 
through the basement membrane could be 
seen in the lamina propria (LP) (Fig. 3L). 
These features are characteristic of intraepi- 
thelial and intramucosal carcinomas, re- 
spectively (13). There was no evidence of 
metastatic dissemination to the lungs or 
liver. 

At 5 months, the villi of the small in- 
testinal mucosa of mpS2-/- mice were en- 
larged by a thickened LP, whereas the 
length of the villi was normal (Fig. 3, M 
through P). Epithelial cells lining the villi 
were normally differentiated, exhibited the 

Fig. 2. Analysis of mpS2 RNA and protein expres- 
sion in the stomachs of mpS2+/+, mpS2+/-, and 
mpS2-/- mice. (A) Northern blot analysis (23). 
Each lane contained 10 pg of total RNA. Hybrid- 
ization with the 32P-labeled mpS2 probe and 
washing conditions were as in (2). Autoradiogra- 
phy was done for 4 hours. (B) lmmunoblot analy- 
sis of the gastric cytosol. Ten micrograms of total 
protein were analyzed by SDSpolyacrylamide gel 
electrophoresis (1 5%) under reducing conditions, 
transferred to nitrocellulose filters (Schleicher et 
Shuell, Dassel, Germany), and immunostained 
with Ab502 (24) as in (5). 
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usual ratio of goblet cells and enterocytes, 
and stained positively for mucus, which 
indicates that they were functional (12). 
The thickened LP contained inflammato- 
ry cells, including lymphocytes, plasmo- 
cytes, and a few macrophages. The number 
of intraepithelial lymphocytes (14) was 
also increased (Fig. 3P). No alterations in 
the small intestine were observed in 
3-week-old mpS2-1- mice, which suggests 
that mpS2 is not required for small intes- 
tine ontogenesis but is required for normal 
intestinal function later in life. By con- 
trast, the large bowel was never affected. 
The pS2 protein, which is resistant to 
gastrointestinal proteases and has been 
found in gastric juice (5), may exert a 
protective function in the small intestine 
(15), and its absence may lead to small 
intestine mucosal barrier defects accompa- 
nied by a local lymphoproliferative re- 
sponse. Abnormal overexpression of hpS2 
has been observed in human gastrointestinal 
acute inflammatory disorders such as duode- 

nal ulceration and Crohn disease at the time 
of tissue regeneration, suggesting that hpS2 
could be involved in the protection of gas- 
trointestinal mucosal integrity (6). However, 
no ulcerations were observed in the small 
intestine of mpS2-/- mice. 

In addition to mpS2, two other murine 
trefoil peptides have been identified: mITF, 
which is normally expressed in the intestine 
and colon (16), and mSP, which is ex- 
pressed in the stomach, duodenum, and 
pancreas (3). Expression of mITF was not 
affected in the mpS2-1- mice. In contrast, 
mSP expression was not detected in the 
rnpS2-/- stomach samples but was detected 
in the rnpS2-l- pancreas samples (Fig. 4). 
However, this lack of gastric mSP expres- 
sion was not fullv Denetrant: Of 16 m~S2-I- 
mice studied, 11 showed an absence o? mSP 
mRNA. 2 had normal levels. and 3 had 
reduced levels. Thus, the gastric mutant 
phenotype that was fully penetrant in 
rnpS2-/- mice can be directly attributed to 
the absence of the mpS2 protein. How dis- 

ruption of mpS2 specifically affects mSP 
expression in the stomach is unknown. The 
fact that trefoil peptide genes are clustered 
in the mouse and human genomes (1 7) 
suggests that epigenetic mechanisms may be 
involved. 

We demonstrate here that the mpS2 
protein is essential for the differentiation 

Stomach Intestine Colon Pancreas 
+I++#- 4 +I+* -1- + I + +  -I- +I+*+ 

1 - - 3884 
1 2  3 4 5 6 7 0 9 101112 

Fig. 4. Analysis of mpS2, mSP, and mlTF RNAs in 
gastrointestinal tissues of mpS2+/+, mpS2+/-, 
and mpS2-I- mice. Each lane contained 10 pg of 
total RNA from the indicated tissue. Blots were 
successively hybridized with mpS2 (2), mSP (3), 
and mlTF (21) 32P-labeled cDNA probes. The 
3684 probe ( 7 )  was used as an internal control. 

Fig. 3. Histological anal- 
ysis of gastric and intes- 
tinal tissues in mpS2+/+ 
and mpS2-'- mice at 5 
months of age. (A) Ex- 
ternal appearance and 
(B) section of a fresh 
stomach and duode- 
num from rnpS2+If [(A), 
right side] and mpS2-/- 
[(A), left side and (B)] 
mice; arrowheads indi- 
cate the antropyloric ad- 
enoma. (C) Glands (G) 
and pits (P) of an 
mpS2+/+ antral section, 
each occupying ap- 
proximately one-half of 
the mucosal thickness. 
(D) An mpS2-I- antral 
section showing, at the 
periphery of an adeno- 
ma, severe hyperplasia 
and elongated pits. (E) 
Differentiated epithelial 
cells lining the pits of the 
normal mucosa. (F) An 
mpS2-/- antral section 
showing high-grade 
dvsolasia of eoithelial 
C;?II& lining the bits. (G 
and H) mpS2 immuno- 
staining with Ab502 
(24) of ~arafiin-embed- 
bed A t r ~  sections 
from mpS2+/+ (GI and 
mps2-;-(~) mice, re- 
spectively, showing theabsence of mpS2 protein in mpS2-'- mice. (I and J) PAS (LP). (M and N) Small intestine sections from mpS2+/+ (M) and mpS2-/- (N) 
staining of antral sections from mpS2+'+ (I) and mpS2-/- (J) mice, showing the mice. (0) mpS2+/+ villi showing normal cellular infiltrate of the LP. (P) Thickened 
dramatic decrease of mucus synthesis in mpS2-'- mice. (K) lntraepithelial car- mpS2-/- villi with increased intraepithelial and LP lymphoid infiltrate. Sections (C) 
cinoma (delineated by arrowheads) within an adenoma, showing back-to-back through (F) and (K) through (P) were stained with hematoxylin and eosin. Scale 
growth of glands without intervening stroma. (L) lntramucosal carcinoma show- bars in (A) and (B), 5000 km; in (C), (D), (M), and (N), 160 km; in (K), 80 pm; in (E) 
ing small sheets of epithelial cells (arrowheads) within the lamina propria through (J), (O), and (P), 40 pm; and in (L), 30 km. 
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proerain of the antral and pyloric gastric 
mucosa cells. Strikingly, all m p S 2 '  mice 
developeil gastric 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 protein o n  its own is clearly not  
sufficient for malignancy. Additional genet- 
ic alteration nlav be reuuired, as 1s the case 
for human colorectal tunlorigenesis (1 8). 
Interestingly, lvhereas normal gastric tissues 
express large amounts of hpS2, about 50% 
of human gastric carcinomas have lost ex- 
pression of hpS? (7 ,  8, 12, 19) .  N o  major 
alterations in hpS2 have been found in 
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 
~nodifications (such as ilnitations leading to 
aberrant splicing events) might exist in 
some stoinach carcinomas. 

REFERENCES AND NOTES 

' . P. Masakoivskl er a! /\!ucle~c Aclds Rss. 10 7895 
(1 982; 

2 0 Lefeobre eral.. J Cell Bro! 122, 191 119931. 
3. C Tomasetto er a/., EidBO J. 9, 407 (1990;. 
4 M. Gajhede eta!. Srructure 1 ,  253 (1 993;, A. De et 

a!., Proc. IJarl. Acad. Sci. U.S A. 91, 1 C84 (1 994; 
5. M. C. Rioetal., Science 241,705 (1988;, M C. Rioer 

al., C. R. kcad. SCI. Pans 307. 825 (19881. 
6. N. \Nrlght etal., J Patnol. 162. 279 ( I  99C1: 14. C. R o  

er a/. , Gasrroenterology 100. 375 (1 991 ;. 
7. 6 .  Thelsnger er a!., Eur. J Cancer 27 770 (1991). 
8. J. A Henr) et a! Br. J. Cancer 64, 677 (1 991 ) :  C 

Welter et a/., Lab. !n:/est 66, 187 (1992; 
9. IV; C. RIO and P. Chambon, Cancer Cel!s 2, 269 
(I 99Oi 

1 C. IN. Hormann and F. Hauser, Trends BIO!, SCI 18, 
239 (1 993): L. Thlm, Dlgestioo 55, 353 (1 994;. 

11. An mpS2 cDNA prooe (2) v/as used to isolate a 
37-kb cosmld conta~n~ny the mpS2 gene from a 
1291Sbj D3 ES cell yenomlc l~brarf (J M. Garnler, 
nstltut de Genetlque et de 61ooge  Moecuaire et 
Celli~iaire;. A 7 . 1 k o  Eam Hi fragment containing the 
~v~hole mpS2 gene was suoconed into pBlues~rlpt I1 
SK+ (p6S) and sequenced. 

12 0 Lefeowe er a/., data not shown. 
13. R H. R~ddeeta ! . .  Hum Patho!. 14,931 (19831; R.C. 

Hagy~tt ibid. 25 982 (1994; J. Rosa1 Ackerman's 
Surg. Parhol. 8. 632 (1 996;. 

14. A Panja A. Barone L. Mayer, J, Ex;?. rbAed. 179, 943 
(1994): 6 .  Rocha, D Guy-Grand, P. Vassal1 Cur'-. 
Oo1.i. lm,~u.io!. 7, 235 (1 995;. 

15. R.J. Playford et a/.. Proc. liatl. Acad. SCI. U S.k .  93, 
21 37 (1 9961. 

16. S. Suemor~, K. Lynch-Devaney D. K. Podolsky, ib~d. 
88. 11 01 7 (1 991; M Tomta et a/., Brochem J. 31 1 ,  
293 (1995; 

17. C. Tomasetto, N Rocket. M G. Idattei, Ge.iomics 
13. 1328 (1 992): 0 .  Lefebvre unpuollshed results. 

18 2 A We~nberg, Scre.ice 254 1138 (1991; S. W. 
Lee, C Tomasetto, R Sager Proc. ,Natl Acad. Scr 
U.S.A 88. 2825 (1991;, E. Vogelstein and W. Klnz- 
e r  Trends Genet. 9, 138 (1993;. A.G. Knudson. 
Proc. /\!ail Acad. Sci. U.S.A. 90, 10914 (1 993): R. A 
Wenbery. Cell 85. 457 (1996;. 

19. Y Luqmani et a/., lnt. J. Ca.icer44, 806 (1989; 
20. M R. Ponce and J. L M c o ,  Lk~cleic kcrds Res. 20, 

623 (1 992;. 
21 The o r i ~ e r s  used were as 'ollov~s flov~ercase letters 

lnd~cate rest-iction site: uppercase letters lnd~cate 
mpS2-spec~f~c sequence; RHl : 5'-ctggtacctttagat- 
CATCTGTGTGTTTGGATGC-3', contaning a Kpn I ,e- 

strlctlon slte: RH2. 5'-ccatcgatagatctGCCACAATT- 
TATCCTCTC-3', contanng Cla I and E g  II restr~cilon 
s~tes; RH3: 5'-agatcgatggatccATGGCCATCGAGM- 
CAC-3', containng C a  and 6a-r HI restrlctlon sltes, 
RH4: 5'-atagytacctctagaGGTGTGTATGTAGCAGG- 
3', contaniny Kpn 1 and Xba I reslr'ctlon sltes. The P I  
 robe (C 36 kg] was generated vy poly~erase chaln 
-eactlon IPCR; ~41th the use of a 5 '  pBS prllner and the 
5'-TCAGCACACTGCTCAW3' (RH51 1npS2 p r i ~ e r  
the P2 probe (0.3 kg; was a PT 1 - 6 a ~  HI moS2 frag- 
ment; and the m!TF prooe ,420 aD; was solated vy 
reve*se transcrptase PCR  fro^ mouse intestine RNA, 
tvth the use o' the 5'-CCTGTGCAGTGGTCCT- 
GAAGC-3 and 5'-AGCAATCAGATCAGETTGTG-3' 
prlmers, derltjed POT the m!TFcDNA sequence (76;. 

22. A. Gossler, T. Doetschman, R. Korn Proc ,Natl 
kcad. Scr. U.S.A 83. 9065 (1 986; T Lufk~n, A 
D~erlch, M. LeMeur Cell 65 11 05 r 1991 j 

23. Total RNA was prepared from tlssues frozen wth 

llqud nitrogen, fractonated oy agarose gel electro- 
phoresls (1 32; in the presence of formaldehyde, and 
transferred to nylon membranes (Hyoond N; Amer- 
sham). P Chomczynskl and N. Sacch~, Anal. Blo- 
chem 162, 156 (1 987;. 

24 The A9502 ~o lyc lona antioody 1s d~ iec t~ ju  aganst a 
30-amno a c d  synthetic p e ~ t d e  corres~ondng to 
the COOH-termna half of mpS2 

25 Supported by INSERIV;; CNRS Centre Hos~ltalier 
Un~vers~talre Reg~onal; Mutuelle Generale de 
'Ense~ynement Nat~onal; Association Dour la Re- 
cherche contre e Cancer; the Ligue Nationale 
F ran~ase  contre le Cancer and Comite du Haut- 
Rhln, Fondatlon pour la Recherche Medicale Fran- 
caise, Fondailon de France; and oy a grant to P.C. 
from the Fondatlon Jeantet. O.L s the recpient of 
an PSEN Foundailon felowshp. 

13 May 1996 accepted 7 August 1996 

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. Disruption of this barrier is the  sa- 
lient feature of a variety of conlnlon and 
inlportant 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 gastrointesti- 
i ~ a l  tract (1 ). They share a distinctive three- 
leafed secondary structure for~ned by iintra- 
chain disulfide bonds. These protelns 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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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. 
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gastrointestinal tract (3). These proteins are 
secreted onto  the  ~nucosal 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 reestablished 14). ~, 

T o  explore tke function of trefoil pro- 
teins in vivo. we llroduced  nice unable to 
express ITF, one of the  ~nenlbers of this 
protein family. W e  used rat ITF cDNA as a 
probe to isolate the ~nur ine  Itf gene from a 
phage genomic library, and the  identity of 
this gene was confirmed by nucleotide se- 
q~rencing (5). A targeting vector for dis- 
rupting the gene by h o ~ n o l o g o ~ ~ s  recombi- 
nation In enlbryonic stem (ES) cells was 
designed and constr~rcted (Fig. 1 A )  . 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 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 r ~ 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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