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Gastric Mucosa Abnormalities and
Tumorigenesis in Mice Lacking the
pS2 Trefoil Protein
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Marie-Christine Rio*

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.

The human (hpS2) (1) and mouse (mpS2)
(2) pS2 proteins belong to the family of
trefoil peptides, 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). To 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 NH,-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 pattern
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/6] 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~/~ mice (Fig. 1D).

Inactivation of the mpS2 gene was dem-
onstrated by Northern (RNA) blot analysis
of total RNA extracted from stomachs of
mpS2+/*, mpS2+-, and mpS27- 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 mpS2*~ and mpS2~~ mice (Fig.

2A). Expression of the mpS2 protein was
investigated by immunoblot analysis of gas-
tric cytosol and immunohistochemistry of
stomach samples. The mpS2*/* and
mpS2 ™/~ mice expressed high and interme-
diate levels of mpS2, respectively, whereas
the mpS27~ 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~~ mice. When interbred, the
mpS2~~ 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*/~ and mpS2~- mice were indis-
tinguishable from those of mpS2*/* mice.
Histologic 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 (12).

In contrast, abnormalities were consis-
tently observed in the stomach and small
intestine of the mpS27 mice (Fig. 3).
Whereas the fundus mucosa did not show
any obvious abnormality, the antral and
pyloric mucosa was thicker in mpS2~-
mice. Both sexes were equally affected, and
the phenotype was fully penetrant in the 20
mpS2~~ mice examined. The mucosa of

Fig. 1. Targeted disruption of # 71 kb X

the mpS2 gene. (A) The mpS2

gene locus. (B) The pRH1- RHS RH1 RH2 RH3 RH4

4neo mpS2 targeting con- i sadultes

struct. A 4.1-kb genomic DNA B E E  pB

fragment was generated by A | ’ l L mpS2 gene
PCR (20) with the use of RH1 Plprobe 1 2. 3 P2 peobe

and RH2 primers (27). A sec- ol By

ond fragment (1.1 kb) was ob- Fis B

tained with the RH3 and RH4 g ] | E‘_| Targeting construct
primers (21). The horizontal 41 kb 1 pRH1-4neo
arrows indicate primer orien- ¥

tations. The two fragments Bz B E

were subcloned into the Kpn B E PB

I-Cla | sites of the pBS SK+ € neo Targeted
vector (Stratagene), generat- Blpratel 3 P2 probe mpS2 gene
ing the plasmids pRH1-2 and

pRH3-4, respectively. The 1.1- * 5.8 kb P25 kb—+

kb Cla I-Xba | fragment from

pRH3-4 was then subcloned into the Cla |-Xba | site of pRH1-2,
generating the plasmid pRH1-4. A 1.3-kb Bgl II-Bam HI PGK-neo
fragment, which does not contain a polyadenylation signal, was then
inserted in the Bgl II-Bam Hl site of pRH1-4, generating the targeting
plasmid pRH1-4neo, which was linearized at the pBS Kpn | site.
129/Svj D3 ES cell electroporation, culture, and G418 selection
were as in (22). Solid boxes indicate the three mpS2 exons and
horizontal bars indicate the P1 and P2 probes (27). B, Bam HI; Bg,
Bgl Il; E, EcoR |; and P, Pst |. (C) Targeted mpS2 gene containing
two Bam HI fragments, one of 5.8 kb and one of 2.5 kb. (D) Mouse
genotyping with Southern (DNA) blot analysis. Genomic DNA was
extracted from tail fragments of pS2*/*, pS2*/~, and pS2~/

i

mice

as in (22). After Bam HI digestion, DNA was fractionated on 0.8% agarose gel, blotted onto Hybond N+
membranes (Amersham), and hybridized with either the P1 or P2 32P-labeled probe (22).

260

SCIENCE e« VOL. 274 -

11 OCTOBER 1996

3-week-old pups (10 specimens) was already
twice the normal thickness (12). At 5
months, all examined mpS2~~ mice (10
specimens) 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 (I12) 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, [ and ]). 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 mpS27~ mice. Glands were
irregular and were closely packed together
in a “back-to-back” pattern (Fig. 3K), and
sheets of epithelial 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

At 3 +

- -

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 g 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) Immunoblot analy-
sis of the gastric cytosol. Ten micrograms of total
protein were analyzed by SDS—polyacrylamide gel
electrophoresis (15%) under reducing conditions,
transferred to nitrocellulose filters (Schleicher et
Shuell, Dassel, Germany), and immunostained
with Ab502 (24) as in (5).

B ++ +/- --
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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~~ 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
(I5), 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-

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 mpS2+/* [(A),

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~~ mice. In contrast,
mSP expression was not detected in the
mpS2~~ stomach samples but was detected
in the mpS2~ pancreas samples (Fig. 4).
However, this lack of gastric mSP expres-
sion was not fully penetrant: Of 16 mpS2~-
mice studied, 11 showed an absence of mSP
mRNA, 2 had normal levels, and 3 had
reduced levels. Thus, the gastric mutant
phenotype that was fully penetrant in
mpS2~~ 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 (17)
suggests that epigenetic mechanisms may be
involved.

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

Stomach  Intestine Colon  Pancreas
He H= - HE = A= 4 A - A -
spi mpsz
- .
DU e . T
- et G e e 3684

12 3 456 7 89 101112

Fig. 4. Analysis of mpS2, mSP, and mITF RNAs in
gastrointestinal tissues of mpS2+/*, mpS2+/~,
and mpS2~/~ mice. Each lane contained 10 pg of
total RNA from the indicated tissue. Blots were
successively hybridized with mpS2 (2), mSP (3),
and miTF (21) 32P-labeled cDNA probes. The
36B4 probe (7) was used as an internal control.

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~/~ 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
dysplasia of epithelial
cells lining the pits. (G
and H) mpS2 immuno-
staining with  Ab502
(24) of paraffin-embed-
ded antral sections

from mpS2+/* (G) and
mpS2~/~(H) mice, re-

spectively, showing the absence of mpS2 protein in mpS2 =/~ mice. (1and J) PAS
staining of antral sections from mpS2*/* (I) and mpS2~/~ (J) mice, showing the
dramatic decrease of mucus synthesis in mpS2~/~ mice. (K) Intraepithelial car-
cinoma (delineated by arrowheads) within an adenoma, showing back-to-back
growth of glands without intervening stroma. (L) Intramucosal carcinoma show-
ing small sheets of epithelial cells (arrowheads) within the lamina propria
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(LP). (M and N) Small intestine sections from mpS2+/+ (M) and mpS2~/~ (N)
mice. (0) mpS2+/* vill showing normal cellular infiltrate of the LP. (P) Thickened
mpS2 =/~ villi with increased intragpithelial and LP lymphoid infiltrate. Sections (C)
through (F) and (K) through (P) were stained with hematoxylin and eosin. Scale
bars in (A) and (B), 5000 pum; in (C), (D), (M), and (N), 160 wm; in (K), 80 um; in (E)
through (J), (O), and (P), 40 um; and in (L), 30 wm.
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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-





