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binds to base-base mismatches and small loops of one or two dis
placed nucleotides (e.g., resulting from slippage errors at mono- or
dinucleotide tracts; Refs. 20â€”23).Similarly, the mammalian equiva
lent of bacterial MutL is a heterodimer of MLH1 and PMS2 called
MutLa (24).

In all systems studied, MMR is involved in at least two types of
mutation avoidance reactions: (a) it recognizes and corrects bp mis
matches and slippage errors made by DNA polymerase during repli
cation and is always directed against the newly synthesized strand
(25); and (b): it counteractsrecombinationbetweenhomologousbut
nonidentical DNA sequences (26â€”28).Furthermore, in mammalian
cells, MMR mediates toxicity of methylating agents (28â€”30).Thus,
loss of MMR results in a pleiotropic phenotype characterized by an
increased accumulation of base substitutions and frameshifts (the
RER@phenotype), enhanced recombination between diverged DNA
sequences, and tolerance to the cytotoxic effects of methylating agents
(28).

MMR genes are believed to be expressed in all proliferating cells
(31â€”33).It is therefore surprising that in HNPCC patients, tumorigen
esis is mainly restricted to the proximal colon and the endometrium
(1â€”3)and, in patients with the related Muir-Torre syndrome, the
sebaceous glands (34). This tissue specificity can be explained in
several ways: (a) cells that have lost MMR may have a growth
advantage with respect to MMR-proficient cells. This may either be
intrinsic to specific tissues or be imposed by selective conditions, e.g.,
an increased exposure to methylating agents in the intestine (29, 30).
Also, a T cell-mediated immune response against novel peptides
generated by frameshift mutagenesis in transcribed genes in MMR
deficient cells (35) might suppress tumor development in tissues that
are submitted to efficient control by the immune system; (b) onco
genic mutations in MMR-deficient cells accumulate more rapidly in
tissues with a high cell turnover, and this may be further enhanced by
exposure to exogenous mutagens; and (c) the proto-oncogenes or
tumor suppressor genes that control growth and differentiation of
susceptible tissues may have hot spots for mutation by MMR defi
ciency (like mononucleotide tracts), e.g., as was found for the trans
forming growth factor fJ type II receptor in HNPCC-related intestinal
tumors (36).

Current mouse models carrying disruptions of MMR genes have
not provided insights into the contribution of each of these factors
to the etiology and tissue specificity of tumorigenesis in HNPCC
(28, 37â€”41).The finding that the majority of completely MMR
deficient mice succumb to T-cell lymphomas (Ref. 41 and this
work), whereas most tumors developing in hemizygous mice (hay
ing the HNPCC genotype) have retained the wild-type Msh2 allele
(this work), has urged us to develop more informative mouse
models for HNPCC. In the present report, we compared the tumor
spectrum in immunoproficient and immunocompromised (42)
Msh2-deficient mice and studied the synergism between MMR
deficiency and ENU-induced mutagenesis. Furthermore, we tar
geted tumorigenesis to the intestine by introducing the Mm allele
(43) of the Apc tumor suppressor gene (44) in Msh2 mutant
backgrounds. These tumor models provide valuable tools to iden
tify genetic and environmental factors that influence the develop
ment of MMR-deficient tumors.

ABSTRACT

Hemizygous germ-line defects in mismatch repair (MMR) genes
underlie hereditary nonpolyposis colorectal cancer (HNPCC). Loss of
the wild-type allele results In a mutator phenotype, accelerating tu
morigenesis. Tumorigenesis specifically occurs in the gastrointestinal
and genitourinary tracts; the cause of this tissue specificity is elusive.
To understand the etiology and tissue distribution of tumors in
HNPCC, we have developed mouse models carrying a deficiency in the
MMR gene Msh2

Most of the completely Msh2-deflcient mice succumbed to lympho
mas at an early age; lymphomagenesis was synergistically enhanced by
exposure to ethylnitrosourea. Lymphomas were absent In immunocom
promised Tap1';Msh2@ mice; these mice generally succumbed to
HNPCC-like tumors. Together, these data suggest that the HNPCC
tumor spectrum is determined by exposure of MMR-deflcient cells to
exogenous mutagens, rather than by tissue-specific loss of the wild-type
MMR allele or by immune surveillance. Msh2 hemizygous mice had an
elevated tumor Incidence that, surprisingly, was rarely correlated with
loss of the Msh2'@allele To develop a model for intestinal tumongen
esis in HNPCC, we introduced the Mm allele of the Apc tumor sup

pressor gene. We observed loss of the wild-type Msh2 allele in a
significant fraction of Intestinal tumors in Apc+@'Mmn;Msh2+@'_mice. In
some of the latter tumors, one area of the tumor displayed loss of the
Msh2@ allele, but not of the Apc@ allele, whereas another area dis
played the inverse genotype. This apparent biclonality might Indicate a
requirement for collaboration between independent tumor clones dur
ing intestinal tumorigenesis.

INTRODUCTION

Loss of DNA MMR3 is a rate-limiting step in the etiology of tumors
associated with HNPCC (Lynch syndrome) in humans (1). HNPCC
families are characterized by a high incidence of cancers of mainly the
gastrointestinal and female reproductive tracts, which often develop at
multiple sites and at a relatively early age ( 1â€”3).Affected HNPCC
family members have inherited a mutant allele of either one of four
MMR-related genes called MSH2, MLHJ, PMSJ, and PMS2 (4â€”12).
In tumors, the wild-type allele is lost through mutational inactivation
or LOH (13, 14). This condition is manifested by instability of the
length of simple-sequence repeats [e.g., A@or (CA)j, a phenomenon
referred to as the RER@ phenotype and a hallmark of HNPCC-related
tumors (15â€”17).

MMR seems to be highly conserved throughout evolution (18, 19).
In the prototypic mutSL system of Escherichia coli, the MutS protein
recognizes and binds to a mismatch in DNA, whereas MutL is
believed to act as a molecular matchmaker, binding the DNA-MutS
complex and triggering excision and resynthesis of the error-contain
ing DNA strand. In eukaryotes, the bacterial MutS protein is repre
sented by two heterodimeric protein complexes of MutS homologues.
One of these, MutSa, a dimer composed of MSH2 and MSH6/GTBP,

Received 7/25/97; accepted 11/13/97.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1 Supported by grants from the Dutch Cancer Society (to H. t. R.).

2 To whom requests for reprints should be addressed. Phone: 31-20-512-1957; Fax:

3 1-20-5 12- 1954; E-mail: hriele@nki.nl.
3 The abbreviations used are: MMR, mismatch repair; HNPCC, hereditary nonpolypo

sis colorectal cancer; LOH, loss of heterozygosity; ENU, ethylnitrosourea; ES, embryonic
stem; RER, replication error.

248

Mouse Models for Hereditary Nonpolyposis Colorectal Cancer1

Niels de Wind, Marleen Dekker, Agnes van Rossum, Martin van der Valk, and Hem te Riele2
Division of Molecular Carcinogenesis. the Netherlands Cancer institute, Plesinanlaan 121, 1066 CX Amsterdam, the Netherlands

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/2/248/2467610/cr0580020248.pdf by guest on 19 M

ay 2023



MOUSEMODELSFOR HNPCC

Generation of Mice. MMR-deficient mice carrying a targeted disruption
in exon 12 of the Msh2 gene were described previously (28). 129OLA
Msh2' mice were generated by intercrossing of pure 1290LA Msh2
heterozygotes; 129OLA/FVB Msh2' mice were generated by intercross
ing of Msh2 heterozygous Fl hybrids of 1290LA and P/B; chimeric
Msh2' mice were generated by injection of Msh2' 1290LA-derived
ES cells into C57BL/6-derived blastocysts. Tapi â€˜ mice were generated
from three backcrosses of the original pure 129OLA background (45) to
FVB and then crossed to 129OLAIFVB Msh2 knockout mice. The resulting
Tap1';Msh2@ mice were therefore hybrids of 1290LA and FVB at a

ratio of approximately 1:2.
The Apc'@'tâ€•@mice that we used were a mix of C57BL/6J and BALB/c.

These mice were crossed to 129OLAIFVB Msh2@ mice, and the resulting
offspring were intercrossed.

For chemical induction of tumorigenesis, pregnant mice received a single
i.p. dose of ENU (40 mg/kg body weight) 1 or 2 days before delivery.

Genotyping. Tail DNA was used to determine the genotypes of mice. The
status of Msh2 was determined using a three-primer allele-specific PCR

developed by N. Toft (University of Edinburgh, Molecular Medicine Centre,
Edinburgh, United Kingdom) and is available on request.

The status of the Tapi and Ape genes were determined as described
previously (45, 46). In our analyses of Apc@â€•mice, only animals carrying
one or two resistance alleles of the Mom-i gene, which is a strong determinant
of the number of intestinal tumors (47), were included. The intestinal tumor
load in our Apc@â€• mice was therefore low (three per animal). The Mom
status was determined following a PCR protocol developed by R. Fijneman
(The Netherlands Cancer Institute, Amsterdam, the Netherlands), which is
available on request.

Examination of Mice. Mice that were moribund were sacrificed and au
topsied. Tumors and tissues were removed and fixed in 4% formaldehyde in
PBS before embeddingin paraffinblocks. Largetumorswere also frozen at
â€”80Â°Cfor DNA analyses. The small and large intestines were fixed as a flat
spiral in 4% formaldehyde in PBS and embedded in paraffin blocks for
sectioning. Intestinal tumor load was assessed macroscopically and by exam
ining H&E-stained longitudinal sections.

Analysis of LOH and Microsatellite Length Variations. Loss of the
wild-type Msh2 and Apc alleles was investigated using primer pairs (map
pairs) amplifying polymorphic anonymous microsatellites on chromosomes
17 and 18, respectively (48). DNA was obtained from frozen tumor
material and tails or from tumor cells and adjacent normal cells that were
scraped off histological sections. PCRs were performed with end-labeled
primers (48) and analyzed by electrophoresis on denaturing 6% polyacryl
amide gels and exposure to phosphorimager (Fuji) plates. The intensities of
allele-specific PCR products were analyzed by densitometry. LOH was
assumed when the ratio in tumors between intensities of both alleles
differed from that in normal tissue more than two times the SD of the ratio
in normal tissue.

The same mappairs and mappairs amplifying additional microsatellites on
otherchromosomeswere used to assess microsatelliteinstability.Ineach case,
DNA isolated from normal tissue served as a control.

Generation of an Anti-Msh2 Antibody and Immunohistochemistry.
The mouse Msh2 gene (33) was expressed in E. coli as a Gst fusion. Inclusion
bodies containing insoluble protein were isolated and washed in 4 Murea, as
described previously (49). This material (400 @tg)was used for the primary
immunization of rabbits and for two monthly boosts. The fourth and last boost

was performed with 200 ,@&gof the same protein after purification from a
preparative 8% polyacrylamide gel. Before use, the antiserum was purified by
adsorption to inclusion bodies containing (unfitted) GST protein and subse
quent protein A-Sepharose chromatography (50).

A polyclonalantibodypreparationagainsta COOH-terminalpeptideof Apc
was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).

For immunohistochemical staining, 5-gm paraffin-embedded intestinal sec
tions were incubated with the Apc antibody or, after antigen retrieval, with the
Msh2 antibodies. Bound antibody was visualized by incubation with biotiny
lated goat antirabbit antiserum followed by staining with diaminobenzidine

tetrahydrochloride as a chromophore, using the Vectastain Elite ABC kit
(Vector Laboratories, Burlingame, CA).

Spontaneous Tumorigenesis in Msh2-deficient Mice. Msh2-de
ficient mice were generated in the inbred 1290LA background and in
a hybrid background of mouse strains 129OLA and FVB. In addition,
Msh2' chimeric animals were generated by blastocyst injection of
Msh2' 1290LA-derwed ES cells (28).

Virtually all Msh2' mice died before 1 year of age (Fig. la);
inbred 1290LA mice died more rapidly (one-third survival at 19.5
weeks) than the 129OLAIFVB hybrids (one-third survival at 30
weeks). Of all Msh2@ animals (both 129OLA and hybrid back
grounds) that succumbed before 30 weeks, 80% presented with a
lymphoid tumor, mostly of T cell origin. These included all but one of
the 129OLA animals and 63% of the hybrids. Lymphomas generally
consisted of CD4/CD8 double-positive cells and CD8 single-positive
cells (data not shown). In 129OLA animals surviving beyond 19.5
weeks and in hybrid background animals surviving beyond 30 weeks,
a variety of other tumor types were detected on autopsy. Table 1
presents an overview of all tumor types identified. Half of these older
animals carried multiple, some even up to four, independent nonlym
phoid tumors of different origin. These included intestinal tumors,
skin tumors (of which half showed sebaceous gland cell differentia
tion), and uterine tumors (of which half were of endometrial origin).
Thus, most of the older Msh2'1 animals developed tumors that
correspond to those generally found in HNPCC and Muir-Torre
patients (Table 2). Depending on the genetic background, a number of
other tumor types were seen as well. In the hybrid background,
erythroleukemias and tumors of the mammary gland and lung were
seen, whereas a brain tumor was found in 13% of the Msh2-deficient

129OLA and chimeric mice (Table 1).
As expected, all of the Msh2-deficient tumors tested showed the

RER@ phenotype, as evidenced by length alterations of microsatellite

markers (data not shown).
ENU-induced Tumorigenesis in Msh2' Mice. To investigate

whether the exposure to mutagenic agents influences oncogenic trans
formation of MMR-deflcient cells, mice were exposed to ENU by
transplacental administration. Whereas about 40% of the nontreated
Msh2' 129OLA/FVB mice did not develop lymphomas (as de
scribed above), all ENU-treated Msh2' mice succumbed to lym
phomas within 14 weeks (Fig. lc). In contrast, ENU treatment in
duced lymphomas in only 25% of wild-type mice between 13 and 27
weeks; the remainder survived beyond 45 weeks and ultimately suc
cumbed to lung and liver tumors (data not shown). The mean latency
period of lymphomagenesis was reduced from 18 weeks in Msh2@
or ENU-treated wild-type mice to 11 weeks in ENU-treated Msh2'
mice. Because Msh2-deficient cells and wild-type cells are equally
sensitive to the cytotoxic effects of ENU,4 this result shows that
endogenous mutagenesis due to MMR deficiency and mutagenesis
induced by exogenous mutagens synergistically collaborate in tumor
igenesis.

Msh2-deficient Immunocompromised Mice The tumor spec
1mm in Msh2-deficient mice in the third of the cohort that survived
relatively long largely corresponds to that found in HNPCC patients.
To investigate whether this tumor spectrum is controlled by the
immune System, we followed 13 Msh2' mice that also carried a
homozygous disruption in Tapi. This gene encodes a subunit of the
transporters associated with antigen processing (TAP) complex (51).
Tapi-deficient mice are impaired in peptide transport and therefore in
normal MHC class I-restricted antigen presentation and have very few
CD8@ T cells (42, 45). Indeed, Tapi'@;Msh2â€• mice did not
develop T-cell lymphomas, and most of them (10 of 13) survived

4 N. Claij, M. Dekker, and H. te Rick, unpublished observations.
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Genotype (background)â€•Msh2â€•(1290LA)ChimMsh2@'(1290LA)Msh2@â€•(hybrid)Tapi'@; Msh2'(hybrid)Age

at death(wk)<19.519.5<19.5l9.5<3030<3030No.ofmice2313293923310No.

oftumorsLymphoid2272231500Erythroid01007121Intestine240431307Skin(sebaceousgland)02(1)0006(3)04(3)Uterus

(endometrium)10001 (1)6(3)00BrainI3020000Mammarygland00000412Lung10002402Others00000201Nonhematopoietic

HNPCC-likeâ€•5 29 50 06 46 435 191 016 10
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Fig. 1. Survival of Msh2 mutant mice. a: 129Msh2@, pure inbred
129OLA; 129/FVBMsh2', 1:1 hybrids of 1290LA and P18; chi
meric MshV', chimeric mice generated by injection of Msh2'
129OLA-derived ES cells into C57BU6-derived blastocysts. Msh2@â€•@
and Msh2@' cohorts were a mixture of inbred 129OLA animals and
Fl (1290LA/FVB) hybrids. b, survival of immunocompromised
Tap':Msh2' mice. These animals were hybrids of 1290LA and
P/B at a ratio of approximately 1:2. c, ENU-induced lymphoma
genesis; Msh2'@â€•and Msh2@â€•@mice were 1:1 hybrids of 1290LA
and P/B. ENU was administered 1 or 2 days prenatally.

weeks

C
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beyond 30 weeks (Fig. lb). Eight of these animals developed either an
intestinal tumor, a sebaceous gland tumor, or both (Table 1). The
overall tumor spectrum, the latency period, and the incidence of
HNPCC-like tumors in Tap1@;Msh2' mice were highly similar
to those found in Tapl-proflcient Msh2@ mice that survived beyond
30 weeks (Tables 1 and 2). These observations indicate that the
location, time of onset, and number of MMR-deficient tumors in mice
are not controlled by CTL-mediated immune surveillance.

Moreover, the high incidence of HNPCC-like tumors in completely

Msh2-deficient mice suggests that the HNPCC tumor spectrum is not

U)>

U)

determined by positive selection for loss of the wild-type MMR allele
in susceptible tissues.

Tumorigenesis in Msh2 Hemizygous Mice. No effect on survival
was observed for hemizygosity of Msh2 (Fig. la). However, in the
group of Msh2@' animals that succumbed within 100 weeks, 40%
more tumors were seen than in the control group of wild-type animals
(Table 3). None of these tumors, however, originated from the intes
tine. To investigate whether loss of MMR had contributed to tumor
igenesis in Msh24' mice, the Msh2 and RER status of 65 tumors was
determined. The entire chromosome 17 carrying the wild-type Msh2

weeks

Table 1 Tuniorigenesis in Msh2â€• mice

a 129OLA: pure strain I29OLA; hybrid: genetic mix of mouse strains 1290LA and FVB.

b Includes intestinal, sebaceous gland, and endometrial tumors.
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allele was lost in only one tumor (of the endometrium), as evidenced
by PCR amplification of chromosome 17-specific polymorphic mic
rosatellite markers (Fig. 2). Loss of the wild-type Msh2 allele was
confirmed by a Msh2-specific PCR assay (data not shown). In agree
ment with this, microsatellite length alterations were detected at 5 of
10 loci (Fig. 2). In none of the other tumors could we find evidence
for allelic loss of Msh2 or intragemc Msh2 mutations, as assayed by
a protein truncation test (data not shown). A weak RER@ phenotype
(microsatellite length alterations at 1 of 10 loci) was observed in a
skin tumor and a Schwann cell tumor; however, these tumors showed
no loss of Msh2. No strong or weak RER@ cases or loss of Msh2 were
detected among 24 tumors from Msh2@'@ mice.

Intestinal Tumorigenesis in Msh2-deficlent Mice. Loss of the
Apc tumor suppressor gene is an early and rate-limiting step in
intestinal tumorigenesis in both mice and humans (44, 52). Mice
carrying one mutated Apc allele, e.g., the Apcâ€•tâ€•allele, develop

adenomas of (predominantly) the small intestine in which the wild
type Apc allele is generally lost by LOH (53). To study the effect of
MMR deficiency in intestinal tumorigenesis, the Ape!â€•allele was
introduced into Msh2@' and Msh2' mice. Because susceptibility
to intestinal tumorigenesis in mice is strongly influenced by the
Mom-i (modifier of Mm) locus (47), care was taken that all animals
carried at least one resistance allele of Mom-i. Complete Msh2
deficiency reduced the survival ofApc@â€• mice 4-fold (Fig. 3). Note
that only lymphoma-free animals that succumbed to intestinal tumors
were included. All of these Apc@@;Msh2@@' animals died within 5
months, presenting with an intestinal tumor load at least 8-fold in
excess of that in MMR-proficient Apc@â€• mice (see also Table 4).
The status of the wild-type Apc allele in the tumors was investigated
by amplifying polymorphic microsateffite markers located on chro
mosome 18 (which carries the Ape gene). Intestinal tumorigenesis in
Apc@@rn;Msh2+@ mice resulted from LOH of Ape, which is in
agreement with previous results (53). In contrast, in Apc+@'MiP@;
Msh2' animals, LOH of Ape was only found in 2 of 30 intestinal

Table 2 HNPCC-like tumor incidence in Msh2@' mice

Background HNPCC-like tumor incidence in animals 30 weeksâ€•

Hybridâ€• 14/23 (62%)
129OLA 1/1 (100%)
Tapiâ€”'â€”:hybridâ€• 8/10(80%)
Chimeric 129OLA 3/6(50%)
Total 26/40(65%)

a Number of mice with HNPCC-like tumor/total number of mice. HNPCC-like tumors

include intestinal, sebaceous glands, and endometrial tumors.
b Genetic mix of mouse strains l29/OLA and FBV.

D/M/1/4 D3I1i1/O D/5M/1/5 D/7M/120 D15f1/119

Fig. 2. RER@ in an Msh2-deflcient endometrium tumor from a Msh2@' mouse.
Primer pairs on chromosomes 1 (DlMiti4), 3 (D3MitIO), 15 (DISMitl5), 17 (Dl 7Mit2O),
and 18 (Dl8Mitl9) were used to amplify tail DNA (N) and tumor DNA (7). Radioactively
labeled PCR products were separated on polyacrylamide gels and visualized by exposure
to phosphorimager plates. Closed arrows, microsatellite length alterations; open arrow,
loss of microsatellite linked to the wild-type Msh2 allele on chromosome 17, indicating
LOH of Msh2.
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Fig. 3. Intestinal tumorigenesis in Apc'@'@â€•';Msh2mutant mice. The genetic back
ground was a mixture ofC57BL/6J, BALB/c, 1290LA, and FVB, and animals carried at
least one resistance allele of Mom-i. Animals were sacrificed when moribund, and all
presented with intestinal tumors on autopsy. Msh2' animals with lymphoma were
excluded from the survival graph.

tumors, confirming a recent report (54). This observation suggests that
in the vast majority of tumors developing in MMR-deficient Apc+@@Mmn
mice, the wild-type Ape allele was lost by mutational inactivation,
although we cannot exclude the possibility that the wild-type Ape
allele had been retained in these tumors (see â€œDiscussionâ€•).

Loss of Msh2 during Intestinal Tumorigenesis. Hemizygosity
for Msh2 did not significantly affect the survival of ApCf@'Mu@mice
(Fig. 3). To investigate whether loss of the Msh2@ allele had occurred
in tumors developing in Ape@M@;Msh2@ mice, we raised a poly
clonal antiserum against the mouse Msh2 protein. This antiserum was
specific for Msh2, as verified by Western blotting (data not shown).
Histochemical staining of sections through the ileal mucosa of
Msh2@ and Msh2@' mice showed strong Msh2-specific nuclear
staining in the crypts of LieberkUhn and in the proximal part of the
villi that vanished toward the lumenal part of the villi (Fig. 4, a and
b). This expression pattern of murine Msh2 is similar to that of human
MSH2 (31, 32).

All intestinal tumors developing in Apc+@'MiP;Msh2@ mice that
were tested stained positive for Msh2 (Fig. 5a). However, 8 of 48
tumors from Msh2@' animals contained Msh2 nonstaining areas

Table 3 Tumor incidence in Msh2+/+ and Msh2@'@ mice

Msh2@â€•@ Msh2@'

Totalno.ofmice69114No.
of dead mice <10046 67%7969%weeksâ€•Tumor

incidence@'29/46 = 0.6371/79 =0.90Tumor
type (no. of tumors)Lung (10)

Liver(2)
Mammary gland/skin (3)
Uterus (1)

Harderian gland (2)

Lymphoid (6)

Epididymis (1)

Other (4)Lung

(28)
Liver(7)
Mammarygland/skin(10)
Uterus (6)
Hemangiosarcoma (5)
Harderian gland (2)
Schwann cell (1)
Lymphoid (3)
Teratocarcinoma (2)
Epididymis (1)
Osteosarcoma (1)
Adrenal (1)
Bladder (2)
Other (2)

a Number of mice that were moribund and sacrificed before 100 weeks of age.

T@l number of tumors per total number of dead mice.
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Table 4 Intestinal tumorigenesis in@ Msh2 mutantmiceGenotype

No. of miceâ€• No. of tumorsLoadâ€•AgecMsh2@

3 78 26
Msh2@ 6 17 3
Msh2@ 17 48â€• 34

18
16â€˜S

Number of mice analyzed histologically.
b Based on histological analysis.

C Time of death of 50% of animals (months).

â€˜IForty-eight tumors: Msh2-negative-staining areas, 9/48 (18%); LOH of

tested (8%); no demonstrated LOH Apc, 2/3 mixed tumors.Msh2,
4/4
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Fig. 4. Histochemical detection of Msh2 protein in the mouse intestine. Histological
sections of paraffin-embedded small intestine of Msh2-proficient (a) and Msh2-deficient
(b) mice were stainedwith a polyclonalantiserumagainstmurineMsh2. a, strongnuclear
Msh2 staining is seen in the crypts but vanishes in the villi; b, no specific staining is seen
forMsh2.

comprising 20â€”60% of the tumor (Fig. Sc), and 1 tumor stained
completely negative for Msh2 (Fig. Sb). The genetic status ofMsh2 in
Msh2-positive and -negative tumor areas was analyzed by PCR am
plification of polymorphic microsatellite markers closely linked to
Msh2 on chromosome 17. Msh2-positive tumor areas always con
tamed chromosome 17 markers linked to the wild-type Msh2 gene.
However, loss of these markers was observed in the Msh2-negative
tumor and in the Msh2-negative areas of the three mixed tumors that
could be examined in this way. Moreover, in two of these tumors,
several simple sequence repeat markers showed length alterations
indicative of the RER@ phenotype (Fig. 6, Tumor A and Tumor C).
From these results, summarized in Table 4, we conclude that in
between 8 and 18% of the intestinal tumors developing in ApcÂ±@'Mt@@;
Msh2@' mice, loss of MMR had occurred in part of the tumor.

Biclonality of Intestinal Tumors. An interpretation of the results
described above is that loss of MMR during intestinal tumorigenesis
in@ mice was a late event occurring in adenomas
that resulted from LOH of Ape. To verify this hypothesis, the Ape
status of Msh2-positive and -negative tumor areas was determined.
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Both areas were negative for staining with an Ape antiserum, mdi
cating that they consisted of crypt-like tumor cells (Ref. 55; data not
shown). We determined the genetic status of Ape by PCR amplifica
tion of polymorphic chromosome 18 markers. In Msh2-positive areas,
LOH for Ape was detected in all cases examined. Surprisingly how
ever, in two of three mixed tumors that were informative, Msh2-
negative areas did not show LOH for Ape (e.g., Tumor B in Fig. 6).
This result indicates that loss of Msh2 was not a late event that had
occurred after loss of Ape. Instead, these two tumors containing an
Msh2-negative part were biclonal, resulting from loss ofApe and loss
of Msh2 in separate ancestor cells.

DISCUSSION

Genetic instability is a hallmark of human cancer. It was therefore
hypothesized that the early loss of systems that safeguard the integrity
of the genome is mandatory to the multistep process of tumorigenesis
(56). Consideringthe strongmutatorphenotypeof MMR-deficient
cells in vitro (28), it is perhaps not surprising that inherited defects in
MMR genes strongly predispose to cancer in humans. However, in
view of the presumed ubiquitous role of MMR in mutation avoidance,
the tissue distribution of tumorigenesis in HNPCC patients is remark
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Fig. 5. Msh2-negative areas in intestinal tumors from Apc@â€•':Msh2@' mice. His
tological sections of paraffin-embedded intestinal tumors were stained with the polyclonal
murineMsh2antiserum.a, Msh2-positivetumorfroman Apc@â€•';Msh2@mouse.b,
Msh2-negative tumor from an Apc@â€•;Msh2@' mouse. c, mixed tumor from an
Apc+@'Mtn;Msh2@@_mouse. A, Msh2-positive tumor area;@ Msh2-negative tumor area.
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Fig. 6. RER@ and genetic status of Msh2 and
Apc in Msh2-negative intestinal tumor areas. DNA
was isolated from Msh2-nonstaining tumor areas
(1) and adjacent normal intestinal tissue (N) scraped
off histologicalsections.Microsatellitesequences
were amplified with Msh2-linked primer pairs
Di7Mit72 and DI7Miti23 and Apc-linked primer
pair DI8MitI4. Radioactively labeled PCR prod
ucts were separated on polyacrylamide gels and
visualized by exposure to phosphorimager plates.
Closed arrows, microsatellite length alterations;
open arrows, loss of microsatellites linked to the
wild-type Msh2 allele on chromosome 17 or the
wild-type Apc allele on chromosome 18. Tumor A,
Msh2-nonstaining area adjacent to Msh2-positive
area,RER@,LOHofMsh2,LOHofApc;TumorB,
Msh2-nonstaining area adjacent to Msh2-positive
area, no RER@, LOH of Msh2, no LOH of Apc;
Tumor C, entirely Msh2-nonstaining tumor, RER@,
LOHof Msh2(markerDI7Mit72wasnot inform
ative, but LOH of Msh2 was confirmed by an
allele-specific PCR assay, data not shown), no LOH
of Apc.
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ably limited. Here we describe the generation of mouse models that
address this point and enable us to study the implications of MMR
deficiency in the etiology and tissue specificity of HNPCC-related
cancer.

Tumorigenesis in Msh2-deflcient Mice. The early onset and
100% incidence of tumorigenesis in Msh2-deficient mice corroborate
the increased risk for MMR-deficient cells to undergo oncogenic
transformation. Lymphoid tumors predominated, probably because
the extensive expansion and high turnover of cells during the devel
opment of the T-cell compartment promoted the rapid accumulation
of oncogenic mutations. However, the high lymphoma incidence in
Msh2â€• mice is probably also related to the intrinsic propensity of
mice to develop sarcomas rather than tumors of epithelial origin.
Lymphomas in mice can be readily induced by irradiation and car
cinogen treatment and also predominate in p53@ mice (57). Clearly,
tumor susceptibility of different organs is strongly species dependent,
and even large variations within one species exist (58). With this in
mind, it is striking that most Msh2' mice that did not succumb to
a lymphoma at an early age developed epithelial tumors within 1 year,
and that more than 60% of these were reminiscent of the predominant
tumor types in HNPCC and Muir-Torre patients. The intestinal tumors
in mice were mainly located in the small intestine, whereas in HNPCC
patients, colon tumors predominate. This difference probably reflects
a species-dependent preference for specific tumor locations in the
intestinal tract, because a similar difference was observed between
familial adenomatous polyposis coli patients and mice with defects in
the APC/Apc tumor suppressor gene (44, 52, 53).

In humans, a substantial fraction of RER@ colorectal tumors lost
antigen presentation due to mutations in the f32m gene (59). It was
therefore suggested that MMR-deficient tumors can elicit an immune
response against novel peptides generated by frameshift mutagenesis
in transcribed genes. Immune surveillance may therefore suppress the
accumulation of MMR-deficient cells and tumors in most tissues, and
this process may be involved in determining the specific tissue dis
tribution of MMR-deficient tumors. In Msh2-deficient mice, however,
the time of onset, tissue distribution, and number of tumors were not
significantly affected by the absence of a CU-mediated immune
response. Therefore, immune surveillance is likely not responsible for
determining the HNPCC tumor spectrum.

Our analyses show that (aside from lymphomagenesis) the tumor
spectrum in both immunocompetent and immunocompromised ho

mozygous Msh2 knockout mice is highly similar to that found in
humans with a hemizygous defect in MMR genes. Thus far, no
HNPCC cases have been found with germ-line defects in both copies
of a MMR gene. However, several patients were described with a
ubiquitous MMR defect, possibly due to inheritance of dominant
negatively acting versions of the MMR genes MLIII and PMS2 (60).
In these patients, only colorectal cancer developed, albeit at an early
age. Together, these observations indicate that the tissue distribution
of tumorigenesis in HNPCC patients is not a consequence of a
tissue-specific selective pressure on the accumulation of MMR
deficient cells, e.g., by methylating agents. We rather envisage that in
some tissues, MMR-deficient cells have a higher mutation rate than in
others. Thus, the accumulation of oncogenic mutations will certainly
depend on the rate of tissue turnover and may be further enhanced to
a critical level by exposure to mutagens. In this respect, it is note
worthy that prenatal administration of ENU accelerated lym
phomagenesis in Msh2-deficient mice far more strongly than it did in
wild-type animals, showing that the combination of mutagenesis by
MMR deficiency and by exposure to carcinogens is highly carcino
genic. We speculate that additional mutagenesis by exogeneous car
cinogens in spontaneously arising MMR-deficient cells in the intes
tine and the endometrium of HNPCC patients plays an important role
in directing carcinogenesis to these organs.

Tumorigenesis in Msh2-hemizygous Mice. Considering the
100% tumor incidence in Msh2' mice, it is remarkable that hem
izygosity of Msh2 did not affect survival. Nonetheless, in Msh2@'
animals, more tumors were found than in wild-type mice. With one
exception, none of these tumors displayed the RER@ phenotype or
LOH at Msh2. The increased tumor incidence may therefore be a
consequence of an increased mutation rate in cells that are hemizy
gous for Msh2. It is surprising that Msh2@@ animals hardly devel
oped lymphomas and developed no tumors at all of the small intestine
and sebaceous glands, which are characteristic for complete Msh2
deficiency. The increased tumor incidence in Msh2@ mice included
mammary gland or skin tumors, uterine tumors, hemangiosarcomas,
teratocarcinomas, and bladder carcinomas, which were less abundant
or absent in the wild-type control group. We therefore speculate that
MMR was compromised by hemizygosity of Msh2 only in cell types
from which these tumors originate, leading to an enhanced risk of
oncogenic transformation. This hypothesis is currently under investi
gation.
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IntestinalTumorigenesisin Apc+@'Mi@@;Msh2MutantMice. The
vast majority of intestinal tumors that developed rapidly in Ape+@'Mmn;
Msh2' mice did not show LOH of Ape that is normally seen in
MMR-proficient Ape@Mi@@mice. This may indicate that the Ape@
allele was lost by mutational inactivation, e.g., by frameshifts at one
of the many small mono- or dinucleotide repeats in the murine Ape
coding sequence. Thus far, however, we have not obtained direct
evidence for genetic inactivation of the Ape@ allele. Because Ape is
expressed only in the villi and not in the crypts, the absence of Ape
staining in the tumors cannot be taken as evidence that the Ape gene
was genetically lost (as was done previously; Ref. 54). Therefore, we
cannot exclude the possibility that MMR deficiency induced another
oncogenic alteration that can collaborate with Ape hemizygosity in
intestinal tumorigenesis. In this respect, it is noteworthy that an
activated ras gene can transform Ape@' but not Ape@'@ colon
epithelial cells in vitro without concomitant loss of the Ape@ allele
(61). Moreover, Ape hemizygosity also predisposes to tumors of the
mammary gland without obligatory loss of the wild-type Ape allele.4

Also, in the Ape@@'M1@@background, hemizygosity of Msh2 did not
overtly affect survival. Nevertheless, we observed loss of the Msh2@
allele in 8â€”18%of the intestinal tumors that developed in Ape+@'Mi@@;
Msh2@ mice. In the completely Msh2-negative tumor, which

showed no LOH ofApe, this was certainly an early event preceding or
obviating inactivation of Ape; in the tumors in which a part showed
loss of the Msh2@ allele, this might have been a late event, occurring
after the loss of Ape. Remarkably, however, some of these tumors
were evidently biclonal, consisting of two adenomas that originated
from different ancestor cells; one of these retained the Msh2@ allele
but lost the Ape@ allele, whereas the other displayed the inverse
genotype, indicative of an early loss of MMR preceding or obviating
inactivation of the Ape@ allele.

Biclonal intestinal tumors were observed previously in chimeric
mice (62) and more recently in a familial adenomatous polyposis coli
patient (63). Biclonality may have resulted from collision between
two independent tumors, although in our experiments, such an event
seems unlikely, because on the average, only three tumors were found
per animal. Our results may therefore indicate that neoplastic out
growth in the intestine requires cooperation between adjacent, mdc
pendently transformed foci. In colon tumors of HNPCC patients,

microsatellite instability was predominantly found in carcinomas
rather than adenomas (64). This was interpreted to indicate that in
HNPCC, loss of MMR is a relatively late event occurring in adenomas
and accelerating progression to carcinoma. Our results offer an alter
native mechanism in which adjacent RER and RER@ tumor areas
develop interdependently but have a different clonal origin. The
Ape+@'Mmn;Msh2@'_ tumor model may provide new insights on the

factors and mechanisms that contribute to the development of MMR
deficient intestinal tumors in HNPCC patients.
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