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Summary

Mutations in the human APC gene cause various famil-
ial colon cancer syndromes. The Multiple intestinal
neoplasia (Min) mouse provides an excellent model for
familial colon cancer: it carries a mutant mouse Apc
gene and develops many intestinal adenomas. Here,
we analyze how this tumor phenotype is dramatically
modified by genetic background. We report the ge-
netic mapping of a locus that strongly modifies tumor
number in Min/+ animals. This gene, Mom-1 (Modifier
of Min-1), maps to distal chromosome 4 and controls
about 50% of genetic variation in tumor number in two
intraspecific backcrosses. The mapping is supported
by a LOD score exceeding 14. Interestingly, Mom-1
lies in a region of synteny conservation with human
chromosome 1p35-36, a region of frequent somatic
loss of heterozygosity in a variety of human tumors,
including colon tumors. These results provide evi-
dence of a major modifier affecting expression of an
inherited cancer syndrome.

Introduction

Colon cancer is one of the most prevalent malignancies
in the Western world, with an estimated 145,000 new
cases and 60,000 deaths per year in the United States
alone (Burt and Lipkin, 1992). Although environmental fac-
tors such as diet markedly influence the incidence of the
disease, genetic factors also play a key role, as evidenced
by striking familial clustering of colon cancer (Bishop and
Skolnick, 1984; Hansen and Cavenee, 1987; Burt and Lip-
kin, 1992).

In some human pedigrees, predisposition to colon can-
cer is inherited in a dominant Mendelian fashion (Lynch
et al., 1992a, 1992b). The best known example is familial
adenomatous polyposis, in which individuals inheriting a
single mutant allele of the APC (or adenomatous polyposis
coli) gene develop hundreds to thousands of adenomatous
polyps in the colon that, unless removed, eventually prog-
ress to become carcinomas (Bulow, 1987; Hamilton,
1989). The APC gene was shown to map to chromosome
5q21-22 on the basis of genetic linkage analysis (Bodmer

et al., 1987; Leppert et al., 1987) and was subsequently
cloned on the basis of its chromosomal position (Groden
et al., 1991; Kinzler et al., 1991; Nishisho et al., 1991).
The APC gene has also been implicated in various other
familial colon cancer syndromes with clinical features dis-
tinct from classical familial adenomatous polyposis. These
include attenuated adenomatous polyposis coli, in which
some patients may have only a few polyps; hereditary flat
adenoma syndrome, in which the polyps have a distinctive
morphology; and Gardner’s syndrome, in which the polyps
are often accompanied by a variety of extracolonic neo-
plasms (Spirio et al., 1992; Lynch et al., 1992b; Nishisho
et al., 1991). In short, individuals inheriting mutations in
APC can show a striking range of phenotypic variation.
Although some of the phenotypic variation may be due
to differences between mutant alleles of APC (R. L. White,
personal communication), there can be striking variation
even among family members who inherit the same APC
mutation. Some carriers in a family may have only a few
colonic polyps, others may show more than 100 colonic
polyps, and still others may manifest gastric polyps or a
variety of other nongastrointestinal neoplasias, including
osteomas, sarcomas, and carcinomas (Leppert et al.,
1990; Spirio et al., 1992). Such variation within families
might be due to differences in environmental factors (such
as diet), genetic background (such as modifier genes), or
both. Unfortunately, it is difficult to dissect the effects of
environmental and genetic modifiers in human pedigrees.
The mouse offers a powerful system for studying com-
plex genetic interactions in general and colon cancer in
particular. Several years ago Moser et al. (1990) isolated
a dominantly transmitted, fully penetrant mouse mutation
named Min (for multiple intestinal neoplasia) that causes
a phenotype closely resembling human inherited colonic
polyposis syndromes. Heterozygotes for the Min mutation
develop numerous intestinal and colonic adenomas simi-
lar in morphology to the adenomas seen in familial adeno-
matous polyposis and Gardner’s syndrome patients; if left
untreated, they can eventually become locally invasive
(Moser et al., 1992). In addition, about 10% of Min/+ fe-
males on a hybrid background develop spontaneous mam-
mary adenoacanthomas or adenocarcinomas (Moser et
al., 1993). Finally, homozygotes for Min die in utero (un-
published data). Genetic mapping studies showed that the
Min mutation maps to chromosome 18 and is tightly linked

" to Apc, the mouse homolog of the human APC gene (Lu-

ongo et al., 1993). Su et al. (1992) subsequently deter-
mined that Min mice carry a nonsense mutation in exon
15 of the mouse Apc gene (a mutation of the sort typically
seen in human colon cancer kindreds) that is recombina-
tionally inseparable from Min.

Mice carrying Min thus provide a model system for study-
ing human familial adenomatous polyposis and, in particu-
lar, for identifying genes that can modify the phenotype
caused by an Apc mutation. In fact, in the course of genetic
mapping experiments, the Wisconsin group noticed that
the number of intestinal tumors in Min/+ mice was strongly
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Table 1. Tumor Multiplicity in Min/+ Mice of Different Genetic Backgrounds

Tumor Number

Number of
Min/+ Mice (Mean + SD) Min/+ Animals
Parental strain N B6 Min/+ 285 + 7.9 (n = 26)
F1 hybrids (AKR x B6-Min)F1 58 + 43 (n = 40)
(MA x B6-Min)F1 57 + 4.0 (n = 15)
(CAST x B6-Min)F1 3.0 + 1.8 (n =12
Backcross to B6 B6 x (AKR x B6-Min)F1 17.7 = 11.7 (n = 110)
B6 x (MA x B6-Min)F1 159 + 11.0 (n = 82)
B6 x (CAST x B6-Min)F1 14.4 + 11.9 (n = 142)
Backcross to AKR AKR x (AKR x B6-Min)F1 1.7 = 1.7 (n = 57)

Crosses were performed and tumors were counted as described in Experimental Procedures. B6 refers to C57BL/6J; AKR to AKR/J; MA to MA/
MyJ; and CAST to CAST/EiJ. All backcrosses, except the backcross to AKR, were performed in both parental orientations, and no significant
differences in tumor numbers among progeny were seen, owing to the sex of the Min/+ parent.

affected by genetic background: whereas the Min/+ mice
of the parental congenic strain C57BL/6J-Min/+ (denoted
B6-Min) have an average of 29 tumors, their Min/+ F1
progeny with AKR mice showed an average of only 6 tu-
mors (Moser et al., 1992). This finding suggested that the
AKR strain carries alleles that can act in a dominant fash-
ion to modify the tumorigenic effect of Min. Similar results
were found in F1 progeny with two other mouse strains.
In addition, a backcross of (AKR x B6-Min)F1 mice to B6
gave a segregation of tumor multiplicities consistent with
a small number of modifier loci (Moser et al., 1992). To test
whether these presumptive modifier loci could be mapped,
we jointly analyzed a number of experimental crosses to
identify modifier genes that influence tumor multiplicity in
Min/+ mice.

Here we report the genetic mapping of a locus that
strongly modifies tumor number in Min/+ animals. This
gene, named Mom-1 (for Modifier of Min-1), maps to distal
chromosome 4. Allelic variation in Mom-1 appears to con-
trol about 50% of the genetic variation in tumor number
in two different intraspecific backcrosses. The mapping
is supported by a cumulative LOD score exceeding 14.
Interestingly, the Mom-1 locus lies in a region of synteny
conservation with the human chromosomal segment
1p35-36, a region that shows frequent somatic loss of het-
erozygosity in a variety of human tumor types, including
colon tumors. These studies provide evidence that a major
modifier locus affects the expression of an inherited can-
cer syndrome.

Results

Tumor Multiplicity in Min-Bearing Mice Is

under Genetic Control

The Min mutation has been maintained by backcrossing
to the C57BL/6J (B6) strain for more than 23 generations.
On this genetic background, the dominant intestinal tumor
phenotype is fully penetrant: Min/+ mice (B6-Min) typically
have 28.5 + 7.9 (mean + 1 SD) tumors, and most die
within 4 months of birth (Table 1). When B6-Min mice were
crossed to AKR mice, however, the Min/+ F1 progeny
showed a greatly reduced tumor multiplicity: these mice

had an average of 5.8 + 4.3 tumors, and most survived
until sacrifice at 300 days.. This suggests that the AKR
strain carries genetic modifiers that are at least partially
dominant in suppressing the intestinal tumor phenotype.
When the Min/+ F1 progeny were backcrossed to B6, the
backcross (BC1) progeny had a mean tumor number inter-
mediate between the F1 and B6-Min parents, with a large
standard deviation (17.7 + 11.7), as would be expected
from the segregation of genetic modifying factors in the
backcross progeny. (For details of the cross and counting
of tumors, see Experimental Procedures.)

Considerable information about the genetic control of
tumor number can be gleaned by examining the distribu-
tion of tumorlmultiplic_ijy in the B6-Min parent, the F1 prog-
eny, and the BC1 progeny (Figure 1). The phenotypic vari-
ance in the parental and F1 generations must be entirely
environmental variance because the animals are geneti-
cally identical. By contrast, the phenotypic variance in the
BC1 progeny is the sum of environmental and genetic
variance, because allelic differences are segregating in
the backcross progeny (Wright, 1968). We found that the
genetic component of the variance in tumor number in
this backcross was approximately 69%. In addition, by
suitably transforming the data and applying a classical
formula of Wright, one can estimate the effective num-
ber n of genetic factors controlling tumor number in the
Min/+ backcross progeny (see Experimental Procedures
concerning calculation and interpretation of n). Applying
this approach, we found that the effective humber of ge-
netic factors controlling the trait was approximately 1.8
(Table 2). This suggested that it should be possible to
perform genetic mapping to identify at least one major
quantitative trait locus (QTL) controlling the expressivity
of Min in a cross of modest size (Lander and Botstein,
1989). £ %

Mom-1, a Major Modifier of Tumor Multiplicity,
Maps to Chromosome 4 N
With the aim of genetically mapping QTLs affecting the

expression of Min, we genotyped 110 Min/+ prbgeny
from an (AKR x B6-Min) x B6 backcross with 75 simple
sequence length polymorphisms (SSLPs) distributed
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Figure 1. Distribution of Tumor Number in
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throughout the genome, chosen from a genetic map of
more than 1000 SSLPs previously constructed by the
Whitehead group (Dietrich et al., 1992, 1993; unpublished
data). When we analyzed the quantitative phenotype in
relation to the inheritance pattern of genetic markers
(Lander and Botstein, 1989), we found strong evidence
for a QTL on distal chromosome 4 that has a profound
effect on the number of tumors in Min/+ animals (Figure
2). The presence of a major QTL between D4Mit12 and
D4Mit13 was supported by a LOD score of 4.7. We refer
to the locus as Mom-1 (Modifier of Min-1). Based on QTL
linkage analysis, Mom-1 accounts for a reduction of about
10 tumors in animals heterozygous for Mom-1 compared
with animals homozygous for the B6 allele of Mom-1 and
explains 35% of the genetic variance in tumor number in
this backcross (Figure 1A and Table 3). No other QTLs
with statistically significant LOD scores were detected in
the cross.

To localize the Mom-1 gene relative to known mouse
genes, we typed the flanking genetic markers D4Mit16
and D4Mit13in a (B6 x SPRET) x B6 interspecific back-
cross in which nearly 1000 mouse genes have been
mapped (Copeland and Jenkins, 1991). (Because D4Mit12
was not polymorphic in the B6 x SPRET cross, the tightly
linked locus D4Mit16 was used in its place.) On the basis
of linkage analysis of this cross, D4Mit16 lies less than 1
cM distal to Lck (the gene encoding a lymphocyte-specific

BC1

BC1-Het F1

protein-tyrosine kinase), and D4Mit13 is recombinationally
inseparable from the more distal locus Pnd (the gene en-
coding pronatriodilatin [Yang-Feng et al., 1985]). Mom-1
thus lies in the interval between Lck and Pnd. The Lck-
Pnd interval on distal mouse chromosome 4 shows strong
mouse-human synteny conservation (i.e., conservation of
gene order) with the LCK-PND interval on human chromo-
some 1p35-36 (Nadeau et al., 1991; Marth et al. 1986;
Yang-Feng et al., 1985), which suggests that a human
homolog of Mom-1 would lie in the region 1p35-36.

Mom-1 Is Confirmed in a Second Backcross

We next studied a backcross involving a different inbred
laboratory strain, MA/MyJ (MA). An (MA x B6-Min) F1 x
B6 backcross was produced, and tumors were counted
in the F1 and BC1 progeny. At the level of phenotype, the
results were remarkably similar to the backcross with AKR:
the Min/+ F1 progeny had 5.7 + 4.0 tumors; the Min/+
BC1 progeny had 15.9 + 11.0 tumors; 71% of the total
variance was attributable to genetic variance; and Wright's
formula gave an estimate of 1.7 apparent factors segregat-
ing (Tables 1 and 2). We then scored a total of 82 Min/+
backcross progeny with 53 SSLP markers distributed over
the genome. We again found strong evidence for a major
modifier in the same region of distal chromosome 4, with
a peak LOD score of 10.9 in the interval between D4Mit54
and D4Mit13 (Figure 2). It seems likely that the effect is due

Table 2. Genetic Analysis of Min/+ Mice in Different Crosses

Genetic Contribution

to Phenotypic

Number of Genetic
Factors Controlling
Tumor Number®

Cross Variance (%)*
B6 x (AKR x B6-Min)F1 59
B6 x (MA x B6-Min)F1: 61
B6 x (CAST x B6-Min)F1 87

1.8
1.7
2.1

All analyses were performed on transformed data, as explained in Experimental Procedures.

® Defined as o%/c?, as explained in Experimental Procedures.

® Calculated according to Wright's formula, as explained in Experimental Procedures.
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Table 3. Tumor Number of Different Mom-1 Classes

Mom-1 Genotype®

Cross B6/B6 B6/X XIX
Backcrosses to B6
B6 x (AKR x B6-Min)F1 22.0 = 1.7 (n = 49) 11.7 £ 1.2 (n = 40) NA
B6 x (MA x B6-Min)Fi 23.6 = 1.7 (n = 38) 82+ 07(h =41) NA
B6 x (CAST x B6-Min)F1 16.7 £ 125 (n = 64) 11.3 = 8.1 (n = 54) NA
Backcross to AKR
AKR x (AKR x B6-Min)F1 NA 1.8 = 1.6 (n = 20) 1.16 = 1.5(n = 20)

The Mom:+1 genotype is written in terms of two alleles B6 and X, with X denoting the non-B6 allele in each cross (i.e., AKR, MA, or CAST). The
Mom-1 genotype was inferred for each animal on the basis of its genotype at the closest flanking genetic markers; animals showing recombination
between the markers were excluded. The flanking markers used were D4Mit16 and D4Mit13 in the AKR backcross, D4Mit54 and D4Mit13 in the
MA backcross, and D4Mit16 and D4Mit54 in the CAST backcross. NA, not applicable.
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Figure 2. LOD Score Plots for Mom-1

(A) The LOD score in support of a locus affecting tumor number is
plotted along chromosome 4 in the three crosses involving AKR, MA,
and CAST strains backcrossed to B6. Genetic position is indicated
relative to D4Mit13, which lies in the distal region of chromosome 4.
Each plot extends between the furthest polymorphic markers geno-
typed in the cross.

(B) A composite LOD score plot for the AKR and MA backcrosses to
B6 was computed under the assumption that Mom-1 has an equal
effect in both crosses. The genetic map was based on the position of
the markers in a previous (B6 x CAST)F2 intercross, in which all the
markers are polymorphic (Dietrich et al., 1992). Genetic position is
indicated relative to the position of D4Mit13.

to the same locus as in the backcross with AKR, Mom-1. In
this cross, Mom-1 appears to cause a reduction of about
15 tumors in heterozygotes compared with homozygotes
and explains 68% of the genetic variance (Figure 1B and
Table 3). When examining the remainder of the genome,
we found no other statistically significant QTLs in this
backcross.

Mom-1 thus appears to be the major dominant modifier
of Min-induced tumors in both backcrosses and appears
to have virtually identical effects. The difference in the
estimated reduction in tumor number (10 for AKR versus
15 for MA) is not statistically significant (p > 0.10, likelihood
ratio test). Accordingly, the data were pooled. Based on
a joint analysis, Mom-1 appears to reduce tumor number
by about 12 and to map about 6 cM proximal to the marker
D4Mit13 with a peak LOD score of 14.0 (Figure 2). The
most likely position for Mom-1 is in the interval between
D4Mit13 and D4Mit16, since the LOD score drops by more
than 1 unit outside this interval (see, e.g., Conneally et
al., 1985; Ott, 1991). The probability of obtaining a LOD
score of 14 by chance is less than 1072 (Lander and
Botstein, 1989). In short, the genetic evidence for the iden-
tification of Mom-1 is overwhelming.

Evidence for Mom-1 in a More Distant Backcross

We next studied a backcross involving a different mouse
subspecies, Mus musculus castaneus (CAST), which is
separated by about 2 million years of evolution. We were
interested to determine whether an effect of Mom-1 could
be detected in a cross between such widely divergent
strains. A (CAST x B6-Min) x B6 backcross was pro-
duced, and progeny were scored for tumors (Table 1). The
phenotypic results were slightly different from the back-
crosses with AKR and MA: the Min/+ F1 progeny had
3.0 + 1.9 tumors (a greater reduction than in F1 hybrids
with either AKR or MA); the Min/+ BC1 progeny had
14.4 + 11.9tumors; 87% of the total variance was attribut-
able to genetic variance; and Wright's formula gave an
estimate of 2.1 apparent factors segregating (Tables 1
and 2). To test for an effect in the region of Mom-1, we
genotyped 142 progeny with the flanking markers D4Mit16
and D4Mit54. Quantitative linkage analysis indicated the
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number of major genes controlling the trait (Lander and Botstein,
1989).

The assumptions underlying Wright's formula imply that the pheno-
type of the backcross progeny should be the average of the phenotypes
in the recurrent backcross parent and the F1 progeny (i.e., nec = [pe +
1#1)/2) and that the distributions in the recurrent backcross parent and
F1 progeny should be approximately normal with equal variances (i.e.,
6% = o). If these conditions are not approximately satisfied, it is
necessary to apply a transformation to the data (Wright, 1968). In
fact, the tumor multiplicity failed to meet these criteria: it was roughly
distributed as a Poisson variable (as might be expected for a count
statistic based on rare events occurring in independent cell lineages).
The data were transformed -by using a square-root transformation,
which has the property of stabilizing the variance of a Poisson distribu-
tion (Kendall et al., 1983) and has previously been applied to the ge-
netic analysis of tumor multiplicity (Bloom and Falconer, 1964). The
transformed data fit the assumptions of additivity among loci, normal-
ity, and equal variance reasonably well, and all analyses were per-
formed on this “transformed phenotype.”

Linkage Analysis and QTL Mapping

Linkage analysis of the SSLPs relative to each other was performed
using the MAPMAKER computer package, as described (Lander et
al., 1987; Dietrich et al., 1992). QTL analysis was performed using
the MAPMAKER-QTL computer package (Lander and Botstein, 1989;
Paterson et al., 1988) as described previously (Paterson et al., 1991).
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