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ABSTRACT

The Apc™™ mouse model of colorectal cancer provides a discrete, quantitative measurement of tumor
multiplicity, allowing for robust quantitative trait locus analysis. This advantage has previously been used to
uncover polymorphic modifiers of the Min phenotype: Mom1, which is partly explained by Pla2g2a; Mom?2, a
spontaneous mutant modifier; and Mom3, which was discovered in an outbred cross. Here, we describe the
localization of a novel modifier, Mom?7, to the pericentromeric region of chromosome 18. Mom7was mapped
in crosses involving four inbred strains: C57BL/6] (B6), BTBR/Pas (BTBR), AKR/]J (AKR), and A/J. There
are at least two distinct alleles of Mom7: the recessive, enhancing BTBR, AKR, and A/J alleles and the
dominant, suppressive B6 allele. Homozygosity for the enhancing alleles increases tumor number by
approximately threefold in the small intestine on both inbred and F; backgrounds. Congenic line analysis
has narrowed the Mom7 region to within 7.4 Mb of the centromere, 28 Mb proximal to Apc. Analysis of SNP
data from various genotyping projects suggests that the region could be as small as 4.4 Mb and that there may
be five or more alleles of Mom7segregating among the many strains of inbred mice. This has implications for

experiments involving Apc"™ and comparisons between different or mixed genetic backgrounds.

OLORECTAL cancer is the second leading cause
of cancer death in the United States and the third
in the world (JEMAL ef al. 2006). The multiple intestinal
neoplasia (Min) mouse model has provided a means by
which modifiers of the colorectal tumor phenotype
can be readily identified. This line of mice harbors a
truncating mutation at codon 850 of the adenomatous
polyposis coli (Apc) gene, which is mutated in ~80% of all
human colorectal tumors (FEARNHEAD et al. 2001). The
discrete, countable nature of Apc™™ tumors has made the
mouse a tractable model for quantitative studies.
Quantitative traitlocus (QTL) analysis allows searches
for polymorphic modifiers in either a backcross or an
intercross population derived from different inbred
strains. Identification of the first discovered modifier
of Apc™™, Moml, included the use of three different
strains (DIETRICH ef al. 1993). Moml has two major al-
leles, resistant (MomI®) and sensitive (MomI®), and has
been localized to a 5-cM region on chromosome 4.
CoRMIER el al. (1997,2000) showed that the gene Pla2g2a,
in addition to a second locus distal to D4Mit64, is
responsible for the Moml effect. Mom2, discovered by
SILVERMAN et al. (2002), maps distal to the Apclocus on
chromosome 18. Although the region has been narrowed
to 7 cM, the underlying gene(s) remain to be identified
(SILVERMAN et al. 2003). In addition, HAINES et al. (2005)
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identified a second polymorphic modifier locus linked
to Apc, Mom3, the phenotype of which is affected by
pregnancy (SURAWEERA et al. 2006). Mom3 arose from
an outbred stock, and the lack of known polymorphic
markers has prevented its resolution beyond 25 cM.

Numerous other genetic modifiers have been de-
scribed upon breeding known mutations onto the
Ap™* background. A subset of modifiers has been
shown to affect the pathway leading to loss of heterozy-
gosity (LOH) at the Apclocus, which is believed to be the
initiating process for tumorigenesis in the intestine. For
example, Blm-deficient mice have a defect in maintain-
ing genomic stability, including elevated somatic recom-
bination rates that lead to increased tumor multiplicities
in Apc™™* mice (Luo et al. 2000; Goss et al. 2002; SUZUKI
et al. 2006). Haicis and Dove (2003) found that the
Robertsonian translocation Rb(7.18)9Lub (Rb9) disrup-
ted the somatic pairing of chromosome 18 homologs,
thus decreasing the probability for somatic recombina-
tion and tumor multiplicity. We describe here the lo-
calization of a new Modifier of Min, Mom?7, to within the
first 7.4 Mb of chromosome 18. Noting its centromere-
proximal position relative to Apc, we speculate that the
modifier may directly regulate the loss of heterozygosity
of distal elements.

MATERIALS AND METHODS

Mice: The mice used to generate segregating populations
were C57BL/6], AKR/J, and C57BL/6-Chr 18*7 (B6.18*7)
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consomics (The Jackson Laboratory, Bar Harbor, ME) and
BTBR/Pas (Pasteur Institute, Paris). Congenic lines bred in
our laboratory are described in the text. These strain names
have been registered with the Mouse Genomic Nomenclature
Committee:  B6.AKR-Mom 7%/ (B6.Mom7**}),  AKR.B6-
Mom 779 (AKR. Mom?7"°) , AKR.B6-(D4Mit13-D4Mit54) (abbre-
viated as AKR. Mom I*), BTBRPas.B6-Mom 7<°7**/* (BTBR. Mom 7"°),
and CH7BL/6-Chr 18BT8R/P= (B6,185TBR) Mice were housed in a
standard facility with automatic watering and access to Purina
5020 chow (Purina, St. Louis). B6.Apc™™* and BTBR.Apc™™/*
mice were sacrificed between 2 and 4 months of age. Since
AKR.Apc™/* mice showed no significant difference in tumor
multiplicity between 6 and 11 months of age (data notshown),
tumor counts over this age range were combined. Intestinal
preparation and tumor counts were performed as previously
described (Haicis and Dove 2003).

Statistical analysis: Pairwise Pvalues for the B6.Mom?7 con-
genic strains were determined by a Wilcoxon rank-sum test
and subjected to a Bonferroni correction for multiple com-
parisons (see supplemental Table 1 at http:/www.genetics.org/
supplemental/). LOD scores and maps were obtained using the
Mapmaker3 program (LANDER e/ al. 1987; LINCOLN et al. 1992).

LOH analysis: DNA extraction from tumors and Pyrose-
quencing assays (Biotage, Upsala, Sweden) were performed as
described previously (AMOS-LANDGRAF ¢t al. 2007). Tumors
taken from AKR mice were all >2 mm in diameter. Primers
used were forward (TTT TGA CGC CAA TCG ACA TG) and
reverse (biotinylated) (GAT GGT AAG CAC TGA GGC CAA
TA); sequencing (CGT TCT GAG AAA GAC AGA AG). An
LOH/maintenance of heterozygosity (MOH) cutoff value of
31.4% was determined by adapting the normal distribution
mixture technique previously described (SHOEMAKER el al.
1998): we used the method of maximum likelihood to fit a
mixture of two normal curves to data on single nucleotide poly-
morphism (SNP) signal intensity. Tumor data were considered
to arise from either an LOH distribution normal component
or an MOH normal distribution component, according to
some mixing probability; control data, normal tissue from a
heterozygous animal, consists of known MOH components.
Using the fitted mixture model, a critical intensity value, ¢, was
determined so that Prob[intensity > ¢| LOH ] = 0.05. N= 348
tumor values and n = 22 control values were used for maximum-
likelihood calculations. In the estimated normal mixture, the
LOH component had a mean of 17.3 and a standard deviation
of 6.5; the MOH component had a mean of 43.2 and a standard
deviation of 5.1. From this, the critical signal value was ¢ = 31.4.
Modes of the likelihood surface at the boundary of the
parameter space were avoided. Computations were done in R
software (R DEVELOPMENT CORE TEAaM 2005).

In silico SNP analysis and original markers: /n silico SNP data
from the recent Perlegen strain resequencing project covering
16 inbred strains were obtained from the Mouse Phenome
Database (http:/phenome jax.org/pub-cgi/phenome/mpdcgi?
rtn=snpsdvsd/door). The first 3 Mb of chromosome 18 is an
unassembled centromeric sequence with no SNP data; the
next 0.5 Mb (positions 3.0-3.5 Mb on MGSC Build 36) were
also excluded due to a high degree of homology to regions on
chromosomes 4, 6, and 16. Therefore, only the region between
3.5 and 7.4 Mb was considered, encompassing 2171 informa-
tive SNPs (~1 SNP/2 kb). Novel primers were designed to
amplify SSLPs using sequences found through the Tandem
Repeat Finder program (BExsoN 1999).

RESULTS

An AKR.Mom1®® congenic line demonstrates the pres-
ence of other AKR modifiers: It was previously shown

that the AKR genetic background strongly reduces tu-
mor multiplicity compared with the B6 background
(SHOEMAKER et al. 1998). This effect is due in part to the
semidominant resistant MomI® allele carried by AKR.
Accordingly, the Mom1 effect was removed by breeding
a line of AKR mice congenic for the sensitive MomI®
allele from B6. Marker-assisted selection was employed
so that progeny are considered congenic by the N4
generation (HosPITAL et al. 1992). Genome scans were
performed on mice from N2-NG6, selecting for those
with the highest percentage of AKR homozygosity for
55 markers, with at least two markers/chromosome. At
N4, 53/55 (94.5%) markers were homozygous for AKR,
not including the regions surrounding the B6-derived
MomI° allele between D4Mit13 and D4Mit54 and the B6-
derived Apc'™ allele between D18Mit111 and D18Mit24.
All data presented here involved mice from the N6 to
N9 generations to ensure congenic status. AKR. Apc*™/™;
MomI*® mice developed an average of 16 intestinal
tumors, 1.5-fold more than MomI®5 and 4-fold more
than MomI®® mice (Table 1A, Mom7 congenic lines),
consistent with the effects of MomI found in previous
studies with B6.MomI® congenic mice (GOULD et al.
1996a). Therefore, additional modifiers must be pre-
sentin the AKR background, since tumor counts among
AKRR.Apc™ s Mom1¥® mice (16) were sevenfold less
than among B6-Apc™™/*; MomI*/® mice (118; Figure 1A).

Identification of a modifier of intestinal tumor mul-
tiplicity near the chromosome 18 centromere in crosses
between B6 and AKR: To identify such additional poly-
morphic modifiers between AKR and B6, (B6 X AKR)
MomI1%® Fy progeny were backcrossed to AKR.Apc™/™;
MomI*>® mice to generate an N2 population. The
genomes of 162 phenotyped N2 animals were scanned
with 71 markers, with a total of 6598 informative geno-
types (see supplemental Table 2 at http:/www.genetics.
org/supplemental/). ALOD score of 21 (supplemental
Figure 1 at http:/www.genetics.org/supplemental/)
corresponding to DI8Wisl indicated the presence of a
strong modifier, which we have designated “Mom7,”
linked to the position at 3.7 Mb (1 cM) as measured on
MGSC Build 36. Although the LOD interval is maximal
between DI18Wisl and DI18Mit64, a more centromeric
location cannot be excluded, owing to the absence of
more proximal markers. Strikingly, the DI8Wis]A*®/*<%
class developed 3-fold more small intestinal tumors than
the DISWisI®***® class (genomewide P < 0.01; Table
1A, Mapping crosses). In addition, 90 Fy mice were gen-
erated by intercrossing MomI1®'® (B6 X AKR) F; progeny.
A complete genome scan was not carried out on this
population; however, we found that tumor multiplicities
vs. genotypes at DI8Wisl confirmed this position: the
DI18WisI*®/AX®R class developed 1.8-fold more tumors
than the D18Wis***® class (Table 1A, Mapping crosses).
We note that the AKR grandparent always transmitted
the Apc™ allele, which is linked to D18WisI***. There-
fore, it was rare to obtain the DI8WisI®*%;Apc"™/* class;
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TABLE 1

Effect of the Mom?7 alleles on Apc™™* small intestinal tumor counts

Tumor count [mean = SD (N)]

Genetic background

Mom 7B5/AKR

Mom 7AR/AKR Fold effect of Mom 7 KR/AKR

A. Effect of the AKR allele

Mapping crosses

(B6 X AKR) X AKR MomI%3 N2 17 = 10 (75)
(B6 X AKR) X (B6 X AKR) MomI*® Fqy 53 + 35 (51)
Mom?7 congenic lines

AKR.Mom %% ND
AKR. MomI*/® 5.4 = 3.4 (18)
AKR.MomI®® 1.0 £ 0.8 (8)
(B6 X AKR).MomI%® F, 37 =10 (10)
(B6 X AKR).MomI®® Fy 19 = 10 (15)

50 = 22 (87) 3.0%
97 * 48 (39) 1.8%
16 = 7.5 (9) ND
10 + 5.8 (23) 1.9%
3.5 = 2.6 (42) 3.5%
116 * 15 (4) 3.1%
69 + 10 (4) 3.6%

Tumor count [mean = SD (N)]

Genetic background

M()m 7]56/]5'1']51{

Mom 75TBR/BIER Fold effect of Mom75"BR/BIBR

B. Effect of the BTBR allele

Mapping cross

(B6 X BTBR) X BTBR N2
Congenic line

BTBR.ApcM™*

175

I+

74 (12)

307 £ 116 (53)

557 = 165 (28) 3.2%

625 = 104 (75) 2.0%

The Mom7 allele was determined using marker DI8WisI in the crosses with AKR, and marker DI8Mit110 in the crosses with

BTBR. *P < 0.01, Wilcoxon rank-sum test; ND, not done.

one such animal was obtained but was omitted from
statistical analysis. Thus, the AKR allele of this modifier
appears to be a recessive enhancer of tumor multiplicity.

To test whether the AKR allele of this modifier region
alone is sufficient to produce the modified phenotype,
we bred a reciprocal pair of congenic lines in which
B6 mice carried a proximal chromosome 18 segment
from AKR, and AKR mice carried the same region from
B6. The interval selected extends from DI18WislI to Apc.
We were aware that, if the modifier were proximal to

D18Wisl, it could be lost by recombination. Therefore,
we always confirmed its presence by phenotyping
candidate congenic carriers.

After at least eight generations of backcrossing, these
heterozygous Mom7 congenics carrying either Apc™/*
or Apc™/* were intercrossed. On the B6 background, all
three Mom7 genotypes were analyzed. Homozygotes for
the AKR Mom?7 allele developed an average of 322 *+ 31
small intestinal tumors (Figure 1E), 2.5-fold more
than either Mom?7 heterozygotes (Figure 1, G and H)

FIGURE 1.—Mapping of

A B C D E F G H | the Mom7 modifier in B6
SN GSHE . il Apc™* mice. Genotypes on
D18Wis1 ~x2 il AKR chromosome 18 are shown;
= BTBR modifier all other chromosomes are
D18Mit168 T o f modifier region :'? homozygous B6. Boxes out-
D18Mit110 |£|r—l ] s - !ined by dashes represent
AKR D18Mit67 = inferred genotypes based
Mi on either flanking markers

Apc in/+ i
| or obligate genotypes. The
D18Mit202 T congenic sublines C and F
D18Mit9 e define a minimal region for
’ “® e BTBR and AKR alleles
D18Mit1 s of the Mom7 locus, respec-
tively. SI, small intestinal;
Sl tumor multiplicity 118 411 132 131 322 163 128 127 267 LI, large intestinal. For line
SD  £32 #103  #50 17 31 466 +29 436 16 [, DISMit]9 was used as a
Ll tumor multiplicity 2.8 94 39 43 49 37 26 36 3g surrogate for DISWisl. All
SD  #27 £56 2.9 4.1 £30 0.6 1.1 41 +13 mice were sacrificed be-
(n) (48)  (10) (8) (16) (13) (3) %) (31) (4) tween 2 and 4 months of

age. ND, not done.
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or B6-Apc™™* controls (Figure 1A); further, there was
no significant difference between the heterozygotes
and the controls (supplemental Table 1 at http:/www.
genetics.org/supplemental/).

On the AKR background, Mom75/* animals were
not generated; however, Mom7 AKR homozygotes de-
veloped two- to threefold more small intestinal tumors
than heterozygotes (Table 1A, Mom?7 congenic lines).
This effect is independent of MomI, suggesting that the
two modifiers act independently. As reported previ-
ously, tumors did not develop in the colon (SHOEMAKER
et al. 1998). To determine whether a fully heterozygous
genetic background influenced the effects of the
modifier and to confirm the lack of interaction between
Moml and Mom7, (B6 X AKR) Apc™™* F; mice with
different Mom1 and Mom?7 genotypes were generated by
crossing B6. Mom 7***/ 5% (Mom1%%); Apc™™/* congenics to
AKR. (Mom 7" 2%): MomI®/® congenics. Again, homo-
zygosity for the AKR allele of Mom?7 enhanced tumor
number more than threefold relative to AKR/B6 het-
erozygosity (Table 1A, Mom7 congenic lines), and this
effect was independent of the MomI genotype. Thus, on
three different genetic backgrounds—B6, AKR, and
(B6 X AKR) F;—the AKR allele of Mom?7 enhanced tu-
mor multiplicity approximately more than threefold in
a manner fully recessive to the B6 allele and indepen-
dent of MomlI status.

Identification of a modifier of intestinal tumor mul-
tiplicity near the chromosome 18 centromere in crosses
between B6 and BTBR: It had previously been shown
that the inbred BTBR strain, like B6, carries the sensitive
MomI® allele. Further, BTBR does not appear to carry
other dominant modifiers of Min (GouLD et al. 1996b).
However, after backcrossing the Apc™* allele for >10
generations onto the BTBR background, a significant
enhancing effect was observed: mice became moribund
by 60 days of age and were found to have in excess of
600 tumors/animal (Table 1B, Congenic line). To iden-
tify the enhancing modifier, we used the QTL strategy
described in the AKR analysis. A partial genome scan of
DNA from the N2 generation identified a highly sig-
nificant modifier locus linked to the DI8M;it110 marker
(11.9 Mb): DI18Mit110®™*/5™r mice developed 3.2-fold
more tumors than DI8Mit110/®™® mice (Table 1B,
Mapping cross).

Using marker-assisted selection, a B6.1 con-
somic line was obtained with marker D18WislI (3.7 Mb)
at the most proximal end and marker D18M:tl (84 Mb)
at the most distal end. Both Apc™™* and Apc™/" were
bred to produce two lines, each heterozygous for
chromosome 18, that could be intercrossed to obtain
animals homozygous for all the BTBR alleles in the
region, except for the Apc"™ allele. Animals homozy-
gous for the BTBR alleles developed significantly more
tumors in both the small intestine and the colon (Fig-
ure 1B) than either heterozygotes or B6-Apc™* con-
trols (supplemental Table 1 at http:/www.genetics.org/

8BTBR/ BTBR

supplemental/; Figure 1, A and D; P < 0.05 for colon);
there was no significant difference between lines A and
D. A congenic strain carrying the B6 Mom?7 region on
the BTBR background was also bred. Homozygotes
for the Mom7 BTBR alleles developed twofold more
tumors than heterozygotes (Table 1B, Congenic line).
Thus, on both the B6 and BTBR genetic backgrounds,
the BTBR allele of Mom7 is an enhancer, fully recessive
to the B6 allele.

The AKR and BTBR modifiers are not statistically
different from one another: Although both the AKR
and BTBR modifiers are linked to DI8Wisl, perhaps
they represent separate factors within the Mom?7 region.
To further characterize the relationship of these alleles,
(BTBR X AKR) Apc™;MomI*>® F; mice were back-
crossed to the AKR (MomI?®) strain. DISMit19 (5.0
Mb) was used as a surrogate marker for D18Wisl, which
is not polymorphic between the two strains. Results from
41 N2 progeny indicated that the tumor multiplicity for
Mom7 heterozygotes (18 = 17, n = 4) is not statistically
different from that of AKR homozygotes (27 * 16, n =
36; P = 0.3). To confirm this initial result, we crossed
B6.Mom7**® congenics to B6.Mom7*™® consomics.
These results indicate that the B6. Mom 7****™® progeny
(Figure 1I) develop tumor multiplicities greater than
B6.Apc™* controls and not significantly different
from AKR or BTBR Mom7 homozygotes (supplemental
Table 1 at http:/www.genetics.org/supplemental/).
Similarly, lines B and E did not differ significantly from
each other (supplemental Table 1 at http: /www.genetics.
org/supplemental/). Importantly, there is an overlap in
tumor distributions for lines B, E, and I (194-541, 279-
392, and 232-307, respectively). Thus, it appears that
the AKR and BTBR alleles are additive in trans and
probably represent a single Mom7 modifier factor.

The major AKR Mom?7 enhancer lies within the
proximal 7.4 Mb of chromosome 18: Several recombi-
nant sublines were established. One (Figure 1F) is a B6
subline homozygous for AKR alleles within the Mom7
region except for loci proximal to D18Mit168 (7.4 Mb).
A second subline (Figure 1G) is homozygous for the
Mom7 AKR alleles except for loci proximal to D18Mit67
(12 Mb). Tumor counts on the small sample of mice
from these sublines are statistically indistinguishable
from B6 controls and full heterozygotes (Figure 1, A
and H), yet line G is significantly different from
B6. Mom 7**VA%R congenics (Figure 1E; supplemental
Table 1 at http: //www.genetics.org/supplemental/). Al-
though line F is not statistically different from the full
congenic line E (supplemental Table 1 at http:/www.
genetics.org/supplemental/), this is likely owing to the
low number of mice assayed for line F. Furthermore, the
individual tumor distributions for lines E and F do not
overlap (279-392 wvs. 156-169, respectively), which
suggests that they are indeed different. Therefore, the
major Mom?7 determinant most likely lies proximal to 7.4
Mb. Similar results were obtained with sublines carrying
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TABLE 2

Haplotype block groups between 3.5 and 4.4 Mb seen among the 16 strains in the
Perlegen mouse resequencing project

Group 1 Group 2¢ Group 3 Group 4 Group 5
C57BL/6] C3H/He] AKR/] FVB/N] CAST/Fi]
NOD/L{j BALB/cBy] A/] DBA/2] MOLF/Ei]
KK/HIJ BTBR T(+) tf/] PWD/Ph]
WSB/EiJ NZW/Lac] CZECHII/Ei]
129S1/SvIm]

Actual data are given in supplemental Table 4 at http:/www.genetics.org/supplemental/.
“Group 2 shares a haplotype block with group 1 up through position 3827436 and then has a unique
sequence beyond (see supplemental Tables 5 and 6 at http:/www.genetics.org/supplemental/ for additional

evidence and group members).

*Group 4 differs from group 3 by only a single SNP (rs13483184) at position 3796540 (see supplemental
Tables 5 and 6 at http:/www.genetics.org/supplemental/ for additional evidence and group members).
‘Informative 537 SNPs, most of which are from other sequencing projects.

the BTBR modifier: animals that are homozygous BTBR
for the complete chromosome 18 (Figure 1B) develop
greater than threefold more tumors than do partial
consomics (Figure 1C) that are heterozygous only for
loci proximal to DI8Mit110 (11.9 Mb). These proximal
heterozygotes are phenotypically the same as hetero-
zygotes for the entire chromosome (Figure 1D). Thus,
the positions of both the AKR and BTBR alleles of Mom7
have been refined to the most pericentromeric region
of chromosome 18.

The heterozygous B6. Mom7**® sublines F, G, and H
also allowed us to determine whether the Mom7 effect
differs when the B6 allele is in ¢is or in trans to Apc™™.
Lines F and G carry the B6 allele in ¢is to Apc™™ and the
AKR allele is in trans, while line H has the opposite
orientation. Since no significant difference in multi-
plicity exists when F and G are combined and compared
to H (P=0.22), the B6 Mom?7allele is dominant in both
a cis or trans configuration to Apc™™.

Preliminary data (see supplemental Table 3 at http://
www.genetics.org/supplemental/) suggest that a fourth
strain, A/], also carries an enhancing Mom?7 allele. This
result is consistent with the identical proximal chromo-
some 18 haplotype of strains A/J, AKR, and BTBR (see
Table 2 and below).

BTBR and AKR share a pericentromeric haplotype
distinct from B6: SNP data have become instrumental
in reducing critical QTL intervals by identifying the
regions most likely to contain relevant polymorphisms
(PARk and HUNTER 2003). An in silico analysis was
therefore performed on high-density SNP data in the
minimal 7.4-Mb Mom7 region. Only the region between
3.5 and 7.4 Mb was considered (see MATERIALS AND
METHODS). Setting AKR, B6, and MOLF as reference
strains, extensive sequence homology among the 16
strains identified at least five segregating haplotypes
(supplemental Table 4 at http:/www.genetics.org/
supplemental/). In the region between 3.5 and 4.4
Mb, the strains could be classified into five broad groups

(Table 2). Importantly, AKR, BTBR, and A/]J grouped
together and separately from B6 in this region, but
not distal to 4.4 Mb, where BTBR and A/] shared a
haplotype with B6 (supplemental Table 4 at http:/
www.genetics.org/supplemental /). We independently
verified the haplotype data using seven novel SSLPs (se-
quences and positions given in Table 3) and DI18Mit19
(5.0 Mb) for B6, AKR, BTBR, and A/] (Table 3). Thus,
AKR, BTBR, and A/] share at least a 0.9-Mb haplotype
block (positions 3.5—4.4 Mb), which is distinct from that
of B6 and which may extend into the centromere.

Cross-referencing the Perlegen SNP data with the 48-
strain SNP survey (PLETCHER ¢t al. 2004), we found that
103 informative SNPs further supported the division
between groups 3 and 4 and added 34 more putative
members to the five groups (supplemental Table 5 at
http:/www.genetics.org/supplemental/). A smaller set
of 15 informative SNPs from the Broad Institute and
Applied Biosystems provided preliminary data on an
additional 33 strains (supplemental Table 6 at http:/
www.genetics.org/supplemental/).

The rate of loss of heterozygosity in Mom7 con-
genics: To determine the effects of the Mom7 locus
on LOH at Apc, we developed a Pyrosequencing assay
to quantify allelic ratios. On the B6 background, the
percentage of tumors showing LOH did not differ
significantly between any of the five B6.Mom?7 classes
carrying B6, AKR, or BTBR alleles (P > 0.1, Fisher’s
exact test; Table 4). However, it is notable that homo-
zygotes for both the AKR and the BTBR Mom?7 alleles
showed LOH in every tumor tested.

On the AKR background, Mom?7 homozygous con-
genics did not differ from heterozygotes in the percent-
age of LOH tumors (Table 4; compare AKR.MomI™*;
Mom 7MR/ARR o AKR. Mom1"5; Mom 7°***®). By contrast,
one or two copies of MomI® on AKR.Mom7"*/*¥® sig-
nificantly increased the percentage of tumors with LOH
from 33% (a percentage consistent with SHOEMAKER
et al. 1998) to 86 and 70%, respectively (P < 0.05;
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TABLE 3

Primers used to genotype the first 14 Mb of assembled pericentromeric chromosome 18 and their amplicon lengths

Chromosome 18

B6

BTBR

AKR A/]

position (bp)

Reverse primer

Forward primer

Primer name

192
209
171
249

~200-210
~194
~155

~200-210
~194
~155

~200-210
~194
~155

3478885
3591908

ATCCACTCATGGCACAAACA
CTGGAAGCAAGGATGGGTAA
CCCTGAGACAGGAGAACTGG

AGGACACCCAGGGCTATACA

AAGTCCTGGTCCCCTACCTC

D18Wis2
D18Wis3
D18Wis1
DI18Wis4
D18Wis5
DI18Wis6
D18Wis7
DI18Mit19

GGCAGGCAAGACTTCAATGT

3669044
3670134
4185518
4351585
4373408

TAAGGCAGCAGGGAGAGAAA
ATTGGGCGACTAGCAAGAGA

TTCCCAAACTACGAAGGTGAA
AAACCTGCAGAAAGGCTTGA

~255-260 ~255-260

~255-260

234
243

~245-250
~235
~145
~150

~245-250
~235
~145

~245-250
~235
~145

GAAGGCTCAGGCTCTTCCAT

ATCCTTCCATCTCCCTGTCC

162
150

AGAGTTGGCCCTTTGCTTTT

GGGGGAAAGTATAGCTGAAGG
ATTGGGTGTTCAGGTGCAG

158

138

4941117

ATGCACAATAGCTCATAGCTTCT

Sequence positions and PCR product sizes for the B6 strain were taken from MGSC Build 36 (http:/www.ncbi.nlm.nih.gov). All primers except D18Mit19 are novel. Product

sizes for D18Mit19 were taken from Mouse Genome Informatics (http:/www.informatics.jax.org). All other products were sized in our laboratory using 3% agarose gels.
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Table 4). However, even two copies of MomI® did not
raise the AKR LOH percentage to the 100% observed
in B6.ApA™™/ " Mom 7**/ A% mice (P < 0.05).

DISCUSSION

In this study, we identify a novel modifier of the Apc*™
tumor phenotype by a classical genetic approach. We
used a previously described tumor-resistant mouse
strain, AKR (SHOEMAKER et al. 1998), and the BTBR
strain, which was found to be tumor sensitive. To our
surprise, both the AKR and BTBR strains carry a strong
recessive enhancer linked to the DI8Wisl marker (3.7
Mb) on chromosome 18. We have given one name to this
factor: “Mom7” (Modifier of Min 7). Congenic and con-
somic sublines refined the majority of the Mom?7 effect to
7.4 Mb between the centromere and DI8Mit168. The
enhancers were found to have a consistent effect on dif-
ferent inbred backgrounds and to be independent of
the Moml modifier effect. Preliminary results indicate
that the AKR and BTBR alleles are noncomplementing
(Figure 1). Possible interpretations of these observa-
tions are discussed below.

In principle, a modifier can control tumor viability,
growth, or initiation. For example, a modifier linked to
ApcM™ could reduce tumor multiplicity by inducing
cellular lethality after the lethal allele undergoes so-
matic homozygosis. Mom1 and Dnmt have been shown to
control the net growth rate of tumors (CORMIER and
Dove 2000). The Rb9 modifier prevents tumor initia-
tion by disrupting the pairing of chromosome 18
homologs (Haicis and Dove 2003). Which of these
modes of action applies to Mom 7 The cellular lethality
modelis eliminated since homozygotes for each allele of
Mom7 are viable. Support for the growth model awaits
analysis of tumor size, which is currently underway. An
effect on tumor initiation is consistent with our results,
but requires confirmation at the genomic level.

Classically, the recessive nature of the Mom7enhancer
alleles would be interpreted as a loss of function of a

TABLE 4

LOH at the Apclocus in Apc”™* B6.Mom7and AKR.Mom1;Mom7
congenic small intestinal tumors

Frequency of
tumors showing

Genetic background LOH (%) No. of mice
B6. Mom 7%/ 77/80 (96) 4
B6. Mom 759/ AKR 86,/86 (100) 4
B6. Mom 7AKR/AKR 85/85 (100) 5
B6. Mom 75/ BT8R 47/53 (89) 7
B6. Mom 7°TBR/BIER 56,/56 (100) 7
AKR. Mom I%5; Mom 7M<R/AKR 33/47 (70) 5
AKR. Mom I*5; Mom 75/ ~1<% 13/16 (81) 3
AKR. Mom 1"/5; Mom 7M<R/AKR 18/21 (86) 2
AKR. Mom I*/%; Mom 7°KR/AKR 4/12 (33) 4
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trans-acting gene product. Similar effects are seen in
knockouts for the Recql4 helicase, the normal function
of which is to suppress aneuploidy by maintaining sister-
chromatid cohesion (MANN et al. 2005). Alternatively,
the Mom7locus could modulate tumor phenotypes in cis
by affecting the recombination substrates on chromo-
some 18 and the consequent rate of LOH at the distal
Apc locus. In such a cisacting model, the Mom7 alleles
could represent polymorphisms that alter pericentro-
meric sequences required for the efficiency of somatic
recombination hotspots. For example, the ribosomal
DNA (rDNA) repeats on centromeric chromosome 18
could be recombinogenic due to the high fidelity and
copy number of homologous sequence and to the pres-
ence of transcription termination sequences and repli-
cation fork barriers (GERBER et al. 1997; LOPEZ-ESTRANO
et al. 1998). If Mom7 does actin cis, it is important to note
that its phenotype differs from that of the Rb9 rear-
rangement (Haicis and Dove 2003), which has a semi-
dominant effect on tumor multiplicity, and from the
action of sequence heterozygosity (SHAO et al. 2001),
which would be predicted to have an overdominant ef-
fect. Although our preliminary evidence (Table 4) does
not reach statistical significance, it is at least consistent
with a direct effect of Mom7 on the frequency of somatic
recombination. A more sensitive assay is required to in-
vestigate this hypothesis.

It will be important to determine whether the Mom?7
effect is attributable to one or many genes. At present,
the first ~3 Mb of chromosome 18 remain unassembled,
owing to the highly repetitive nature of the centromere,
which includes the rDNA repeats. Thus, determining
the sequence identity of the Mom7 modifier(s) remains
a challenging prospect. Toward this end, more recombi-
nant sublines are being identified and analyzed to fur-
ther narrow the Mom?7 region before candidate testing.
All congenic sublines have been backcrossed >10 gen-
erations, providing a genetic resource with which to
identify the salient pericentromeric sequence associ-
ated with the Mom?7 effect.

Intriguingly, the sequence of the Mom7genetic region
provides insight into its evolutionary nature. AKR,
BTBR, and A/] all share the same pericentromeric hap-
lotype, distinct from B6, providing evidence that the
major Mom?7 determinant likely lies proximal to the 4.4-
Mb position. Although the SNP analysis indicates that
there may be as many as five haplotype blocks in the
Mom7 region, the Mom?7 allelic status of other inbred
strains remains to be determined experimentally. The
Perlegen SNP analysis also indicates that there are no
nonsynonymous coding region polymorphisms among
AKR, BTBR, or B6 for any of the annotated genes (Crem,
Cul2, Bambi, Lyzll, Map3k8, Papdl) in the interval
between 3 and 4.4 Mb. This does not rule out regulatory
or splice mutations or mutations in unannotated genes.
Finally, none of the genes in the minimal modifier re-
gion were found to be mutated in the recent survey of

human colorectal cancer mutations (SJoBLOM et al.
2006). Nevertheless, copy number variations, epigenetic
or structural differences, or more proximal mutations
may underlie the Mom7 determinant.

An important aspect of modifiers is that they can act
either additively or synergistically (CORMIER and DOVE
2000). We have shown that Mom7 acts independently of
MomlI; the two modifiers therefore affect tumor multi-
plicity through separate, noncomplementary pathways.
This independence creates an even wider disparity in
relative tumor multiplicity between B6 and AKR mice:
upon factoring out the effects of Mom1 and Mom7, there
remains a 15-fold difference. Although the N2 genome
scan did identify a second polymorphic modifier on
chromosome 11 with a LOD score of 3.3 (supplemental
Figure 1 at http:/www.genetics.org/supplemental/),
congenic line analysis has not borne out a signifi-
cant effect (L. N. KwoNG, data not shown). Similarly,
the higher tumor multiplicity of the congenic line
BTBR. Mom7**/*"** compared to the partial consomic lines
shown in Figure 1, C and D, or in (BTBR X B6) F; mice
(data not shown) suggests the presence of additional
recessive enhancers in the BTBR strain.

The demonstration that different alleles of Mom7
segregate among inbred lines will have an impact on
studies involving Apc™™. Currently, the decision to use
particular inbred strains must take into account the
status of the MomI alleles; future Apc™ experiments will
also require knowledge of the pertinent Mom?7 allelic
genotypes when comparing strains or using mixed
genetic backgrounds. Unlike MomlI, where screening
for the Pla2g2a mutation can give information regard-
ing an untested strain’s allelic status, no specific muta-
tion has yet been found for Mom?7. However, it would be
relatively simple to cross the strain of interest to a geno-
typically informative Mom7 congenic line (i.e., one with
polymorphic markers) and determine its allelic status
phenotypically.

The identification of a novel gene underlying Mom?7
would add another target for chemoprevention. The
demonstration of somatic recombination hotspots would
also be valuable, as similar genetic determinants could
exist for human colon cancer patients. What is now
needed is to determine whether humans harbor a poly-
morphic modifier in the region orthologous to Mom7 on
human chromosome 5.
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