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A Robertsonian translocation suppresses
a somatic recombination pathway to loss
of heterozygosity
Kevin M. Haigis & William F. Dove

Published online 25 November 2002; doi:10.1038/ng1055

In mammals, loss of APC/Apc gatekeeper function initiates intestinal tumorigenesis. Several different mechanisms

have been shown or proposed to mediate functional loss of APC/Apc: mutation in APC/Apc, non-disjunction,

homologous somatic recombination and epigenetic silencing. The demonstration that, in the C57BL/6 (B6)

ApcMin/+ mouse model of inherited intestinal cancer, loss of Apc function can occur by loss of heterozygosity (LOH)

through somatic recombination between homologs presents an opportunity to search for polymorphisms in the

homologous somatic recombination pathway. We report that the Robertsonian translocation Rb(7.18)9Lub (Rb9)

suppresses the multiplicity of intestinal adenomas in this mouse model. As the copy number of Rb9 increases, the

association with the interphase nucleolus of the rDNA repeats centromeric to the Apc locus on Chromosome 18 is

increasingly disrupted. Our analysis shows that homologous somatic recombination is the principal pathway for

LOH in adenomas in B6 ApcMin/+ mice. These studies provide additional evidence that neoplastic growth can initi-

ate in the complete absence of canonical genomic instability.
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53706, USA. Correspondence should be addressed to W.F.D. (e-mail: dove@oncology.wisc.edu).

Introduction
Familial adenomatous polyposis (FAP), or Gardner syndrome
(OMIM 175100), is an autosomal dominant disease caused by a
germline mutation in the adenomatous polyposis coli (APC)
tumor-suppressor gene1. Individuals with FAP can develop sev-
eral thousand benign polyps throughout the colon. FAP belongs
to a group of familial conditions known as the phakomatoses, in
which a large number of benign lesions develop randomly
throughout the affected tissue2. The phenotypes of the phako-
matoses are consistent with a model in which lesions are initiated
by the stochastic inactivation of a tumor-suppressor gene.

Mouse models of human cancer syndromes have become power-
ful tools for analyzing disease pathogenesis. The phenotype of
ApcMin/+ mice closely resembles that of humans with FAP; they
develop multiple intestinal neoplasms3. ApcMin/+ mice are het-
erozygous with respect to a nonsense allele of Apc. This mouse
model holds a great advantage over other experimental models of
intestinal neoplasia, such as xenografts in nude mice, because the
tumors are autochthonous and the neoplastic pathway shares with
most human colonic tumors the loss of APC/Apc function. Thus,
the ApcMin/+ mouse allows for the study of many aspects of tumor
biology in the natural genetic and developmental environment.

Loss of function of the wild-type allele of Apc is necessary for
tumorigenesis in ApcMin/+ mice, regardless of genetic back-
ground4,5. On the B6 genetic background, loss of Apc function
occurs exclusively by loss of heterozygosity (LOH)4, due, at least
in part, to somatic recombination between homologs6.

The standard laboratory mouse karyotype consists of 40 acro-
centric chromosomes, 19 pairs of autosomes and one pair of sex
chromosomes. But wild races of Mus musculus often have kary-
otypes with centric fusions between acrocentric chromosomes to
generate metacentrics, referred to as Robertsonian (Rb) transloca-
tions7. Rb(7.18)9Lub (hereafter referred to as Rb9), originally iden-
tified in a wild mouse caught in the Orobian Alps near Bergamo in
Northern Italy8, consists of a centric fusion between Chromo-
somes 7 and 18. In addition to reduced fertility owing to meiotic
non-disjunction, the chromosomes involved in a Robertsonian
translocation show suppressed meiotic recombination when het-
erozygous9,10. The suppression of recombination is thought to
result from mispairing of trivalents during pachytene11,12.

Recently, we have used the Robertsonian translocation, Rb9,
to analyze the mechanism of LOH in tumors from B6 ApcMin/+

mice6. Here we delve more deeply into the somatic conse-
quences of heterozygosity and homozygosity with respect to
this Robertsonian translocation. Our central goal was to deter-
mine whether Rb9 could suppress homologous somatic recom-
bination, thereby suppressing tumor multiplicity in ApcMin/+

mice. Indeed, we found that Rb9 is a potent suppressor of
tumor multiplicity in B6 ApcMin/+ mice. We tested a series of
hypotheses to explain the Rb9 effect on intestinal tumorigene-
sis. These studies implicate Rb9 in the direct, physical suppres-
sion of somatic recombination through mislocalization of the
homologous Chromosome 18 centromeric regions in relation
to each other and to the nucleolus. Our studies also tested
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whether the principal (or sole) LOH pathway for early ade-
noma formation in the Min mouse involves homologous
somatic recombination rather than karyotypic instability.

Results
Rb9 is a semi-dominant suppressor of tumor multiplicity
To determine whether Rb9 can modify the tumor phenotype of
ApcMin/+ mice, we generated mice that carry one or two copies of
the translocation chromosome. Mice heterozygous with respect
to Rb9 (Rb9/+) carried the Min allele either on the wild-type
acrocentric homolog (Rb9 trans) or else on the metacentric
translocation chromosome (Rb9 cis). Rb9 trans ApcMin/+ mice
developed markedly fewer intestinal adenomas at 60 days of age
than did their littermates without the translocation (12 ± 4 and
151 ± 46, respectively; Fig. 1). Rb9 cis and homozygous Rb9/Rb9
mice also developed fewer adenomas (10 ± 3 and 8 ± 3, respec-
tively) at 60 days of age than did those not carrying Rb9 (Fig. 1).

We used the Tukey–Kramer test, which evaluates multiple
simultaneous comparisons between classes with different sam-
ple sizes13, to determine if the differences in tumor multiplici-
ties between different Rb9 classes were statistically significant.
The Rb9/Rb9 genotypic class differed significantly from the Rb9
trans class (P < 0.05), but not from the Rb9 cis class (P > 0.05;
Table 1). Comparing the two heterozygous classes jointly
against the Rb9 homozygous class by Wilcoxon Rank Sum analy-
sis, however, indicated that the Rb9/Rb9 class differed signifi-
cantly from the combined Rb9 heterozygous class (P = 0.002).
These analyses indicated that Rb9 is a semi-dominant suppres-
sor of tumor multiplicity.

Statistical interdependence of tumor formation
in Min mice
In pursuing the effects of Robertsonian fusions on tumor multi-
plicity, we made a notable statistical observation. Tumor multiplic-
ities from B6 ApcMin/+ mice manifested as a clumped Poisson
distribution, a phenomenon common to quantitative data from
experimental mice14. By contrast, tumor multiplicities of ApcMin/+

mice carrying the Rb9 karyotypic suppressor fit a Poisson distribu-
tion (Fig. 1; see Web Note A from M. A. Newton online).

Rb9 affects tumor initiation, not growth rate
A modifier of adenoma multiplicity in ApcMin/+ mice could act
by controlling tumor initiation (for example, Mlh1) and/or by
affecting the net growth rate of the adenoma (for example,
Mom1 (Pla2g2a) and Dnmt1; refs. 15–17). A specific mechanism
by which the Rb9 translocation might affect the growth rate of
Min-induced adenomas involves the deletion of rDNA repeats on
proximal Chromosome 18 by the centric fusion. This deficiency
of rDNA might selectively compromise protein synthesis in the
adenoma and thereby negatively impact tumor growth rate. Flu-
orescence in situ hybridization (FISH) to the Rb9 chromosome
with a probe specific to 28S rDNA repeats showed that at least a
portion of the repeats was retained (data not shown). We investi-
gated the hypothesis of growth rate deficiency by comparing the
distributions of adenoma sizes at 60 days in ApcMin/+ mice with a
normal karyotype to those with an Rb9 trans karyotype (Fig. 2a).
These distributions were not significantly different by the
Wilcoxon Rank Sum test (P = 0.41) and gave average maximum
diameters of 0.90 ± 0.41 mm for the normal karyotype and 0.83
± 0.38 mm for the Rb9 trans karyotype.

A number of genetic and environmental factors affect the
regionality of adenomagenesis in the Min mouse (K.M.H., work
in progress). Therefore, we investigated whether the effect of the
Rb9 translocation on tumor multiplicity involved the regional
distribution of tumors over the intestinal tract. Tumors devel-
oped preferentially in the distal region of the small intestine in
ApcMin/+ and ApcMin/+ Rb9 trans mice (Fig. 2b). We characterized
regionality by assigning tumors to 2-cm segments from the
stomach to the ileocecal junction, and established by the
Wilcoxon Rank Sum test that there was no statistically significant
difference in regionality between karyotypically normal ApcMin/+

and ApcMin/+ Rb9 trans mice (P = 0.47). Taken together, these
results implicate Rb9 as a suppressor of tumor initiation.

Rb9 is a suppressor of somatic recombination
The mechanism of LOH for tumors in B6 ApcMin/+ Rb9/Rb9 mice
includes somatic recombination6. Two mechanisms of LOH may
exist in karyotypically normal B6 ApcMin/+ mice: somatic recom-
bination and the production of cells carrying two copies of the
mutated homolog (chromosomal homozygosis). The latter
involves nondisjunction. Introduction of Rb9 would interfere
with the non-disjunction pathway, but leave the somatic recom-
bination pathway intact. This model could explain the suppres-
sive effect of Rb9 on tumor multiplicity.

We evaluated the non-
disjunction model (Fig. 3). LOH
by chromosomal homozygosis
predicts an unbalanced kary-
otype in tumors from ApcMin/+

Rb9/+ mice. Selection against
an unbalanced karyotype in
the adenoma would account
for the suppression of tumor
multiplicity in ApcMin/+ Rb9/+
mice. But this scenario does
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Rb9 cis

M
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10 ± 3
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7 7
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Rb9/Rb9
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Fig. 1 Rb9 acts as a suppressor of tumor multiplicity in ApcMin/+ mice. For each
genotypic class, the complement of involved chromosomes is depicted. The aver-
age tumor multiplicity for each class is shown below the chromosome comple-
ment. R denotes the Rb9 chromosome and M the Min allele of Apc. The numbers
of mice generated for each class were as follows: karyotypically normal (+/+) = 16,
Rb9 trans = 17, Rb9 cis = 15 and Rb9/Rb9 = 18. Whereas data from a Poisson distri-
bution would have a coefficient of dispersion (c.d. = variance/mean) of 1, the c.d.
for the karyotypically normal mice presented here was 14, indicating that these
tumors did not develop at random. In contrast to the karyotypically normal mice,
tumor multiplicities from Rb9/+ and Rb9/Rb9 ApcMin/+ mice approached a Poisson
distribution, as the variance (s.d.2) was nearly equal to the mean. The c.d. values
for Rb9 trans, Rb9 cis and Rb9/Rb9 were 1.3, 0.9 and 1.1, respectively. A global
analysis of variation indicated that tumor multiplicities in Rb9 trans and Rb9 cis
mice followed a Poisson distribution (see Web Note A online).

Table 1 • Tukey–Kramer test of significance between Rb9 tumor multiplicitiesa

Rb9 trans Rb9 cis Rb9/Rb9

Rb9 trans 2.88 2.75

Rb9 cis 1.58 2.85b

Rb9/Rb9 3.93b 2.38

aArithmetical differences between the means of the two classes are entered below the diagonal line; minimum signifi-
cant difference (m.s.d.) values are given above the diagonal line. bTwo classes are significantly different at P = 0.05
when the difference between the means exceeds the m.s.d.
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not explain why tumor multiplicity is suppressed in ApcMin/+

Rb9/Rb9 mice, where diploid tumors resulting from non-dis-
junction would have a balanced karyotype. In evaluating the
importance of the postulated non-disjunction pathway, one must
also consider the karyotypic imbalances for the predicted inter-
mediate stages en route to homozygosis of the chromosome car-
rying the Min allele. Homozygosis could follow either a
monosomic or trisomic intermediate, depending on when the
chromosome carrying the Apc+ allele is lost. In the former case,
the phenotype of karyotypically normal mice would be equiva-
lent to that of Rb9 cis mice, and the phenotype of Rb9 trans mice
would be equivalent to that of Rb9/Rb9 mice (Fig. 3a). In the lat-
ter case, the phenotype of karyotypically normal mice would be
equivalent to that of Rb9 trans mice, and Rb9 cis would be phe-
notypically equivalent to Rb9/Rb9 (Fig. 3b). None of these pre-
dicted phenotypic equalities was borne out under experimental
scrutiny. Instead, Rb9 trans was equivalent to Rb9 cis (P = 0.1),
and each was significantly different from karyotypically normal
mice (P = 0.002). Thus, the non-disjunction pathway does not
explain the semi-dominant nature of tumor suppression in
ApcMin/+ mice carrying Rb9 translocations. This analysis indi-
cates that the suppression of tumor multiplicity by Rb9 cannot

be explained by the existence of a principal non-disjunctional
LOH pathway that is selectively eliminated in translocation-
bearing mice.

Under conditions in which the LOH pathway of tumorigene-
sis has been strongly suppressed, as when the Min allele is con-
genic on the AKR/J background, a class of adenomas is found in
which the Apc locus remains heterozygous (ApcMin/+) and the
wild-type Apc allele is seemingly silenced rather than lost or
mutated6. The mechanism by which these ‘maintenance of het-
erozygosity’ (MOH) adenomas arise is not yet understood. We
assayed LOH in the tumors arising in ApcMin/+ mice carrying
Rb9 translocations by assessing the ratio of Apc+ to ApcMin alle-
les by quantitative PCR (Table 2). On the karyotypically normal
background, 24 of 25 tumors that we scored showed LOH,
which is consistent with previous findings4. In Rb9/+ trans mice,
the frequency of LOH tumors fell to 22 of 30 (73%), and in
Rb9/Rb9 mice the frequency fell further to 24 of 40 (60%). An
overall accounting (Table 2) indicated that each copy of the Rb9
translocation affected only the LOH class of adenoma. Thus, the
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Fig. 2 Rb9 does not affect tumor size or regional distribution. a, Each dot rep-
resents the maximum diameter of a single tumor from karyotypically normal
(+/+) or Rb9 trans mice. The average maximum tumor diameter (± s.d.) is given
below the genotype. There was no significant difference in tumor size distribu-
tions between the two classes (P = 0.41, Wilcoxon Rank Sum test). b, Each verti-
cal bar represents the average percentage of total tumors that developed in
the indicated 2-cm sections of the small intestine. For the karyotypically nor-
mal (+/+) class, all of the tumors from each of 20 mice were counted; for Rb9
trans, all of the tumors from each of 12 mice were counted. There was no sig-
nificant difference between the two distributions (P = 0.47).
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Fig. 3 Formal evaluation of the hypothesis of a principal non-disjunctional LOH
pathway. a, If homozygosity with respect to the chromosome carrying the Min
allele (M) proceeded through a monosomic intermediate, the phenotype of
karyotypically normal (+/+) mice would be equivalent to that of Rb9 cis mice,
because both postulated intermediates are monosomic for Chromosome 18
and disomic for Chromosome 7. Rb9 trans mice would have the same pheno-
type as Rb9 homozygous mice because the postulated intermediates are
monosomic for both Chromosomes 7 and 18. b, If the chromosome carrying
the Min allele became homozygous through a trisomic intermediate, then the
karyotypically normal (+/+) phenotype would be equivalent to the Rb9 trans
phenotype because each of these postulated intermediates is trisomic for
Chromosome 18 and disomic for Chromosome 7. Rb9 cis and Rb9/Rb9 would be
equivalent, because each postulated intermediate is trisomic for both Chromo-
somes 7 and 18. None of these predictions fits our experimental observations,
indicating that suppression by Rb9 does not involve extinction of a principal
non-disjunctional LOH pathway.
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translocation selectively affected the production of somatic
recombinants. We have noted above and in Web Note A that the
distribution of tumor multiplicities in mice heterozygous for
Rb9 is random (Poisson), in contrast with the non-random
(clumped Poisson) distribution observed in karyotypically nor-
mal ApcMin/+ mice in which LOH predominates over the MOH
pathway. The non-random character of the LOH pathway may
mirror the fact that most adenomas in B6 ApcMin/+ mice, and in
one individual with FAP, are polyclonal in structure18,19.

One hypothesis for the suppression of recombination in Rb9 cells
is that the wild-derived Rb9 chromosome carries sequence poly-
morphisms compared with the B6 Chromosome 18 (ref. 20). To
test this hypothesis, we screened for microsatellite polymorphisms
between B6 and its Rb9 derivative throughout Chromosome 18. We
found no polymorphic microsatellites from D18Mit19 (2 cM) to
D18Mit213 (55 cM), indicating that most, if not all, of Chromo-
some 18 was derived from B6. We cannot rule out the existence of
sequence polymorphisms proximal to D18Mit19, the region most
important for the recombinational LOH event. But, crucially, Rb9
suppressed LOH more strongly in homozygous form than when
heterozygous. This rules out the hypothesis that sequence heterozy-
gosity is responsible for the suppression of recombination.

Mislocalization of the Rb9 chromosome
In tumors from B6AKRF1 ApcMin/+ mice, LOH occurs along the
entire Chromosome 18, indicating that somatic recombination
occurs preferentially in the proximal region of this chromo-
some4. One level at which interference of recombination by Rb9
could occur is in the interphase localization to the nucleolus of
the centromeric nucleolar organizing regions (NORs) of Chro-
mosome 18. We analyzed the association of the NOR with the
nucleolus through a combination of FISH and immunohisto-
chemistry. In fibroblasts containing two acrocentric copies of
Chromosome 18, a FISH probe for the Chromosome 18 cen-
tromere (18cen) always was found within 1 µm of the periphery
of the nucleolus (Fig. 4a). By contrast, a probe for the Chromo-
some 14 centromere (14cen), a chromosome without an rDNA
repeat, was rarely found within 1 µm of the nucleolar periphery
and commonly was localized more than 3 µm away (Fig. 4d). In
Rb9/+ and Rb9/Rb9 cells, the 18cen signals also localized near the
nucleolus, indicating that the Rb9 chromosome could integrate
into the nucleolus (Fig. 4b,c). One qualitative difference between
karyotypically normal (+/+) and Rb9 cells concerned the posi-
tioning of the two 18cen signals with respect to the nucleolus. In
karyotypically normal cells, the two 18cen signals tended to lie

near each other, on the same
side of the nucleolus. By con-
trast, the 18cen signals in Rb9/+
and Rb9/Rb9 cells often local-
ized to opposite sides of the
nucleolus (Fig. 4b), indicating
that, at least in fibroblasts, the
Rb9 chromosome was not inte-
grated into the nucleolus in the
same way as was the acrocen-
tric Chromosome 18.

To determine whether the
Chromosome 18 homologs
were mislocalized relative to
each other in the intestinal
epithelium itself, we analyzed
the distances between the
Chromosome 18 centromeres
in cells from this tissue. To do
so, we carried out interphase
FISH on 5-µm tissue sections
from intestines of karyotypi-
cally normal, Rb9/+ and
Rb9/Rb9 mice. We determined
the projected planar distance
between hybridization signals
with the probes 18cen, 18tel

Table 2 • LOH analysis of Rb9 ApcMin/+ tumors

Tumor Tumor
multiplicity, multiplicity Apc+/ApcMin ratio,

Genotype mean ± s.d. Class Number by class mean ± s.d.

Karyotypically normal 151 ± 46 LOH tumors 24/25 (96%) 144 0.161 ± 0.055

MOH tumors 1/25 (4%) 6 0.603

Normal controls 9 0.743 ± 0.085

Rb9 trans 12 ± 4 LOH tumors 22/30 (73%) 9 0.141 ± 0.060

MOH tumors 8/30 (27%) 3 0.676 ± 0.19

Normal controls 11 0.727 ± 0.25

Rb9/Rb9 8 ± 3 LOH tumors 24/40 (60%) 5 0.216 ± 0.097

MOH tumors 16/40 (40%) 3 0.780 ± 0.22

Normal controls 8 0.753 ± 0.12

1.2 µm
3 µm

6 µm
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Fig. 4 Nuclear localization of centromeres. a–d, Interphase FISH and immunohistochemistry were carried out on pri-
mary fibroblasts carrying zero, one or two copies of Rb9. a, In karyotypically normal (+/+) cells, the 18cen signals
(green) were found near the nucleolus (red) and typically near each other. b, In Rb9/+ cells, the 18cen signals were also
found near the nucleolus but were frequently contralateral. c, In Rb9/Rb9 cells, the 18cen signals were localized near
the nucleolus. d, As a control, a probe specific to the centromere of Chromosome 14, which does not have an NOR, was
used. The 14cen signals were usually located far from the nucleolus. Sometimes, by chance, one, but not both, of the
signals was found near the periphery of the nucleolus. For each genotype, at least 10 cells were examined for localiza-
tion of the centromeric signals. e–g, Measurement of the two-dimensional projection of the distance between Chro-
mosome 18 signals with interphase FISH. This figure shows extreme examples representative of each class, with the
distance between the two signals indicated. e, karyotypically normal (+/+); f, Rb9/+; g, Rb9/Rb9.
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and an interstitial probe (Apc)
(Table 3 and Fig. 4e–g). The
consistent inter-homolog dis-
tance in karyotypically normal
cells provided evidence for co-
localization of the homolo-
gous segments in interphase
nuclei. In karyotypically nor-
mal cells, the 18cen and 18tel
signals were separated in two-
dimensional space by an aver-
age of roughly 2.0 µm and
roughly 2.3 µm, respectively,
whereas the Apc signals lay roughly 2.9 µm apart (Table 3). In
Rb9/+ and Rb9/Rb9 cells, the spacings of homologous Apc and
18tel signals were the same as in karyotypically normal cells. By
contrast, in these cells, the homologous centromeric segments
were more widely separated than in karyotypically normal cells, by
3.0 µm in Rb9/+ and 4.5 µm in Rb9/Rb9, compared with 2.0 µm in
cells from karyotypically normal mice (Table 3). The distribu-
tions of projected distances were significantly different between
the genotypic classes. Thus, the Rb9 centromere seemed to
home to the nucleolus but mislocalized in the detailed nucleo-
lar assembly. These results support the hypothesis that Rb9
affects the pairing of the homologous substrates controlling the
somatic recombination event.

Discussion
Translocations generate novel joints of DNA sequence that can
provoke tumorigenesis through activation of proto-oncogenes or
loss of tumor-suppressor gene function. By contrast, the novel
joints involved in Robertsonian translocations have been
thought to be phenotypically benign in the soma. We found,
however, that a Robertsonian translocation can exert a profound
somatic phenotype: mice carrying one or two copies of the
Robertsonian translocation Rb9 have markedly lower intestinal
tumor multiplicity. We provided evidence against suppression of
tumor growth rate or of non-disjunction as the mechanism by
which Rb9 reduces tumor multiplicity. Further, with the excep-
tion of the possible deletion of rDNA repeats involved in the cen-
tric fusion, the translocation strains were isogenic to B6, so that
no other modifier locus could be involved in the suppression that
we observed. Instead, our results indicate that Rb9 suppresses
homologous somatic recombination on Chromosome 18. Thus,
Rb9 exemplifies a modifier of tumorigenesis involving polymor-
phic karyotypic organization rather than sequence heterozygos-
ity or polymorphic gene activity.

Which stage in recombinant production is impaired by the
translocation? One hypothesis is that the Rb9 effect on somatic
recombination occurs early during recombination; for example,
at the stage of pairing of the homologous substrates. An alternate
hypothesis is that Rb9 affects the production of recombinants at a
later stage. Rb9 could affect the resolution of the recombinant
chromatids, or daughter cells containing certain recombinant
genotypes could have a selective disadvantage. Our data are con-
sistent with an effect on substrate pairing.

We observed that the Rb9 chromosomes were mislocalized
near the centromere but not near the telomere. This observa-
tion is notable given the distribution of LOH along Chromo-
some 18 in tumors from ApcMin/+ mice. It has previously been
shown that each LOH event affects the entire length of Chro-
mosome 18 in tumors from B6AKRF1 ApcMin/+ mice4. To
understand how Rb9 could suppress somatic recombination,
we sought to understand the molecular identity of this postu-
lated  recombination hot spot.

A good candidate for the hot spot is Rnr18, the rDNA repeat
that lies near the centromere of Chromosome 18. NORs, which
are composed of rDNA repeats, are known to be common sites of
recombination in somatic cells. An appealing hypothesis is that
somatic recombination occurs at double-strand breaks arising at
replication forks stalled within rDNA repeats. Studies in
Escherichia coli indicate that arrest at replication forks is recom-
binogenic21. Indeed, in all organisms studied, homologous
recombination serves to repair stalled replication forks22.

What factors control recombination in the soma? Mutations in
such genes as the Bloom syndrome helicase (Blm), poly(ADP-
ribose) polymerase (Adprt1) and Trp53 have been directly shown
to increase the frequency of somatic recombination in vivo23–25.
Mutation of Blm also increases tumor multiplicity in ApcMin/+

mice through stimulation of inter-homolog recombination on
Chromosome 18 (ref. 23). In contrast with proteins that nor-
mally suppress somatic recombination, proteins including
Rad54, Brca1, Brca2 and Xrcc4 promote homologous somatic
recombination26. Notably, cells from mice carrying a mutation in
the gene associated with ataxia–telangiectasia (Atm) do not have
increased recombinational LOH compared with cells from wild-
type mice27.

Sequence divergence has also been shown to suppress homolo-
gous somatic recombination. It has been shown that LOH at the
Aprt locus is suppressed in cells from hybrids between distantly
related mouse strains20. This suppression of recombination
involves the DNA mismatch repair pathway; loss of mismatch
repair function leads to an increase in recombination between
divergent sequences but does not affect recombination between
identical sequences28. Recombinant production is suppressed in
the soma of experimental mice carrying other chromosomal
abnormalities such as inversions or reciprocal translocations29,30.
Suppression by Rb9 is unique, however, in that it is stronger when
Rb9 is homozygous. These other karyotypic abnormalities, by con-
trast, probably suppress recombination only when heterozygous31.

Finding that the Rb9 translocation suppresses somatic recom-
bination even when homozygous establishes that it affects an
early stage of the recombination process. Our studies have identi-
fied a third component of the system regulating somatic recom-
bination, the intranuclear localization of homologous
recombination substrates. We can now formulate a more com-
plete model of recombination between homologs in somatic
cells. To recombine at relatively high frequency, the homologous
segments must (i) co-localize and pair, at least transiently, during
interphase; (ii) share highly similar, if not identical, sequence;
and (iii) assemble the proper molecular machinery.

The development of human colorectal cancer has been pro-
posed to require a mutator phenotype in the form of either
microsatellite or karyotypic instability32. Is genomic instability
necessary for cancer initiation33? We have shown recently that
LOH in adenomas from ApcMin/+ mice can occur by somatic
recombination, and that adenomas from mice and humans have

Table 3 • Two-dimensional spacing between Chromosome 18 homologs in intestinal
epithelial cells

Inter-homolog spacing (µm), mean ± s.d. (n)

Cell genotype 18cena Apcb 18telb

+/+ 1.97 ± 1.0 (39) 2.86 ± 1.3 (69) 2.33 ± 1.1 (52)

Rb9/+ 3.03 ± .99 (28) 2.83 ± 1.4 (37) 2.20 ± 1.3 (41)

Rb9/Rb9 4.53 ± 1.6 (24) 3.31 ± 1.8 (48) 2.06 ± .97 (24)
aThe distributions of two-dimensional distances in this column were significantly different by Wilcoxon Rank Sum analy-
sis. The P values were as follows: karyotypically normal (+/+) versus Rb9/+, P = 5.6 × 10–6; karyotypically normal (+/+) ver-
sus Rb9/Rb9, P = 4.0 × 10–8; Rb9/+ versus Rb9/Rb9, P = 3.8 × 10–4. bNone of the pairwise comparisons in this column were
statistically different (P > 0.2, Wilcoxon Rank Sum test).
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stable microsatellites and a stable karyotype6. Here we provide
evidence that the tumor-initiating LOH event in Min mice
occurs largely, if not exclusively, by somatic recombination.
Thus, it seems that neoplastic growth can initiate in the complete
absence of either canonical form of genomic instability.

Robertsonian translocations are the most common structural
abnormality of human chromosomes, occurring at a frequency
of 1 in 1,000 births34. In humans, Robertsonian translocations
develop between the acrocentric chromosomes that carry the
NORs at their centromeric ends, namely, Chromosomes 13, 14,
15, 21 and 22. Carriers of these translocations are identified clin-
ically by a generalized reduction in fertility, a phenotype com-
mon to Robertsonian-translocation heterozygotes35.

Is the suppression of homologous somatic recombination by
Robertsonian translocations a factor in human cancer? It has
been shown that NOR function is commonly lost in human
Robertsonian chromosomes involving deletion of rDNA repeats
during the formation of the translocation36. The most common
Robertsonian translocation in humans is Rb(13q.14q), which
accounts for 70% of all centric fusions. On human Chromosome
13 resides the prototypic tumor suppressor, the retinoblastoma
gene (RB). At least one third of the cases of LOH in retinoblas-
toma involve somatic recombination37. Thus, the presence of a
Robertsonian translocation could be responsible for the non-
penetrant cases of retinoblastoma not explained by weak RB alle-
les38. By contrast, APC is located on Chromosome 5, which is not
known to be involved in Robertsonian translocation.

It will be interesting to determine whether inversions and reci-
procal translocations, which occur at frequencies similar to
Robertsonian translocations in humans39, also show karyotypic
suppression of somatic recombination, and in doing so protect
against LOH and cancer. We note that the frequency of chromo-
some abnormalities in human populations is probably increasing
owing to assisted fertility by in vitro fertilization and intracyto-
plasmic sperm injection35. Aside from their involvement in
Robertsonian translocations, rDNA repeats themselves can also
be polymorphic in length and thereby contribute to variable
probability of somatic recombination.

We have shown for the first time that certain chromosomal
configurations can protect against cancer: a rearrangement by
centric chromosome fusion can act as a polymorphic genetic
modifier of tumorigenesis. We show that loss of heterozygosity
owing to somatic recombination is less frequent when the two
homologous substrates are mislocalized with respect to each
other in the nucleus. These studies implicate chromosomal seg-
ment localization within the nucleus as an important factor in
the regulation of the homologous somatic recombination events
that remove wild-type tumor-suppressor alleles. The discovery
reported here that chromosomal polymorphisms can modify
tumor multiplicity expands the set of genetic polymorphisms
that can modify cancer risk in populations. It is important now
to investigate whether this class of polymorphic risk is significant
in the human population. The early adenoma of the Min mouse
has also permitted us to show that the canonical microsatellite
and karyotypic instabilities can be completely supplanted by
homologous somatic recombination. It is important to continue
to use genetically optimal mouse models to study in depth the
other mechanisms known or proposed to mediate the loss of
gatekeeper functions in cancer.

Methods
Mouse husbandry and genotyping. Mice were bred and housed at the
McArdle Laboratory for Cancer Research under conditions of husbandry
approved by the American Association of Laboratory Animal Care. They
were maintained on a Purina 5020 diet with 9% fat and 20% protein.

ApcMin/+ mice were genotyped as described40. We obtained Rb9 mice on
the C57BL/6JEi genetic background from the Jackson Laboratory Cryo-
preservation Facility. We identified Rb9 carriers by karyotyping peripheral
blood lymphocytes using a previously published protocol41. Female Rb9/+
mice transmitted the translocation chromosome to only 20% of their
progeny (χ2 = 22.6, P < 0.0005), whereas males transmitted Rb9 to only
40% of their progeny (χ2 = 4.26, P = 0.039).

Analysis of intestinal tumors. For each ApcMin/+ mouse, we removed the
entire intestinal tract, flushed it with 1× phosphate buffered saline and laid
it out on bibulous paper. We measured tumor sizes with a calibrated eye-
piece reticle on a Nikon SMZ-U dissecting microscope at ×10 magnifica-
tion. We assessed the regional distribution of tumors in the small intestine
by counting tumors in each 2-cm section of the small intestine, beginning
at the duodenum and ending at the ileocecal junction. We carried out
quantitative PCR to assess the allelic status at the Apc locus as described4.

Interphase FISH. We carried our interphase FISH on mouse and human
tissues as described42. The 18tel probe was a biotin-labeled, chromosome-
specific cosmid probe obtained from Applied Genetics Laboratories. We
isolated BAC probes for specific chromosomal loci from the RPCI-23 B6
BAC library (P. DeJong, Oakland, California, USA) with a PCR product
amplified from B6 genomic DNA. The coordinates of the clones are: Apc,
plate 164, well L14; 18cen, plate 112, well b21; 14cen, plate 106, well j24.
The 18cen BAC was isolated with a PCR product from the Tpl2 gene and
lay 2 Mb from the physical end of chromosome 18 (data from
http://mouse.ensembl.org). The 14cen probe was 10 Mb from the cen-
tromeric end of chromosome 14. We used BAC DNA for FISH after label-
ing it with digoxigenin by nick translation (Roche). We detected the probes
with antibody against digoxigenin labeled with fluorescein isothiocyanate
(FITC) or with FITC-avidin. Signals were amplified with rabbit antibody
against FITC labeled with AlexaFluor-488 and goat antibody against rabbit
labeled with AlexaFluor-488 (Molecular Probes). We counterstained nuclei
with propidium iodide.

Analysis of interphase FISH tissues. We used histological sections (5 µm)
of normal intestinal epithelium. For each sample (karyotypically normal
(+/+), Rb9/+, Rb9/Rb9), we found cells in which both hybridization sig-
nals were present on the same focal plane. We obtained digital images from
those cells with a Spot II digital camera (Diagnostic Instruments) mounted
on a Zeiss Axiophot microscope. We measured the distance between the
two hybridization signals using the ruler tool in Adobe Photoshop 5.5.

Combined FISH and immunohistochemistry. We combined immunohis-
tochemistry with FISH using a previously published protocol43. We used
mouse embryonic fibroblasts for karyotypically normal (+/+) and adult
primary fibroblasts derived from the body wall for Rb9/+ and Rb9/Rb9. All
cells were cultured in Dulbecco’s modified Eagle medium supplemented
with 10% fetal bovine serum. FISH probes were the same as those used on
tissue sections and were detected with antibody against digoxigenin
labeled with FITC. The nucleolus was detected with a polyclonal goat anti-
body against fibrillarin (Santa Cruz Biotechnology) and secondary donkey
antibody against goat labeled with AlexaFluor-594 (Molecular Probes). We
counterstained nuclei with DAPI.

Note: Supplementary information is available on the Nature
Genetics website.
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