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Letter

Genomic copy number and expression variation
within the C57BL/6] inbred mouse strain

Dawn E. Watkins-Chow and William ). Pavan’

Genetic Disease Research Branch, National Human Genome Research Institute, National Institutes of Health,
Bethesda, Maryland 20892, USA

The C57BL/é] strain is one of the most widely used animal models for biomedical research, and individual mice
within the strain are often assumed to be genetically identical after more than 70 yr of inbreeding. Using a single
nucleotide polymorphism (SNP) genotyping panel, we assessed if copy number variations (CNVs) could be detected
within the C57BL/é] strain by comparing relative allele frequencies in first generation (F,) progeny of C57BL/6]
mice. Sequencing, quantitative PCR, breeding, and array comparative genomic hybridization (CGH) together
confirmed the presence of two CNVs. Both CNVs span genes encoded on chromosome 19, and quantitative RT-PCR
demonstrated that they result in altered expression of the insulin-degrading enzyme (Ide) and fibroblast growth
factor binding protein 3 (Fgfbp3) genes. Analysis of 39 different C57BL/6] breeders revealed that 64% of mice from
the Jackson Laboratory colony were heterozygous for the CNV spanning Ide. Homozygotes with and without the
duplication were present in concordance with Hardy-Weinberg equilibrium (13% and 23%, respectively), and
analysis of archived samples from the C57BL/é] colony suggests that the duplication has rapidly reached a high
frequency in the colony since 1994. The identification of two CNVs in the small portion of the genome screened
demonstrates that individual mice of highly inbred strains are not isogenic and suggests other CNVs may be
segregating within C57BL/é] as well as other carefully maintained inbred strains. These differences can influence
interpretations of physiological, biomedical, and behavioral experiments and can be exploited to model CNVs

apparent in the human genome.

The recent identification of extensive genomic structural varia-
tion among normal, healthy individuals has highlighted the im-
portance of such diversity in human evolution and variation
(Eichler 2001; Iafrate et al. 2004; Sebat et al. 2004; Sharp et al.
2006a). Structural variation can take many forms including in-
versions, deletions, and duplications of DNA segments ranging
in size from single-base pairs to large rearrangements affecting
several Mb of DNA. Specifically, copy number variations (CNVs)
have been defined as genomic alterations involving duplica-
tion or deletion of >1 kb of DNA (Freeman et al. 2006). CNVs
can result in gene copy number differences and recently have
been implicated in a diverse group of human diseases includ-
ing nervous system disorders (Lee and Lupski 2006), mental
retardation (Sharp et al. 2006b), and cancer (La Starza et al.
2007).

The ability to model these and other human diseases in
mouse is extremely important in a broad range of biomedical
fields and is made possible in part by the existence of well char-
acterized inbred mouse strains whose importance as an experi-
mental system has been well documented (Paigen 1995; Rubin
and Barsh 1996; Hamilton and Frankel 2001). One of the oldest
used inbred control strains, C57BL/6], is derived from the C57BL
line first bred in 1921 by Dr. C.C. Little, founder of the Jackson
Laboratory (JAX Notes 1989). While many lines of C57BL/6 are
maintained throughout the world, one of the most widely used is
the C57BL/6] line that has been carefully inbred at the Jackson
Laboratory for over seventy years through more than 200 gen-
erations of brother-sister mating. Because of its widespread use in
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medical genetics and basic science, C57BL/6] was selected as the
basis of the mouse genome sequence build (Mouse Genome Se-
quencing Consortium 2002) and is also one of the strains chosen
to create a collection of knockout lines for the entire genome in
association with the NIH mouse genome knockout project
(KOMP) (The International Mouse Knockout Consortium 2007).
Additionally, C57BL/6] is a common strain used for ethyl nitro-
sourea (ENU) mutagenesis projects as well as in large-scale efforts
to map quantitative trait loci (QTLs) with designer mice includ-
ing chromosome substitution, congenic, consomic, and recom-
binant inbred lines (www.nmf.org; Kile et al. 2003; Wang et al.
2003; Churchill et al. 2004; Singer et al. 2004; Peters et al. 2007).

It is clear that different inbred strains have polymorphisms
in genomic copy number (Li et al. 2004; Snijders et al. 2005;
Graubert et al. 2007), and, within substrains, specific genetic dif-
ferences are expected (Bailey 1982) and have been identified
(Specht and Schoepfer 2001). However, the presence of possible
CNVs within carefully maintained inbred stocks such as C57BL/
6] has not been investigated. To assess the extent of CNV within
inbred strains, we utilized an Illumina single nucleotide poly-
morphism (SNP) genotyping platform to measure the ratio of
parental alleles in first generation (F,) progeny of C57BL/6] and
BALB/c] mice. After screening a small fraction of the murine ge-
nome, we identified two CNVs on chromosome 19 within the
C57BL/6] strain. Sequencing, quantitative PCR, and array com-
parative genomic hybridization (CGH) confirmed the CNVs and
showed that they significantly alter expression of the insulin-
degrading enzyme (Ide) and fibroblast growth factor binding pro-
tein 3 (Fgfbp3) genes. Our findings suggest that even the most
carefully maintained inbred strains carry genetic differences that
could have widespread implications for gene expression and phe-
notype studies.
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Results
Identification of CNVs within C57BL/é]

An Illumina SNP genotyping platform was used to measure the
relative ratio of parental alleles in the first generation (F,) prog-
eny of two inbred strains, C57BL/6] and BALB/cJ. In a genome
scan of 804 SNPs, a candidate CNV was identified at one SNP on
chromosome 19 (refSNP ID 1rs30920120) where DNA samples
from 158 F, animals did not show identical heterozygosity but,
instead, fell into two discrete genotype classes that differed in
their signal intensity ratio. Some heterozygotes appeared to carry
a single copy of the C57BL/6] allele (B6/BALB) while others ap-
peared to carry a duplicated copy of the C57BL/6] allele (DupB6/
BALB) (Fig. 1A).

To further investigate a possible copy number variation at
this locus we developed a real-time PCR assay to quantitatively
determine the relative ratio of the two parental alleles in hetero-
zygous samples. Genotyping of samples included in the genome
scan using this independent technique confirmed the presence
of two genotype classes of heterozygote F, animals (Fig. 1B). Ad-
ditionally, sequencing across SNP rs30920120 in representative
samples from each F, genotype class revealed altered peak height
ratios consistent with the ratios we observed on the Illumina
platform and real-time PCR assays (Fig. 1C). Because the initial
population of heterozygote F, animals screened on the Illumina
platform included progeny that were bred as part of an ENU
screen, we could not rule out that ENU treatment was introduc-
ing a high frequency of de novo duplications or deletions. Thus,
we bred additional mice to confirm the presence of a CNV in a
non-ENU-treated, wild-type colony. In total, 166 heterozygote F,
progeny from the wild-type colony were genotyped at
130920120 using our real-time PCR SNP genotyping assay. These
progeny were bred from C57BL/6] and BALB/cJ inbred mice ob-
tained directly from the Jackson Laboratory. We observed both
classes of F; animals in crosses set up in reciprocal directions with
respect to maternal and paternal strain, and the two classes did
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Figure 1. Three techniques support a CNV in C57BL/6) X BALB/c] first generation offspring. (A) An
lllumina platform SNP genotyping assay reveals two classes of heterozygote F, animals that differ in
their ratio of C57BL/6) allele intensity compared to BALB/c| allele intensity at SNP rs30920120. (B) A
real-time PCR assay was used to confirm the two classes of heterozygote F, animals detected in the SNP
genotyping assay shown in panel A. (C) Sequencing of SNP rs30920120 confirms an altered parental
ratio in two representative individuals from each of the two heterozygote F, genotype classes.
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not segregate with gender of the F, offspring. However, we ob-
served that not every breeding pair produced both genotype
classes. A subset of C57BL/6] breeders produced both B6/BALB
and DupB6/BALB F, offspring in a 50:50 ratio whereas other
breeders produced offspring only of a single genotype class (Fig.
2A). The genotype of the F; offspring produced by each C57BL/6]
breeder was consistent when rotated through multiple BALB/cJ
breeders. However, the reciprocal was not true. Individual BALB/
cJ breeders produced different classes of F, offspring that could
vary from litter to litter as C57BL/6] breeders were rotated. For
example, a single BALB/cJ breeder produced 11 B6/BALB off-
spring with one C57BL/6] mating partner and then in subse-
quent litters the same BALB/cJ breeder produced a mix of off-
spring (six B6/BALB and six DupB6/BALB) with a second C57BL/
6] mating partner. This result suggested that the C57BL/6]
breeders were introducing the variability we observed in the F;
offspring and led us to hypothesize that a CNV was present
within the C57BL/6] inbred colony and some individual C57BL/
6] mice were heterozygous with respect to their copy number at
this SNP.
To confirm the presence of a CNV in our individual C57BL/
6] breeders, we carried out array CGH analysis using DNA
samples from 14 animals within our pedigree. The array CGH
confirmed that the source of the CNV was indeed differences
among individual C57BL/6] breeders (Fig. 2B). Analysis of two
BALB/cJ animals, one that had produced only B6/BALB offspring
and one that had produced a mix of B6/BALB and DupB6/BALB
offspring, showed that both BALB/c]J breeders had the same ge-
nomic copy number in the region of chromosome 19 flanking
SNP rs30920120. However, among seven different C57BL/6] ani-
mals included in the CGH analysis, three carried an extra copy of
this region. In all three cases those animals had produced both F;
genotype classes in their offspring. Four C57BL/6] animals
showed no increased copy number in the CGH analysis, indicat-
ing they were homozygous for a single copy of the locus and
consistent with breeding results where all four produced a single
genotype (B6/BALB) in their progeny.
The CGH results pinpointed the bound-
aries of the C57BL/6] CNV to an ~112-kb
region of chromosome 19 (NCBI Build
36, chromosome 19 37.303-37.415 Mb)
including the entire insulin-degrading
enzyme locus (Ide) and the first exon of
Kif11 (Fig. 2C). CGH analysis also iden-
tified a second CNV of ~60 kb (NCBI
Build 36, chromosome 19 36.977-
37.037) containing fibroblast growth
factor binding protein 3 (Fgfbp3) and 5’
2 exons of Btaf1 RNA polymerase II (Btaf1)
B6/BALB .
(Fig. 20).
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Linkage analysis

Our CGH results were consistent with
individual C57BL/6] mice having a vari-
able copy number at the Ide locus. How-
ever, we did not know if the extra copy
of the Ide locus observed in some ani-
mals was located in close physical prox-
imity to the known chromosome 19 lo-
cation or in an unlinked region of the
genome. Two methods confirm that the
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Figure 2. Breeding and CGH confirm CNV between individual C57BL/6) breeders. (A) The number
of F, offspring in each genotype class is shown for 13 different C57BL/6| breeders. Eight breeders (1-8)
are heterozygous at the locus (DupB6/B6) and transmitted an extra copy of the Ide locus to ~50% of
their offspring. Five breeders (breeders 9-13) are presumed homozygous for the locus (B6/B6) and did
not transmit a duplicated copy of the locus. Shading highlights C57BL/6] breeders where copy number
was confirmed by CGH analysis. (B) CGH detects CNVs in the C57BL/6) strain. Data are shown for
hybridizations of five different C57BL/6) breeders each compared to a sixth C57BL/6] breeder as a
reference sample. The normalized log, ratio is plotted for each probe within the portion of chromo-
some 19 indicated. Test and reference sample numbers correspond to the animal numbers for indi-
vidual C57BL/6) breeders shown in panel A. For each pair of samples the copy number ratio is given
to indicate if hybridizations revealed an equal genomic copy number (3:3) or a reduced copy number
(2:3) between the test and reference sample. (C) The location of the CNV and fosmid clones used for

for these other four genes (Btaf1, MarchS,
Cpeb3, Kif11), indicating that either the
regulation of these genes is not affected
by the rearrangement, expression was
measured in an inappropriate tissue, or
feedback mechanisms exist to correct for
any changes in copy number.

High frequency in C57BL/6] stock

The CNV spanning Ide is present at a
high frequency within the C57BL/6]
stock and was stable through at least
three generations of breeding in our
colony. Using DNA from archived
crosses involving C57BL/6] and BALB/c]J,
we found animals heterozygous for the
CNV in four independent shipments re-
ceived from Jackson Laboratories be-
tween April 2005 and November 2006.
In total, we genotyped F;s from 39 dif-
ferent C57BL/6] breeders, each having
litter sizes large enough to allow us to
make assumptions about their geno-
type status by testing for significance
(P <0.095) if a single genotype class was
observed rather than the 50:50 ratio of
B6/BALB:DupB6/BALB F;s expected
from a C57BL/6] breeder heterozygous
for the duplication (B6/DupB6). In the
sample of 39 breeders, 25 (64%) pro-
duced F, progeny of both genotype

FISH are shown relative to RefSeq genes in the region.

multiple copies of Ide in DupB6/BALB animals are tightly linked
on chromosome 19. First, two fosmid clones (G135P64894C2/
WI-1411L21 and G135P68275D8/WI-80719), each spanning ~40
kb of the 112 kb affected region identified by CGH, were used for
fluorescent in situ hybridization (FISH). Metaphase chromosome
spreads of an F; animal from the DupB6/BALB group revealed
signal at a single location on chromosome 19 (Fig. 3A), consis-
tent with the multiple copies of this locus being within several
Mb of each other. Also, in genotyping of 27 heterozygote off-
spring from a (DupB6/BALB F, X BALB/cJ) cross, the multiple
C57BL/6] copies of the Ide locus co-segregated, providing addi-
tional evidence that all copies of the Ide locus reside in close
proximity on chromosome 19.

CNVs alter expression of duplicated genes

Since the entire coding region of Ide and Fgfbp3 are included in
the two CNVs identified, we used real-time RT-PCR to investigate
if their expression differed between B6/BALB and DupB6/BALB F,
animals. Indeed, DupB6/BALB F, animals showed significantly
increased expression of Ide in spleen and brain (1.7-fold increase)
and of Fgfbp3 expression in spleen (1.6-fold increase; Fig. 3B).
Interestingly, Fgfbp3 was expressed but not altered in brain, sug-
gesting that a brain-specific regulatory element may be altered in
the extra copy of the gene. We also looked at expression of four
other genes in the regions that either overlap the breakpoints or
lie between the CNVs. We did not detect any significant expres-
sion differences in brain or spleen between the genotype classes

classes consistent with heterozygosity

for the CNV spanning Ide. Additionally,

we observed nine breeders (23%) that
only produced B6/BALB F, offspring, suggesting they were ho-
mozygous for a single copy of the Ide locus (B6/B6), and five
breeders (13%) that produced only DupB6/BALB F, as expected
from homozygotes carrying a duplicated copy of the locus
(DupB6/DupB6). The observed frequency of apparent homozy-
gotes within the C57BL/6] animals we used in this study is in
concordance with Hardy—-Weinberg equilibrium. To further in-
vestigate if there would be selection against homozygotes within
the colony, we intercrossed two F; animals carrying duplications
of the C57BL/6] Ide locus (DupB6/BALB X DupB6/BALB). The
genotypes of 26 progeny (19% DupB6/DupB6, 46% DupB6/
BALB, 35% BALB/BALB) from this intercross did not differ sig-
nificantly from the expected frequency (25%, 50%, 25%), pro-
viding additional support that homozygotes for a duplicated
copy of Ide are viable and there is no significant selection against
them in the population. Additionally, our CGH analysis included
analysis of two animals homozygous for a single copy of the Ide
locus and two animals homozygous for a duplicated copy of the
Ide locus, thus confirming the presence of viable homozygotes of
each class. We also backcrossed and intercrossed F; mice with
and without the duplication, and in each case the parental chro-
mosome was stably transmitted and no de novo rearrangements
or reversions were observed.

The concordance with Hardy—-Weinberg equilibrium could
suggest that this genomic rearrangement occurred a long time
ago in the C57BL/6] colony. To address when this rearrangement
arose, we analyzed samples from a closely related strain, C57BL/
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Figure 3. Multiple copies of chromosome 19 CNVs are tightly linked
and result in altered gene expression. (A) FISH using a fosmid clone
from the region hybridized to metaphase spreads from a DupB6/BALB F,
animal. Signal observed in the four chromatids of two homologous
chromosomes corresponds to a single location on mouse chromo-
some 19. (B) Fgfbp3 and Ide expression are increased in animals carry-
ing gene duplications. Expression of fgfbp3 is significantly (P < 0.001)
increased in spleen, but not affected in brain. Expression of Ide is
significantly increased in both spleen (P < 0.001) and brain (P < 0.01).
The graph depicts the mean=+one standard deviation for data from
four to six replicates from each of seven to eight animals in each

group.

10, which was separated from C57BL/6 sometime prior to 1937
(Festing 1998) as well as samples from the C57BL/6] colony
prior to 1994. Ten individual C57BL/10J animals were bred
to BALB/cJ, and F, progeny were genotyped using the real-
time PCR assay used in our C57BL/6] F; progeny. No variation
in copy number was observed for any F, offspring of the 10
breeders. These results support that all 10 C57BL/10] breeders
were homozygous for a single copy of the Ide locus. Addition-
ally, the status of the C57BL/6] colony prior to 1994 was assessed
by genotyping samples from the BSS and BSB mouse inter-
specific backcross DNA panels (Rowe et al. 1994). This commu-
nity mapping resource was bred prior to publication in 1994
and variation within the backcross progeny would reflect any
variation present in the parental C57BL/6] breeders. For this
analysis we genotyped the 188 N2 animals by measuring
peak heights for a simple sequence length polymorphism
(SSLP) marker (D19Mit88) within the CNV spanning Ide to
quantitate the ratio of the C57BL/6] allele compared to the
SPRET/E] allele in each backcross sample. No variation in the
ratio of C57BL/6] to SPRET/Ei was observed in any of the hetero-
zygote N2 samples, and our observed ratios were consistent with
all C57BL/6] breeders used to establish this cross being homozy-
gous for a single copy of the region. We conclude that the CNV
we observe spanning the Ide locus arose after 1994, however,
because of the small number of breeders used to establish the
backcross panels, we cannot eliminate the possibility that the
CNV was present at a low frequency in the population at that
time.

Discussion

To identify possible CNVs within inbred mouse strains, we mea-
sured the relative ratio of parental alleles in the F, progeny of two
inbred strains, C57BL/6J and BALB/cJ. A CNV was identified on
chromosome 19 and verified by independent techniques includ-
ing quantitative PCR and sequencing. Subsequent pedigree
analysis and array CGH identified a second CNV on chromosome
19 and confirmed that the two CNVs are present within the
highly inbred C57BL/6] colony and alter expression of the Ide
and Fgfbp3 genes.

The identification of the CNV spanning Ide in the small
portion of the genome we initially screened for allelic ratios sug-
gests that other CNV:s are likely to be present within C57BL/6] as
well as other carefully maintained inbred strains. The Illumina
SNP genotyping technology we utilized for a small-scale screen of
804 informative SNPs distributed across the genome has the po-
tential to detect CNVs of any length that span the SNPs utilized,
and thus we can assume that we might have detected the major-
ity of very large CNVs. However, little is known about the average
size of potential CNVs within the mouse genome. Until recently,
studies were biased toward the identification of the largest CNVs
because of the limited resolution of available techniques for de-
tection. More recently, a comprehensive study in mouse utilized
array CGH with an average oligo spacing of ~5 kb to identify 80
likely CNVs after screening animals from 20 different strains. The
authors identified an average number of 22 CNVs per strain with
an average size of 271.5 kb (Graubert et al. 2007). However, re-
cent data using the higher resolution platforms available for hu-
man studies suggest that the average CNV size may be much
smaller. For example, the median size of all CNVs in the Database
of Genomic Variants was reported in 2006 as 18 kb, despite an
average size of 118 kb (Freeman et al. 2006), consistent with the
majority of human CNVs being relatively small. Additionally,
analysis of more than 1000 CNVs identified in human using
SNP-based methods, rather than array CGH, found the majority
were <10 kb (Eichler 2006). If the majority of CNVs in mouse are
similar in size to what is being observed in human, then the SNP
panel we used with an average spacing of >3 Mb would only be
sufficient to detect a very small fraction of existing CNVs. Full
characterization of the extent of intra-strain CNVs will require
additional work taking advantage of the latest generation of
high-density array CGH technologies.

To limit genetic drift in the Jackson Laboratory colonies,
C57BL/6] along with other strains are rederived from a frozen
embryo stock every five generations (Taft et al. 2006). The high
frequency of heterozygosity we observed for these CNVs in the
C57BL/6] colony (64%) suggests that they may exist within the
frozen stock and will persist in the population independent of
any possible selection. Alternatively, the CNVs could have origi-
nated in a single animal after cryopreservation and quickly
reached a high frequency in the population because of a popu-
lation bottleneck created during the recovery of the cryopre-
served strain. If this is the case, additional intra-strain CNVs
could rapidly introduce unexpected variation into these carefully
maintained stocks. Collectively, CNVs like the two we report
could account for some of the phenotypic variability reported
within strains and previously attributed to environmental, epi-
genetic, or stochastic differences (Crabbe et al. 1999; de Four-
mestraux et al. 2004) and could also alter interpretations of large-
scale efforts to collect phenotypic data from inbred strains
(Bogue et al. 2007). Possible intra-strain CNVs also need to be
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considered when interpreting efforts to identify copy number
differences among different strains. Indeed, the intra-strain CNV
we report spanning Ide has been previously published as a strain-
specific difference between C57BL/6] and BALB/cJ (Lakshmi et al.
2006). Additional effort to identify and characterize existing in-
tra-strain CNVs within carefully maintained stocks could in-
crease the diversity of available inbred strains and strengthen
their potential to model human variation, especially in light of
recent work highlighting the importance of CNVs in human dis-
ease (Freeman et al. 2006; Lee and Lupski 2006; Sharp et al.
2006b).

The CNVs we identified cause duplication of the Ide and
Fgfbp3 genes in a high proportion of C57BL/6] individuals and
result in increased gene expression. The implications of these
findings are important considering that Ide expression differ-
ences in engineered mice have been shown to have significant
effects on disease phenotypes (Farris et al. 2003; Leissring et al.
2003) and that variants near the IDE locus have been associated
with risk for human type 2 diabetes (T2D) (Scott et al. 2007) and
Alzheimer disease (AD) (Mueller et al. 2007; Vepsidldinen et al.
2007). Mice carrying subtle differences in Ide expression will be
useful for understanding the specific role, if any, of IDE in the
pathogenesis of T2D and AD since studies on the association of
IDE with disease have been inconclusive (Qiu and Folstein 2006).
It is crucial that the status of the Ide CNV in various C57BL/6
colonies be determined since both T2D and AD are often mod-
eled in C57BL/6] mice, whose gene copy number differences
identified here could directly influence the exact phenotypes un-
der investigation.

Given the extensive use of C57BL/6] in research, knowledge
of the precise content of its genome is extremely important. Over
90% of the mouse genome sequence is thought to be complete
with NCBI Build 37.1; however, the extent of intra-strain varia-
tion is not likely to be represented by such efforts. With the
increasing availability of techniques to rapidly and inexpensively
characterize intra-strain variation, it is important for the research
community to begin to identify existing CNVs in the most
widely used strains where genetic drift has been limited by cryo-
preservation programs. This effort would allow the affects of
CNVs in humans to be modeled on controlled genetic back-
grounds. Additionally, if intra-strain CNVs are widespread within
inbred colonies, they may complicate large scale efforts in mouse
to study complex diseases using recombinant inbred and con-
genic strains, which may indeed carry polymorphisms at loci
outside the selected regions. While we cannot limit de novo
events that will surely introduce minor variability into inbred
strains, documentation of CNVs that are fixed in existing popu-
lations will provide details that will ultimately extend the utility
of the genomes of mouse inbred strains.

Methods

Genome scan

Genotyping services were provided by the Center for Inherited
Disease Research (CIDR, Baltimore, MD) using a commercially
available medium density mouse linkage panel (Illumina) to
genotype 804 autosomal SNPs polymorphic between C57BL/6]
and BALB/c] on 158 first generation offspring (F;s). Data were
analyzed using BeadStudio software (Illumina) and Excel (Micro-
soft). A single SNP (gnf19.035.019 corresponding to refSNP ID
r$30920120) showed evidence of CNV.

Mouse husbandry

BALB/cJ and C57BL/6] inbred mouse strains were purchased from
The Jackson Laboratories (Bar Harbor, ME). All other mice were
bred and housed in an NHGRI animal facility according to NIH
guidelines.

Real-time PCR

Tagman MGB probes (Applied Biosystems) were designed across
SNP 1530920120 specific for the C57BL/6] allele (Fam-
ACGTGTTAGGTCGTTGG) and the BALB/cJ allele (Vic-
ACGTGTTAGGTGGTTGG). PCR reactions were carried out in 1 X
GenAmp Fast PCR Master Mix, 900 nM each primer (AGGGAAC
TGAACTGACTGTACTCA and CAAATATCACAAAGAAATTG
GAAAGGTATAAATATCCC), and 200 nM each allele-spe-
cific probe. Cycling conditions were 20 sec at 95°C followed
by 40 cycles of 92°C for 3 sec, and 60°C for 30 sec. Relative
quantitation of the SNP locus was determined in an end-point
assay.

CGH

Genomic DNA samples were prepared from tail or liver samples
using a PUREGENE DNA purification kit (Gentra Systems, Inc.)
according to the manufacturer’s instructions. In some cases DNA
was repurified using a Qiagen DNeasy Tissue Kit (Qiagen) and if
necessary concentrated using Microcon YM-100 centrifugal filter
devices (Millipore). Labeling and hybridization was carried out
by a commercial array CGH service (Nimblegen Systems). An
oligonucleotide array (Nimblegen #B4351-08-01) of 38,500
probes of 50-75 bp with an average spacing of 656 bp was used
covering a portion of mouse chromosome 17 and all of chromo-
somes 18, 19, X, and Y. Analysis was not done on the data from
the X and Y chromosome because of low probe density. The
autosomal probes contained on this array represented ~7% of the
NCBI Build 36 mouse genome. Cy3 and CyS signals were nor-
malized to one another (Workman et al. 2002), and DNA seg-
mentation analysis (Olshen et al. 2004) was carried out after win-
dow averaging. DNA samples from 14 animals within our pedi-
gree were used in various combinations and all hybridization
results revealed consistent breakpoints.

FISH

Fosmid clones from the WI1 library (G135P64894C2/WI-
1411121 and G135P68275D8/WI-80719) were obtained from
BACPAC Resources (Children’s Hospital and Research Center,
Oakland, CA). DNA was prepared using a Qiagen Large Construct
Kit (Qiagen). Metaphase spreads were prepared from blood col-
lected by retro-orbital bleeds. Labeling and hybridization was
performed using standard techniques as previously described
(Dutra et al. 1996).

Gene expression

Animals from each heterozygote F, genotype group were
used. For each tissue, two independent RNA samples were pre-
pared using Trizol Reagent (Invitrogen Corporation) according to
the manufacturer’s instructions. First strand cDNA was prepared
using Superscript II (Invitrogen). Relative gene expression assays
were done using Tagman assays commercially available from ABI
for each gene. Gene expression was normalized to GAPDH in
multiplex reactions, and fold expression in DupB6/BALB F; s rela-
tive to B6/BALB F,s was calculated using the Comparative C
Method. Seven to eight animals from each group were used to
quantitate gene expression in the DupB6/BALB animals relative
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to the B6/BALB animals. Expression was normalized to GAPDH,
and four to six replicates for each animal were averaged. The
mean of the two groups was compared using an unpaired -test
performed with QuickCalcs free online software (www.graphpad.
com; GraphPad Software). We did not detect any significant dif-
ferences in gene expression for four other genes in the region that
either overlap the breakpoints of the rearrangement or lie be-
tween the two CNVs (Btaf1, March5, Cpeb3, Kifl11).
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