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Abstract

Ts65Dn is a mouse model of Down syndrome; a syndrome that results from Chromosome (Chr)
21 trisomy and is associated with congenital defects, cognitive impairment, and ultimately
Alzheimer’s Disease. Ts65Dn mice have segmental trisomy for distal mouse Chr 16, a region
sharing conserved synteny with human Chr 21. As a result, this strain harbors three copies of over
half of the human Chr 21 orthologs. The trisomic segment of Chr 16 is present as a translocation
chromosome (Mmu 1716), with breakpoints that have not been defined previously. To molecularly
characterize the Chr 16 and Chr 17 breakpoints on the translocation chromosome in Ts65Dn mice,
we used a selective enrichment and high-throughput, paired end sequencing approach. Analysis of
paired end reads flanking the Chr 16, Chr 17 junction on Mmu1716 and de-novo assembly of the
reads directly spanning the junction provided the precise locations of the Chr 16 and Chr 17
breakpoints at 84,351,351 bp and 9,426,822 bp, respectively. These data provide the basis for low
cost, highly efficient genotyping of Ts65Dn mice. More importantly, these data provide, for the
first time, complete characterization of gene dosage in Ts65Dn mice.

Introduction

Down syndrome (DS) is a congenital condition caused by the presence of three copies
(trisomy) of all or part of human Chromosome (Chr) 21. Trisomy 21 (Ts21) remains the
most common aneuploidy among live born infants and DS is the most frequent genetically
defined cause of mental retardation in humans, with over 350,000 affected individuals in the
US population (Down Syndrome Research and Treatment Foundation). Mouse models for
DS are a valuable resource for research as they provide a genetically defined, experimentally
malleable system that recapitulates many features of human DS. The development of mouse
models was predicated on regions of conserved synteny between human Chr 21 and mouse
Mmul0, 16 and 17, with the highest proportion of orthologs on Mmu16 (Chr 16). Because
trisomy 16 mice do not survive past birth and contain a large number of orthologs from
other human chromosomes, they are not a good model for DS. Therefore, a segmental
trisomy 16 strain containing the majority of the syntenic region, Ts(1716)65Dn (abbreviated
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Ts65Dn), was developed in Dr. Muriel Davisson’s laboratory and this model has since
become the best characterized and most widely used mouse model for Down syndrome
research (Costa et al. 2010; Davisson et al. 1993; Reeves et al. 1995).

Ts65Dn mice carry one product of a reciprocal translocation between Chrs 16 and 17. The
translocation was induced through irradiation of male mice of the strain DBA/2J and
isolated by selective breeding for translocation products involving Chr 16 (Davisson et al.
1993). Ts65Dn mice are aneuploid and carry the translocation chromosome, Mmu1716
(1719), as a freely segregating, supernumerary chromosome. In male mice, the extra
chromosome is associated with abnormal meiotic pairing and infertility (Davisson et al.
2007; Reinholdt et al. 2009), therefore the strain is maintained by breeding through the
female germ line, and while there is evidence that the translocation chromosome undergoes
recombination during female meiosis, it is likely that recombination frequencies are low due
to lack of a true homolog. Indeed, DBA/2J SNPs have been retained on the translocation
chromosome, despite over 200 outcrosses to an unrelated F1 strain, B6C3F1, indicating that
recombination frequencies are likely suppressed during female meiosis. The discovery of
these SNPs has allowed for the recent development of a SNP based genotyping assay
(Lorenzi et al. 2010), allowing for a simpler and cheaper pre-screening genotyping
methodology to use with quantitative PCR or DNA FISH methods that are typically
employed for genotyping these mice (Liu et al. 2003). However this SNP based assay has
been shown to have a low percentage of false negative and false positive genotypes due, in
part, to its dependence on a segregating allele.

The 1716 chromosome carries ~13.4 Mb of distal Chr 16, from Mrp/39to Zfp295 fused with
the centromere of Chr 17 and up to 10 Mb of Chr 17 sequence just proximal to the
centromere (Figure 1). While significant progress towards mapping of the 1716 translocation
breakpoint has been made, the sequence of the breakpoint has yet to be defined. Previous
work has shown that the Chr 16 breakpoint is between two adjacent genes, Ncam?2
(81,624,530 bp; NCBI37/mm9) and Mrp/39(84,718,526; NCBI137/mm9) and that the Chr 17
breakpoint is between D17Mit19 (4,804,658 bp; NCBI37/mm9) and D17Mit58 (10,489,635
bp; NCBI37/mm9) (Akeson et al. 2001; Kahlem et al. 2004). The Chr 17 breakpoint is distal
t0 5,988,977 by DNA FISH (Li et al. 2007), indicating that the chromosome 17 region on
1716 s at least ~6.0 Mb and could be as high as 10.4 Mb. Consequently, while the
breakpoint region on Chr 16 has been mapped to a relatively short interval (~3 Mb), the Chr
17 breakpoint is less well defined and by extension, the dosage of proximal Chr 17 genes
remains unknown. Therefore, the extent to which Chr 17 alleles might contribute to the
phenotypes observed in Ts65Dn mice cannot be determined.

To molecularly define the translocation breakpoint in Ts65Dn mice, a targeted re-
sequencing approach was used. An analysis of paired end reads spanning the breakpoint and
single reads, mapping directly to the breakpoint revealed the precise locations of the Chr 16
and 17 breakpoints, as well the specific sequence of the breakpoint region on the 1716
translocation product. These data provide, for the first time, a complete picture of gene
dosage in this important disease model.

Materials and Methods

DNA capture and High Throughput Sequencing

B6EiIC3Sn a/A-Ts(1716)65Dn (Ts65Dn, The Jackson Laboratory stock #1924) DNA was
obtained from the DNA Resource at The Jackson Laboratory. The HTS libraries were made
following Hodges et al., 2009 (Hodges et al. 2009) except that size selection was done using
Pippin Prep from Sage Science (http://www.sagescience.com/) with a target size of 400 bp.
Twenty ug of the adapter-modified DNA library fragments were hybridized to each of two,
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custom designed 1M Agilent SureSelect DNA Capture Arrays representing the target
sequence: Chr 16: 83,500,000-85,500,000 and Chr 17: 3,500,000-11,250,000. The two
arrays contained 1,871,618 tiled probes (3 bp offset) representing 6,168,324 bases of the
9,750,000 Mb target sequence or 63.7% of the target sequence. Regions not represented by
probes were repeat sequences. Capture and recovery of enriched genomic DNA was
performed as described by the manufacturer. After amplification of the DNA from the
arrays, ALINE SizeSelector-1 beads (ALINE Bioscience, Woburn, MA) were used to purify
the desired size fragments away from residual primers. The libraries were then quantified
using a Thermo Scientific NanoDrop 2000 spectrophotometer, and quality-tested on an
Agilent Technologies 2100 Bioanalyzer. Samples were diluted for loading on an Illumina
cBot Cluster Generation System which carries out automated solid phase PCR (bridge PCR)
on the 8-lane flow cell to create the clustered template DNA fragments for sequencing via
the Illumina GA 1Ix. Nearly 30 million, 76 bp paired end reads were generated.

High Throughput Sequencing Data Analysis

The sequencing data were aligned to the C57BL/6J reference genome (NCBI m37/mm9)
using BWA (Burrows Wheeler Alignment) and the alignments were visualized and analyzed
using the Integrated Genomics Viewer (Broad Institute, http://www.broadinstitute.org/igv/).
Sequencher 4.9 (Gene Codes Corporation) was used for de novo assembly of reads spanning
the translocation breakpoint and custom scripts were used to calculate coverage statistics.

Breakpoint PCR

Primers spanning the translocation breakpoint were designed using Primer3 software (Broad
Institute). The breakpoint primer sequences were Chr17fwd_5’-
GTGGCAAGAGACTCAAATTCAAC-3 and Chrl6rev_5'-
TGGCTTATTATTATCAGGGCATTT-3". These primers amplify a ~275 bp product from
junction site of the 1716 translocation product. Positive control primers were IMR8545_5’-
AAAGTCGCTCTGAGTTGTTAT-3" and IMR8546_5'-
GGAGCGGGAGAAATGGATATG-3’, which amplify a 600 bp product from the Rosa
locus. In a 50 pl total reaction, all 4 primers were used at a final concentration of 0.4 pM
each. PCR cycling conditions were 94°C — 2min, 94°C — 45sec, 55°C — 45sec, 72°C —1min
for 40 cycles, followed by a final 7 min. extension at 72°C — 7min. PCR products were
separated on a 1.5% agarose gel. For the purposes of validation, 209 samples that were
previously genotyped by either by quantitative PCR (Liu et al. 2003) or DNA FISH as being
either positive, negative or inconclusive for the segmental trisomy were genotyped by
breakpoint PCR. Among this set of samples were samples from Ts65Dn mice and 2
derivative strains, B6EiC3Sn.BLiA-Ts(1716)65Dn/DnJ (The Jackson Laboratory, stock
#5252) and B6EiC3Sn-Rb(12.Ts171665Dn)2Cje/CjeDn (The Jackson Laboratory, stock
#4850). Additionally, 113 samples derived from Ts65Dn mice and genotyped using the SNP
based genotyping prescreen (Lorenzi et al 2010) and FISH confirmation (Moore et al. 1999).

Fluorescent in situ hybridization

Bacterial artificial chromosomes (BACs) containing genomic segments from Chr 16 and Chr
17 that were closely located near the breakpoints (within 100 kb) but did not span the
breakpoints were selected: RP23-325G3 (Mmul6 coordinates: 84,076,476-84,273,785),
RP23-18M23 (Mmu16; 84,404,243-84,614,960), RP23-67A9 (Mmul7; 9,097,314—
9,356,527) and RP23-178A3 (Mmul7: 9,503,820-9,692,678)(Figure 4A). Clones were
labeled by incorporating Aqua or Orange-dUTP (Abbott) by nick translation (Rigby et al.
1977). Combinations of a Mmu16 and Mmul7 probe were denatured and hybridized
overnight to slides containing metaphase spreads prepared from peripheral blood samples
(Akeson and Davisson 2001) in hybridization buffer containing 2X saline-sodium citrate
(SSC) buffer, 10% dextran sulfate, 50% formamide and 1 mg/ml mouse Cot-1 DNA at 37C.
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Slides were washed in 1.5X SSC/50% formamide at 25C and then 1.5X SSC, each for 2
minutes at 25C. Slides were visualized using an Olympus BX51 epifluorescent microscope
equipped with the appropriate Vysis filter cubes.

High throughput sequencing approaches, including targeted sequencing of samples enriched
for specific regions of interest and whole genome sequencing, have recently proven useful
for identification of chromosomal breakpoints at base pair resolution in genomes harboring
chromosomal rearrangements (Talkowski et al. 2011). To determine the optimum approach
(whole genome or targeted sequencing), the final coverage requirements were estimated.
Based on previous sequence capture data, a minimum read depth requirement of 5 reads was
established to ensure sufficient sampling of each haplotype in the region of interest.
Therefore, since Ts65Dn mice are trisomic for the regions of interest, a minimum read depth
of 15 reads was required for sufficient sampling. Data from our previous targeted re-
sequencing efforts indicated that 150X oversampling was sufficient to ensure 15 reads
minimum coverage within the targeted region (D’Ascenzo et al. 2009). Taking into account
that some reads spanning the 1716 junction might fail to successfully align to the reference
genome, an oversampling goal of 200X was established. Considering a target region of ~13
Mb (based on the combined mapping data for the Chr 16 and Chr 17 breakpoints), we
estimated that 2.6 Gb (13 Mb x 200) of sequence would be needed to sufficiently cover the
targeted regions at a minimum depth of 15 reads. To maximize oversampling of the target
region, two 1M feature arrays with overlapping DNA probes (3 bp offset, 60 bp probes)
were used to enrich for Chr 16 sequence between NcamZ2and Mrpl39, as well as Chr 17
sequence between D17Mit19 and D17Mit 58.

A total of 37 million, 76 bp, paired end reads were generated on an Illumina GlIAXx platform
and nearly half of the reads mapped to the desired regions on Chr 16 and Chr 17, resulting in
~2.8 Gb of sequence data representing the target region and an average read depth of 94
reads. Further analysis revealed that 99.9% of the targeted bases were covered by at least
one read and 90.5% were covered by at least 15 reads. These coverage statistics indicated
that sufficient coverage of the target region was obtained with 37 milllion, 76 bp, paired end
reads.

The sequence data were mapped to the C57BL/6 reference genome (NCBI m37/mm9) and
analysis of the resulting alignments revealed fourteen paired-end reads flanking the 1716
junction, with one mate mapping properly to Chr 16 and the other mapping to Chr 17
(Figure 2). Furthermore, among the reads flagged as ‘not properly mapped’ were a total of
55 individual 76 bp reads spanning the junction, consisting of both Chr 16 and Chr 17
sequence. De-novo assembly of these reads revealed the precise location of the Chr 16 and
Chr 17 breakpoints to be 84,351,351 bp and 9,426,822 bp, respectively. In depth analysis of
the aligned reads the 1716 junction revealed that approximately 12.4% (17/137) of properly
mapped reads were from the 1716 chromosome. This was significantly lower than expected
assuming equal representation (33%) of each allele in the sequencing data; however, since
many of the reads from the translocation chromosome failed to properly map to reference, it
was not surprising to find bias in the mapped data.

To confirm that this breakpoint sequence is present in animals that carry this marker
chromosome, more than 300 genomic DNA samples from animals previously genotyped by
standard genotyping methods (qQPCR and FISH) were subjected to PCR amplification of the
junction fragment (Fig 3). In all trisomic animals, the breakpoint sequences were detected.
Additionally, fluorescent in situ hybridization using BACs containing genomic DNA from
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flanking regions within 100 kb of the breakpoints also confirmed the location of the
breakpoint (Fig 4).

Multiple sequence alignment of the junction sequence with homologous regions on Chr 16
and Chr 17 revealed no evidence of gain or loss of sequence from either chromosome.
Moreover, there was very little evidence of sequence homology between the breakpoint
regions on Chr 16 and Chr 17, with the exception of a short, 7 nt homology region, 15 bp
distal to the Chrs 16 and 17 breakpoints (Fig 5). The Chr 16 breakpoint confirms the
previously characterized gene dosage data as illustrated in Fig. 1 (Akeson et al. 2001;
Kahlem et al. 2004). In addition, the position of the Chr 16 breakpoint also confirms the
presence of the microRNA, mir155, on the 1716 chromosome. The position of the Chr 17
breakpoint indicates that the 1716 chromosome carries ~10 Mb of Chr 17 and within this
region, there are 60 Ensembl and/or NCBI annotations for protein coding genes,
pseudogenes and non-coding RNAS genes. The region shares conserved synteny with the
human Chr 6 q25.3-027 and ~70% (42/60) of the genes annotated in the Chr 17 region have
a predicted ortholog (Ensembl predictions) in the human regions of conserved synteny
(Supplemental Table 1).

Discussion

These data reveal, for the first time, a complete picture of gene dosage in Ts65Dn mice. Of
the 50 Ensembl gene annotations in the ~ 9 Mb Chr 17 region, seven have associated
phenotype annotations in the Mouse Genome Informatics Database (MGI); however, all of
these annotations are associated with mutant alleles. There are currently no published data
on phenotypic effects associated with copy number gains for any of these 50 genes. Further
work will be needed to determine whether copy number gains for these genes contribute to
the phenotypes that are characteristic of Ts65Dn mice.

The Ts65Dn translocation chromosome is the product of a translocation between Chr 16 and
Chr 17 that was induced by ionizing radiation (two 600R doses, 24 hours apart from a
cesium®37 source) of the testes (Davisson et al. 1993). Irradiated males were immediately
bred to females of a different inbred strain for just two weeks. This breeding strategy was
used to capture chromosomal rearrangements induced in haploid spermatids (Davisson et al.
1993), a stage of spermatogenesis that is particularly sensitive to radiation induced DNA
lesions (Russell et al. 1998). In mammalian cells, double strand breaks (DSBs) induced by
ionizing radiation are repaired by one of two major DNA repair pathways, homologous
recombination (HR) or non-homologous end joining (NHEJ). The pathway by which a DSB
is repaired, HR or NHEJ, is influenced by many factors including cell type and cell cycle
stage. Since long stretches of homology are not found in the Chr 16 or Chr 17 breakpoint
regions and because haploid spermatids are comparable to the G1 stage of the cell cycle, it is
likely that the 1716 translocation product arose via NHEJ and not HR. Interestingly, a 7
nucleotide (nt) homology region was found just 15 nts distal to the breakpoint. In
mammalian cells that are deficient for the NHEJ repair factors Ku86 and XRCC4, 7 nt
homology regions are frequently associated with and are thought to direct end joining
(Kabotyanski et al. 1998). In this case, however, the 7 nt homology regions are not found at
the breakpoint junction, but a short distance away. Therefore, it is unclear whether this
homology region is related to the NHEJ event that generated the 1716 translocation product.

The targeted sequencing approach allowed for robust oversampling of the 1716 junction in
Ts65Dn. Oversampling allowed for enrichment of the most informative reads: paired end
reads with mate pairs mapping to both Chr 17 and Chr 16 (reads that flank the breakpoints)
and individual reads that span the 1716, As the per base cost of high throughput sequencing
continues to plummet and access to high throughput sequencing services expands, it is likely
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that whole genome sequencing will prove cost effective for routine discovery of
translocation breakpoints. Unfortunately, the development of tools for data management and
data analysis has not kept pace with the rapidly declining cost of whole genome sequencing,
therefore for many laboratories, targeted sequencing approaches are a useful alternative,
especially where higher coverage is desirable. Here, the successful use of targeted, high
throughput sequencing for the discovery of the translocation breakpoints in Ts65Dn
provides the basis for cheaper and more reliable genotyping assays, and, perhaps more
importantly, allows for complete characterization of gene dosage in this important disease
model. Moreover, the high throughput sequencing analysis used for this study provides the
basis for the development of analytical tools that can be applied not only to the discovery of
translocation breakpoints, but potentially to the discovery of transgene insertion sites, which
in most transgenic disease models, remain uncharacterized.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Chr 16: *13.9 Mb

p
Mrpl39, ~84.7 Mb
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Figurel.

Mapping of the Chr 16 and Chr 17 breakpoints in Ts65Dn. The 1716 chromosome (Mmu
1716) carries ~13.4 Mb of distal Chr 16 (black), from Mrp/39to Zfp295 fused with the
centromere of Chr 17 and up to 10 Mb of Chr 17 sequence just proximal to the centromere
(red). The Chr 16 breakpoint is between NcamZ2 (81,624,530 bp; NCBI137/mm9) and Mrp/39
(84,718,526; NCBI37/mm9) and the Chr 17 breakpoint is between RP23-147G23, Syrnj2
(5,988,977 bp; NCBI137/mm9) and D17Mit58 (10,489,635bp; NCBI37/mm9) (Akeson et al.
2001; Kahlem et al. 2004; Li et al. 2007).
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Figure 2.

Visualization of reads aligning to the Chr 17 (A) and Chr 16 (B) breakpoint regions using
the Integrated Genomics Viewer (IGV). Paired end reads mapping to Chr 17 with mates
mapping to Chr 16 are shown in orange (A). Likewise, paired end reads mapping to Chr 16
with mates mapping to Chr 17 are shown in purple (B). Reads that map directly to the 1716
junction map either to Chr 17 or Chr 16, depending on the % of mismatches in the alignment
(mismatches within the alignments are indicated in red, blue, green and orange).
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A.
Mmu 1716
Chrl7 fwd Chrl6 _rev
*—=
AAGAGCAAGTGGCAAGAGACTCA
AATTTGATTTTACTATTCTAT
ATGCCTGATCTATTATCATCTGCAATG
CTCATTTA/ ACCAGCCACCTGCCATGTTCTTTTT TG
CCATGCAAGCACCATTTCAACTAAACTAATTCCCAATCTTACTGTTTTAT
TTCTAAGTACACCATACACATCAGTAACTAATAAAAATGCCCTGATAATA
ATAAGCCATATATATATATAATCA
B.
Ts/+ +/+ ?
Q-PCR 99 97 13
Breakpoint 105 104 0
PCR
Ts/+ +/+ ?
SNP, FISH 77 32 4
Breakpoint 78 35 0
PCR
Figure 3.

Amplification and sequencing of the 1716 junction. PCR and Sanger sequencing of the
junction confirmed the precise sequence of the breakpoint as predicted by de novo assembly
of reads spanning the junction (A). PCR amplification of the junction in 209 previously
genotyped samples were completely concordant with samples that could be confidently
scored as trisomy (Ts/+) or euploid (+/+) by quantitative PCR (Q-PCR) (Liu et al. 2003).
Moreover, 13 genotypes (‘?”) that could not be scored due to inconclusive Q-PCR results
were successfully scored as either trisomy or euploid based on amplification of the junction
(“breakpoint PCR™). Similarly, PCR amplification of the junction in an additional set of 113
previously genotyped samples were also completely concordant with samples that could be
confidently scored as trisomy (Ts/+) or euploid (+/+) by SNP prescreen (Lorenzi et al.) and
DNA FISH (Moore et al. 1999). In addition, 4 genotypes (“?”) that could not be confidently
genotyped via SNP prescreen or for which SNP prescreen results and DNA FISH were
conflicting, could be confidently scored as either trisomy or euploid by PCR amplification
of the 1716 junction (B).
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Figure4.

FISH confirmation of the breakpoint. A. Cartoon of breakpoint and BAC probes used for
FISH. The breakpoints are designated by arrowheads and genome coordinates for each
chromosome. The Ts65Dn marker chromosome contains proximal Chr 17 and distal Chr 16
sequences as indicated in red. Bacterial artificial chromosomes from the RP23 library that
contain genomic sequences flanking the breakpoints are depicted as colored boxes with the
colors corresponding to the fluorophores used to label these clones. The letters within the
boxes indicate which pairs of probes were used to generate the images below. The 1Ds of the
clones are also noted. B. Hybridization with probes RP23-325G3 and -67A9 showed that
marker chromosome contains sequences from the proximal Chr 17 but not Chr 16 probe. C.
Hybridization with probes RP23-18M23 and -178A3 revealed that the marker chromosome
includes sequences from the distal Chr 16 but not Chr 17 probe.
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Multiple sequence alignment of breakpoint regions on Chr 17 (red), Chr16 (black) and the
junction site sequence on Mmu1718- Multiple sequence alignment of the breakpoint regions

revealed a 7 bp homology region (underlined), 15 bp distal to the breakpoint.
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