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Abstract
Deletions of chromosome 1p36 are one of the most frequently encountered subtelomeric
alterations. Clinical features of monosomy 1p36 include neurocognitive impairment, hearing loss,
seizures, cardiac defects, and characteristic facial features. The majority of cases have occurred
sporadically, implying that genomic instability plays a role in the prevalence of the syndrome.
Here we report two siblings with mild phenotypic features of the deletion syndrome, including
developmental delay, hearing loss and left ventricular noncompaction (LVNC). Microarray
analysis using bacterial artificial chromosome and oligonucleotide microarrays indicated the
deletions were identical, suggesting germline mosaicism. Parental phenotypes were normal, and
analysis by fluorescence in situ hybridization (FISH) did not show mosaicism. These small
interstitial deletions were not detectable by conventional subtelomeric FISH analysis. To
investigate the mechanism of deletion further, the breakpoints were cloned and sequenced,
demonstrating the presence of a complex rearrangement. Sequence analysis of genes in the
deletion interval did not reveal any mutations on the intact homologue that may have contributed
to the LVNC seen in both children. This is the first report of apparent germline mosaicism for this
disorder. Thus, our findings have important implications for diagnostic approaches and for
recurrence risk counseling in families with a child with monosomy 1p36. In addition, our results
further refine the minimal critical region for LVNC and hearing loss.
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INTRODUCTION
Monosomy of chromosome band 1p36 has an estimated incidence of 1 in 5000 live births
and may be the most frequently occurring subtelomeric deletion syndrome [Heilstedt et al.,
2003a]. The clinical presentation is variable and includes characteristic facial features such
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as deepset eyes, straight eyebrows, depressed nasal bridge and midface hypoplasia, as well
as a range of clinical and cognitive issues including hypotonia, hearing loss,
hypothyroidism, seizure disorder, congenital cardiac defects, global developmental delay
and/or mental retardation [Gajecka et al., 2007; Battaglia et al., 2008]. Many individuals
with monosomy 1p36 are non-verbal, whereas others have preserved but delayed expressive
language [Battaglia, 2005].

The majority of deletions arise de novo, with about 3% attributable to malsegregation of a
balanced parental translocation [Gajecka et al., 2007]. The size of the deletion is variable
from submicroscopic (< 5 Mb) to as large as 32 Mb. There appears to be a correlation
between the size of the deletion and severity of some clinical features [Heilstedt et al.,
2003b], although there is no correlation between the deletion size and the number of
observed clinical features [Gajecka et al., 2007]. Even patients with deletions <3 Mb can
present with most of the features associated with monosomy 1p36 [Gajecka et al., 2007]. Of
the de novo terminal deletions for which parental origin is known, 52.7% are maternal in
origin, and 47.3% are paternal. Deletions larger than 5 Mb tend to be paternal in origin. In
contrast, 83.3% of interstitial deletions previously investigated are maternal in origin
[Gajecka et al., 2007]. The mode of inheritance is primarily sporadic, and, other than
deletions arising from malsegregation of a balanced parental translocation, familial deletions
have not been described.

We report on a pair of siblings with interstitial 1p36 deletion. Both siblings display mild
manifestations of monosomy 1p36. The parent of origin of the deletion for both children was
the same, suggestive of maternal germline mosaicism as the mechanism of recurrence.
Further, this is the first report of familial recurrence involving an interstitial deletion
resulting in monosomy 1p36, which reinforces that the risk of germline mosaicism should be
emphasized when counseling families with a new diagnosis in a child with monosomy 1p36.

CLINICAL REPORTS
Patient 1 was previously reported [Ming et al., 2006]. She presented for genetics evaluation
due to cardiomyopathy and bifid uvula. She was born at 41 weeks gestation via spontaneous
vaginal delivery to a G1P0-1 mother following an uncomplicated pregnancy. Birth weight
was 3.29 kg (50th centile) and birth length was 53.4 cm (>90th centile). The neonatal history
was significant for hypoglycemia noted on day 2 of life, failed newborn hearing screen, and
low heart rate followed by a normal electrocardiogram (EKG). At age 3 months, the patient
developed pulmonary edema and was subsequently diagnosed with cardiomyopathy.
Cardiac evaluation and multiple echocardiograms demonstrated left ventricle non-
compaction (LVNC) of the free wall and apex as well as aortic regurgitation, trivial tricuspid
regurgitation, borderline normal left ventricle shortening and mild left ventricular
dysfunction with dilated cardiomyopathy. Treatment with carvedilol, a beta-blocker, was
initiated, and the child has remained clinically stable since, with no further medications or
interventions required. Additional studies included a normal head CT, renal ultrasound and
normal lumbar spine MRI to evaluate a sacral hair tuft. Renal ultrasound indicated normal
kidney structure and positioning.

Developmental milestones were delayed. Patient 1 walked at 19 months of age and had
initial expressive speech delay with poor articulation. Developmental evaluation at 19
months of age showed cognitive, social, emotional and fine motor skills at the 14–15-month
level, receptive communication at the 18-month level and expressive communication at the
13–15-month level with gross motor skills delayed at an equivalent of 10 months. When
examined at age 5 years, the patient had no history of seizures. Follow-up audiometry
testing showed moderate bilateral sensorineural hearing loss in the high-frequency ranges.
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More recently, mild conductive hearing loss was diagnosed, and she currently wears hearing
aids. At age 5 years, significant progress was noted with cognitive, social, emotional, and
fine motor skills in the 4.5–5-year range and expressive language in the 4–4.5-year range.

Physical exam showed a normal head circumference and age-appropriate growth parameters.
The exam was significant for generalized ligamentous laxity including decreased hip
rotation and joint movement including pronation of the ankles. There is no history of
fractures or dislocations. There was evidence of truncal hypotonia and low foot arches. The
proposita developed dark body hair at approximately 4 years of age. Dysmorphic features
were minimal and included upslanting palpebral fissures, characteristic eyebrows and a
slightly depressed nasal bridge with minimal midfacial flattening (Fig 1).

Patient 2 is the younger sister of Patient 1. Patient 2 presented for genetics evaluation at age
1 month because of parental concerns that she resembled her sister. Her newborn hearing
screen was noted to be abnormal, and a sacral hair tuft was noted at birth. On exam, Patient
2 had mid-facial flattening, a depressed nasal bridge and mildly upslanting palpebral fissures
but was otherwise morphologically normal. She had normal growth parameters on exam.
After the diagnosis of a 1p36 deletion, an echocardiogram revealed mild non-compaction
cardiomyopathy, which, unlike her sister’s, was clinically silent and did not require
medication or intervention. The history of Patient 2 is also significant for hypotonia,
bilateral sensorineural hearing loss, and premature thelarche evident by age 18 months.

On physical exam at 19 ½ months, growth parameters showed height at the 5th centile,
weight less than the 5th centile, and head circumference at the 5th – 10th centile.
Developmental milestones were delayed; the patient rolled at 5 months of age, crawled at 13
½ months of age, began pulling to stand at 15 months of age, and started cruising at 16
months of age. She was not yet walking at 19 ½ months and used both verbal
communication and sign language, with approximately two verbal single-syllable words and
25 or more signs. She had good receptive language and could follow commands.

MATERIALS AND METHODS
Cytogenetic analyses

Microarray-based comparative genomic hybridization (aCGH) was performed at Signature
Genomic Laboratories according to published methods [Bejjani et al., 2005; Ballif et al.,
2008a]. Fluorescence in situ hybridization (FISH) was performed according to published
methods [Shaffer et al., 1994] using probe RP11-740P5 from 1p36 to confirm the interstitial
deletion in Patient 2. FISH was performed on both parents to exclude a deletion, and
multiple FISH probes were used to rule out evidence of a cryptic translocation.

Microarray Analysis and Breakpoint Refinement
The deletion in Patient 1 was first detected using an Affymetrix 100K array and previously
reported [Ming et al., 2006]. Both patients were also analyzed using Illumina HumanHap
550K microarrays (Illumina Inc. San Diego, CA) as previously described [Haldeman-
Englert et al., 2009]. To refine the breakpoints in both deletions, both patients were re-
analyzed using an off-the-shelf 244K-feature whole-genome oligonucleotide microarray
(Agilent Technologies, Santa Clara, CA), as previously described [Ballif et al., 2008b].

Cloning and Sequencing of the Breakpoints
To perform further sequence-level analyses, somatic cell hybrids from Patient 1 were
generated as previously described [Page and Shaffer, 1997], and hybrids containing either
the deleted chromosome 1 or the normal homologue were identified after screening with
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microsatellite markers and FISH as previously described [Page and Shaffer, 1997]. To
identify the 1p36 interstitial deletion breakpoints, sequence tagged site (STS) markers were
designed and PCR analyses performed using DNA from the deleted chromosome 1 hybrid
using published methods [Gajecka et al., 2006a]. PCR primers were designed based on
sequences in GenBank (www.ncbi.nlm.nih.gov) and corresponded to the genomic region
containing the 1p36 breakpoints of Patient 1. Repetitive elements were masked from the
sequence using Repeat Masker (http://www.repeatmasker.org/), and 200–400 bp STS
markers were then designed from the unmasked unique sequence using Primer 3
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Both 1p36 breakpoints were
narrowed using markers spaced ~20 kb apart along the length of the chromosome, narrowed
to ~5 kb apart, ~1 kb apart and finally 400 bp apart. Breakpoints were identified in the
sequence corresponding to that contained in BACs RP11-547D24 (AL391845, distal
breakpoint; B1) and RP11-46F15 (AL513320, proximal breakpoint, B2). We then designed
a forward PCR primer from the putative 1p36 distal breakpoint and reverse primer from
unique sequence located at the putative proximal breakpoint to amplify across the junction.
The putative junction fragment was sequenced using an ABI PRISM 3100-Avant genetic
analyzer and Big Dye reagents (Applied Biosystems, Carlsbad, CA) as previously described
[Ballif et al., 2004]. Sequencher 4.6 (Gene Codes, Ann Arbor, MI) was used to analyze
sequence on either side of the breakpoint junctions. The original chromosomal sequences
from which the deletion breakpoints originate were identified using BLAT [Kent, 2002]
from the UCSC Genome Browser website (http://genome.ucsc.edu), and the breakpoint
sequences and 200 bp of adjacent flanking sequence were compared and analyzed.

Genotype analysis within the deletion region was performed on Patient 1’s genomic DNA,
and analysis of DNA outside the deleted region was performed on hybrids by comparison to
parental genotypes with microsatellite marker D1S243.

No hybrids were established for Patient 2. Instead, the primers used in experiments for
patient 1 were applied to amplify the junction across the deletion in patient 2. We used a
unique-sequence forward primer located 200–300 bp from the B1 breakpoint in patient 1
and a reverse primer from the B2 breakpoint in Patient 1. The sequence junction in Patient 2
was amplified using DNA extracted from peripheral blood.

Sequence motifs at the junctions were identified as described elsewhere [Gajecka et al.,
2008]. We searched for putative regions of Z-DNA structure using Z-Hunt [Clamp et al.,
2004; http://gac-web.cgrb.oregonstate.edu/zDNA/] and for sequence motifs potentially
predisposing to rearrangement formation using the “fuzznuc” program from EMBOSS [Rice
et al., 2000]. Potentially relevant motifs such as vertebrate topoisomerase consensus
cleavage sites [RNYNNCNNGYNGKTNYNY], translin sites [GCCCWSSW and
ATGCAG], DNA polymerase a/b frameshift hotspots [ACCCWR, TGGNGT, GGGGGA,
TCCCCC, and CTGGCG], and deletion hotspot consensus sequences [TGRRKM] were
considered [Gajecka et al., 2008]. Inverted repeats in sequences were analyzed using the
“palindrome” program of EMBOSS. Direct repeats were identified with Tandem Repeats
Finder [Benson, 1999] using default parameters. Oligopurine (R) and oligopyrimidine (Y)
tracts were analyzed by translating the nucleotide sequences into the R/Y alphabet, and
locating the longest tracts occurring in the breakpoint regions. To examine whether the
sequences near the breakpoints can form cruciform structures, we used UNAFold [Markham
and Zuker, 2008] to display potential configurations.

Sequencing of Genes in the Deleted Region
Left ventricular non-compaction (LVNC) was present in both children, although it was
subclinical in Patient 2. Both parents received echocardiograms and did not demonstrate
evidence of non-compaction. Because this specific cardiac defect has been previously
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associated with some cases of deletion 1p36 [Thienpont et al., 2007; Battaglia et al., 2008],
we studied whether the deletion permitted expression of a recessive allele inherited from a
parent. In all family members, we sequenced all exons and intron-exon boundaries of
PANK4, HES5, and SKI, all located within the deletion interval. Primers used are shown in
Table I.

RESULTS
Microarray analysis performed on both patients identified an interstitial deletion in the distal
short arm of chromosome 1, approximately 1.5 Mb in size. This deletion begins 1.9 Mb
from the 1p terminus (RP11-547D24, AL391845) and extends to approximately 3.4 Mb
from the 1p terminus (RP11-168F9, AL512413). High-resolution microarray analysis using
a 244K-feature oligonucleotide microarray showed the deletions were ~1.51 Mb in size
(chr1:1,906,449–3,419,622, hg18 coordinates). FISH confirmed the deletion in both patients
(Fig 2). FISH analysis using BAC clone RP11-740P5 on parental blood specimens showed a
normal hybridization pattern in both parents.

Genotype analysis revealed a maternal origin for each deletion, which was confirmed by
comparative sequence analysis in patients and their parents on the genomic and hybrid
DNA. Figure 3 illustrates the complex rearrangement present at the junction. An
approximately 1.52 Mb deletion was identified, consistent with two short sequence
insertions at the breakpoint junction. Patient 2 had the same rearrangement at 1p36 with the
same breakpoints and insertions as Patient 1 (Fig 3). Amplification of the breakpoints was
attempted on DNA extracted from peripheral blood on the mother and failed to amplify,
indicating no evidence of the interstitial deletion in the mother’s blood.

Sequence analysis of the deletion breakpoints is shown in Figure 4. Vertebrate
topoisomerase consensus cleavage site, translin sites, deletion hotspot consensus sequences
and DNA polymerase a/b frameshift hotspots were identified (Fig 4). No putative regions of
Z-DNA structure were identified in the breakpoint junctions.

To investigate potentially relevant secondary structures as a cause of double-strand breaks,
we performed UNAfold analysis for fragments of normal chromosome sequences involved
in the rearrangement. We did not find these structures to be particularly helpful for
understanding the mechanisms. Furthermore, no putative regions of Z-DNA structure were
identified in the breakpoint junctions. These results are similar to our previous data on
monosomy 1p36 breakpoints and junctions [Gajecka et al., 2008].

B2 is localized in human gene MEGF6 [multiple epidermal growth factor-like domains 6
precursor (EGF-like domain-containing protein 3) (Multiple EGF-like domain protein 3);
OMIM 604266]. B1 is localized in human gene KIAA1751 (hypothetical protein
LOC85452).

DISCUSSION
This is the first case of recurrent monosomy 1p36 observed in siblings secondary to
potential germline mosaicism. Both parents are phenotypically normal and showed normal
FISH patterns on metaphase analysis. Given the identical deletions in the siblings with the
same parental origin, the mechanism is most consistent with germline mosaicism. Because
the deletion is small (1.52 Mb) and interstitial, it is not detectable by subtelomere FISH
analysis, which is typically informative in terminal deletions. The patients display mild
phenotypes with mild cognitive differences but no seizures or hypothyroidism. The
craniofacial exam does reflect some of the features associated with monosomy 1p36 such as
midfacial hypoplasia, downslanting lateral aspect of the eyebrows, and upslanting palepebral
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fissures. The findings underscore the utility of an aCGH-based approach for diagnosing
chromosome abnormalities.

Our results also further refine the minimal critical region for a number of the phenotypic
features of monosomy 1p36, particularly for hearing loss and LVNC. LVNC has been
described in several patients with 1p36 terminal deletions >5 Mb [Thienpont et al., 2007;
Cremer et al., 2008; Dod et al., 2010]. Therefore, our patients’ deletion represents the
smallest deletion associated with LVNC and can help narrow the search for a causative
gene(s). LVNC is a failure of myocardial morphogenesis, resulting in clefts or trabeculations
in the left ventricle of the heart and poor systolic function. Other loci are also associated
with LVNC including LVNC1 (DTNA ) on chromosome 18, which encodes a gene that
contributes to an autosomal dominant form, and LVNX (TAZ) on the X chromosome which
encodes the tafazzin gene in an X-linked form [Finsterer, 2009]. Patient 1 had been enrolled
in a separate research protocol testing for these genes and no pathogenic mutations of
LVNC1 or LVNCX were reported (Ming JE, personal communication). We did not find
evidence for additional mutations in genes in the deleted 1p36 region of these patients to
attribute this feature to a recessive form of disease. We specifically tested PANK4, a
regulatory enzyme expressed mainly in muscle involved in CoA biosynthesis; HES5, a
transcription factor expressed mainly in the central nervous system; and SKI, a member of
the TGFB1 family that has been previously associated with dilated cardiomyopathy. The
lack of pathogenic point mutations on the non-deleted allele does not rule out the possibility
that haploinsufficiency of these genes by deletion can result in non-compaction of variable
severity. Another candidate gene for LVNC is PRKCZ, which encodes an atypical protein
kinase C (PKCζ) that has been shown to play a role in phosphorylation of cardiac
sarcomeric proteins, including cardiac troponin I (cTnI) and troponin T (cTnT) [Wu and
Solaro, 2007]. Mutations in TNNT2,which encodes cTnT, have been recently reported in
association with familial LVNC [Klaassen et al., 2008; Luedde et al., 2010]. PRDM16, also
in the deleted region, has been shown to play a role in heart development, as mutant mice
have gross cardiac ventricular hypoplasia and occasional clefting between the ventricles
[Bjork et al., 2010].

The relatively small size of our patients’ deletion also allows for a narrower search of
candidate genes for the hearing loss associated with monosomy 1p36. The terminal ~2.9 Mb
of the chromosome has been proposed as a critical region for hearing loss [Heilstedt et al.,
2003b], although an interstitial 7 Mb deletion starting within the PRDM16 gene ~3.1 Mb
from the telomere has also been reported in an individual with hearing loss [Redon et al.,
2005]. Our patients’ deletion overlaps both of these regions. HES5 is in the previously
described terminal region, and it has been shown to play a role in proper cochlear hair cell
development [Zine et al., 2001; Hartman et al., 2009]. ACTRT2, which is at the end of the
previously described terminal critical region, and ARHGEF16, which is within the
overlapping region with the interstitial deletion, both may play roles in cytoskeletal
organization [Harata et al., 2001; Jiang et al., 2006; Popoff and Geny, 2009], and several
forms of hereditary deafness, including DFNA1, are associated with cytoskeleton function
[Dror and Avraham, 2009]. Given the non-overlapping nature of some of the 1p36 deletions
associated with hearing loss, multiple genes may be responsible for or contribute to the
hearing loss in the syndrome.

The junction fragment analysis revealed that the breakpoints interrupt a gene and predicted
protein in this rearrangement. Several genes are deleted in these patients (Table II). Thus,
the significance of the gene disruptions/deletions with respect to LVNC or hearing loss is
unknown.
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The deletion breakpoints were analyzed at the sequence level and found to be complex,
showing an interstitial deletion with retention of small intervening noncontiguous sequences.
These results are similar to those found in other cloned breakpoints in monosomy 1p36
examined with high-resolution techniques [Gajecka et al., 2006b; Gajecka et al., 2008].

Sequence motifs have been associated with genomic rearrangements and have been
identified as factors influencing DNA breakage by non-B-DNA conformations [Chuzhanova
et al., 2003; Bacolla et al., 2004; Bacolla and Wells, 2004; Raghavan and Lieber, 2006]. The
sequence motifs identified here are similar to those recognized in other classes of 1p36
deletions. Based on only one rearrangement, the motif distribution cannot be determined;
however, the motif density is similar to that observed in translocations in monosomy 1p36
[Gajecka et al., 2008].

Insertions of several base pairs and microhomology at the breakpoints are frequently
observed at 1p36 junctions, as seen in the cases presented here. Microhomology and
insertions are primary features of nonhomologous end-joining (NHEJ) mechanisms, which
we have proposed to be the primary mechanism in the rearrangement formation in
monosomy 1p36 [Gajecka et al., 2006b; Gajecka et al., 2008]. Additionally one of the
insertions is in inverted orientation compared to the original 1p36 sequence. Thus, in this
case, the FoSTes mechanism could be also applicable [Lee et al., 2007].

The identification of identical, complex interstitial deletions of maternal origin from a
chromosomally normal mother is indicative of germline mosaicism. This case illustrates the
importance of considering the possibility of germline mosaicism when counseling parents of
children with apparently de novo chromosome anomalies. The identification of small
deletions associated with mild dysmorphic features, hearing loss and LVNC narrows the
critical region in which to search for causative genes. Identifying the causative genes may
allow for the development of novel treatment targets for various features of the syndrome.
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Figure 1.
Photograph of affected siblings. Patient 1 (upper right) is 4 years 7 months of age. Patient 2
(lower left) is 18 months of age. Midfacial hypoplasia, characteristic eyebrows, and
upslanted palpebral fissues are notable.
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Figure 2.
Microarray and FISH analysis of interstitial deletions of 1p36.33p36.32. (A) BAC
microarray plot for Patient 2 showing a single-copy loss of 11 BAC clones at
1p36.33p36.32, spanning ~1.4 Mb. Clones are arranged with the most distal p-arm clones on
the left and the most distal q-arm clones on the right. The blue line is a plot of the array
CGH data from the first microarray experiment (reference Cy5/patient Cy3). The pink line is
a plot of the array CGH data from the second microarray experiment in which the dyes have
been reversed (patient Cy5/reference Cy3). (B) Oligonucleotide microarray plot for Patient 2
showing a single-copy loss of 169 oligonucleotide probes at 1p36.33p36.32, approximately
1.51 Mb in size (chr1:1,906,449–3,419,622, hg18 coordinates). Oligonucleotide probes are
ordered on the x axis according to physical mapping positions, with the most distal 1p36.33
probes to the left and the most proximal 1p36.32 probes to the right. (C) FISH in Patient 2
showing a deletion at 1p36.3. BAC clone RP11-740P5 from the deleted region is labeled in
red, and the chromosome 1 centromere probe is labeled in green as a control. The presence
of one red hybridization signal indicates deletion on one chromosome 1 homologue.
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Figure 3.
Complex rearrangement found at the breakpoints in Patient 1 and Patient 2. Black horizontal
line symbolizes chromosome 1p36 in the orientation from telomere (left) to the centromere
(right). Localization of the breakpoints is indicated by DNA sequence positions in
accordance with Mar. 2006 (hg18) assembly (UCSC). Nl 1 corresponds to normal
chromosome 1, del 1 to chromosome 1 with the interstitial deletion. B1 indicates the distal
breakpoint in the sequence (distal retained sequence is filled in green), while B2, the
proximal breakpoint (proximal retained sequence is filled in magenta). Sequence fragments
filled in grey indicate deleted sequence in del1. Two short sequence insertions (25 and 17 bp
sequence fragments, respectively) were identified at the breakpoint junction. Both insertions
originate from the 1p36 region localized between B1 and B2 as indicated at the figure. The
25 bp sequence fragment localized ~17 kb from the proximal breakpoint is in inverted
orientation with respect to its progenitor, while the 17 bp inserted fragment derived from the
more distal 1p36 region is in direct orientation with respect to its progenitor.
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Figure 4.
Sequence analysis of the deletion breakpoints. The case is uncolored, while the 4 portions
involved in the rearrangement (shown in blue) of normal chromosome 1 are colored where
they align to the case sequence. Motifs are indicated by colored bars adjacent to the
alignments: eukaryotic topoisomerase cleavage site consensus (magenta), translin (TSN)
target motifs (blue), DNA polymerase frameshift hotspots (green), and deletion hotspot
consensus (red). Paired arrows under a sequence indicate direct repeats (arrows in same
direction). Numbers adjacent to the normal chromosome sequences indicate significant
potential DNA structural features.
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