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Abstract

Constitutional deletions of distal 9q34 encompassing the EAMT1 (euchromatic histone
methyltransferase 1) gene, or loss-of-function point mutations in £EHMT1, are associated with the
9g34.3 microdeletion, also known as Kleefstra syndrome [MIM#610253]. We now report further
evidence for genomic instability of the subtelomeric 9934.3 region as evidenced by copy number
gains of this genomic interval that include duplications, triplications, derivative chromosomes and
complex rearrangements. Comparisons between the observed shared clinical features and
molecular analyses in 20 subjects suggest that increased dosage of EHMT1 may be responsible for
the neurodevelopmental impairment, speech delay, and autism spectrum disorders revealing the
dosage sensitivity of yet another chromatin remodeling protein in human disease. Five patients
had 9934 genomic abnormalities resulting in complex deletion-duplication or duplication-
triplication rearrangements; such complex triplications were also observed in six other
subtelomeric intervals. Based on the specific structure of these complex genomic rearrangements

“Correspondence to: Dr. James R. Lupski, Department of Molecular & Human Genetics, Baylor College of Medicine, One Baylor
Plaza, Room 604B, Houston, TX 77030, Tel.: (713) 798-6530, FAX: (713) 798-5073, jlupski@bcm.tmc.edu.

Supplemental data

Supplemental data includes one table containing genomic coordinates of the rearrangements within the 9934 region.

Web Resour ces

BLAST, http://www.ncbi.nlm.nih.gov/blast/ (for BLASTn, BLASTz, and BLAST2)
Ensembl Genome Browser, http://www.ensembl.org/

NCBI, http://www.ncbi.nih.gov/

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.nlm.nih.gov/Omim/
UCSC Genome Browser, http://genome.ucsc.edu/

Disclosure

J.R.L. is a consultant for Athena Diagnostics, owns stock in 23andMe and lon Torrent Systems Inc., and is a co-inventor on multiple
US and European patents for DNA diagnostics. Furthermore, the Department of Molecular and Human Genetics at Baylor College of
Medicine derives revenue from molecular diagnostic testing (MGL, http://www.bcm.edu/geneticlabs/).


http://www.ncbi.nlm.nih.gov/blast/
http://www.ensembl.org/
http://www.ncbi.nih.gov/
http://www.ncbi.nlm.nih.gov/Omim/
http://genome.ucsc.edu/
http://www.bcm.edu/geneticlabs/

1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Yatsenko et al. Page 2

(CGR) a DNA replication mechanism is proposed confirming recent findings in C elegans
telomere healing. The end-replication challenges of subtelomeric genomic intervals may make
them particularly prone to rearrangements generated by errors in DNA replication.

Keywords

chromosome 9qg34.3; duplication; triplication; molecular mechanism; subtelomeric
rearrangements; genomic disorder; telomere stabilization

Introduction

The subtelomeric regions of human chromosomes are frequently involved in rearrangements
including deletions, duplications, triplications, translocations, and complex chromosome
rearrangements (Ledbetter and Martin 2007; Shao et al. 2008; Yatsenko et al. 2009a).
Screening large patient cohorts with clinically relevant phenotypes, such as intellectual
disability (ID) and multiple congenital anomalies (MCA), by array comparative genomic
hybridization (aCGH) has lead to the discovery and characterization of many novel
microdeletion and microduplication syndromes and other genomic disorders (Lupski 1998;
2009). Most of these aberrations arise sporadically and vary in size and breakpoint(s)
locations.

Previous genetic studies in patients with terminal subtelomeric deletions suggested that the
majority of aberrations are the result of double strand DNA (dsDNA) breakage, followed by
telomere loss, and repair processes (Varga et al. 2005). Diverse molecular mechanisms that
generate and stabilize broken chromosomes were proposed. Terminal deletions can be
stabilized by telomere healing, the addition of a telomere (TTAGGG), repeat sequences by
the enzyme telomerase (Bonaglia et al. 2006; Bonaglia et al. 2011; Flint et al. 1994; Lamb et
al. 1993; Varley et al. 2000; Verdun and Karlseder 2007; Wilkie et al. 1990), by a
telomerase-independent mechanism mediated by nonallelic homologous recombination
(NAHR) in which telomere repeats are acquired from homologous chromosome or a sister
chromatid (Stankiewicz and Lupski, 2002), or by a nonhomologous end-joining (NHEJ)
recombination mechanism with another chromosome resulting in the formation of a
derivative chromosome (Flint et al. 1996; Ballif et al. 2004, D’ Angelo et al. 2009). In
addition, numerous studies indicate that some subtelomeric rearrangements may be mediated
by interspersed repetitive elements such as A/u, LINE, long-terminal repeats and simple
tandem repeats. Such repetitive elements may play an important role by formation of a
specific DNA secondary structure that stabilizes broken chromosomes or assist in DNA
repair (Ballif et al. 2004; Yatsenko et al. 2009a). Alternatively, repetitive sequences may
facilitate a replication fork template stalling and switching (Boone et al. 2011; Moser et al.
2009). These processes can differ significantly from chromosome to chromosome, likely
reflecting specific complex DNA organization at each subtelomere (Dsosopoulos et al.
2012). Repetitive sequences and transposable elements have recently been found to play a
prominent role in the structural variation of human personal genomes (Lupski 2010; Beck et
al. 2010; Huang et al. 2010; Iskow et al. 2010; Ewing and Kazazian 2010).

Telomere loss can also generate complex chromosomal abnormalities through the breakage-
fusion-bridge (BFB) mechanism, which was originally described in maize (McClintock
1941) and proposed as a molecular recombination mechanism in patients with constitutional
duplication-deletion rearrangements of subtelomeric regions (Ballif et al. 2003; Zuffardi et
al. 2009). BFB cycles are activated during DNA replication when the sister chromatids of a
broken chromosome fuse at their ends forming a dicentric chromosome. During anaphase,
the fused sister chromatids form a bridge when two centromeres are pulled in opposite
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directions. During cytokinesis, these dicentric chromosomes are broken unevenly producing
a chromosome with a telomere deletion and an interrupted inverted duplication, a hallmark
of BFB, and a chromosome with a terminal deletion. The chromatids may fuse and break
again during the next nuclear division leading to the repeated BFB cycles until the
chromosome eventually acquires a new telomere or becomes stable. End-to-end
chromosome fusions that occur in the context of telomerase deficiency can trigger
duplications. For more than 70 years these duplications, that are notable for an inverted,
interrupted duplication structure, have been attributed to breakage-fusion-bridge (BFB)
cycles.

Terminal chromosomal deletions, derivative chromosomes and duplication-deletion
rearrangements can be caused by different molecular mechanisms (Hastings et al. 2009a);
however, a variety of other rearrangement products can be detected from subtelomeric
chromosome aberrations, including duplications, triplications, and complex rearrangements.
BFB cycles may not be the only mechanism causing subtelomeric duplication-deletion
events. Molecular studies using high resolution array CGH and analyses of breakpoint
sequences demonstrate that many genomic rearrangements are complex events showing
discontinuous duplications, interrupted by segments with deletions or triplications (Lee et al.
2007; Zhang et al. 2009a; Carvalho et al. 2009; Zhang et al. 2009b), such as DUP-TRP/INV-
DUP structures, or other complexities (Carvalho et al. 2011; Chiang et al. 2012; Liu et al.
2011, Talkowski et al. 2012). Such complex rearrangements often do not show structures
consistent with a BFB mechanism, such as inverted - interrupted duplications, but can be
potentially generated by a DNA replication based mechanism such as “fork stalling and
template switching” (FoSTeS) (Lee et al. 2007) or microhomology-mediated break-induced
replication (MMBIR) mechanism (Hastings et al. 2009b). Recent studies from
Caenorrhabditis elegans telomere replication mutants provide evidence that indeed DNA
synthesis, via an apparent FoSTeS like mechanism, generates terminal duplications that seal
end-to-end chromosome fusions (Lowden et al. 2011).

Whereas terminal 9934 deletions have been studied recently in detail (Ballif et al. 2004;
Yatsenko et al. 2009a), no systematic experimental investigations have examined gains at
9g34. To obtain further insight into the mechanisms of human subtelomeric rearrangements
we studied 20 patients with duplications, triplications and complex alterations of the distal
9934 region and also investigated samples from six subjects with subtelomeric triplications
of other chromosomes. We propose that a replication mechanism, such as FoSTeS and/or
MMBIR may play a central role in generating complex duplication-triplication-deletion
aberrations at human subtelomeric regions.

Materials and Methods

Human Subjects

We studied 20 unrelated children with variable phenotypes who were found to have a gain in
DNA copy number in the subtelomeric 9934 region revealed by either array CGH, FISH or
chromosome analysis performed at Baylor College of Medicine or elsewhere (Table 1).
Whole genome oligonucleotide array CGH analysis has been performed at Baylor College
of Medicine on all children using a custom-designed array with approximately 180,000 (60
mer) interrogating oligonucleotides, manufactured by Agilent Technologies, Inc. (Santa
Clara, CA, USA) with exon coverage of ~1,700 known or candidate disease genes (average
of 4.2 probes/exon). The entire genome is covered with an average probe spacing of 30 kb,
excluding low-copy repeats and other repetitive sequences. In addition, two adult subjects
(mothers of P33 and P46) were ascertained through abnormal FISH analyses performed
because of an affected child; and these parents were found to be similarly affected. Blood
samples were obtained from 20 individuals and their parents after informed consent for
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Institutional Review Board (IRB) approved research use of their DNA. Samples from
subjects (P52-P61) with benign DNA copy number variations within 9934.3 were
anonymized. Initial G-banding chromosome analyses showed apparently normal karyotypes
in 17 children, one male patient showed an XYY sex chromosome complement, and in 2
patients additional chromatin material at the distal 9q was detected by routine chromosome
analysis. We also performed FISH analyses on anonymized samples from 6 patients (S1-S6)
with constitutional triplications involving various subtelomeric regions (Table 3) under an
IRB approved protocol to further study genomic rearrangements using additional molecular
technologies.

Array-CGH studies

Patients” genomic DNA was extracted from peripheral blood samples using the Puregene kit
(Gentra Systems, Minnesota, USA) according to the manufacturer’s protocol. High
resolution array CGH studies were performed using a custom 9q34 oligonucleotide
microarray as previously described (Yatsenko et al. 2009a). The size, extent, and genomic
content of each rearrangement were determined to 0.5-3 kb resolution. Gender-matched
reference DNAs were obtained from either a normal male or female individual (Yatsenko et
al. 2009b). The same reference DNA has been used for all patients studied by whole genome
as well as custom 9g34 microarray. The procedures for DNA digestion, labeling, and
hybridization were performed according to the manufacturer’s instructions (Agilent
Technologies, Inc, CA, USA) with some modifications.

FISH Analysis

We performed a series of FISH experiments in order to independently confirm array CGH
genome-dosage results, determine the location and orientation of duplicated-triplicated
segments in each patient, and further characterize the structure of complex chromosomal
rearrangements. Metaphase chromosome spreads and interphase nuclei were obtained for all
patients and their parents (when available) from PHA-stimulated blood lymphocyte cultures.
BAC (bacterial artificial chromosomes) and fosmid clones were selected from the Genome
Browser database (http://genome.ucsc.edu/) based on their map location within the 9934
region or the appropriate other subtelomeric regions. FISH analyses with locus-specific
probes labeled directly with Spectrum Orange-dUTP or Spectrum Green-dUTP (Abbot
Molecular/Vysis) were implemented on interphase nuclei and/or metaphase chromosomes as
described elsewhere (Yatsenko et al. 2005). At least 50 interphase and/or 10 metaphase cells
were scored for each hybridization. Parental samples were studied to verify if the
rearrangement represents a de novo or inherited event. The Xq (305J-77) subtelomere
specific probes (Abbot Molecular/Vysis) was used to study the integrity of the Xq
subtelomeric region due to ins(X;9)(q28;034.3934.3)mat in patient P20.

Breakpoint junction

Rearranged 9934 genomic DNA sequences were identified in each patient from array CGH
and FISH analyses. The genomic coordinates for rearrangement breakpoints were estimated
from CGH arrays and surrounding DNA sequences were downloaded from the UCSC
Genome browser (http://genome.ucsc.edu, hg18 assembly). Several “nested” PCR
oligonucleotide primers were designed from both the proximal and the distal breakpoint
segments to amplify unique junction fragments. Primers were used in different combinations
under optimized conditions to obtain patient rearrangement specific junctions in comparison
to parental controls. Genomic DNA sequences were amplified with Qiagen HotStar 7ag or
TaKaRa LA Tag (TaKaRa) kits according to the manufacturers’ protocols using conditions
as previously described (Yatsenko et al. 2009a). Control samples from two normal male
individuals and both parents (if available) were included in the PCR experiments. PCR
products were visualized and their specificity was assessed by 1.2 % TBE agarose gel
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electrophoresis. DNA sequencing was performed using either the ABI Prism BigDye v3.1
terminator kit or BigDye terminator chemistry (Applied Biosystems, Foster City, CA) and
an ABI 377 DNA sequencer or a 3730 DNA sequencer (Applied Biosystems) by
conventional Sanger dideoxy sequencing. The chromatograms were analyzed using
Sequencher 4.2 (Gene Codes).

High resolution array CGH and FISH analyses of 9934 duplications

We assessed the genomic content, size, and extent of the imbalances in 20 children with
segmental aneusomy due to gains of the 9934 region using a high resolution custom
designed 9q34 oligonucleotide microarray. In our subjects, the 9934.3 rearrangements range
from 85 kb to 7 Mb in size with variant breakpoint locations (Figure 1, Table 1). To classify
these nonrecurrent rearrangements as either potentially pathogenic imbalances or benign
copy number variations (CNVSs) subjects were divided into three groups based on the extent
of the duplicated genomic interval. Group | comprises twelve patients (P20, P52-P61, P64)
with duplications involving the most distal part of the 9934.3 subtelomere region. This
region encompasses the CACNAIB gene and the 3" end (exons 24-26) of the EHMT1 gene.
P64 also has a deletion of the EHMT1 gene resulting in Kleefstra syndrome [MIM#610253].

High-resolution analysis of at least 1,000 individuals from various population groups
revealed multiple copy number variations in the 9934.3 region (Figure 1). Within this
duplicated interval, CNVs have been reported in normal individuals for either part of, or the
entire CACNA1B and the 3’ end of EHMT1 gene but not for either the 5" end or the entire
EHMTI1 gene (Figure 1) (Database of Human Genomic Variants, http://projects.tcag.ca/
variation, Mar 25, 2010 update). Thus, duplications of the 9934.3 genomic region in patients
P52-P61, P64 are likely benign CNVs if copy number gains are present in the distal 9q34.3
and do not include the entirety of the EHMT1 gene. Potentially, the same DNA segment can
be inserted into a different chromosome locus (like observed for P20) resulting in gene
disruption or alteration and therefore leading to clinical manifestations.

Within Group I, ten patients out of twelve had a tandem duplication of the 9q34.3 (Figure 1),
although two of the 10 patients, P53 and P56, had additional chromosomal abnormalities
(Table 2). Parental FISH analyses in five families demonstrated that these 9934.3
duplications are inherited from healthy parents in three patients and represent de novo
abnormalities in two subjects (Table 2). Parents were unavailable for testing in other
families. Duplications of this genomic interval have been reported previously in unaffected
controls (Redon et al. 2006), and found in normal parents in our study, thus we conclude that
duplications encompassing ~600 kb of the distal 9934.3 most likely represent benign CNVs.
In the remaining two patients, P20 and P64, the interpretation of the rearrangement gain and
gene dosage is more complex. A microarray detected gain encompassing 85 kb of the
CACNA1B gene in a male patient P20; FISH studies showed that the duplicated 9934.3
sequence was inserted into the distal long arm of the X chromosome, near Xq subtelomere.
FISH analysis using an Xqter specific probe revealed a normal hybridization pattern,
consistent with an insertion of 9934.3 segment into Xq. Maternal FISH studies revealed the
same abnormal chromosome X with an additional 99 sequence, thus P20 has apparently
inherited the derivative X chromosome from a healthy mother who has the unbalanced X;9
rearrangement. Whole genome array CGH analysis (CMA version 8) in P20 did not identify
any clinical relevant copy number changes in other interrogated loci. aCGH in P64 showed a
complex deletion-duplication rearrangement on 9934.3.

Group Il includes five patients (P33, P46, P47, P50, and P51), in which aCGH analysis
revealed a gain in copy number encompassing either the entire or the 5" end of EHMT1
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(Figure 1, Table 1). FISH studies demonstrated tandem duplications in three patients (P33,
P46 and P51), whereas subjects P47 and P50 had complex rearrangements. In P47, the
derivative chromosome 9 consist of a triplication of approximately 682 kb in size,
interrupted by a small duplicated segment 7.9 kb, and a duplication of the more proximal
region 20.3 kb (Figure 2A). There are no low copy repeats (LCRS) or other repetitive
sequences that may be attributed to the difference in DNA copy number detection. In P50,
both deletion and duplication were found on a derivative chromosome 9 (data not shown).
FISH analyses demonstrated an inverted orientation of the apparent duplicated region (Table
1). P33 had intellectual and learning disability, speech and language delay. His mother
(P33.1) required speech and language therapy, and attended special education classes. P46
and P46.1 presented with nonsyndromic intellectual and learning disabilities, and speech
delay (Cheung et al. 2011). P51 has been diagnosed with autism spectrum disorder,
behavioral problems and anxiety.

In Group 11, patients presented with autistic behavior, cognitive impairment, intellectual
disability, learning difficulties, speech and developmental delay. Parental analyses
demonstrated de novo rearrangements in three subjects, whereas two patients, P33 and P46,
inherited the duplication from their similarly affected mothers. Comparison of the molecular
findings (Table 2) in conjunction with clinical features, i.e. genomotype-phenotype
correlations, indicate that increased dosage of EHMT1 may be responsible for the
neurodevelopmental impairment, speech delay, and autism spectrum disorders in these
patients. We were not able to correlate the specific differences in clinical severity between
patients with duplications and triplications leading to further increase in dosage of the
EHMT1 gene due to variability in size and gene content in each patient, the variability of the
duplication phenotype, and the limited number of triplication patients available for study.

Group 1 includes three patients (P6, P25, and P48, Figure 1) with a gain in copy number
involving a genomic region proximal to EAHMT1, but within 9g34.3. One patient (P6) had a
complex chromosome rearrangement (CCR) (Figure 3A) resulting in 9934.3 deletion
syndrome (Yatsenko et al. 2009a). Two subjects, P25 with a de novo duplication and P48
with complex duplication-triplication rearrangements (Figure 4A), respectively, presented
with speech and developmental delay suggesting that other dosage sensitive genes, which
may be involved in CNS development or function, are located within this genomic interval.
One alternative possibility is that amplification of non-coding regions may result in
abnormal expression of flanking genes (Ricard et al. 2010; Zhang et al. 2010). Duplications
of 9g34.3 that are similar to those observed in patients from Group Il and 111 are not seen
amongst healthy individuals.

FISH analyses in patients with complex 9934 rearrangements

Five out of twenty (25%) patients among our cohort of subtelomeric 9934.3 gains had a
complex rearrangement of the 9934.2-q34.3 region. In three cases (P47, P6, and P48), high
resolution array CGH analysis revealed evidence for triplicated genomic segments
interspersed with the duplicated regions. In two cases (P50 and P64), a deletion of the
proximal 9934.3 region and a duplication of the distal region were also identified. Array
CGH provides neither genome positional nor orientation information. We sought to further
characterize these complex rearrangements using independent molecular approaches to
refine structure and potentially provide insights into molecular mechanism for formation.

To determine the genomic position, orientation and structure of the rearranged genomic
interval within 9934 we performed two - and three - color FISH analyses using BAC and
fosmid clones in each patient with complex 9934 triplications. FISH probes from the regions
of interest were hybridized together in different combinations. In subject P47, segments of
duplications and triplications extending to the 9qter were identified (Figure 2A,B). FISH
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analysis using BAC clones RP11-467E5 (AL590627) and RP11-424E7 (AL591424) as
probes revealed a triplication with an apparently inverted orientation of the middle segment
in comparison to the two flanking segments that are directly orientated (Figure 2B,C).
Localization of the duplicated segment was determined based on FISH analysis using
fosmid G248P83207G5 (Figure 2B[2], 2BJ[3]). This probe spans the entire “dupl1” region as
well as about 17 kb of flanking unaltered genomic region. FISH analysis showed one red
signal of normal size and one diminished signal (Figure 2C[2], 2C[3], white arrow) on a
derivative chromosome 9. This duplicated segment is located in proximity to the triplicated
“tril” region as shown in Figure 2B[2] and 2B[3]. FISH analysis with probe RP11-815N19
(AL954642, green) revealed one enlarged signal (Figure 2C[3], orange arrow) and a nhormal
size signal consistent with an inverted orientation for the middle segment of the triplicated
interval as well as showing the relative position of the triplication and duplication segments.
Because of the limited genomic resolution of FISH studies the structure of the abnormal 9q
can not be determined definitively and may be more complex; however one proposed
structure based upon the interpretation of available data is presented in Figure 2B.

Based on results from both G-banding and FISH studies of derivative chromosome 9 in
patient P6, the rearrangement was originally interpreted as a 9934.3 terminal deletion
stabilized by a duplication of the more proximal 9q34.2-934.3 segment (Yatsenko et al.
2009a). Using high resolution custom 9934 microarray we determined multiple segments
with alterations in DNA copy number: “tril”, “dupl”, “tri2”, “dup2” and “del” (Figure
3A,B). Further FISH analyses enabled us to propose a structure for this complex
rearrangement (Figure 3B,C); note that for the triplicated segment the middle copy appears
to be inverted in orientation with respect to the other flanking direct copies: a DUP-TRP/
INV-DUP structure (Carvalho et al. 2011).

P48 had a complex aberration consisting of a triplication embedded within a duplication
segment. In addition, the structure of the triplication in derivative chromosome 9 was similar
in arrangement to that of P47 with an apparent inverted orientation of the middle segment of
the triplication; i.e. DUP-TRP/INV-DUP (Figure 4).

Breakpoint junction analyses

We obtained junction sequences for the rearrangements in two subjects (P33 and P51) with
interstitial duplications of the 9934.3 region (Figure 5A). These patients were found to have
a tandem duplication of 276,825 bp, and 202,911 bp in size, respectively. Amplification was
achieved across the junction between the proximal and distal breakpoints using outwardly
oriented PCR primers (Figure 5B). For subject P33, the duplication breakpoints were located
within unique sequences; no nearby repetitive elements were identified in the draft reference
haploid human genome. Microhomology, 3 bp (CAA), was identified at the breakpoint
junction (Figure 5C). The same junction fragment was amplified using genomic DNA of the
patient’s mother (P33.1), but neither from the patient’s father nor control DNAs. The
breakpoints in subject P51 were located within two A/uelements, AluSxand AluJo family
members, both oriented in the same direction, with limited similarity between each other.
The proximal breakpoint was identified within the A/uSx, and the distal breakpoint mapped
in AluJo element (Figure 5C). As expected, junction fragments were amplified from the
patient P51 genomic DNA, but not from the parental or control DNAs, indicating de novo
duplication in a child.

Five subjects (P6, P48, P50, P47, and P64) had complex 9934.3 rearrangements. Based on
results of array CGH analysis and FISH studies we determined the structure of the derivative
chromosome 9 in each subject with complex alterations and attempted to amplify patient-
specific breakpoint junctions as well as wild type junction sequences that are expected to be
present on both normal and derivative chromosome 9. Two patient-specific junction
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fragments were obtained in P48 (Figure 6). For subject P48 junction fragments J1-J3 are
expected to be present on both normal chromosome 9 and der(9) (Figure 6A), while J4-J7
are rearrangement-specific junctions. Using primers from the proximal regions of the
“dupl” and “tri” segments we obtained PCR products (J6, Figure 6A,B) of ~ 1200 bp in
size, which is ~ 900 bp longer than predicted based on primer positions in comparison to the
haploid human reference genome sequence. Sequence analysis of this product reveals an
insertion of 905 bp that apparently originated from the distal part of the “dup 1” segment
(Figure 6A,B). Thus, the breakpoint junction between the “dupl” and “tri” segments was
actually located about 900 bp proximal to the one identified by array CGH analysis.
Interestingly, using primers from the distal region of the “dupl1” and proximal “tri” segments
(J2, Figure 6A) in P48 we obtained two PCR products of ~ 1400 bp, and ~ 470 bp in size.
Only one PCR product was detected after amplification of parental (P48.1) and control
genomic DNAs with the same primers (Figure 6B). Sequence analysis demonstrates two
junction fragments J2 and J5. In J5 fragment, a 947 bp sequence was missing when
compared to the J2 sequence. Part of this sequence, a 905 bp segment was present at the J6
sequence as described above, and 42 bp were deleted. Sequence analyses in J5 or J6 showed
no large homology between the breakpoint-flanking regions. The junction fragment in J5
had a microhomology of five bases (GGGGC) and there was an insertion of two bases (AG)
at the J6 junction (Figure 6C). Attempted amplifications across the J4 and J7 in P48 did not
recover any PCR products. Possible breakpoints may occur at locations distinct from the
CGH determined CNV segments as shown for J6 fragment in patient P48. In addition, other
genome variations such as inversions, insertions, or deletions may be present in the vicinity
of the rearrangement-specific junctions in this individual subject’s personal genome, thus
complicating amplifications using strategies that depend on preconceived notions of genome
structure based upon the current haploid reference human genome sequence.

Subtelomeric triplication with an inverted middle copy

Constitutional triplications involving subtelomeric regions appear to be relatively rarely
identified. Only 6 patients have been described with triplications involving 1p, 2q, 5p, 7p,
9q, and 10q distal chromosome regions (Table 3). The orientation of the triplicated segments
has been determined only in a few patients with large, cytogenetically visible aberrations
(Harrison et al. 1998; Rivera et al. 1998; Devriendt et al. 1999; Gijsbers et al. 2008).
Molecular characterization by FISH analyses demonstrated an unusual pattern of the
triplication with inversion of the middle copy, however the extent, order and orientation of
the rearranged segments were not resolved in the majority of patients with triplications and
complex aberrations.

Interestingly, we identified three subjects with triplications involving the 9934.3 region.
Moreover, we show that in each patient the middle copy of the triplicated segment appears
to be inverted in orientation: a DUP-TRP/INV-DUP structure. To determine if the observed
pattern, with an inversion of the middle copy flanked by directly oriented copies, represents
a general phenomenon we performed FISH analyses in six patients S1-S6 with triplications
within the subtelomeric regions (Table 3).

In patients S1-S6, a gain in DNA copy number consistent with triplications of either 1p, 3p
6p, or 17p was identified by array CGH analysis at Baylor College of Medicine. Dual-color
FISH demonstrates that in each case the middle copy of the triplication is inverted in
comparison to the two flanking segments that are directly orientated (Figure 7). Similarly, in
patients with complex duplication-triplication aberrations, the middle copy of the triplicated
segments embedded within a duplicated region also has an inverted orientation. Thus, the
observed triplication pattern appears to represent a general rearrangement product pattern
that may occur in complex triplication containing rearrangements at several and potentially
all human subtelomeric regions (Carvalho et al 2011).
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Discussion

Instability of the 9934 genomic region

We analyzed 20 patients with copy number gains involving the 9934.3 subtelomeric region
to provide experimental data regarding structural information for rearrangement products
that might enable insights into potential mechanisms that generate such rearrangements.
Genomic instability of the 9934 region is revealed by the numerous reports of patients with
constitutional rearrangements of the distal 9q (Yatsenko et al. 2005; Kleefstra et al. 2006;
Simovich et al. 2007; Gijsbers et al. 2008; Yatsenko et al. 2009a), as well as acquired
aberrations associated with malignancies (Dave et al. 2005; Andreeva et al. 2008). We show
here by high resolution genomic analyses, including array CGH, FISH studies, and sequence
analyses of selected breakpoint junctions, that what appears to be simple rearrangements
associated with copy number gains at 9934 are often actually complex in nature.
Furthermore, we again uncovered a particular structure of DUP-TRP/INV-DUP as has been
seen in multiple patients with triplications at either the MECPZ or PLPI loci (Carvalho et al.
2011, Shimojima et al. 2012).

Gains involving the most distal 9q34.3 represent copy number variations (CNV) that are
frequently observed among our patients as well as their parents and unrelated ‘healthy
control’ individuals. Such common variants are considered to be benign alterations.
Interestingly, duplications and triplications involving the entire EHMT1 gene, or the 5" end
of the EHMT1 gene, have not been observed among healthy populations. Whereas extensive
clinical characterization has not been reported for a cohort of subjects with such
duplications, patients affected with Kleefstra syndrome due to EHMT1 haploinsufficiency
exhibit intellectual and learning disabilities, significant speech problems, and multiple
congenital anomalies. The subjects with duplications reported herein with EHMT1 gains
represent rearrangements that have not been reported in healthy control populations. We
observe these patients to have associated neurodevelopmental impairment, speech delay, and
autism spectrum disorders consistent with the hypothesis that increased EHMT1 dosage is
associated with a neuro - behavioral phenotype. Future studies involving large numbers of
subjects with duplications including EHMT1, and perhaps EHMT1 gain of function point
mutations, will be required to establish the range of neurobehavioral phenotypes that can
potentially be manifest in association with such rare variants.

Molecular mechanisms of complex rearrangements

Several molecular mechanisms have been proposed to explain the origin of chromosome
terminal deletions and derivative chromosomes, however mechanisms giving rise to
nonrecurrent, direct and inverted duplications, triplications, as well as complex
rearrangements are not well understood. Previous studies have implicated BFB cycles as one
mechanism (McClintock 1941, Ballif et al. 2003) involved in subtelomeric rearrangements,
however, rearrangements consisting of interrupted inverted duplication-deletion are rare and
the majority of those reported have been detected by conventional chromosome analyses and
FISH studies. Furthermore, recent work in C. elegans telomerase deficient mutants (Lowden
et al. 2011) reveals complex structures more parsimoniously explained by DNA replication
models such as FoSTeS (Lee et al. 2007). The widespread implementation of array CGH in
clinical diagnostics and research studies reveals a substantial number of patients with
complex abnormalities present at subtelomeric regions, with complexities beyond the
inverted interrupted duplication predicted by a BFB mechanism. Moreover, microarray
analysis with a high density of interrogating probes at the subtelomeric region detects
additional alterations in cases that appear to be inverted duplication-deletion aberrations.
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We analyzed the structure of the rearranged chromosome 9 and demonstrated complex
genomic alterations involving the subtelomeric 9q region (Fig. 3). Repair of a terminal
deletion could be affected through a breakage-fusion-bridge cycle, as suggested by Ballif
and colleagues (2003), however occurrence of multiple alterations particularly those
involving higher order copy number (e.g. triplication), can be more parsimoniously
explained by a replication-based repair mechanism. FISH analysis in P6 revealed a complex
rearranged genomic structure formed between multiple segments of the distal 9934.
Segments that are found to be duplicated or triplicated have both directly oriented and
inverted segments along the chromosome end, suggesting a potential template switching
between different replication forks with inversion products reflecting template switching to a
replication fork proceeding in the opposite direction as postulated by FoSTeS (Lee et al.
2007) or re-establishing of a new fork in the reverse strand as postulated by MMBIR
(Hastings et al. 2009a). Alternatively, BIR mediated by inverted repeats with high
nucleotide identity can also lead to inverted triplications, a mechanism that was shown to be
responsible for formation of DUP-TRP/INV-DUP structures in the X-chromosome where
the finding of some breakpoints without microhomology suggested both an homology/
microhomology driven event like BIR/MMBIR driving the FoSTeS driven template switch
occurred in combination with a non-homologous breakpoint repair event (Carvalho et al.
2011). We found similar DUP-TRP/INV-DUP structure at multiple subtelomeric gains
involving chromosome ends other than 9g34.3.

The telomeric genomic sequences may be particularly susceptible to instability and
rearrangements generated by DNA replication mechanisms because of the end-replication
problem as well as peculiar DNA sequence and structure of the subtelomere. At the end of a
linear chromosome, DNA polymerase can synthesize the leading strand, but the
discontinuous lagging strand of the replication fork is challenged by the linear nature of
chromosome (Verdun and Karlseder 2007). This phenomenon, known as the “end-
replication problem” (Watson et al. 1972), results in a loss of a DNA sequence at the
chromosome terminus during a cell division. In addition to a potential ‘end replication
challenge’ arising from the 5" to 3" polarity of DNA polymerases, telomere replication can
originate within the subtelomeric unique sequences as far as 120 kb away from telomere
repeats. These subtelomere regions consist of a substantial number of repetitive elements
and DNA sequences that form alternative secondary structures (Yatsenko et al. 2009a), non
B DNA conformations (Mirkin and Mirkin 2007) or can become bound to protein
complexes affecting DNA replication and genome integrity (Anand et al. 2011; Drosopolous
et al. 2012). In P48, sequence analysis uncover multiple aberrant events at the
rearrangement-specific breakpoint junctions including a 42 bp deletion, inversion and DNA
misrepair by fusion with nonhomologous sequence, resulting in a complex rearrangement.

Complex nature and structure of triplications within the subtelomeric regions

It is possible that similar molecular mechanism can result in similar abnormal rearrangement
products or structures that may underlie many non-recurrent rearrangements involving the
subtelomeric chromosomal regions. Surprisingly, three patients (P6, P47, and P48) among
our cohort had triplications of 99g34.3 region. Similar structures of complex dup- trip were
found at the subtelomeric regions of chromosome 1p, 6q (Figure 7), 15q, 17p, and Xq
(Carvalho et al. 2009). High resolution aCGH showed a complex rearrangement in each case
with triplication.

Interestingly, each triplicated segment had flanking duplicated sequences, consistent with a
replication mechanism. Comprehensive FISH studies revealed a pattern with an apparent
inverted middle copy of the triplication region. The triplication integrated within flanking
duplicated segments may reflect its formation due to skipping of the sequence from
replication. Skipping the region due to a template switch as a part of the FoSTeS
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mechanism, for example, may lead to a deletion, or duplication, as seen in P47 and P48. It
also can explain the presence of the region without copy number change found between
deletion and duplication in P6. Among the three patients with 9934.3 complex triplications,
skipped regions were found within the most distal region of chromosome and may have
resulted from template switching events as a result of a replication fork delay or replication
from multiple initiation sites (Drosopolous et al. 2012). Furthermore, template switching
between inverted repeats can result in a DUP-TRP/INV-DUP structure (Carvalho et al.
2011). Such complex rearrangements may be caused by certain genomic sequence features
that can result in stalling of DNA replication forks such as low complexity repeats or GC-
rich stretches, forming irregular DNA structures (Bacolla et al. 2004), by chromatin
modifications or due to the influence of telomere assembling protein complexes. These
findings, and the recent documentation of apparent FoSTeS generated complexities at
chromosome ends in C elegans telomerase mutants, suggest that the most distal portion of
chromosome is genomically unstable perhaps because it is prone to DNA replication errors
consistent with the idea that the FoSTeS/MMBIR DNA replication-based mechanisms may
play a central role in structural rearrangements within subtelomeric regions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Genomic intervals of the 9934 rearrangements identified by array-CGH in 20 patients. Top,
an ideogram of chromosome 9. Below, a magnified view of the 9q34 genomic region. The
locations of the EHMT1and CACNA1B genes are indicated by horizontal arrows showing
the direction of transcription. The genomic region encompassing the EHMT1 gene is shown
as a gray box. Unchanged chromosome regions are represented by black horizontal lines. A
loss in copy number (deletion) is shown by a horizontal green bar. A gain, duplications and
triplications are represented as red and blue bars, respectively. Within this 9934.3 interval,
copy number variants CNVs (below) have been detected in normal individuals and are
shown here as gray boxes. Below is a magnified view of CNVs from Database of Genomic
Variants DGVs within the EHMT1and CACNA1B genes. Blue, red and brown DGVs
indicate regions with a gain, loss and both gain and loss, respectively observed in healthy
individuals.
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Figure 2. Complex rearrangement in patient P47

(A) Array-CGH profile in patient P47 showing a complex duplication-triplication-
duplication-triplication structure. (B) Proposed structure of the normal and derivative
chromosome 9. Bars with arrowheads indicate the orientation of the DNA segments. Bars
without arrowheads indicate the location of DNA segments however the orientation of the
structure is uncertain. The approximate location of FISH probes labeled in green and red are
shown. A combination of probes is given for each FISH experiment [1], [2], and [3] (C) The
results of FISH analyses in each of FISH experiments. [1] Hybridization with probes
RP11-467E5 in red) and RP11-424E7 in green) depicting the derivative chromosome 9 has a
triplication with an inverted middle segment. [2] A diminished signal produced by fosmid
G248P83207GS5 in red is indicated by a white arrow. [3] RP11-815N19 (AL954642) probe
produced two signals in green close proximity to each other seen as a signal with double
intensity (orange arrow). The pattern red-green-green-red indicates an inverted orientation of
the middle copy of the trip1-trip2 region.
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Figure 3. Complex rearrangement in patient P6

(A) A magnified view of array-CGH profile in patient P6 showing a complex interrupted
deletion-duplication-triplication rearrangement. (B) Schematic view of the normal and
proposed derivative chromosome 9 structure. Bars with arrowheads indicate the orientation
of the DNA segments. Bars without arrowheads indicate the location of DNA segments
however the orientation of the structure is uncertain. The approximate location and the
relative position of the FISH probes labeled in green and red are shown. A combination of
probes in four FISH experiments (1, 2, 3 and 4) is given to demonstrate an orientation and
structure of the duplicated and triplicated segments in this patient. (C) The results of FISH
analyses in each of four experiments. [1] Hybridization with probes RP11-145E17
(AL354796, red) and RP11-447M12 (AL353611, green) showing the orientation and
relative position of the “tril” and “dupl” segments. For probe RP11-447M12 (green), the
telomeric signal was of diminished intensity (arrow) as compared to the proximal signals.
[2] Hybridization with probes RP11-399H11 (AL390778, red) and RP11-447M12 (green)
showing two red and green diminished signals (arrow), both co-localized to each other. [3]
Hybridization with probes RP11-166H7 (AL159992, green) and RP11-555H7 (AL353615,
red) showing the orientation of the “dupl1” and “tri2” segments. [4] Inverted orientation of
the two “dup2” segments.
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Figure 4. Complex rearrangement in patient P48

(A) Array-CGH profile in patient P48 showing a complex deletion-duplication
rearrangement. (B) Proposed structure of the normal and derivative chromosome 9. A
combination of probes in four FISH experiments (1, 2, 3 and 4) is given to demonstrate an
orientation and structure of the duplicated and triplicated segments in this patient. (C) The
results of FISH analyses in each of FISH experiments. [1] Hybridization with probes
RP11-399H11 (AL390778, red) and RP11-555H7 (AL353615, green) showing the relative
position of the “tri” and “dupl” segments. Images of the same cell were taken with a
selective green (1a) and red filter (1b) respectively. [1a] Hybridization with RP11-555H7
(green) demonstrates a triplication. A double signal is indicated by an arrow. [1b] Probe
RP11-399H11 (red) showed a diminished intensity signal (arrow) co-localized with a green
double signal. [2] Hybridization with probes RP11-413M3 (AL592301, red), RP11-426A6
(AL161452, green) and RP11-48C7 (AL365502, yellow) produced a hybridization pattern
consistent with normal- inverted- normal position of the triplicated segment. [3]
Hybridization with probes RP11-251M1 (AL590226, green) and RP11-523A20 (AL449425,
red) showing the inverted orientation of the “dup2” and “tri” segments. Diminished green
signal (arrow) indicates skipping of the “dup2” segment at the DNA junction. [4] Co-
hybridization of RP11-251M1 (green) and RP11-350014 (AL929554, red) indicates that
abnormal DNA junction localized in the vicinity of the 9q telomere.
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Figure 5. Rearrangement mechanism revealed by high-resolution array CGH and analyses of
patient-specific junction sequences from patients P33 and P51

(A) Array-CGH profile in patient P33 showing a duplication of the 9934.3 region. (B) A
schematic presentation of simple tandem duplication in patients P33 and P51. Junction
fragment is indicated by a dashed rectangle. (C) Sequence analysis of the duplication
junctions. Top, normal distal flanking sequence; bottom, normal proximal flanking
sequence; middle (blue), duplication junction sequence.
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Figure 6. Complex rearrangement revealed by analysis of junction sequencesin patient P48

(A) Proposed structure of the derivative chromosome 9 based on FISH study and analysis of
the patient-specific junction fragments. Junction sequences are designated by dashed
rectangles. Junction sequences J1-J3 are expected to be present on a normal chromosome 9.
Junction fragments J4-J7 are patient-specific sequences proposed to exist on P48 derivative
chromosome 9. (B) Two patient-specific junction fragments J6 and J5 were obtained in P48.
Black arrows show locations of PCR primers for cloning the breakpoint junctions. Neither
junction was observed using the same PCR primers to amplify the genomic DNA of the
parents. The J2 junction fragment was obtained for patient P48 as well as for the patient’s
mother (P48.1). (C) Direct sequencing of the amplified fragment in patient P48 revealed the
breakpoint junction. The breakpoint junction sequence (middle, blue) is aligned to the 9q
reference sequence. The homologous nucleotides at the breakpoints are shown in yellow
shaded boxes.
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Figure 7. FISH analyses demonstrating an inverted orientation of the middle copy in subjects
S1-S6 with triplications of the subtelomere regions

(A) FISH analyses in subject S1 with 1p36.3 triplication, (B) In subject S2 with complex
duplication-triplication of the 1p36.3 subtelomere region, (C) in subject S3 with complex
duplication-triplication of the 3925-q26 region, (D) and (E) in subjects S4 and S5 with
triplications of the 6p25 region, and (F) in subject S6 with complex duplication-triplication-
duplication of the 17p13.3 subtelomere region.
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