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Abstract
Sequence Analysis of Chromosome Translocations in Neurodevelopmental Disorders
By Brooke Carin Weckselblatt

Translocation is one of the most common structural chromosome abnormalities
observed in humans. Constitutional unbalanced translocations result in partial monosomy
and partial trisomy of many genes, which may lead to neurodevelopmental disorders. We
analyzed the breakpoints of 57 unique unbalanced translocations to investigate the
mechanisms of how they form. 51 are simple unbalanced translocations between two
different chromosome ends, and six rearrangements have more than three breakpoints
involving two to five chromosomes. Sequencing 37 breakpoint junctions revealed that
simple translocations have between zero and four basepairs (bp) of microhomology
(n=26), short inserted sequences (n=8), or paralogous repeats (n=3) at the junctions,
indicating that translocations do not arise primarily from non-allelic homologous
recombination, but instead form most often via non-homologous end joining or
microhomology-mediated break-induced replication. Three complex translocations have
inversions, insertions, and multiple breakpoint junctions between only two chromosomes.
Whole-genome sequencing and fluorescence in situ hybridization analysis of two de novo
translocations revealed at least 18 and 33 breakpoints involving five different
chromosomes. Breakpoint sequencing of one maternally inherited translocation involving
four chromosomes uncovered multiple breakpoints with inversions and insertions. All of
these breakpoint junctions had zero to four bp of microhomology consistent with
chromothripsis, and both de novo events occurred on paternal alleles. Together with other
studies, these data suggest that constitutional chromothripsis arises in the paternal
genome, and may be transmitted maternally. In addition, we analyzed genes at the
breakpoints of these interchromosomal translocations and at the breakpoints of
intrachromosomal duplication CNVs. Three simple translocations fuse genes that are
predicted to produce in-frame transcripts, and we predicted six in-frame fusion genes at
sequenced duplication breakpoints; four gene fusions were formed by tandem
duplications, one by two interconnected duplications, and one by duplication inserted at
another locus. These unique fusion genes could be related to clinical phenotypes and
warrant further study. Breakpoint sequencing of our large collection of chromosome
rearrangements provides a comprehensive analysis of the molecular mechanisms behind
translocation formation.
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Chapter 1

Introduction

Portions of this chapter have been published in Trends in Genetics (doi:

10.1016/j.tig.2015.05.010) as a review article and reformatted for this document.



Genomic structural variation (SV) refers to abnormalities in chromosome
structure. The first human chromosome rearrangements were observed down the
microscope in cells from tumors (neoplastic) or blood (constitutional). SVs are important
for human health because they contribute to genetic diversity and evolution (Redon et al.
2006; Conrad et al. 2010; Kidd et al. 2010; Mills et al. 2011) but also can drive disease
(Stankiewicz and Lupski 2010; Cooper et al. 2011; Coe et al. 2014). Approximately 15-
20% of those with intellectual disability and autism spectrum disorders have a clinically
relevant SV (Miller et al. 2010; Cooper et al. 2011; Kaminsky et al. 2011). Exome
sequencing studies estimate that single nucleotide variation (SNV) is responsible for
another ~25% of neurodevelopmental disorders (Lee et al. 2014; Yang et al. 2014).
Constitutional SV arises in premeiotic, meiotic, or post-zygotic cells, and in most cases
the timing of SV formation is not known.

Analysis of SV identifies genes related to disease, breakage hotspots, parent-of-
origin biases, and common mutational mechanisms. Together, these data point to risk
factors for SV formation and critical genes responsible for genetic syndromes. DNA
sequence at SV breakpoint junctions reveals signatures of diverse DNA repair
mechanisms that shape human chromosome rearrangements. Sequencing breakpoints also
has the potential to uncover more complex genomic structures that are missed by low-
resolution methods. Recently, whole genome sequencing (WGS) studies of pathogenic
SV have revealed many genomic breakpoints in complex rearrangements that arise from
one catastrophic event. This introductory chapter discusses the mechanisms and

consequences of simple and complex constitutional SV.



Methods for SV detection

Standard SV detection methods include chromosome banding, fluorescence in situ
hybridization (FISH), and array comparative genome hybridization (CGH). For SV
detection by chromosome banding, chromosomes are prepared from dividing cells,
stained, and viewed with a microscope. Large deletions, duplications, and translocations
are detected if the banding pattern or chromosome structure is altered. However, smaller
microdeletions and microduplications are not observed at this low-resolution.

A microarray-based method such as array CGH will detect copy number
differences between abnormal and reference genomes. Though an array won’t determine
copy number variation (CNV) location and SV organization, FISH may resolve the
location of chromosomal segments originally identified by microarray and/or any next-
generation sequencing (NGS). To do so, fluorescently labeled DNA probes hybridize to
metaphase or interphase cells to visualize a locus on a chromosome and determine copy
number. FISH can also detect copy-neutral SV like inversions and balanced
translocations that do not result in changes in copy number.

Recently, targeted NGS and WGS technology has been applied to detect CNV
and copy-neutral SV using sequence read-depth and paired reads that span breakpoints.
The most comprehensive SV analysis comes from sequencing the whole genome, but
complex genomic structures identified by WGS may require FISH or chromosome
banding to place rearranged segments. Filtering discordant sequence reads to identify
paired ends that span SV breakpoints is one successful strategy to pinpoint breakpoints;
however, it is difficult to uniquely map short reads to repetitive DNA. One way to

capture breakpoints in repeats is by creating large-insert “jumping” libraries that



sequence the ends of DNA fragments several kilobases (kb) long (Korbel et al. 2007;
Hanscom and Talkowski 2014). These large-fragment mate-pair libraries increase the
likelihood of detecting SV that has breakpoints within interspersed repeats. This is
especially useful for inversions and balanced translocations that are not detected by copy

number methods.

DNA repair mechanisms

At a sequenced SV junction, long stretches of homologous sequence shared
between breakpoints indicate that the rearrangement may be a product of non-allelic
homologous recombination (NAHR) (Figure 1.1). NAHR is the recombination between
regions with high sequence similarity but different genomic positions. Genomic regions
susceptible to NAHR include segmental duplications (SDs), long interspersed nuclear
elements (LINEs), and human endogenous retroviral elements (HERVs). SDs, also
known as low-copy repeats, are genomic segments that are at least 1 kb in length and
share greater than 90% sequence identity. LINEs are retrotransposons interspersed
throughout the genome that are ~6 kb when full-length. Derived from ancient
retroviruses, HERV sequences are flanked by long terminal repeats.

On the other hand, the absence of sequence homology points to repair by
nonhomologous end joining (NHEJ), where broken DNA ends ligate together without a
homologous template following a double-strand break (DSB) (Figure 1.1) (Lupski 1998;
Lieber 2010). The presence of inserted or inverted sequences at breakpoints suggests that
the error occurred during DNA replication, like in microhomology-mediated break-

induced replication (MMBIR) or in fork stalling and template switching (FoSTeS)



(Figure 1.1). During MMBIR, a broken DNA strand at a collapsed replication fork uses
microhomology to invade a nearby replication fork (Hastings et al. 2009). In the FoSTeS
model, at a stalled replication fork, the lagging strand disengages and invades a nearby

replication fork, then reinitiates DNA synthesis (Zhang et al. 2009b).

Simple intrachromosomal SV

Simple intrachromosomal deletions, duplications, and inversions involve only one
chromosome and are the product of one or two DSBs (Figure 1.2). Deletions and
duplications are easily detected by array-based methods that measure differences in copy
number between subject and reference genomes. These CNVs may also be detected by
measuring NGS read depth, since relative to the rest of the genome, a region with half of
the coverage is inferred to be a deletion, and a region with ~50% more read depth is
inferred to be a duplication (Chiang et al. 2009; Abyzov et al. 2011; Haraksingh et al.
2011).

Because inversions are copy-neutral, they escape detection by microarray and
read depth methods. Recent use of mate-pair and fosmid/BAC end sequencing enabled
the identification of hundreds of inversion polymorphisms in the human genome (Tuzun
et al. 2005; Kidd et al. 2008; Williams et al. 2012; Rasekh et al. 2015). Though most
inversions are not associated with an abnormal phenotype, some alter the orientation of
repetitive DNA in a way that predisposes the chromosome to rearrangement in the future.
Recurrent deletions and duplications of Chromosomes 5q35, 8p23.1, 16p12.1, and
17g21.31 occur via NAHR and only arise in parents with an inversion of these

chromosomes. Thus, inversion carriers have an increased risk for offspring with genomic



disorders (Giglio et al. 2001; Antonacci et al. 2009; Antonacci et al. 2010; Watson et al.
2014).

Deletions can lie either within a chromosome arm (interstitial) or truncate the end
of a chromosome (terminal) (Figure 1.2B) (Luo et al. 2011). Terminal deletions have
been described on almost every human chromosome end, and in some cases these CNVs
result in a recognizable genomic disorder. For example, Wolf-Hirshhorn (Battaglia et al.
1999), Cri-du-chat (Zhang et al. 2005), Kleefstra (Kleefstra et al. 2009), Jacobsen
(Grossfeld et al. 2004), and Phelan-McDermid (Durand et al. 2007) syndromes are
caused by terminal deletions of Chromosomes 4p, 5p, 9q, 11q, and 22q, respectively.
Sequence analysis of terminal deletions revealed guanine-rich motifs overrepresented at
breakpoints. This suggests that either G-rich sequences are risk factors for chromosome
breakage, or that once a DSB occurs, G-rich DNA is an ideal substrate for de novo
telomere synthesis and terminal deletion formation (Luo et al. 2011; Bose et al. 2014).

Interstitial deletions and duplications may be caused by NAHR, NHEJ, or
MMBIR. The genomic organization of interstitial deletions is relatively simple, and
haploinsufficiency for genes within the deleted segment can lead to abnormal outcomes.
The phenotypic significance of interstitial duplications is more difficult to interpret since
genes at breakpoints may or may not be disrupted depending on the orientation of the
duplicated segment. Sequence analysis of a diverse collection of interstitial duplications
revealed that they are almost always tandem, in direct orientation relative to the original
locus (Figure 1.2B) (Newman et al. 2015).

Most deletion and duplication CN'Vs have non-recurrent breakpoints, with blunt

ends or microhomology at breakpoint junctions (Vissers et al. 2009; Luo et al. 2011;



Verdin et al. 2013). Although this microhomology may seem coincidental, many CNV
sequencing studies have revealed greater microhomology than expected by chance
(Vissers et al. 2009; Conrad et al. 2010; Newman et al. 2015). Recurrent deletions and
duplications make up ~20% of pathogenic intrachromosomal rearrangements (Luo et al.
2011; Itsara et al. 2012). Genomic disorders caused by these recurrent CN'Vs are ideal for
genotype-phenotype correlations because the same contiguous genes are deleted or
duplicated in unrelated individuals (Watson et al. 2014). The earliest recurrent deletions
and duplications discovered turned out to be mediated by NAHR between SDs hundreds
of kb in length on the same chromosome (Lupski 1998). More recent studies have used
genomic approaches to predict intrachromosomal CNVs mediated by long (>10 kb) SDs
with high sequence identity (>95%) (Sharp et al. 2006; Liu et al. 2012; Dittwald et al.
2013). NAHR frequency is positively correlated with SD length, proximity, and sequence
identity, so the most common CNVs are flanked by long stretches of near-perfect
homology (Liu et al. 2011b).

Shorter paralogous repeats can also mediate NAHR, albeit less frequently than
long SDs. Sequencing across interspersed repeats is challenging, and until recently, many
of these breakpoints were missed by CNV sequencing studies. This year, recombination
between LINE pairs was discovered at the breakpoints of 44 pathogenic CN'Vs. High
sequence identity appears to be a requirement for LINE-LINE rearrangements because
the minimum identity between recombining LINEs was 96%, and most pairs were greater
than 97% identical (Startek et al. 2015). Some LINEs had less than 1 kb of homology,
suggesting that even fragmented LINEs can participate in NAHR. Recombination

between human endogenous retrovirus (HERV) elements can also give rise to recurrent



CNVs. Deletions and duplications mediated by HERV-HERYV recombination at three
intrachromosomal loci were sequenced in a recent study (Campbell et al. 2014). Like
other HERV-mediated chromosome rearrangements (Hermetz et al. 2012; Robberecht et
al. 2013; Weckselblatt et al. 2015), all of the CNVs are flanked by HERV-H elements
that are at least 3 kb long and 93-96% identical. The longer length and significant
sequence identity of intact HERV-H elements may make them particularly
recombinogenic.

On the other hand, Alus, the most abundant class of repeats in the human genome,
are only ~300 bp long. Alu pairs that flank deletions and duplications are 75-91%
identical (Vissers et al. 2009; Shlien et al. 2010; Luo et al. 2011; Verdin et al. 2013;
Boone et al. 2014; Carvalho et al. 2014; Newman et al. 2015). Sequencing breakpoints of
54 CNVs at the Alu-rich SPAST locus revealed 38 that spanned hybrid Alus (Boone et al.
2014). Lower sequence identity between Alu pairs suggests that these CNVs may not be
the product of NAHR, but rather are the result of homeologous, or near-homologous,
recombination that occurs between more divergent sequences (Rossetti et al. 2004).
Compared to deletions and duplications mediated by LINE-LINE and HERV-HERV
events, (30 kb-5.5 megabases (Mb); median 523 kb) those flanked by Alus tend to be
smaller (1.9 kb-4.2 Mb; median 65.4 kb) (Vissers et al. 2009; Shlien et al. 2010; Luo et
al. 2011; Verdin et al. 2013; Boone et al. 2014; Carvalho et al. 2014; Newman et al.

2015).

Simple interchromosomal SV



Translocation is the exchange of genomic material between two different
chromosomes (Figure 1.2). The initial event that gives rise to translocations is usually
reciprocal, producing two derivative chromosomes that are balanced. However,
derivative translocation chromosomes may segregate in a balanced or an unbalanced
manner. Balanced translocations are copy-neutral and do not cause a phenotype unless
they disrupt developmentally important gene(s) at breakpoints. On the other hand,
unbalanced translocations result in trisomy and monosomy of chromosome ends and are
usually found in individuals with developmental delay, intellectual disability, and/or birth
defects, depending on the genes affected by the CNVs. Unbalanced translocations are
easily detected by a number of methods, whereas detecting balanced translocations
requires techniques that capture breakpoints, such as WGS or targeted NGS.

Like intrachromosomal rearrangements, most constitutional translocations are
non-recurrent. In studies of sequenced balanced translocations, microhomology is the
most common feature at breakpoint junctions (Chen et al. 2008; Higgins et al. 2008;
Chiang et al. 2012). A recent study of nine unbalanced translocations revealed that six
were mediated by NAHR between 6-kb LINE, 3-kb HERV, or 1.7-kb SD pairs that are
each >90 identical (Robberecht et al. 2013). Although in this group NAHR between
paralogous repeats appeared to be the “driver” of unbalanced translocations, our larger-
scale study determined that NAHR is unlikely to be the major mechanism of
translocation formation (see Chapter 2 of this dissertation). In both unbalanced
translocation studies, LINE and HERV elements were capable of NAHR, whereas no
Alu-Alu events were detected (Robberecht et al. 2013; Weckselblatt et al. 2015). Indeed,

Alu-Alu recombination has been reported in only three translocations (Rouyer et al. 1987;
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Higgins et al. 2008; Fruhmesser et al. 2013). This trend suggests that, for NAHR-
mediated rearrangements, those that are interchromosomal may require longer stretches
of homology and greater sequence identity than those that are intrachromosomal.

Recurrent translocations are caused by NAHR between homologous sequences on
different chromosomes, or by breakage hotspots in palindromic AT-rich repeats
(PATRRSs). The same SDs responsible for reciprocal deletions and duplications of the
short arm of Chromosome 8 also underlie recurrent translocations between Chromosomes
4,8, and 12 (Giglio et al. 2002; Ou et al. 2011; Goldlust et al. 2013). A recurrent
translocation between Chromosomes 4 and 18 is also caused by NAHR between 92%
identical HERV-H repeats (Hermetz et al. 2012). PATRRs on Chromosomes 3,8, 11, 17,
and 22 give rise to recurrent translocations, the most well known of which is the

der(22)t(11:22), which causes Emanuel syndrome (Kato et al. 2012).

Complex chromosome rearrangement

Complex chromosome rearrangements have three or more breakpoints and may
lead to a balanced or an unbalanced copy number state (Zhang et al. 2009a; Quinlan and
Hall 2012). Recent NGS breakpoint studies have paved the way to understanding the
mutational mechanisms and defining the genomic structure of these rearrangements. Here

we describe insights into the major classes of complex chromosome rearrangement.

Inverted duplication adjacent to terminal deletion
Inverted duplication next to terminal deletion is a common type of rearrangement

that has been recognized in cancer and constitutional genomes (Tanaka et al. 2007,
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Hermetz et al. 2014). Several models have been put forth to explain these CNVs, and all
include a dicentric chromosome that goes through a breakage-fusion-bridge cycle.
Analysis of 34 sequenced breakpoints revealed spacers with normal copy number
(median size 3 kb) between the inverted duplications (Figure 1.3A) and short inverted
homology at the edges of the inverted segments. These molecular features support a
model whereby the initial DSB leads to a terminal deletion, followed by fold-back of the
truncated chromosome, formation of a dicentric chromosome, and a second DSB between
the two centromeres that is repaired by addition of a new telomere (Hermetz et al. 2014).
The disomic spacers between inverted duplications correspond to the fold-back portion of
the chromosome and their discovery provided important insight in the formation of these
complex chromosome rearrangements. Spacers are too small to detect by array-based
methods, so sequencing breakpoint junctions was a major advance in understanding this
rearrangement mechanism.

Inverted duplications adjacent to deletions have also been described in ring
chromosomes (Murmann et al. 2009), an interstitial chromosome rearrangement
(Milosevic et al. 2014), and unbalanced translocations (Hermetz et al. 2014). These
rearrangements are also are formed through a dicentric chromosome step, but instead of
resolving as a terminal deletion, the second DSB is repaired by an internal site on the

same chromosome or capture of a nonhomologous chromosome (Figure 1.3E).

Duplication-normal-duplication (DUP-NML-DUP)
Adjacent duplications with a normal copy number region between them have a

characteristic “DUP-NML-DUP” pattern by array CGH (Figure 1.3B). Sequencing DUP-
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NML-DUP junctions revealed that most are interconnected with duplications in direct or
inverted orientation (Liu et al. 2011a; Carvalho et al. 2013; Brand et al. 2014; Newman et
al. 2015). These interstitial duplications are derived from regions of the same
chromosome arm that are hundreds of kb to Mb apart. DUP-NML-DUPs are not
associated with a particular syndrome since they are derived from diverse genomic loci
and involve different genes. Depending on the spacing of probes, some DUP-NML-DUPs
may appear as a single duplication by array CGH, so their prevalence is likely
underestimated. DUP-NML-DUPs have the potential to duplicate, fuse, and/or disrupt
genes at breakpoints; therefore, determining their genomic structure is essential to
identify genes involved in disease. For example, in Chapter 4 we describe a DUP-NML-
DUP that fuses the KCNH5 and FUTS genes at an inverted junction that is predicted to

produce an in-frame fusion transcript (Newman et al. 2015).

Triplication

Triplications are often recognized by array or NGS as segments with increased
copy number within a duplicated segment. Type I triplications are oriented head-to-tail,
without flanking duplications, and are formed via NAHR between SDs (Liu et al. 2012)
(Figure 1.3C). Type II triplications lie within larger duplications and may or may not
involve SDs at breakpoints (Figure 1.3C). In most Type II CNVs, the triplicated segment
is inverted relative to the duplications, a structure known as DUP-TRP/INV-DUP (Figure
1.4) (Carvalho et al. 2011; Shimojima et al. 2012; Ishmukhametova et al. 2013; Beck et

al. 2015; Carvalho et al. 2015).
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DUP-TRP/INV-DUP of the PLP1 gene on Chromosome X causes Pelizaeus-
Merzbacher disease, and these complex triplications lead to a more severe clinical
phenotype than PLPI duplications that also cause the disease (Beck et al. 2015).
Triplication breakpoints cluster at inverted SDs distal of PLPI and sequence analysis of
17 PLPI DUP-TRP/INV-DUPs revealed that a recurrent breakpoint junction lies within
these inverted repeats (Beck et al. 2015). Such DUP-TRP/INV-DUPs are proposed to
form via a two-step process involving replication fork collapse and strand invasion
between inverted repeats, followed by MMBIR or NHEJ (Figure 1.4) (Carvalho et al.
2013; Beck et al. 2015). DUP-TRP/INV-DUPs of MECP2 also have recurrent
breakpoints within inverted repeats and cause a more severe form of MECP2 duplication
syndrome (Carvalho et al. 2011).

Triplications in the same orientation as flanking duplications have been described
at other loci (Newman et al. 2015). Whereas inverted triplications tend to have inverted
repeats at junctions, direct triplications lack inverted repeats (Carvalho et al. 2013; Beck
et al. 2015; Newman et al. 2015). Recently, terminal regions of absence of heterozygosity
were detected distal of some triplications. Extended absence of heterozygosity adjacent to
triplications is likely due to MMBIR template switching between homologous
chromosomes, which leads to regional uniparental disomy at end of the chromosome

(Carvalho et al. 2015).

Insertional translocation
Like other complex chromosome rearrangements, insertional translocations have

more than two breakpoints. As opposed to more common translocations of chromosome
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ends, these translocated segments are inserted interstitially into a nonhomologous
chromosome (Figure 1.3D). Insertional translocations often appear to be simple
interstitial duplications by copy number studies; however, FISH and breakpoint analyses
revealed that ~2% of genomic gains detected by array CGH are inserted in another
chromosome (Kang et al. 2010; Neill et al. 2011; Nowakowska et al. 2012; Newman et
al. 2015). Unbalanced insertional translocations may be inherited from parents with the
balanced form of the rearrangement (Kang et al. 2010; Nowakowska et al. 2012), and in
some cases, the insertional translocation includes multiple segments in direct or inverted

orientation (Chiang et al. 2012; Newman et al. 2015; Weckselblatt et al. 2015).

Chromoanagenesis

The most severe forms of genomic reorganization are described as
“chromoanagenesis,” or chromosome rebirth, since chromosomes are rearranged beyond
recognition (Holland and Cleveland 2012). Chromosome shattering, “chromothripsis
(Stephens et al. 2011),” and chromosome reconstitution, “chromoanasynthesis (Liu et al.
2011a),” are two types of chromoanagenesis, and their underlying mechanisms are just

beginning to be understood.

Chromothripsis

Chromothripsis was originally detected in chronic lymphocytic leukemia where
dozens of breakpoints were clustered on a single chromosome arm (Stephens et al. 2011).
Chromothripsis is present in ~2% of cancer genomes (Kim et al. 2013) and has been

reported at similar frequencies in constitutional chromosome rearrangements.
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Chromothripsis involving up to five different chromosomes has been described in
children with neurodevelopmental disorders (Figure 1.5A). Long stretches of homology
are absent from the breakpoint junctions, so DNA repair likely occurs via NHEJ
(Kloosterman et al. 2011; Chiang et al. 2012; Kloosterman et al. 2012; Genesio et al.
2013; Kloosterman and Cuppen 2013; Macera et al. 2014; Nazaryan et al. 2014; van
Heesch et al. 2014; Weckselblatt et al. 2015). Despite tens of breakpoints per genome,
constitutional chromothripsis is largely copy neutral. Retention of essentially normal
copy number in chromothripsis genomes could be mechanistically important, or could
simply reflect selective pressure in liveborn individuals (Kloosterman and Cuppen 2013).
Some breakpoints have adjacent deletions, and many are inverted, but duplications are
rare (Kloosterman et al. 2011; Kloosterman et al. 2012; Weckselblatt et al. 2015). WGS
is ideal to capture tens of breakpoints in one experiment, including balanced
translocations and inversions in chromothripsis genomes that go unnoticed by other
methods (Kloosterman et al. 2011; Chiang et al. 2012; Kloosterman et al. 2012; van
Heesch et al. 2014; Weckselblatt et al. 2015). However, visualization of chromosomes is
still necessary to localize rearranged segments and determine the contiguous structure of
chromosomes scrambled by chromothripsis (Macera et al. 2014; Nazaryan et al. 2014;
Weckselblatt et al. 2015). Breakpoint analysis of a growing number of complex
rearrangements has revealed that translocations involving three or more different
chromosomes are likely formed via chromothripsis (Kloosterman et al. 2011;
Kloosterman et al. 2012; Weckselblatt et al. 2015). In Chapter 3, we describe
chromothripsis translocations involving five different chromosomes and investigate their

origin.
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In addition to cancer and constitutional situations, chromothripsis has been
observed upon integration of a transgene (Chiang et al. 2012) and in a hematopoietic
stem cell lineage (McDermott et al. 2015). Somatic chromothripsis was recently
described in a woman with WHIM syndrome, a rare immunodeficiency disorder resulting
from a mutated copy of the CXCR4 gene. In this case, chromothriptic deletion of her

dominant CXCR4 mutation led to reversion of the disease (McDermott et al. 2015).

Chromoanasynthesis

Chromosome reconstitution confined to a single chromosome or locus has been
termed chromoanasynthesis (Liu et al. 2011a). Whereas chromothripsis is limited to two
copy number states, has features of NHEJ at breakpoints, and may involve multiple
chromosomes, chromoanasynthesis leads to deletions, duplications, and triplications
along a single chromosome (Figure 1.5B) (Liu et al. 201 1a; Plaisancie et al. 2014;
Zanardo et al. 2014). Constitutional chromoanasynthesis has been recognized in
rearrangements that involve eight to 33 breakpoints (Liu et al. 201 1a; Plaisancie et al.
2014), and sequenced junctions bear signatures of FoSTeS and MMBIR (Liu et al.
2011a). Going forward, as WGS is more widely applied to SV, we expect to better define

the features and origins of these highly complex chromosome rearrangements.

Consequences of SV

Fusion genes
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In many cases, SV breakpoints intersect open reading frames of genes. Though
the transcriptional consequences of most SVs have not been investigated, breakpoints that
disrupt or fuse genes have the potential to wreak havoc on normal development. Fusion
genes are predicted at the breakpoints of constitutional deletions (Rippey et al. 2013;
Boone et al. 2014), duplications (Rippey et al. 2013; Newman et al. 2015), balanced
translocations (Backx et al. 2011; Utami et al. 2014), unbalanced translocations
(Weckselblatt et al. 2015), an insertional translocation (Newman et al. 2015), an inverted
DUP-NML-DUP (Newman et al. 2015), and chromothriptic rearrangements (van Heesch
et al. 2014). Genes disrupted or fused at the breakpoints of balanced rearrangements are
excellent candidates for neurodevelopmental disorders because the rest of the genome is
intact. However, fusion genes in unbalanced rearrangements also have the potential to

acquire new functions related to phenotypic outcomes.

Mutations adjacent to breakpoint junctions

Although DNA at breakpoints is known to be altered by resection, insertion, and
inversion, recent studies suggest that regions further from junctions are also mutated.
Complex duplications of the MECP2 locus have SNV within 50 bp of breakpoint
junctions that arose at the same time as the de novo duplications (Carvalho et al. 2013).
Similar “micro-mutations” have been detected adjacent to pathogenic deletions of five
different chromosomes (Wang et al. 2015). It remains to be determined whether these
mutations occur at other SV, but this phenomenon may be similar to the mutations
induced by APOBEC cytosine deaminase associated with somatic mutations in cancer

(Roberts et al. 2013).
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Position effect

SVs may also exert position effects that alter the expression of intact genes near
breakpoints. Position effects have been noted at the FOXL2 (Fantes et al. 1995; Beysen et
al. 2005; Bhatia et al. 2013), PLP1 (Lee et al. 2006), SHOX (Fukami et al. 2006), and
SOX9 (Hill-Harfe et al. 2005; Velagaleti et al. 2005) genes, among others. In the
recurrent translocation between Chromosomes 11 and 22, aberrant nuclear positioning of
translocated regions results in differential expression of many genes on different
chromosomes (Harewood et al. 2010). Future studies of cis and trans position effects
related to SV may inform phenotypes when even thorough breakpoint analysis by WGS

fails to pinpoint genes related to disease (Gilissen et al. 2014).

Research Objectives

Translocations are among the earliest recognized chromosome rearrangements,
and both the balanced and unbalanced forms of translocations are routinely detected in
individuals with neurodevelopmental or other congenital disorders. Balanced
translocation breakpoints have been studied to determine rearrangement mechanisms and
for candidate gene discovery, but unbalanced translocations have not been well
characterized. Although unbalanced translocations carry monosomic and trisomic regions
that complicate genotype-phenotype correlation, they offer the same opportunity to study
mutational mechanism because both balanced and unbalanced translocations arise from
the same initial events. To this end, we have analyzed constitutional unbalanced

translocations from 57 subjects with neurodevelopmental disorders using a combination
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of array CGH, targeted NGS, and WGS. We aim to establish the mechanisms, structures,
and consequences of this particular class of SV. In Chapter 2, we describe sequenced
simple unbalanced translocation junctions to infer how they formed. For several
rearrangements, WGS revealed extreme structural complexity indicative of
chromothripsis, as explained in Chapter 3. In addition, we performed breakpoint junction
sequencing of interchromosomal translocations and intrachromosomal duplications to
predict the formation of fusion genes at their SV junctions (Chapter 4). Finally, Chapter 5
discusses the impact of this work in the context of the chromosome rearrangement field

and provides future directions to further explore the causes and effects of translocations.
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Blunt ends
NHEJ, FoSTeS

Homology (>1 kb)
NAHR

Insertion and/or inversion
FoSTeS, MMBIR

Microhomology (1-15 bp)
NHEJ, FoSTeS, MMBIR

DNA sequence that spans the translocation breakpoint junction is aligned to the pink

reference chromosome A (chrA) and blue reference chromosome B (chrB). The

breakpoints are located where the junction (Jxn) sequence transitions from chrA to chrB.

(A) Jxn with blunt ends at the breakpoints points to repair by NHEJ or FoSTeS.

(B) Homology, shown in purple, >1 kb long and shared between chrA and chrB

breakpoints suggests NAHR between paralogous HERVs, LINEs, or SDs.

(C) The presence of inverted and/or inserted sequence (shown in black), at the

breakpoints are signatures of replicative mechanisms like FoSTeS and MMBIR.

(D) 1-15 bp of microhomology between chromosome breakpoints is common and may be

due to NHEJ, FoSTeS, or MMBIR.
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Figure 1.2: Simple chromosome rearrangements

(A) Two nonhomologous chromosomes shown in blue and pink. Segments are labeled
with letters A-E. Black arches indicate SV breakpoint junctions.

(B) Intrachromosomal rearrangements include inversions, interstitial and terminal
deletions, and interstitial duplications.

(C) Simple translocations between two different chromosome ends. Balanced
translocations do not result in CNV, but unbalanced translocations have partial

monosomy (segment E) and partial trisomy (segments B-C).
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Figure 1.3: Complex chromosome rearrangements

Complex rearrangements and their array CGH signatures are shown relative to the blue
reference chromosome (top) divided into segments A-F.

(A) Inverted duplications adjacent to terminal deletions have a short disomic spacer
region (segment E) between inverted duplications.

(B) A DUP-NML-DUP appears by array CGH as two copy number gains (segments B
and D). The duplications may be in direct orientation, or one duplicated segment (D) may
be inverted between two copies of the other (B).

(C) Triplication Type I has three direct copies of B. In Triplication Type II, the
triplication (C) is embedded within a duplicated region (B-D). The triplicated segment
may be in direct or inverted orientation.

(D) Complex interchromosomal rearrangements occur between the blue and pink
chromosomes. An insertional translocation involves the interstitial insertion of one
chromosome segment (D) into another chromosome. Some complex translocations have
multiple chromosome segments and/or inversion at the breakpoint junction.

(E) An inverted duplication with terminal deletion may end with the translocated end of a

nonhomologous chromosome.
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Figure 1.4: DUP-TRP/INV-DUP formation

(A) Copy number changes are detected relative to the black reference chromosome. 2x
indicates normal disomic copy number, while 3x genomic copies of A and C are
duplications and 4x total copies of segment B is a triplication. Inverted repeats (grey
arrows) are present at the edges of segment C.

(B) At a collapsed replication fork, sequence homology drives strand invasion from one
inverted repeat into one from the opposite strand. DNA synthesis is re-initiated until the
occurrence of a second collapsed replication fork.

(C) This second junction may arise from an NHEJ or MMBIR mechanism. In NHEJ, a
DSB occurs on the original DNA strand and is repaired by joining the to end of the
replicated strand. In MMBIR, the lagging strand disengages, invades upstream sequence,
and synthesizes DNA along the rest of the chromosome.

(D) The resulting structure is a duplication, inverted triplication, and duplication.
Orientation of the triplicated “B” is confirmed by sequencing across Jxnl and Jxn2.
Figure adapted, with permissions from Macmillan Publishers Ltd: Nature Genetics,

(Carvalho et al. 2011) copyright 2011.



(A) Chromothripsis

N N
l...(.A_|Blc|.D |E|F|. G ( (LA K. |G
N NN N N
CHO L G LK [ L [M[N —>  (Holbo el e d TN
({ (o _lPlalLR ( (.0 AMAEAIAEAB
(B)Chromoanasynthesis 0 0

( (LA _|Blcl.D lEIFL.G. — (i

Figure 1.5: Massive genomic reorganization
(A) Chromothripsis shatters three nonhomologous chromosomes. The only CNVs are

deletions of B and D, but translocating segments and inversions have shuffled the
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contents of the three chromosomes. The 12 breakpoint junctions have blunt ends or short

microhomology.
(B) Chromoanagenesis leads to triplication (B) and duplications (D and F) across one
chromosome. These breakpoint junctions contain microhomology and insertions that

suggest a DNA replication-based mechanism of repair.



Chapter 2

Unbalanced translocations arise from diverse mutational mechanisms

Portions of this chapter have in published in Genome Research (2015, 25:937-947) as a

research article and have been reformatted for this document.
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Introduction

Translocation is one of the most common structural chromosome abnormalities
found in humans, with a de novo frequency of 1 in 2,000 (Warburton 1991). Unbalanced
translocations lead to monosomy and trisomy for segments of different chromosomes and
account for ~1% of cases of developmental delay and intellectual disability (Ravnan et al.
2006; Ballif et al. 2007; Shao et al. 2008). The initial exchange of genetic material
between two non-homologous chromosomes can occur during premeiotic mitoses,
meiotic recombination in the parental germline, or postzygotic mitoses in the early
embryo (Vanneste et al. 2009; Robberecht et al. 2013). Unbalanced translocations
detected in affected children may be inherited from a parent who carries the balanced
form of the rearrangement or may arise de novo.

Recurrent translocations may be mediated by NAHR between segmental
duplications (Giglio et al. 2002; Ou et al. 2011) or paralogous interspersed repeats (Luo
et al. 2011; Hermetz et al. 2012; Robberecht et al. 2013). Palindromic AT-rich repeats on
Chromosomes 3, 8, 11, 17, and 22 also generate recurrent translocations, the most
common of which is the recurrent t(11;22) that causes Emanuel syndrome (Edelmann et
al. 2001; Kurahashi et al. 2003; Gotter et al. 2007; Kato et al. 2012; Kato et al. 2014).
Most constitutional translocations, however, are not recurrent, and sequencing of
translocation breakpoints has revealed features of NHEJ and MMBIR at more than 60
unique translocation junctions (Chen et al. 2008; Higgins et al. 2008; Sobreira et al. 2011;
Chiang et al. 2012; Robberecht et al. 2013). Recently, a study of 12 de novo unbalanced

translocations, nine of which were sequenced, concluded that NAHR between paralogous
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repeats is the predominant mechanism of de novo unbalanced translocation formation
(Robberecht et al. 2013).

Here we investigate rearrangement mechanisms of 57 constitutional unbalanced
translocations isolated from subjects with neurodevelopmental phenotypes. In this group.
51 translocations are a simple rearrangement between two different chromosome ends,
and this chapter is focused on their formation. Using a combination of array CGH,
SureSelect sequence capture, and WGS, we provide a comprehensive sequence analysis

of unbalanced translocations.

Results
Sequencing unbalanced translocation junctions

We recruited subjects with developmental delays, autism, intellectual disability
(ID), and/or congenital anomalies after routine cytogenetics testing at Emory Genetics
Laboratory (EGL). For 57 unrelated individuals with a previous diagnosis of an
unbalanced translocation we extracted DNA from peripheral blood for further study. In
this cohort, translocation breakpoints are spread across all of the autosomes and the X
Chromosome. From the 57 subjects, 51 carry rearrangements that are simple unbalanced
translocations with one derivative chromosome that fuses two chromosome breakpoints;
six rearrangements have more than one breakpoint junction that joins multiple segments
from two or more chromosomes (see Chapter 3).

To fine-map breakpoints, we designed custom oligonucleotide microarrays with
dense probe coverage in 1-megabase (Mb) windows centered around the breakpoints

determined by diagnostic chromosomal microarray analysis (CMA) (Figure 2.1). High-
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density arrays resolve unbalanced translocation breakpoints to 200-1000 bp, but do not
detect copy-neutral structural variation. Next, we attempted SureSelect Target
Enrichment to capture 40-kilobase (kb) regions surrounding 44 fine-mapped
translocations (40 simple and four complex). Since none of the breakpoints were shared
between individuals, we pooled genomic DNA from five to seven subjects per SureSelect
library and separated subject-specific junctions after NGS using Illumina HiSeq. We
sequenced 100-bp paired-end reads and analyzed discordant reads where paired-ends map
to different chromosomes, map too close together, or map too far apart relative to the
GRCh37/hg19 reference genome (Figure 2.2).

Discordant reads spanned 19 of 40 simple translocations targeted by SureSelect
and Illumina HiSeq. To confirm NGS results, we PCR-amplified translocation junctions
predicted by discordant reads and Sanger sequenced amplicons. We confirmed 18/19 of
simple translocations supported by discordant reads. One translocation junction that
failed PCR confirmation (EGL313) was supported by discordant reads between unique
sequence and a segmental duplication. For the 21/40 simple translocations where
SureSelect plus Illumina HiSeq did not yield discordant reads, we attempted long-range
PCR using breakpoint estimates from high-resolution array CGH and successfully
sequenced 12. We PCR-amplified and sequenced an additional seven simple
translocations without attempting SureSelect, leading to a total of 37 simple translocation

junctions confirmed by Sanger sequencing.

Simple unbalanced translocations
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We confirmed the junctions of 37 simple unbalanced translocations by Sanger
sequencing (Table 2.1) (Weckselblatt et al. 2015). Six junctions had blunt ends and 20
junctions had one to four basepairs (bp) of microhomology shared between the two sides
of the translocation. Eight translocations had short insertions or inversions at the
breakpoint junction, ranging in length from 2-209 bp. In four translocations the inserted
sequence is a copy of adjacent sequence, indicating DNA slippage (Viguera et al. 2001).
Like other DNA replication-based rearrangements (Lee et al. 2007; Zhang et al. 2009;
Conrad et al. 2010; Luo et al. 2011; Newman et al. 2015), two of these local duplications
are in an inverted orientation relative to the reference genome, and two are in direct
orientation. Insertions in LM219, EGL366, and EGL0O87 map to regions 210 bp, 1.5 kb,
and 56 kb from the breakpoint, respectively. The origin of EGL089’s 7-bp insertion is
unknown.

Three translocations have at least 335 bp of perfect homology shared between the
two sides of the junction, consistent with NAHR. EGLO0O51’s translocation occurs between
segmental duplications on Chromosomes 5 and 14 that are 95% identical over 1.5 kb. In
EGLO080, the translocation breakpoint spans a LIPA2 on Chromosome 8 and a LIPA3 on
Chromosome 1 that are 93% identical across the 6.0-kb repeats. EGL083’s junction lies
in HERV-H elements on Chromosomes 8 and 12 that are 92% identical across the 3.2-kb
and 3.0-kb repeats. In each of these translocations, recombination occurred at paralogous
sites within repeats and created a hybrid repeat element at the breakpoint junction.
Breakpoints in LM219’s unbalanced translocation fall in AluSx and AluSx1 repeats;

however, the junction does not lie in homologous parts of the Alus.
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Discussion
Unbalanced translocation mechanisms

We analyzed translocations from 57 individuals with unique chromosome
rearrangements and found that most junctions have little or no sequence homology. For
the 37 simple unbalanced translocations we sequenced, 70% have 0-4 bp of
microhomology, 22% have insertions or inversions, and only 8% have long stretches of
homology shared between translocating segments, suggesting that NHEJ and MMBIR are
the predominant mechanisms of translocation formation (Hastings et al. 2009; Zhang et
al. 2009). Recently, Robberecht et al. sequenced the junctions of nine de novo unbalanced
translocations and found that six were mediated by NAHR between LINEs, HERVs, or
segmental duplications (Robberecht et al. 2013). They concluded that NAHR between
these longer repeats drives de novo unbalanced translocation formation. We determined
translocation inheritance in 20 trios and found that eight were de novo, seven were
maternally inherited, and five were paternally inherited (Table 2.1). Similar to the 30%
observed by Robberecht et al., 40% of our unbalanced translocations were de novo;
however, only two out of eight de novo unbalanced translocations in our study were
mediated by NAHR. As in Robberecht et al., these two junctions lie in homologous LINE
or HERYV repeats. Nonetheless, most de novo translocations in our study lack extensive
sequence homology at junctions. Like other structural variation in the human genome
(Conrad et al. 2010; Luo et al. 2011; Chiang et al. 2012; Newman et al. 2015), most de
novo unbalanced translocations are the product of NHEJ or MMBIR.

It is possible at least some of the 14 simple translocations that failed junction

sequencing have repetitive DNA or cryptic complexity at the breakpoints that prevented
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SureSelect, NGS, or junction PCR. Even if all 14 translocations were the product of
NAHR, junctions without significant sequence homology still outnumber those formed
by NAHR. Translocations in EGL045 and EGL315 may be NAHR-mediated since
breakpoints determined by high-resolution array CGH map to homologous repeats
(HERV-H and L1PA2/LL1PA3, respectively) (Table 2.1). However, breakpoints of the
remaining 12 translocations map to regions that lack homology between both sides of the
junction. Furthermore, breakpoints that fine-map to homologous interspersed repeats are
not guaranteed to be the product of NAHR. For example, array CGH mapped both
breakpoints in EGL103’s translocation to AluSx1 repeats, but sequencing revealed that
breakpoints were outside of the repeats and the junction lacked significant sequence
homology.

Forty-eight percent (49/102) of sequenced breakpoints from simple translocations
lie within repeats (Table 2.1). This is not surprising since approximately half of the
human genome is repetitive (Lander et al. 2001), and similar repeat content has been
reported at other CNV breakpoints (Vissers et al. 2009; Bose et al. 2014). Translocation
junctions of EGL0O51, EGL080, and EGL083 are located in paralogous segmental
duplications, L1s, and HERV-H elements, respectively. Robberecht et al. found the same
classes of repeats at breakpoint junctions of unbalanced translocations. These repeats are
more than 1-kb long, are found only in primates, and are greater than 92% identical.
While recombination between Alus have been described for numerous interstitial
deletions and duplications (Luo et al. 2011; Boone et al. 2014; Newman et al. 2015), Alu-
Alu events rarely mediate germline translocations (Rouyer et al. 1987; Chen et al. 2008;

Luo et al. 2011; Chiang et al. 2012; Fruhmesser et al. 2013; Robberecht et al. 2013).
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These data suggest that specific types of repeats may be favored in aberrant homologous
recombination that gives rise to translocations.

We identified two breakpoints shared between our translocations and those
described in Robberecht et al. Translocations in EGL083 and Robberecht Case 3 are
mediated by NAHR and have a breakpoint on Chromosome 12 in the same HERV-H
(hgl9; Chr 12:4,128,160-4,131,129). However, the translocation partners are different
chromosomes. Recombination between HERV-H repeats has been implicated in other
translocations and deletions (Hermetz et al. 2012; Shuvarikov et al. 2013; Campbell et al.
2014). Robberecht Case 7 has an unbalanced translocation likely mediated by NAHR
between L1PA4 elements on Chromosomes 9 and 10. EGL319’s translocation has a
breakpoint in the same Chromosome 9 L1PA4 (hg19; Chr 9:15,595,148-15,601,275),
although the translocation partner is different and the junction has microhomology rather
than features of NAHR. It is possible that this L1PA4 is a breakage hotspot that may be

resolved by diverse DNA repair mechanisms.

Translocation annotation and technical limitations

Mapping translocation breakpoints at the nucleotide level required a tiered
approach consisting of high-resolution array CGH, targeted sequence capture with NGS,
WGS, and confirmation by junction PCR followed by Sanger sequencing. We
successfully confirmed the breakpoints of 37/51 simple unbalanced translocations.
Fourteen translocation junctions could not be verified by the above methods, and this is
due to a combination of technical limitations, lack of genomic DNA, and the nature of the

rearrangements.
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FISH analysis revealed that copy number gains in EGL354, EGL357, and
EGL358 were unbalanced translocations to the short arms of Chromosomes X, 21, and
22, respectively (Table 2.1). However, we did not detect genomic losses of those
chromosome arms by array CGH. This is consistent with small deletions of ends of the
derivative chromosomes that may lie in segmental duplications or other repetitive DNA
not included in microarray analysis (Rudd 2012). Though we targeted the breakpoints
corresponding to the terminal gains of these unbalanced translocations, SureSelect plus
Illumina HiSeq did not identify reads that cross the translocation breakpoints.

We fine-mapped 14 breakpoint regions from 12 translocations to LINEs and
attempted to capture these loci by SureSelect. Discordant reads spanned the junction from
LINE to unique sequence in only five of these breakpoints (EGL002, EGL064, EGL306,
EGL317, and EGL319), which is consistent with the previously recognized limitation in
LINE breakpoint sequencing (Talkowski et al. 2011). Surprisingly, our SureSelect
approach was successful in mapping informative reads to three segmental duplications.
Discordant reads and Sanger sequencing supported EGL051’s junction between two
95%-identical segmental duplications. EGL313’s junction was supported by discordant
reads that anchor the segmental duplication at the breakpoint to unique sequence;
however, we were not able to confirm this junction by Sanger sequencing. EGL062’s
breakpoint failed SureSelect, but we sequenced this junction from segmental duplication
to unique sequence by long-range PCR. In this large-scale analysis of unbalanced
translocations, we report a paucity of sequence homology at breakpoint junctions and

conclude that NAHR is unlikely to be the primary driver of this type of rearrangement.
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This comprehensive analysis revealed that most unbalanced translocations are simple,

and likely formed by NHEJ and MMBIR repair processes.

Methods
Custom array CGH

This study was approved by the Institutional Review Board (IRB) at Emory
University. Subjects had CMA testing with a version of the EmArray oligonucleotide
array (Baldwin et al. 2008), followed by confirmation by chromosome banding or FISH.
G-banding of chromosomes from peripheral blood has a resolution of 550-700 bands and
FISH was performed as described (Baldwin et al. 2008). For most subjects, DNA
extracted from whole blood was used for all microarray and breakpoint sequencing
experiments. We used DNA from lymphoblastoid cell lines for EGL316, EGL382, and
LM219. To fine-map unbalanced translocation breakpoints, we performed high-
resolution array CGH. We designed custom 4 x 180K oligonucleotide arrays with ~200-
bp probe spacing using eArray from Agilent Technologies (Santa Clara, CA;
https://earray .chem.agilent.com/earray/). The array design ID (AMADID) identifiers are
018181,021634,021635,021636,021637,034386,037387,035709, 035730, 037646,
040718, and 063584. Subject DNA was co-hybridized with reference DNA from either
GM10851 or GM15510. Arrays were scanned using the Agilent high-resolution C
scanner (Agilent Technologies, Santa Clara, CA), and signal intensities were evaluated
using Feature Extraction Version 9.5.1.1 software (Agilent Technologies, Santa Clara,
CA). We used Agilent Genomic Workbench 6.0 software (Agilent Technologies, Santa

Clara, CA) to analyze the array data and call breakpoints.
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Sequencing unbalanced translocations

We used Agilent SureSelect Target Enrichment to pull down 40-kb regions
around breakpoints fine-mapped by custom array CGH. SureSelect followed by Illumina
HiSeq sequencing was performed at Hudson Alpha Genomic Services Lab. After NGS,
we aligned 100-bp paired-end reads from fastq files to the GRC37/hg19 reference
genome using Burrows-Wheeler Alignment (BWA) tool 0.5.9 and identified misaligned
pairs using the SAMTools 0.1.18 filter function. Paired-end reads that aligned to the
reference genome too far apart, too close together, in the wrong orientation/genome
order, or to different chromosomes were clustered to predict structural variation,

We performed long-range PCR and Sanger sequencing to confirm breakpoints.
We used the Qiagen LongRange PCR Kit (Catalog # 206403), following the
manufacturer’s protocol. Sanger sequencing was performed by Beckman Coulter
Genomics (Danvers, MA), and the reads were aligned to the human genome reference
assembly (GRC37/hg19) using the BLAT tool on the UCSC Genome Browser

(http://genome.ucsc.edu/).

Whole-genome sequencing

WGS of genomic DNA from EGL382 was performed by Complete Genomics
(Mountain View, CA) as described (Drmanac et al. 2010). Complete Genomics provided
the individual reads, quality scores, and initial mappings to the GRCh37 reference
genome in .tsv format. To identify discordant read pairs, we converted Reads and

Mappings flagged as structural variant candidates to SAM format with the map2sam
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command in CGATools 1.7.1 (http://cgatools.sourceforge.net/). We used SAMTools (Li
et al. 2009) to sort, index, and convert files to BAM. To account for intra-read gaps, we
used a custom Perl script that extracts discordant read pairs that map aberrantly relative to
the reference genome. We viewed discordant reads with Integrative Genomics Viewer

(Robinson et al. 2011) to identify and interpret structural variation.

Data access

Agilent array CGH data have been submitted to the NCBI Gene Expression
Omnibus (GEO; http://www .ncbi.nlm.nih.gov/geo/) under accession number GSE68019.
Breakpoint junction sequences have been submitted to GenBank
(http://www .ncbi.nlm.nih.gov/genbank/) under accession numbers KR072894 -
KRO072971. Illumina sequencing data have been submitted to the NCBI Sequence Read
Archive (SRA;http://www .ncbi.nlm.nih.gov/sra) under SRP057518 and Complete
Genomics whole genome sequencing data have been submitted to the database of
Genotypes and Phenotypes (dbGaP; http://www .ncbi.nlm.nih.gov/gap) under accession

number phs000845.v1.pl.
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Figure 2.1: Array CGH analysis.

Averaged log, ratios of signal intensities calculated using Genomic Workbench software
are shown. Grey vertical lines indicate log, ratios of -1, 0, and +1. For EGL086’s
translocation, this confirms that there is a gain of genomic material from chromosome 4q,
and estimates that the breakpoint is located where probes have shifted closer to +1 on the
log scale (blue horizontal line). On chromosome 1p, there is a loss of genomic material,

and the breakpoint is located where probes shift to -1.
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Figure 2.2: Targeted NGS viewed in IGV.

Grey boxes are sequence reads that map to the conventional genomic location, and

colored boxes are sequence reads whose mate pairs map aberrantly. Here, the yellow-

labeled reads on chromosome 1 have mate pairs that map to chromosome 4 (blue-labeled

reads).
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Chapter 3

Next generation sequencing of unbalanced translocations reveals complex

chromosome rearrangements including chromothripsis

Portions of this chapter have in published in Genome Research (2015, 25:937-947) as a

research article and have been reformatted for this document.
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Introduction

Complex chromosome rearrangements (CCRs) describe SV with at least three
breakpoints. Over 250 CCRs have been reported in the literature, most of which are
interchromosomal rearrangements that feature several translocated regions (Zhang et al.
2009; Pellestor et al. 2011). Common structures of intrachromosomal CCRs include
triplications, adjacent duplications, and inverted duplications next to terminal deletions
(Weckselblatt and Rudd 2015). Sequence analysis of breakpoint junctions can reveal a
more complex rearrangement structure than predicted from copy number studies alone
(Luo et al. 2011; Chiang et al. 2012; Carvalho et al. 2013; Brand et al. 2014; Newman et
al. 2015). Even among rearrangements originally ascertained as apparently balanced
CCRs, cryptic CNVs are detected with high-resolution array CGH and NGS (De Gregori
et al. 2007; Chiang et al. 2012). Identification of these additional breakpoints is critical
for defining these rearrangement structures and for genotype-phenotype correlation.

Though most CCRs involve only two chromosomes, some are the product of
many breakpoints on three to five different chromosomes. This severe genomic
reorganization is defined as chromothripsis, or chromosome shattering. Chromothripsis
was originally seen in cancer (Stephens et al. 2011), and has since been observed in some
constitutional translocations (Kloosterman et al. 2011; Chiang et al. 2012; Kloosterman et
al. 2012; Nazaryan et al. 2014; Pellestor et al. 2014; de Pagter et al. 2015), upon
integration of a transgene (Chiang et al. 2012) and in a hematopoietic stem cell lineage
(McDermott et al. 2015). Constitutional chromothripsis is characterized by tens of

breakpoints localized to a few regions, a moderately balanced copy number state that may



61

have short deletions, changes in strand orientation between translocated segments, and
blunt ends or microhomology at sequenced breakpoint junctions.

Chromothripsis occurs when one or a few chromosomes are lagging during
anaphase, and a micronucleus forms around them to separate these chromosomes from
the rest of the chromatin mass. Upon pulverization of the micronucleus during the next
cell cycle, these compartmentalized chromosomes experience extensive DNA damage
and undergo rapid rearrangement (Zhang et al. 2015). In this chapter, we analyze six

CCRs, three of which bear signatures of chromothripsis.

Results
Sequencing complex translocation junctions

From our cohort of 57 individuals with unbalanced translocations (Chapter 2),
there are six individuals with CCRs. Their rearrangements have more than one breakpoint
junction that joins multiple segments from two or more chromosomes. Subjects EGL312
and EGL356 have complex translocations involving two chromosomes, whereas
EGL302, EGL305, and EGL321 have complex translocations between four or five
chromosomes. EGL826 has one simple balanced translocation between Chromosomes 1
and 3 and a complex unbalanced translocation between Chromosomes 10 and 17.

Complex translocation breakpoints were fine-mapped by array CGH as described
in Chapter 2. We used a targeted NGS approach, SureSelect Target Enrichment with
Illumina HiSeq, to capture breakpoint junctions for EGL302, EGL305, EGL312, and
EGL321’s rearrangements, which successfully captured some breakpoint junctions for

complex translocations in EGL305 and EGL321. However, for most complex
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translocations, we performed WGS (Complete Genomics) or Nextera mate-pair
sequencing to capture multiple junctions in one experiment. We confirmed breakpoints

with PCR across the junction followed by Sanger sequencing.

Complex translocations between two chromosomes

EGL312, EGL356, and EGL826 have complex translocations between two
chromosomes. Though EGL826 has translocations involving four chromosomes, only
two chromosomes form a complex rearrangement. According to array CGH, complex
translocation breakpoints in EGL312 and EGL356 border repetitive regions, so we
performed Nextera mate-pair sequencing (Illumina; San Diego, CA) of 5-7-kb inserts.
This approach is ideal for junctions in repetitive DNA because mate pairs span repeats
and map to unique sequence (Kloosterman et al. 2011; Talkowski et al. 2011; Talkowski
et al. 2012; Hanscom and Talkowski 2014). We identified discordant reads for one of two
junctions expected in EGL312 and for three of four junctions expected in EGL356. In
EGL312’s rearrangement, CMA and FISH analysis revealed an unbalanced translocation
of two regions of Chromosome 9 to the short arm of Chromosome 13 (Figure 3.1A).
Mate-pair sequencing captured one inverted junction between the two translocated
segments of Chromosome 9. This junction connects an L1PA3 repeat to a segmental
duplication, so it is not surprising that we failed to capture this breakpoint by SureSelect.
However, we did not sequence junction(s) that connect Chromosomes 9 and 13. EGL356
has an insertional translocation with three segments from Chromosome 13 translocated
into the long arm of Chromosome 14 (Figure 3.1B). We confirmed insertions by FISH,

and CMA revealed a 1.4-Mb deletion at the insertion site on Chromosome 14. Mate-pair
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reads cross two translocation junctions between Chromosomes 13 and 14 and an inverted
junction between two segments from Chromosome 13.

We also used Complete Genomics WGS to sequence EGL826’s two independent
chromosome rearrangements (Figure 3.1C). Her balanced translocation between
Chromosomes 1 and 3 was maternally inherited, and her unbalanced translocation
between Chromosomes 10 and 17 arose de novo. Whereas the balanced translocation has
two simple translocation junctions, the unbalanced translocation has a 250-kb inverted
triplication of Chromosome 17. Between the two rearrangements we sequenced a total of
four translocation junctions. There are blunt ends or up to four bp of microhomology at

all breakpoint junctions analyzed in these translocations (Table 3.1).

Chromothripsis translocations

Chromosome banding and FISH analyses of EGL302, EGL305, and EGL321
revealed translocations involving four or five different chromosomes. Translocations
between more than two chromosomes may be caused by germline chromothripsis
(Kloosterman et al. 2011).

EGL305 has a 4-way translocation that he inherited from his mother, who carries
a more balanced form of the rearrangement (Figure 3.2). We sequenced two junctions
involving four different chromosomes by SureSelect followed by Illumina HiSeq. The
derivative Chromosome 1 has a 530-kb deletion at the 1g21 junction that is connected to
an inverted breakpoint on Chromosome 15g22. Since the segment of Chromosome 15 is
inverted at the junction, there must be additional breakpoint(s) to account for the correct

orientation of the end of the long arm of Chromosome 15. Junction sequencing of the
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derivative Chromosome 15 revealed an inverted segment of Chromosome 7 that lies
between parts of Chromosomes 15 and 4. FISH analysis confirmed that EGL305’s
mother is balanced for the Chromosome 7 segment; she has a deletion of Chromosome 7
plus the derivative Chromosome 15 with the insertional translocation of Chromosome 7.
EGL305 did not inherit the deleted Chromosome 7, so he has three copies of this 4.2-Mb
region. DNA was depleted following targeted sequencing so we could not follow up with
WGS to sequence additional breakpoints.

We sequenced complex rearrangements in EGL302 and EGL321 via Complete
Genomics WGS. In the original cytogenetic characterization of EGL302, we detected
translocations involving Chromosomes 8,9, 11, and 13 by chromosome banding. CMA
revealed a 2.8-Mb deletion of Chromosome 8 and a 6.6-Mb deletion of Chromosome 9
that correspond to translocation breakpoints. SureSelect targeted to the Chromosome 8
and 9 deletion regions did not capture any translocation junctions, but WGS revealed 11
breakpoint junctions between Chromosomes 3, 8,9, 11, and 13 (Figure 3.3). We infer at
least two additional breakpoint junctions by FISH mapping translocated segments.
Though all the translocations are de novo, they appear to have arisen as two separate
events. The reciprocal translocation between Chromosomes 11 and 13 has simple
breakpoints on each derivative chromosome. However, derivative Chromosomes 3, 8,
and 9 are part of complex translocations with multiple breakpoints and inserted
fragments. Aside from the megabase-sized deletions on Chromosome 8 and 9, other
breakpoints have only deleted 0-70 bp, for a total of 99 bp deleted.

EGL321 has a complex rearrangement involving Chromosomes 2, 3,7, 10, and 11

(Figure 3.4). We sequenced 23 breakpoint junctions in five derivative chromosomes
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using a combination of SureSelect and Complete Genomics WGS. According to FISH
analysis, there are at least another six breakpoints. The translocation between
Chromosomes 3 and 11 is restricted to those two chromosomes, and a portion of
Chromosome 11 is inverted at both of the translocation junctions. Derivative
Chromosomes 2 and 7 have swapped multiple segments of these two chromosomes, and
the derivative Chromosome 10 has intermingled insertions of Chromosomes 2 and 7.
Four breakpoints are completely balanced to the basepair, and the remaining breakpoints
have 1-11-bp deletions. In addition to the 800-kb deletion of Chromosome 7 and the 2.2-
Mb deletion of Chromosome 11, there are 55 total bp deleted at breakpoint junctions. The
majority of breakpoint junctions in EGL302, EGL305, and EGL321 had no homology,
and a few have short insertions (Table 3.1). No breakpoint junctions had more than four
bp of microhomology.

To determine the parental origin of de novo translocations in EGL302 and
EGL321, we genotyped family trios for heterozygous SNPs adjacent to chromosome
breakpoints. We isolated SNPs from derivative chromosomes by sequencing junctions in
the probands, and then determined the parental origin of the SNP at the breakpoint. Of
the seven informative SNPs in EGL302 and six informative SNPs in EGL321, all were
derived from paternal alleles (Figures 3.3D and 3.4D, Table 3.2) (Weckselblatt et al.

2015).

Discussion

Complex translocations and chromothripsis
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We characterized six chromosome rearrangements with multiple breakpoints.
Translocations in EGL312, EGL356, and EGL826 have more than one breakpoint and
have inversions at the translocation junctions, but only two chromosomes are involved in
the complex rearrangements. EGL302, EGL305, and EGL321 have translocations
between at least four different chromosomes and many balanced insertions with altering
orientations, all of which had blunt ends or microhomology at the junction. These
features are hallmarks of chromothripsis (Kloosterman et al. 2011; Chiang et al. 2012;
Kloosterman et al. 2012; Pellestor et al. 2014).

Rearrangements in EGL305 were transmitted from his mother, who carried a
more balanced form of the translocations. In addition to EGL305, maternal
chromothripsis transmission has recently been observed in three other families (de Pagter
et al. 2015). In both EGL302’s and EGL321’s de novo chromothripsis events,
rearrangements occurred on paternal alleles. Though our sample size is too small to
determine a parent-of-origin bias, these data are consistent with other studies that find an
enrichment of paternally derived chromosome rearrangements (De Gregori et al. 2007,
Grossmann et al. 2010; Thomas et al. 2010; Hehir-Kwa et al. 2011; Kloosterman et al.
2011; Liu et al. 2011; Kloosterman et al. 2012).

As more germline chromothripsis genomes are being sequenced, common
features have begun to emerge. Though there are many breakpoints in chromothripsis,
few are accompanied by large copy number changes. CGH, WGS, and FISH revealed
that EGL302 has at least 18 breakpoints, but only two large deletions of Chromosomes 8
(2.8 Mb) and 9 (6.6 Mb). EGL321 has at least 33 breakpoints, including two with large

deletions of Chromosomes 7 (800 kb) and 11 (2.2 Mb). Other breakpoints have small
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deletions (up to 70 bp), insertions (1-7 bp), or inversions, but do not have duplications.
Similar breakpoint junction characteristics and “mostly balanced” copy number have
been described at other chromothripsis rearrangements (Kloosterman et al. 2011; Chiang
et al. 2012; Kloosterman et al. 2012; Macera et al. 2014; Nazaryan et al. 2014; Pellestor
et al. 2014; de Pagter et al. 2015). In EGL302 and two other chromothripsis events in the
literature, breakpoints disrupt the PTPRD gene on Chromosome 9 (Macera et al. 2014; de
Pagter et al. 2015), suggesting that this locus may be a chromothripsis hotspot. Clinical
features in individuals with germline chromothripsis may be due to loss of genes within
deletions, or due to genes disrupted by copy-neutral rearrangements. Thus, copy number

studies alone may not pinpoint the genes responsible for phenotypes.

Translocation annotation and technical limitations

Though array CGH, FISH, and chromosome banding do not provide nucleotide
resolution of breakpoints, they are essential to interpret CN'V breakpoints from NGS data.
Following WGS of complex translocations and chromothripsis genomes, we performed
iterative rounds of FISH to place insertional translocations on the correct derivative
chromosome. Furthermore, initial FISH and/or chromosome banding studies are
necessary to distinguish unbalanced translocations from terminal deletions and
duplications detected by copy number assays (Rudd 2012). Thus, as NGS and WGS
approaches become routine for CNV detection (Xi et al. 2011; Michaelson and Sebat
2012; English et al. 2015), techniques that visualize chromosomes will continue to be

important for interpreting structural variation.
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WGS identified many copy-neutral rearrangements that were missed by
microarray analyses of EGL302 and EGL321. Though the copy number changes were
relatively minor in these individuals, chromosome banding revealed multiple
translocations, so we were not surprised to find additional breakpoints besides those
detected by array CGH. On the other hand, WGS does not always reveal additional
complexity at translocation junctions. WGS of EGL382’s simple translocation (Chapter
2) and EGL826’s complex translocation only identified the breakpoints we had already
predicted by array CGH. Thus, it is unlikely that most translocations have cryptic
complexity. Chromothripsis is estimated to occur in 2-4% of cancers (Forment et al.
2012; Pellestor et al. 2014), which is similar to the incidence of chromothripsis in
germline chromosome rearrangements (Kloosterman et al. 2011; Chiang et al. 2012;
Forment et al. 2012; Macera et al. 2014).

Our approach to combine SureSelect, I[llumina HiSeq, mate-pair sequencing, and
WGS uncovered a tens of breakpoints in this group of rare complex translocations.
Combined with other complex chromosome rearrangement studies (Borg et al. 2005;
Kloosterman et al. 2011; Chiang et al. 2012; Kloosterman et al. 2012; Macera et al. 2014;
Pellestor et al. 2014), these data suggest that translocations involving more than two

chromosomes are likely to be the product of chromothripsis.

Methods
Custom array CGH

This study was approved by the Institutional Review Board (IRB) at Emory
University. Subjects had CMA testing with a version of the EmArray oligonucleotide

array (Baldwin et al. 2008), followed by confirmation by chromosome banding or FISH.
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G-banding of chromosomes from peripheral blood has a resolution of 550-700 bands and
FISH was performed as described (Baldwin et al. 2008). For most subjects, DNA
extracted from whole blood was used for all microarray and breakpoint sequencing
experiments. We used DNA from lymphoblastoid cell lines for EGL302, EGL321, and
EGLS826. To fine-map unbalanced translocation breakpoints, we performed high-
resolution array CGH. We designed custom 4 x 180K oligonucleotide arrays with ~200-
bp probe spacing using eArray from Agilent Technologies (Santa Clara, CA;

https://earray.chem.agilent.com/earray/). The array design ID (AMADID) identifiers are

035709, 035730, 037646, and 063584. Subject DNA was co-hybridized with reference
DNA from either GM10851 or GM15510. Arrays were scanned using the Agilent high-
resolution C scanner (Agilent Technologies, Santa Clara, CA), and signal intensities were
evaluated using Feature Extraction Version 9.5.1.1 software (Agilent Technologies, Santa
Clara, CA). We used Agilent Genomic Workbench 6.0 software (Agilent Technologies,

Santa Clara, CA) to analyze the array data and call breakpoints.

Sequencing unbalanced translocations

We used Agilent SureSelect Target Enrichment to pull down 40-kb regions
around breakpoints fine-mapped by custom array CGH for EGL302, EGL305, EGL312,
and EGL321’s rearrangements. SureSelect followed by Illumina HiSeq sequencing was
performed at Hudson Alpha Genomic Services Lab. After NGS, we aligned 100-bp
paired-end reads from fastq files to the GRC37/hg19 reference genome using Burrows-
Wheeler Alignment (BWA) tool 0.5.9 and identified misaligned pairs using the

SAMTools 0.1.18 filter function. Paired-end reads that aligned to the reference genome
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too far apart, too close together, in the wrong orientation/genome order, or to different
chromosomes were clustered to predict structural variation,

We performed long-range PCR and Sanger sequencing to confirm breakpoints.
We used the Qiagen LongRange PCR Kit (Catalog # 206403), following the
manufacturer’s protocol. Sanger sequencing was performed by Beckman Coulter
Genomics (Danvers, MA), and the reads were aligned to the human genome reference
assembly (GRC37/hg19) using the BLAT tool on the UCSC Genome Browser

(http://genome.ucsc.edu/).

Whole-genome sequencing

WGS libraries for EGL312 and EGL356 were prepared using the Nextera Mate
Pair Sample Prep Kit (Catalog # FC-132-1001) according to the manufacturer’s
instructions. We used the Gel-Plus protocol to size-select 5-7-kb genomic fragments for
sequencing. The two libraries were barcoded and sequenced on one lane of Illumina
HiSeq, and the reads were analyzed as described above.

WGS of genomic DNA from EGL302, EGL321, and EGL826 was performed by
Complete Genomics (Mountain View, CA) as described (Drmanac et al. 2010). Complete
Genomics provided the individual reads, quality scores, and initial mappings to the
GRCh37 reference genome in .tsv format. To identify discordant read pairs, we converted
Reads and Mappings flagged as structural variant candidates to SAM format with the
map2sam command in CGATools 1.7.1 (http://cgatools.sourceforge.net/). We used
SAMTools (Li et al. 2009) to sort, index, and convert files to BAM. To account for intra-

read gaps, we used a custom Perl script that extracts discordant read pairs that map
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aberrantly relative to the reference genome. We viewed discordant reads with Integrative

Genomics Viewer (Robinson et al. 2011) to identify and interpret structural variation.

Data access

Agilent array CGH data have been submitted to the NCBI Gene Expression
Omnibus (GEO; http://www .ncbi.nlm.nih.gov/geo/) under accession number GSE68019.
Breakpoint junction sequences have been submitted to GenBank
(http://www .ncbi.nlm.nih.gov/genbank/) under accession numbers KR072894 -
KRO072971. Illumina sequencing data have been submitted to the NCBI Sequence Read
Archive (SRA;http://www .ncbi.nlm.nih.gov/sra) under SRP057518 and Complete
Genomics whole genome sequencing data have been submitted to the database of
Genotypes and Phenotypes (dbGaP; http://www .ncbi.nlm.nih.gov/gap) under accession

number phs000845.v1.pl.
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Figure 3.1: Models of the complex translocations from EGL312, EGL356, and EGL826.
See legend for symbol definitions. Zoomed-in junctions point out those confirmed with
PCR and Sanger sequencing, supported only by NGS reads, or inferred by FISH. Lighter-
colored chromosome segments are deletions at breakpoints. Arrows indicate
chromosomal orientation relative to the normal chromosome and are shown proximal to
distal.

(A) EGL312 has two regions of Chromosome 9 translocated onto the short arm of
Chromosome 13. One NGS breakpoint junction (Nextera mate-pair sequencing) joins the
two regions of Chromosome 9, and we infer a second breakpoint junction between
Chromosome 9 to Chromosome 13.

(B) EGL356’s rearrangement is an insertional translocation of three regions of
Chromosome 13 into the long arm of Chromosome 14. There is a 1.5-Mb deletion of
Chromosome 14 at the insertion site. Nextera mate-pair sequencing revealed
translocation junctions between Chromosomes 13 and 14, and we inferred one connection
between two Chromosome 13 regions.

(C) EGLS826 has a maternally inherited balanced translocation between Chromosomes 1
and 3, in addition to a complex unbalanced translocation involving Chromosomes 10 and
17. At this translocation junction there is an inverted triplication of a region of
Chromosome 17. Breakpoint junctions were detected by WGS (Complete Genomics) and

confirmed by PCR and Sanger sequencing.
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(A) A combination of G-banding and FISH revealed EGL305’s four-way translocation
between Chromosomes 1, 4,7, and 15. SureSelect and Illumina HiSeq targeted to the
Chromosome 1 deletion and Chromosome 7 duplication captured two junctions, and we
inferred additional breakpoints.

(B) EGL305’s mother carries a more balanced form of the same four-way translocation.
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Figure 3.3: EGL302’s chromothripsis translocations.

(A) EGL302’s karyotype; red arrows indicate translocation chromosomes.

(B) FISH confirms the insertion of 8q23.3 (probe RP11-3A12) to the long arm of
Chromosome 3 (3p26.6 control probe CTC-228K?22) and the translocation of 9pter (probe
CTB-41L13) to the long arm of Chromosome 8 (8p23.3 control probe RP11-410N18).
(C) Model of the rearrangements in EGL302. The balanced translocation between
Chromosomes 11 and 13 was confirmed by Sanger sequencing. Chromothripsis between
Chromosomes 3, 8, and 9 results in many exchanges between the three chromosomes.

(D) Example of parent-of-origin analysis for EGL302. The underlined guanine (G) at the

breakpoint is derived from the paternal (P), not the maternal (M), allele.
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Figure 3.4: EGL321’s chromothripsis translocations.

(A) Karyotype of EGL321; red arrows indicate translocation chromosomes.

(B) FISH confirms the translocation of the long arm of Chromosome 2 (probe RP11-
89P7) to the long arm of Chromosome 10 (10p15.3 control probe CTB-23B11) and the
translocation of the long arm of Chromosome 7 (probe RP11-3K23) to the long arm of
Chromosome 2 (2p25.3 control probe RP11-71M21).

(C) Model of EGL321’s rearrangements. Zoomed-in translocation junctions show
breakpoints on the derivative chromosomes.

(D) Example of parent-of-origin analysis for EGL321. Underlined G is adjacent to a

Chromosome 10 breakpoint and is derived from the paternal (P) allele.



Complex Chromothripsis All
Subjects 3 3 6
Total Breakpoints 17 60 77
Total Junctions 10 47 57
Junctions 6 35 41
Sequenced
Blunt Ends 1 15 16
Microhomology 5 17 22
1-4 bp
Insertions 1-4 bp 0 3 3
Homology >300 0 0 0
bp

Table 3.1: Features of sequenced breakpoint junctions in complex and chromothripsis

translocations.
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Chapter 4

Fusion genes are a product of unbalanced translocations and duplication CNVs

Portions of this chapter have in published in Genome Research (2015, 25:937-947) and
American Journal of Human Genetics (2015, 96:208-220) as research articles and have

been reformatted for this document.
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Introduction

Chromosome rearrangements have the potential to cause human disease through a
variety of mechanisms. Balanced rearrangements can physically disrupt genes leading to
loss of function, and rearrangements with copy number variation (CNV) alter gene
dosage through genomic deletion or duplication. Furthermore, some rearrangements have
breakpoint junctions that juxtapose two different genes. A fusion gene forms when both
genes are orientated in the same direction and the open reading frame remains preserved.
Gene fusions may lead to gain of function of the original genes through altering their
activity or regulation.

The most well known fusion gene arises in cancer and is a product of the balanced
translocation between Chromosomes 9 and 22 that is present in almost all individuals
with chronic myeloid leukemia (CML). The derivative Chromosome 22 joins the BCR
gene to the ABLI gene from Chromosome 9 (de Klein et al. 1982; Heisterkamp et al.
1985). The BCR-ABLI product results in a constitutively active ABL1 kinase that acts as
a driver of CML. An inhibitor of BCR-ABLI, imatinib, was the first fusion-targeted drug
approved for treatment of CML (Druker et al. 1996). Over the last 30 years, more than
8,000 fusion genes have been identified across 16 tumor types (Yoshihara et al. 2014;
Mitelman et al. 2015). Many tumor-specific chromosomal rearrangements produce fusion
proteins in a way that leads to uncontrolled cell proliferation. Identification of recurrent
rearrangements in a given tumor type is important for diagnosis, and pinpointing fusion
genes and their protein products is the first step in the development of drug inhibitors

(Mitelman et al. 2007; Parker and Zhang 2013).
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Much less is known about the role of fusion genes formed via constitutional
chromosome rearrangements. The first constitutional gene fusion was reported in 2001,
when a balanced translocation led to PAFAH1B3-CLK?2 fusion in a subject with a more
complex phenotype than expected from misregulation of PAFAHIB3 or CLK?2 alone
(Nothwang et al. 2001). More recent studies of constitutional breakpoint junctions have
revealed fusions at a balanced translocation (Backx et al. 2011), duplications (Rippey et
al. 2013), deletions (Boone et al. 2014), and at a chromothriptic junction (van Heesch et
al. 2014). In these constitutional rearrangements, a mechanism of disease pathogenesis
through gene fusion remains unclear, but could be important for potential therapy.

Genes disrupted or fused at the breakpoints of balanced rearrangements are
excellent candidates for neurodevelopmental disorders because the rest of the genome is
intact. However, fusion genes in unbalanced rearrangements also have the potential to
acquire new functions related to phenotypic outcomes. In this chapter, we analyze the
gene content of breakpoints in 57 unbalanced translocations and 184 duplication CNVs.
As fusion genes are only beginning to be recognized in constitutional chromosome
rearrangements, identifying unique gene fusions is important for understanding their

consequences.

Results
Gene content at translocation junctions

As described in Chapters 2 and 3, we fine-mapped breakpoints in a group of 57
unique unbalanced translocations from individuals with neurodevelopmental syndromes.

In the 51 simple translocations with 102 sequenced or fine-mapped breakpoints, 44
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(43%) of the breakpoints lie in a gene. Thirteen translocations do not disrupt a gene at
either chromosome breakpoint, and 32 translocations disrupt a gene at one but not both
breakpoints. In six simple translocations, both breakpoints lie in the open reading frame
of genes (Table 4.1). Genes juxtaposed by EGL064’s and EGL352’s translocations are
not transcribed in the same direction, and EGL086’s fusion gene is predicted to be out-of-
frame (Table 4.1). Translocations in EGL002, EGL019, and EGL308, however, are
poised to create in-frame fusion transcripts (Figure 4.1) (Weckselblatt et al. 2015).

EGL002’s translocation between Chromosomes 16 and 20 joins SIRPG exons 1-2
to WWOX exon 5. The resulting SIRPG-WWOX fusion protein is predicted to retain a
SIRPG immunoglobulin domain but lack WWOX WW domains. In EGL019, SMOC2
exon 1 is joined to PROXI exons 2-5, but the fusion protein is not predicted to retain
SMOC2’s functional domains. EGL308’s translocation results in a truncated version of
MTAI, with exons 8-21 fused to noncoding exons 1-2 of PIEZO1 upstream. Based on
exon phase, all three of these fusion genes are predicted to be in-frame. However, RNA
was not available, so we could not confirm the presence of fusion transcripts.

Complex translocations also have the potential to create fusion genes. Sequenced
breakpoints in EGL305 and EGL312 do not disrupt genes. In EGL356’s rearrangement, a
deletion in Chromosome 14 interrupts DHRS4L1, and translocations interrupt MTUS?2,
ALGS5, and POSTN on segments of Chromosome 13. EGL826’s translocation between
Chromosomes 10 and 17 joins CIQTNF1 and STK32C genes in the same orientation, but
fusion transcripts are predicted to be out-of-frame. Breakpoints in EGL302’s
rearrangements disrupt two genes, both on the derivative Chromosome 9. Three different

breakpoints interrupt PTPRD, and one breakpoint disrupts SH3GL2. EGL321’s
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breakpoints interrupt GRM3, KPNAI, DLG2, CACNA2D1, GULPI1, COL5A2, KCNH7,
PCLO, and TRRAP. In both EGL302 and EGL321, functional fusion genes are not

predicted due to the fragmentation and orientation of the genes.

Duplication CNV junctions

In addition to interchromosomal translocations, we analyzed genes at the
breakpoints of intrachromosomal duplication CNVs. We fine-mapped 184 constitutional
duplications ascertained from individuals referred for diagnostic cytogenetics testing
(Newman et al. 2015). We included duplications that were reported as pathogenic or of
uncertain clinical significance and excluded common CNVs present in the general
population (Itsara et al. 2009; Shaikh et al. 2009; MacDonald et al. 2014). Following
targeted NGS or WGS to sequence duplications in 112 subjects with 119 CNVs we found
that 99 (83%) were tandem duplications in direct orientation.

Intragenic duplications in EGL456 and EGL527 are predicted to result in out-of-
frame transcripts of CNTN4 and TCOF I, respectively. EGL456 was referred for testing
due to infantile cerebral palsy. CNTN4 lies within the region deleted in 3p— syndrome,
and rearrangements involving CNTN4 have been described in children with
developmental delay, speech delay, or ASD (Fernandez et al. 2004; Roohi et al. 2009;
Cottrell et al. 2011). EGL527’s referring diagnosis of cleft palate is likely due to loss of
function of TCOF 1, which causes autosomal dominant Treacher Collins syndrome.

In-frame gene fusions are predicted in four tandem duplications (Table 4.2). The
phenotypic consequences of the putative TRPV3-TAXIBP3 (EGL413) and LTBPI-BIRC6

(EGL415, EGL478) fusions are difficult to predict since these genes have not been
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implicated in neurodevelopmental disorders. EGL480’s tandem duplication juxtaposes
exons 1-6 of SOSI to exons 2-33 of MAP4K3 in frame (Figure 4.2). Gain-of-function
missense mutations in SOS cause Noonan syndrome (Tartaglia et al. 2007; Zenker et al.
2007). Although EGL480 does not have a formal diagnosis of Noonan syndrome, he does
exhibit hypertelorism, seizures, and developmental delay that could be related to gain of
function in the SOS1-MAP4K3 fusion product.

For several rearrangements, duplication breakpoint junction sequencing revealed
greater complexity than recognized by clinical microarray testing. We identified 10
triplications, five adjacent duplications, six duplication-normal-duplication (DUP-NML-
DUP), three insertional translocations, an inverted duplication adjacent to a cryptic
terminal deletion (LM223), and a duplication with unknown structure (EGL414)
(Newman et al. 2015). Though some of triplication breakpoints lie in genes, none are
predicted to form fusion transcripts. EGL605’s DUP-NML-DUP fuses the KCNHS and
FUTS genes and is predicted to be in frame (Figure 4.2). A de novo missense variant in
KCNHS5 has been reported in a child with epilepsy (Veeramah et al. 2013). EGL605 was
tested due to failure to thrive as an infant and we do not know if she developed seizures
later. For EGL701’s 522-kb insertion of Xq22.3, junction sequencing revealed an
inverted insertion of this Xq22.3 segment into 9q34.11. Breakpoints on Chromosomes 9
and X lie in the USP20 and COL4A6 genes, respectively (Figure 4.2). EGL701 has one
intact copy of COL4A6 on his X Chromosome, one intact copy of USP20 on one
Chromosome 9, and disruption of USP20 on the derivative Chromosome 9 that carries
the insertion. Based on the orientation of the genes and the inverted insertion of Xq22.3,

this is predicted to result in an in-frame fusion of exons 1-2 of COL4A6 and exons 4-26
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of USP20. It remains to be determined whether or not the COL4A6-USP20 fusion is
related to EGL701’s referring diagnosis of developmental delay, short stature, and

multiple congenital anomalies.

Discussion

Chromosome breakpoints that fuse genes with the same exon phase may create
unique in-frame fusion genes. Fusion genes are a hallmark of tumors, and recent studies
are beginning to suggest that constitutional fusions play role in the pathogenesis of
diseases other than cancer (Nothwang et al. 2001; Backx et al. 2011; Rippey et al. 2013;
Boone et al. 2014; van Heesch et al. 2014). A fusion gene that exists in an individual with
a balanced rearrangement will be directly linked to their phenotype, but fusion genes in
unbalanced rearrangements may still be contributing to phenotypic outcome. To further
understand the contribution of fusion genes to these types of rearrangements we analyzed
the breakpoints of unbalanced translocation and duplications that bear simple and
complex structures.

We predict three novel fusion genes at the junctions of simple unbalanced
translocations. Without detailed phenotypic information on the subjects carrying the
translocations, it’s difficult to predict a role for these fusions. The parent genes of SIRPG-
WWOX, SMOC2-PROXI, PIEZO2-MTAI are not associated with neurodevelopmental
syndromes, and their protein products are not predicted to retain active domains. Thus,
clinical phenotypes are most likely due to genes deleted and duplicated as part of the

unbalanced translocation rather than a fusion gene at the breakpoint junction. However,
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it’s important to note that unbalanced translocations are just as likely to generate gene
fusions as the more commonly studied balanced translocations.

At duplication CNV junctions, four gene fusions were formed by tandem
duplications, one by two interconnected duplications, and one by duplication inserted at
another locus (Table 4.2). EGL480’s duplication breakpoints join SOSI and MAP4K3.
SOS|1 stimulates the activation of Ras, a small GTPase that regulates cell proliferation,
cell differentiation, and apoptosis through the Ras/MAPK pathway (Shapiro 2002).
Mutations in genes encoding components of the Ras/MAPK pathway result in
developmental syndromes called RASopathies. Missense mutations in SOS/ lead to an
increase in the active form of Ras and cause Noonan syndrome (Tartaglia et al. 2007,
Zenker et al. 2007). EGL480 exhibits some phenotypic features associated with Noonan
syndrome that that could be related to gain of function in the SOS1-MAP4K3 fusion
product.

Without resolving breakpoints to determine the orientation and location of the
duplicated segment, it is impossible to infer the effects of duplications on gene structure.
Sequencing EGL605’s DUP-NML-DUP revealed an inverted genomic segment that fuses
the KCNH5 and FUTS genes in the same orientation. In two out of three insertional
translocations, we performed FISH to identify the location of the duplicated material, and
in one case the insertion was only detected by breakpoint sequencing. EGL701 inherited
this duplication of Xq22.22 from his mother, and based on array CGH we assumed that it
was tandem. Instead the duplication is inserted into Chromosome 9 and produces a
putative COL4A6-USP20 fusion at the insertion site. This fusion is predicted to be in

frame and could create a unique fusion protein.
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Here, we report novel fusion genes at the junctions of tandem duplications,
unbalanced translocations, a DUP-NML-DUP, and an insertional translocation. Future
mRNA and protein studies are necessary to determine the functional consequences of
genes fused at these translocation and duplication breakpoints. In addition, transcripts
that we predict to be out of frame may actually produce proteins by alternative splicing
using cryptic splice donor and/or acceptor sites. Since many chromosome aberrations that
rearrange genes are invisible at the cytogenetic level, determining the orientation and
location of CNVs via sequencing is essential to interpret their effects on genes and
correlate with phenotypes. These breakpoint analyses, as well as future RNA and protein
studies, are essential to determine the functional consequences of constitutional

chromosome rearrangements.

Methods

Human Subjects

See Chapter 2 methods for ascertainment of individuals carrying translocations. For
duplications, individuals were referred for clinical microarray testing with indications
including but not limited to intellectual disability, developmental delay, autism spectrum
disorders, congenital anomalies, and dysmorphic features. Duplications were initially
identified via diagnostic chromosomal microarray analysis performed at Emory Genetics
Laboratory. Clinical microarrays have genome-wide coverage with one oligonucleotide
probe per ~75 kilobases and greater probe density in targeted regions (Baldwin et al.
2008). Duplication breakpoints were fine-mapped and sequenced as described for

translocations in Chapter 2.
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Fusion gene prediction

For breakpoints that interrupt genes oriented in the same direction, we predicted the
reading frame of fusion genes. We used all gene isoforms included in the Ensembl
release 75 gene transcript database (Flicek et al. 2014) to predict whether the reading
frame was preserved following the rearrangement. Juxtaposed exons with the same phase
were predicted to be in-frame. We predicted fusion protein motifs by analyzing cDNA

sequence from Ensembl 75 with ScanProsite (http://prosite.expasy.org/scanprosite/).
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Figure 4.2: In-frame fusion genes predicted at duplication junctions. Genes that cross
breakpoints are shown relative to the reference genome (above) and the duplication
(below). The genomic coordinates of breakpoints have been confirmed by sequencing
(black) or high-resolution array CGH (grey). (A) EGL480’s direct duplication fuses SOS/
to MAP4K3 (B).

(D) EGL701’s duplication of the X chromosome is inverted and inserted into
Chromosome 9. COL4A6 is fused to USP20 at the insertion site (E).

(G) Array CGH (above) and breakpoint sequencing revealed that EGL605’s DUP-NML-
DUP fuses KCNHS5 to FUTS (H) at the inverted junction of the two duplications. There
are two possible structures for this rearrangement, and both predict a KCNHS5-FUTS
fusion.

C, F, I show domains of the fusion proteins. We predicted fusion protein motifs by

entering fusion cDNA sequence from Ensembl 75 into ScanProsite.
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Subject ID Predicted frame Fusion gene
EGL002 In frame SIRPG-WWOX
EGLO019 In frame SMOC2-PROX1
EGL308 In frame PIEZO2-MTAI
EGLO086 Out of frame FSTL5-PRDM16

Table 4.1. Predicted fusion genes at simple translocation junctions
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Subject ID | Duplication structure Predicted frame Fusion gene
EGL456 Intragenic, direct Out of frame CNTN4

EGL527 Intragenic, direct Out of frame TCOF1

EGL413 Intergenic, direct In frame TRPV3-TAXIBP3
EGL415 Intergenic, direct In frame LTBPI-BIRC6
EGL478 Intergenic, direct In frame LTBPI-BIRC6
EGL480 Intergenic, direct In frame SOSI-MAP4K3
EGL605 DUP-NML-DUP In frame KCNH5-FUTS
EGL701 Insertional translocation | In frame COILA4A6-USP20
EGL403 Intergenic, direct Out of frame ADD2-EXOC6B
EGL408 Intergenic, direct Out of frame H6ST2-GPC4
EGL465 Intergenic, direct Out of frame LPHN2-IF144
EGL473 Intergenic, direct Out of frame SHDC-LY9
EGL492 Intergenic, direct Out of frame BARDI-FNI
EGL500 Intergenic, direct Out of frame RAFI1-TMEMA40
EGL509 Intergenic, direct Out of frame WHSCI-FGFR3
EGL542 Intergenic, direct Out of frame CACNA2DI-PCLO
EGL572 Intergenic, direct Out of frame LMXIB-MVBI2B
EGL582 Intergenic, direct Out of frame TEADI-MICAL?2
EGL598 Intergenic, direct Out of frame PDZRN4-CNTN1
EGL617 Intergenic, direct Out of frame TRAPI-UBLADI
EGL668 Intergenic, direct Out of frame PNPLA4-KALI
EGL683 Intergenic, direct Out of frame TAB3-DMD
EGL692 Intergenic, direct Out of frame XIST-FTX

Table 4.2. Predicted fusion genes at duplication breakpoints
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Chapter 5

Conclusions and Future Studies
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Conclusions

This dissertation is focused on understanding how unbalanced translocations, a
type of chromosome rearrangement that causes neurodevelopmental disorders, are
formed. Analyzing the breakpoint junction sequences from 57 unique translocations

revealed molecular mechanisms, and in some cases, structural complexity.

Unbalanced translocation mechanism

Before the start of this thesis, studies of chromosomal SV used chromosome
banding, FISH, and array CGH to fine-map breakpoints. Breakpoint junction sequencing
is increasingly recognized as a fundamental part of analyzing chromosome SV. At
nucleotide resolution, we can make discoveries about DNA breakage and repair
mechanisms, as well as identify gene and regulatory elements at the junction. Modern use
of NGS such as WGS has enabled more rapid and high-throughput knowledge about SV
structure and mechanism.

SV junctions that have extensive sequence homology between breakpoints point
to repair by NAHR, while short microhomology or absence of homologous sequence
suggests NHEJ ligated the broken DNA ends. More complex features observed at
sequenced breakpoint junctions such as template insertions and inversions led to a DNA
replication-based model of repair, FoSTeS (Lee et al. 2007). FoSTeS is similar to the
MMBIR mechanism that is well understood in yeast (Hastings et al. 2009).

Intrachromosomal CNV studies have described the junctions of a few hundred
deletions and duplications (Vissers et al. 2009; Luo et al. 2011; Verdin et al. 2013;

Newman et al. 2015). Most intrachromosomal rearrangements are a product of NHEJ and
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FoSTeS/MMBIR, but recurrent ones are driven by NAHR between the same loci in
unrelated individuals. For deletions, haploinsufficiency for genes within the deleted
segment can lead to congenital abnormalities, and genetic triplosensitivity may do the
same for duplications. Recurrent CNVs that cause genomic disorders are ideal to
correlate genotype with phenotype because the same contiguous genes are deleted or
duplicated in unrelated individuals (Watson et al. 2014).

Meanwhile, more than 100 interchromosomal SVs such as translocations have
been sequenced (Chen et al. 2008; Higgins et al. 2008; Sobreira et al. 2011; Chiang et al.
2012; Robberecht et al. 2013). Translocations arise from an exchange of genetic material
between two non-homologous chromosomes and go on to be inherited in a balanced or
unbalanced form. Because balanced translocations do not have genomic copy number
changes, it is expected that genes disrupted at the chromosome breakpoint are responsible
for a subject’s phenotype. Thus, sequencing the breakpoints of de novo balanced
translocations has led to the discovery of candidate genes related to pediatric disorders
(Chen et al. 2008; Higgins et al. 2008).

Though subjects with unbalanced translocations are regularly ascertained,
breakpoint junction sequencing for gene discovery is not ideal because genotype-
phenotype correlations are complicated by the combined deletions and duplications of
hundreds of genes. However, since balanced and unbalanced translocations arise by the
same initial events, sequencing the unbalanced form of translocations provides the same
opportunity to study rearrangement mechanism. With this dissertation research, we used
breakpoint junction sequencing to characterize a diverse group of unbalanced

translocations.
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As described in Chapter 2, we analyzed 57 unique unbalanced translocations.
Using a combination of array CGH and targeted NGS, we found that 34 of 37 sequenced
junctions lacked extensive sequence homology. Three unbalanced translocations had
breakpoints consistent with NAHR between pairs of LINEs, HER Vs, or short SDs;
however, most breakpoint junctions had blunt ends, microhomology, inserted sequence,
or inversions, indicating that most unbalanced translocations arise by NHEJ or MMBIR
(Weckselblatt et al. 2015). These breakpoint signatures are similar to those from over 60
sequenced balanced translocations (Chen et al. 2008; Higgins et al. 2008; Chiang et al.
2012). On the other hand, sequencing junctions of nine unbalanced translocations
revealed that six were mediated by NAHR between 6-kb LINE, 3-kb HERV, or 1.7-kb
SD pairs that are each >90 identical (Robberecht et al. 2013). Although in this group
NAHR between paralogous repeats appeared to be the “driver” of unbalanced
translocations, our larger-scale study demonstrated that NAHR is not the major
mechanism of translocation formation. We conclude that most unbalanced translocations

have simple junctions and form by NHEJ or MMBIR.

Complex translocations and chromothripsis

CCRs are SV that involve at least three breakpoints. Over 250 CCRs have been
reported in literature, most of which lack breakpoint sequencing and were initially
identified by chromosome banding and/or FISH. Because most CCRs are de novo and
reported as balanced/copy-neutral, it is expected that the CCR carrier’s phenotype is due
to genomic alterations in the vicinity of breakpoints (Pellestor et al. 2011). More recent

studies that paired FISH with array CGH show that many of these apparently balanced
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CCRs harbor microdeletions and/or microduplications (Zhang et al. 2009; Pellestor et al.
2011). Advancing the resolution of CCR structural analysis shows that the abnormal
phenotype could be associated with a cryptic genomic imbalance and not necessarily
related to the breakpoints. More detailed molecular analysis is required to elucidate the
complexity of CCRs and their formation.

Six unbalanced translocations described in this dissertation were originally
ascertained as CCRs (Chapter 3). By chromosome banding and FISH, EGL312, EGL356,
EGLS826, EGL302, EGL321, and EGL305, were recognized as having rearrangements
involving multiple segments that translocated between at least two different
chromosomes. To characterize their rearrangement structures, we applied NGS to capture
breakpoints.

For EGL312 and EGL356’s rearrangements, mate-pair sequencing identified an
additional translocated segment and an inverted junction, respectively. WGS (Complete
Genomics) of EGL826 isolated breakpoints for a maternally inherited simple
translocation and mapped an inverted triplication at a de novo translocation junction.

Translocations from EGL302, EGL305, and EGL321 involved four or five
different chromosomes with as many as 33 breakpoints per rearrangement. These
rearrangements had only two large CNVs each, many breakpoints localized to a few
genomic regions, translocated segments with oscillating strand orientation, and
breakpoint junctions with blunt ends or up to four base pairs of microhomology. These
features are hallmarks of constitutional chromothripsis, or chromosome shattering
(Kloosterman et al. 2011; Stephens et al. 2011; Kloosterman et al. 2012; Kloosterman

and Cuppen 2013; Pellestor et al. 2014).
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At the time of this dissertation, one mechanistic explanation of chromothripsis is
supported by direct experimental evidence. During anaphase, lagging chromosomes that
are far enough away from the main chromatin mass may become compartmentalized into
their own micronucleus. Subsequent rupture of the micronucleus causes extensive DNA
damage to the missegregated chromosomes (Crasta et al. 2012). By treating cells with a
drug that promotes chromosome lag, Zhang et al. performed live imaging to identify cells
where a micronucleus formed and then ruptured in the following cell cycle during DNA
replication. Single-cell sequencing reveals that only one daughter cell inherits the
micronucleated chromosomes, and that their rearrangements can exhibit the defining
characteristics of chromothripsis, including clustering of breakpoints,
microhomology at many of the breakpoints, and deletion CNVs (Zhang et al. 2015). In
this model, one or a few chromosomes will shatter and be reassembled through NHEJ,
but the rest of the genome remains intact.

We find that chromothripsis is usually de novo, arises on paternal alleles
(Kloosterman et al. 2011; Kloosterman et al. 2012; Weckselblatt et al. 2015), and in some
cases is transmitted maternally (de Pagter et al. 2015; Weckselblatt et al. 2015). Though
more subjects are needed to confirm a paternal bias in constitutional chromothripsis, most
de novo CNVs are also of paternal origin (Thomas et al. 2006; Thomas et al. 2010), while

most familial CCRs are transmitted maternally (Giardino et al. 2006).

Unbalanced translocation consequences
The genomic structural changes from unbalanced translocations may lead to a

variety of genetic consequences. In addition to the genomic regions of trisomy and
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monosomy, chromosome breakpoints may physically disrupt a gene and cause loss of
function. In mostly-balanced chromothripsis genomes, broken genes are particularly
likely to be involved in phenotypes because deletions and duplications are relatively
minor. The PTPRD gene that is broken in three separate constitutional chromothripsis
genomes (Macera et al. 2014; de Pagter et al. 2015; Weckselblatt et al. 2015) and is
recurrently altered in neuroblastoma chromothripsis (Molenaar et al. 2012; Boeva et al.
2013) warrants further investigation as a chromothripsis hotspot.

It is well-established that translocations are frequently observed in cancers and
can result in fusion genes with oncogenic potential. Fusion genes created by germline
rearrangements could likewise contribute to intellectual disability and other pediatric
phenotypes, but these are rarely reported. At three unbalanced translocation junctions, we
observe that the 5’ end of one gene is joined to the 3’ end of another gene, creating a
fusion transcript that is predicted to be in-frame (Weckselblatt et al. 2015). Though the
parent genes of SIRPG-WWOX, SMOC2-PROXI, and PIEZO2-MTAI are not currently
implicated in neurodevelopmental syndromes, a fusion may take on novel function.

Duplication CNVs also have the potential to fuse genes at breakpoint junctions.
In-frame transcripts are predicted for fusions of TRPV3-TAX1BP3, LTBP1-BIRC6, and
SOS1-MAP4K3 in simple tandem duplications, COL4A6-USP20 at the junction of an
insertional translocation, and KCNH5-FUTS at the inverted junction of two
interconnected duplications.

The direct duplication in EGL480 may produce a fusion of SOSI and MAP4K3.
Structural rearrangements that fuse kinase genes are an important class of oncogenes in

leukemia and solid tumors (Medves and Demoulin 2012). Here, an activator of Ras,
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SOS1, is fused to the kinase MAP4K3. EGLA480 displays symptoms of Noonan syndrome,
which is caused by gain of function mutations in SOS1. We hypothesize that the germline
SOS1-MAP4K3 fusion gene also plays a role in EGL480’s clinical presentation.

More recent studies of constitutional breakpoint junctions have revealed fusions at
duplications (Rippey et al. 2013), deletions (Boone et al. 2014), and at a chromothriptic
junction (van Heesch et al. 2014). In the absence of RNA and protein data, a mechanism
of disease pathogenesis through these constitutional gene fusions remains unclear, but

could be important for potential therapy.

Future directions for translocation studies

Breakpoint junction sequencing has provided insight into the formation of many
chromosome rearrangements, including translocations. We’ve pinpointed genomic
locations of breakpoints, identified classes of repetitive DNA that mediate
rearrangements, and interpreted genes physically interrupted by breakpoints. However,
the current models of translocation formation and other chromosome rearrangement
mechanisms are incomplete without considering the role of higher-order genomic
organization. Future studies will investigate the association between specific chromatin
modifications and nuclear organization of chromosomal regions that rearrange.
Expanding this genomic analysis is essential to understand the processes and risk factors

involved in translocation formation.

DNA sequence and chromatin at breakpoints
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Most constitutional breakpoints do not occur at the same chromosomal location,
but common DNA and/or chromatin features underlie some breakpoints. Sequence that
has a propensity to form alternative conformations of DNA can predispose breakage
(Vissers et al. 2009), such as sites in GC-rich subtelomeres that are predicted to form G-
quadruplexes (Bose et al. 2014). Similarly, some common genomic fragile sites are
composed of di- or tri-nucleotide repeats that form hairpin and quadruplex secondary
structures, leading to replication fork stalling or collapse (Mirkin 2006; Zhang and
Freudenreich 2007).

Fragile sites are also an important part of the development of cancer-specific SV.
Half of recurrent breakpoints in cancer-associated translocations correspond to fragile
sites (Burrow et al. 2009). Two of the most common fragile sites, FRA3B and FRA16D,
are located within the tumor suppressor genes FHIT and WWOX, respectively (Huebner
and Croce 2001; Dillon et al. 2010). Furthermore, analysis of six common fragile sites in
tumor suppressor genes revealed that they are enriched in histone hypoacetylation and
heterochromatic marks relative to the flanking genomic regions (Wang 2006; Jiang et al.
2009).

Other recurrent breakpoints are located in open chromatin, some of which are
sites that fuse two different genes together. At the breakpoint junction of the t(9;22)
Philadelphia chromosome, the BCR-ABLI fusion gene produces a constitutively active
ABLI tyrosine kinase that leads to acute myeloid leukemia. At the Breakpoint Cluster
Region (BCR) locus on Chromosome 22, translocation breakpoints cluster in defined
loci. Recurrent translocations form between the BCR and other chromosomes despite an

absence of sequence homology between breakpoints; however, these sites do have
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chromatin structural elements in common (Zhang and Rowley 2006). BCRs are enriched
in DNase I hypersensitivity sites, which are associated with open chromatin and
transcription factor binding (Crawford et al. 2006; Zhang and Rowley 2006; Thurman et
al. 2012). Studies of chromosome rearrangements in lymphoma, prostate
adenocarcinoma, and several breast, ovarian, head and neck, and colorectal cancers
concluded that CpG sites at breakpoint regions are hypomethylated relative to adjacent
DNA (De and Michor 2011; Grzeda et al. 2014; Lu et al. 2015). It remains to be
determined if chromosome breakpoints that form constitutional SV are associated with
marks of either active or silenced chromatin. It is tempting to speculate that
interchromosomal breakpoints share common chromatin features that are colocalized

and/or coregulated in the nucleus.

Spatial organization of chromosomes

For a translocation to occur, breakpoints must happen simultaneously on two
different chromosomes, followed by physical contact between double-strand breaks and
aberrant joining of nonhomologous chromosomes. Because nuclear proximity between
translocating regions is a requirement for interchromosomal SV, we expect that the 3-
dimensional organization of the genome can play an important role in how translocations
form. The frequencies of experimentally-induced translocations and regions that
recurrently translocate in cancers are elevated for loci located near one another in the
nucleus (Roix et al. 2003; Chiarle et al. 2011; Klein et al. 2011; Engreitz et al. 2012;
Zhang et al. 2012; Roukos et al. 2013), but there is limited information on how this

influences constitutional translocations (Bickmore and Teague 2002).
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Chromosome location in the nucleus is linked to transcriptional regulation.
Silenced genes are localized to the nuclear periphery while active genes are located in the
interior of the nucleus (Peric-Hupkes et al. 2010). Regions of the genome composed of
active genes have a high density of DNase I hypersensitivity sites and tend to associate
with one another in the interphase nucleus (Bickmore 2013; Fanucchi et al. 2013). We
hypothesize that translocations where both breakpoints are located within genes may
arise because those genes are co-localized in the nucleus. Indeed, our work revealed that
44 out of 102 of simple translocation breakpoints lie in genes (Weckselblatt et al. 2015).

High-resolution Hi-C mapping has identified genome-wide chromatin contacts in
fly, mouse, and human chromosomes that are organized in topologically associating
domains (TADs). TADs fold into discrete compartments where there is high interaction
within a TAD but little to no interaction between different TADs (Dixon et al. 2012;
Sexton et al. 2012; Dekker et al. 2013). TAD borders are also enriched for active genes
and CTCF, which is implicated in maintaining TAD structure (Dixon et al. 2012; Sexton
et al. 2012; Giorgetti et al. 2014).

We predict that linearly distant DNA that is cinched together by the CTCF at
TAD borders has the potential to be breakpoint sites of intrachromosomal rearrangements
such as interstitial deletions and duplications. Due to the high frequency of interactions
within a TAD and at TAD borders, double-strand breaks may favor intra-TAD repair due
to spatial constraints. Future studies will compare TAD boundaries and SV breakpoints in
search of a correlation, providing insight into the mechanisms of chromosome

rearrangements.
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Position effect

Unbalanced translocations lead to changes in gene dosage, loss of function of
genes physically disrupted by breakpoints, and gain of function of gene hybrids formed at
breakpoint junctions. Position effect is another consequence of altering chromosome
structure, where intact genes adjacent to breakpoints are subject to new regulatory
machinery present at the translocation site. In unbalanced translocations between an
autosome and an X Chromosome with an intact X inactivation center (XIC), X
inactivation spreads to silence adjacent autosomal DNA (Mattei et al. 1982). Xist, a
product of the XIC, converts the translocation chromosome to a heterochromatic state,
spreading up to 45 megabases from the translocation breakpoint (Sharp et al. 2002).
Heterochromatic silencing of the autosomal trisomic segment leads to a milder
phenotype. In another case, a balanced translocation between a heterochromatic band of
Chromosome 15 and a euchromatic band of Chromosome 16 resulted in a neurological
phenotype. Here, the spread of heterochromatin across the translocation junction silenced
expression of genes derived from chromosome 16 (Finelli et al. 2012).

When genes are placed into a new nuclear position with anomalous chromatin
environments, position effects may also lead to expression changes on a larger scale. In
the recurrent unbalanced translocation between Chromosomes 11 and 22, trans-effects of
aberrant nuclear positioning leads to differential expression of many normal copy number
genes on different chromosomes (Harewood et al. 2010). Future studies of cis and trans
position effects related to translocations may inform phenotypes when even thorough

breakpoint analysis fails to pinpoint genes related to disease.
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Concluding remarks

In this large-scale analysis of unbalanced translocations, breakpoint junction
sequencing reveals mutational mechanisms, structural complexity, and novel in-frame
fusion genes. With a scarcity of sequence homology at breakpoint junctions, most
unbalanced translocations likely formed by NHEJ and MMBIR repair processes. Our
approach to combine targeted NGS, mate-pair sequencing, and WGS uncovered a wide
range of breakpoints in this diverse cohort. Rarer translocations between four or five
chromosomes proved to have tens of breakpoints, most of which were not recognized by
standard cytogenetic methods. These chromothripsis rearrangements are usually de novo,
arise on paternal alleles, and transmit maternally. Future SV studies will combine two-
dimensional structural analysis with higher-order genomic organization to bring us closer

to elucidating the molecular processes underlying how these rearrangements form.



113

References

Bickmore WA. 2013. The spatial organization of the human genome. Annu Rev
Genomics Hum Genet 14: 67-84.

Bickmore WA, Teague P. 2002. Influences of chromosome size, gene density and nuclear
position on the frequency of constitutional translocations in the human
population. Chromosome Res 10(8): 707-715.

Boeva V, Jouannet S, Daveau R, Combaret V, Pierre-Eugene C, Cazes A, Louis-
Brennetot C, Schleiermacher G, Ferrand S, Pierron G et al. 2013. Breakpoint
features of genomic rearrangements in neuroblastoma with unbalanced
translocations and chromothripsis. PLoS One 8(8): €72182.

Boone PM, Yuan B, Campbell IM, Scull JC, Withers MA, Baggett BC, Beck CR, Shaw
CJ, Stankiewicz P, Moretti P et al. 2014. The Alu-rich genomic architecture of
SPAST predisposes to diverse and functionally distinct disease-associated CNV
alleles. Am J Hum Genet 95(2): 143-161.

Borg K, Stankiewicz P, Bocian E, Kruczek A, Obersztyn E, Lupski JR, Mazurczak T.
2005. Molecular analysis of a constitutional complex genome rearrangement with
11 breakpoints involving chromosomes 3, 11, 12, and 21 and a approximately 0.5-
Mb submicroscopic deletion in a patient with mild mental retardation. Hum Genet
118(2): 267-275.

Bose P, Hermetz KE, Conneely KN, Rudd MK. 2014. Tandem repeats and G-rich
sequences are enriched at human CNV breakpoints. PLoS One 9(7): e101607.

Burrow AA, Williams LE, Pierce LC, Wang YH. 2009. Over half of breakpoints in gene
pairs involved in cancer-specific recurrent translocations are mapped to human
chromosomal fragile sites. BMC Genomics 10: 59.

Chen W, Kalscheuer V, Tzschach A, Menzel C, Ullmann R, Schulz MH, Erdogan F, Li
N, Kijas Z, Arkesteijn G et al. 2008. Mapping translocation breakpoints by next-
generation sequencing. Genome Res 18(7): 1143-1149.

Chiang C, Jacobsen JC, Ernst C, Hanscom C, Heilbut A, Blumenthal I, Mills RE, Kirby
A, Lindgren AM, Rudiger SR et al. 2012. Complex reorganization and
predominant non-homologous repair following chromosomal breakage in
karyotypically balanced germline rearrangements and transgenic integration. Nat
Genet 44(4): 390-397, S391.

Chiarle R, Zhang Y, Frock RL, Lewis SM, Molinie B, Ho YJ, Myers DR, Choi VW,
Compagno M, Malkin DJ et al. 2011. Genome-wide translocation sequencing
reveals mechanisms of chromosome breaks and rearrangements in B cells. Cell
147(1): 107-119.

Crasta K, Ganem NJ, Dagher R, Lantermann AB, Ivanova EV, Pan Y, Nezi L,
Protopopov A, Chowdhury D, Pellman D. 2012. DNA breaks and chromosome
pulverization from errors in mitosis. Nature 482(7383): 53-58.

Crawford GE, Holt IE, Whittle J, Webb BD, Tai D, Davis S, Margulies EH, Chen Y,
Bernat JA, Ginsburg D et al. 2006. Genome-wide mapping of DNase
hypersensitive sites using massively parallel signature sequencing (MPSS).
Genome Res 16(1): 123-131.

de Pagter MS, van Roosmalen MJ, Baas AF, Renkens I, Duran KJ, van Binsbergen E,
Tavakoli-Yaraki M, Hochstenbach R, van der Veken LT, Cuppen E et al. 2015a.



114

Chromothripsis in healthy individuals affects multiple protein-coding genes and
can result in severe congenital abnormalities in offspring. Am J Hum Genet 96(4):
651-656.

De S, Michor F. 2011. DNA secondary structures and epigenetic determinants of cancer
genome evolution. Nat Struct Mol Biol 18(8): 950-955.

Dekker J, Marti-Renom MA, Mirny LA. 2013. Exploring the three-dimensional
organization of genomes: interpreting chromatin interaction data. Nat Rev Genet
14(6): 390-403.

Dillon LW, Burrow AA, Wang YH. 2010. DNA instability at chromosomal fragile sites
in cancer. Curr Genomics 11(5): 326-337.

Dixon JR, Selvaraj S, Yue F, Kim A, Li Y, Shen Y, Hu M, Liu JS, Ren B. 2012.
Topological domains in mammalian genomes identified by analysis of chromatin
interactions. Nature 485(7398): 376-380.

Engreitz JM, Agarwala V, Mirny LA. 2012. Three-dimensional genome architecture
influences partner selection for chromosomal translocations in human disease.
PLoS One 7(9): e44196.

Fanucchi S, Shibayama Y, Burd S, Weinberg MS, Mhlanga MM. 2013. Chromosomal
contact permits transcription between coregulated genes. Cell 155(3): 606-620.

Finelli P, Sirchia SM, Masciadri M, Crippa M, Recalcati MP, Rusconi D, Giardino D,
Monti L, Cogliati F, Faravelli F et al. 2012. Juxtaposition of heterochromatic and
euchromatic regions by chromosomal translocation mediates a heterochromatic
long-range position effect associated with a severe neurological phenotype. Mol
Cytogenet 5: 16.

Giardino D, Corti C, Ballarati L, Finelli P, Valtorta C, Botta G, Giudici M, Grosso E,
Larizza L. 2006. Prenatal diagnosis of a de novo complex chromosome
rearrangement (CCR) mediated by six breakpoints, and a review of 20 prenatally
ascertained CCRs. Prenat Diagn 26(6): 565-570.

Giorgetti L, Galupa R, Nora EP, Piolot T, Lam F, Dekker J, Tiana G, Heard E. 2014.
Predictive polymer modeling reveals coupled fluctuations in chromosome
conformation and transcription. Cell 157(4): 950-963.

Grzeda KR, Royer-Bertrand B, Inaki K, Kim H, Hillmer AM, Liu ET, Chuang JH. 2014.
Functional chromatin features are associated with structural mutations in cancer.
BMC Genomics 15: 1013.

Harewood L, Schutz F, Boyle S, Perry P, Delorenzi M, Bickmore WA, Reymond A.
2010. The effect of translocation-induced nuclear reorganization on gene
expression. Genome Res 20(5): 554-564.

Hastings PJ, Ira G, Lupski JR. 2009. A microhomology-mediated break-induced
replication model for the origin of human copy number variation. PLoS Genet
5(1): e1000327.

Higgins AW, Alkuraya FS, Bosco AF, Brown KK, Bruns GA, Donovan DJ, Eisenman R,
Fan Y, Farra CG, Ferguson HL et al. 2008. Characterization of apparently
balanced chromosomal rearrangements from the developmental genome anatomy
project. Am J Hum Genet 82(3): 712-722.

Huebner K, Croce CM. 2001. FRA3B and other common fragile sites: the weakest links.
Nat Rev Cancer 1(3): 214-221.



115

Jiang Y, Lucas I, Young DJ, Davis EM, Karrison T, Rest JS, Le Beau MM. 2009.
Common fragile sites are characterized by histone hypoacetylation. Hum Mol
Genet 18(23): 4501-4512.

Klein IA, Resch W, Jankovic M, Oliveira T, Yamane A, Nakahashi H, Di Virgilio M,
Bothmer A, Nussenzweig A, Robbiani DF et al. 2011. Translocation-capture
sequencing reveals the extent and nature of chromosomal rearrangements in B
lymphocytes. Cell 147(1): 95-106.

Kloosterman WP, Cuppen E. 2013. Chromothripsis in congenital disorders and cancer:
similarities and differences. Curr Opin Cell Biol 25(3): 341-348.

Kloosterman WP, Guryev V, van Roosmalen M, Duran KJ, de Bruijn E, Bakker SC,
Letteboer T, van Nesselrooij B, Hochstenbach R, Poot M et al. 2011.
Chromothripsis as a mechanism driving complex de novo structural
rearrangements in the germline. Hum Mol Genet 20(10): 1916-1924.

Kloosterman WP, Tavakoli-Yaraki M, van Roosmalen MJ, van Binsbergen E, Renkens I,
Duran K, Ballarati L, Vergult S, Giardino D, Hansson K et al. 2012.
Constitutional chromothripsis rearrangements involve clustered double-stranded
DNA breaks and nonhomologous repair mechanisms. Cell Rep 1(6): 648-655.

Lee JA, Carvalho CM, Lupski JR. 2007. A DNA replication mechanism for generating
nonrecurrent rearrangements associated with genomic disorders. Cell 131(7):
1235-1247.

Lu Z, Lieber MR, Tsai AG, Pardo CE, Muschen M, Kladde MP, Hsieh CL. 2015. Human
lymphoid translocation fragile zones are hypomethylated and have accessible
chromatin. Mol Cell Biol 35(7): 1209-1222.

Luo Y, Hermetz KE, Jackson JM, Mulle JG, Dodd A, Tsuchiya KD, Ballif BC, Shaffer
LG, Cody JD, Ledbetter DH et al. 2011. Diverse mutational mechanisms cause
pathogenic subtelomeric rearrangements. Hum Mol Genet 20(19): 3769-3778.

Macera MJ, Sobrino A, Levy B, Jobanputra V, Aggarwal V, Mills A, Esteves C,
Hanscom C, Pereira S, Pillalamarri V et al. 2014. Prenatal diagnosis of
chromothripsis, with nine breaks characterized by karyotyping, FISH, microarray
and whole-genome sequencing. Prenat Diagn.

Mattei MG, Mattei JF, Ayme S, Giraud F. 1982. X-autosome translocations: cytogenetic
characteristics and their consequences. Hum Genet 61(4): 295-309.

Mirkin SM. 2006. DNA structures, repeat expansions and human hereditary disorders.
Curr Opin Struct Biol 16(3): 351-358.

Molenaar JJ, Koster J, Zwijnenburg DA, van Sluis P, Valentijn LJ, van der Ploeg I,
Hamdi M, van Nes J, Westerman BA, van Arkel J et al. 2012. Sequencing of
neuroblastoma identifies chromothripsis and defects in neuritogenesis genes.
Nature 483(7391): 589-593.

Newman S, Hermetz KE, Weckselblatt B, Rudd MK. 2015. Next-Generation Sequencing
of Duplication CNVs Reveals that Most Are Tandem and Some Create Fusion
Genes at Breakpoints. Am J Hum Genet 96(2): 208-220.

Pellestor F, Anahory T, Lefort G, Puechberty J, Liehr T, Hedon B, Sarda P. 2011.
Complex chromosomal rearrangements: origin and meiotic behavior. Hum
Reprod Update 17(4): 476-494.



116

Pellestor F, Gatinois V, Puechberty J, Genevieve D, Lefort G. 2014. Chromothripsis:
potential origin in gametogenesis and preimplantation cell divisions. A review.
Fertil Steril 102(6): 1785-1796.

Peric-Hupkes D, Meuleman W, Pagie L, Bruggeman SW, Solovei I, Brugman W, Graf S,
Flicek P, Kerkhoven RM, van Lohuizen M et al. 2010. Molecular maps of the
reorganization of genome-nuclear lamina interactions during differentiation. Mol
Cell 38(4): 603-613.

Rippey C, Walsh T, Gulsuner S, Brodsky M, Nord AS, Gasperini M, Pierce S, Spurrell
C, Coe BP, Krumm N et al. 2013. Formation of chimeric genes by copy-number
variation as a mutational mechanism in schizophrenia. Am J Hum Genet 93(4):
697-710.

Robberecht C, Voet T, Zamani Esteki M, Nowakowska BA, Vermeesch JR. 2013.
Nonallelic homologous recombination between retrotransposable elements is a
driver of de novo unbalanced translocations. Genome Res 23(3): 411-418.

Roix JJ, McQueen PG, Munson PJ, Parada LA, Misteli T. 2003. Spatial proximity of
translocation-prone gene loci in human lymphomas. Nat Genet 34(3): 287-291.

Roukos V, Voss TC, Schmidt CK, Lee S, Wangsa D, Misteli T. 2013. Spatial dynamics
of chromosome translocations in living cells. Science 341(6146): 660-664.

Sexton T, Yaffe E, Kenigsberg E, Bantignies F, Leblanc B, Hoichman M, Parrinello H,
Tanay A, Cavalli G. 2012. Three-dimensional folding and functional organization
principles of the Drosophila genome. Cell 148(3): 458-472.

Shapiro P. 2002. Ras-MAP kinase signaling pathways and control of cell proliferation:
relevance to cancer therapy. Crit Rev Clin Lab Sci 39(4-5): 285-330.

Sharp AJ, Spotswood HT, Robinson DO, Turner BM, Jacobs PA. 2002. Molecular and
cytogenetic analysis of the spreading of X inactivation in X;autosome
translocations. Hum Mol Genet 11(25): 3145-3156.

Sobreira NL, Gnanakkan V, Walsh M, Marosy B, Wohler E, Thomas G, Hoover-Fong
JE, Hamosh A, Wheelan SJ, Valle D. 2011. Characterization of complex
chromosomal rearrangements by targeted capture and next-generation sequencing.
Genome Res 21(10): 1720-1727.

Stephens PJ, Greenman CD, Fu B, Yang F, Bignell GR, Mudie LJ, Pleasance ED, Lau
KW, Beare D, Stebbings LA et al. 2011. Massive genomic rearrangement
acquired in a single catastrophic event during cancer development. Cell 144(1):
27-40.

Tartaglia M, Pennacchio LA, Zhao C, Yadav KK, Fodale V, Sarkozy A, Pandit B, Oishi
K, Martinelli S, Schackwitz W et al. 2007. Gain-of-function SOS1 mutations
cause a distinctive form of Noonan syndrome. Nat Genet 39(1): 75-79.

Thomas NS, Durkie M, Van Zyl B, Sanford R, Potts G, Youings S, Dennis N, Jacobs P.
2006. Parental and chromosomal origin of unbalanced de novo structural
chromosome abnormalities in man. Hum Genet 119(4): 444-450.

Thomas NS, Morris JK, Baptista J, Ng BL, Crolla JA, Jacobs PA. 2010. De novo
apparently balanced translocations in man are predominantly paternal in origin
and associated with a significant increase in paternal age. J Med Genet 47(2):
112-115.



117

Thurman RE, Rynes E, Humbert R, Vierstra J, Maurano MT, Haugen E, Sheffield NC,
Stergachis AB, Wang H, Vernot B et al. 2012. The accessible chromatin
landscape of the human genome. Nature 489(7414): 75-82.

van Heesch S, Simonis M, van Roosmalen MJ, Pillalamarri V, Brand H, Kuijk EW, de
Luca KL, Lansu N, Braat AK, Menelaou A et al. 2014. Genomic and Functional
Overlap between Somatic and Germline Chromosomal Rearrangements. Cell Rep
9(6): 2001-2010.

Verdin H, D'Haene B, Beysen D, Novikova Y, Menten B, Sante T, Lapunzina P, Nevado
J, Carvalho CM, Lupski JR et al. 2013. Microhomology-mediated mechanisms
underlie non-recurrent disease-causing microdeletions of the FOXL2 gene or its
regulatory domain. PLoS Genet 9(3): e1003358.

Vissers LE, Bhatt SS, Janssen IM, Xia Z, Lalani SR, Pfundt R, Derwinska K, de Vries
BB, Gilissen C, Hoischen A et al. 2009. Rare pathogenic microdeletions and
tandem duplications are microhomology-mediated and stimulated by local
genomic architecture. Hum Mol Genet 18(19): 3579-3593.

Wang YH. 2006. Chromatin structure of human chromosomal fragile sites. Cancer Lett
232(1): 70-78.

Watson CT, Marques-Bonet T, Sharp AJ, Mefford HC. 2014. The genetics of
microdeletion and microduplication syndromes: an update. Annu Rev Genomics
Hum Genet 15: 215-244.

Weckselblatt B, Hermetz KE, Rudd MK. 2015. Unbalanced translocations arise from
diverse mutational mechanisms including chromothripsis. Genome Res.

Zenker M, Horn D, Wieczorek D, Allanson J, Pauli S, van der Burgt I, Doerr HG, Gaspar
H, Hofbeck M, Gillessen-Kaesbach G et al. 2007. SOS1 is the second most
common Noonan gene but plays no major role in cardio-facio-cutaneous
syndrome. J Med Genet 44(10): 651-656.

Zhang CZ, Spektor A, Cornils H, Francis JM, Jackson EK, Liu S, Meyerson M, Pellman
D. 2015. Chromothripsis from DNA damage in micronuclei. Nature 522(7555):
179-184.

Zhang F, Carvalho CM, Lupski JR. 2009. Complex human chromosomal and genomic
rearrangements. Trends Genet 25(7): 298-307.

Zhang H, Freudenreich CH. 2007. An AT-rich sequence in human common fragile site
FRA16D causes fork stalling and chromosome breakage in S. cerevisiae. Mol Cell
27(3): 367-379.

Zhang Y, McCord RP, Ho YJ, Lajoie BR, Hildebrand DG, Simon AC, Becker MS, Alt
FW, Dekker J. 2012. Spatial organization of the mouse genome and its role in
recurrent chromosomal translocations. Cell 148(5): 908-921.

Zhang Y, Rowley JD. 2006. Chromatin structural elements and chromosomal
translocations in leukemia. DNA Repair (Amst) 5(9-10): 1282-1297.



