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Genomic rearrangements are common in cancer, with demonstrated links to disease progression and treatment response.
These rearrangements can be complex, resulting in fusions of multiple chromosomal fragments and generation of derivative
chromosomes. Although methods exist for detecting individual fusions, they are generally unable to reconstruct complex
chained events. To overcome these limitations, we adopted a new optical mapping approach, allowing megabase-length ge-
nome maps to be reconstructed and rearranged genomes to be visualized without loss of integrity. Whole-genome mapping
(Bionano Genomics) of a well-studied highly rearranged liposarcoma cell line resulted in 3338 assembled consensus genome
maps, including 72 fusion maps. These fusion maps represent 112.3 Mb of highly rearranged genomic regions, illuminating
the complex architecture of chained fusions, including content, order, orientation, and size. Spanning the junction of 147
chromosomal translocations, we found a total of 28 Mb of interspersed sequences that could not be aligned to the reference
genome. Traversing these interspersed sequences using short-read sequencing breakpoint calls, we were able to identify and
place 399 sequencing fragments within the optical mapping gaps, thus illustrating the complementary nature of optical map-
ping and short-read sequencing. We demonstrate that optical mapping provides a powerful new approach for capturing a
higher level of complex genomic architecture, creating a scaffold for renewed interpretation of sequencing data of particular

relevance to human cancer.
[Supplemental material is available for this article.]

Structural variation (SV) is a type of genomic variation character-
ized by deletions, insertions, inversions, and translocations of
large genomic fragments (>1 kb). Although SV is a form of natural
polymorphism (Sudmant et al. 2015; The 1000 Genomes Project
Consortium 2015), specific or excessive aberrations have been
linked to numerous human diseases (Lupski 1998; Weischenfeldt
et al. 2013). In cancer, acquired SVs have been used for molecular
subclassification and shown to be predictive of cancer progression
and treatment response (Hicks et al. 2006; Holland and Cleveland
2012; Baca et al. 2013; Andersson et al. 2016; Papaemmanuil et al.
2016). Beyond isolated SVs, large complex genomic rearrange-
ments (CGRs) or chained fusions, defined as aberrant joining of
multiple distant genomic regions (Malhotra et al. 2013), have
been implicated in 5%-9% of all cancers (Dzamba et al. 2017).
Several models of CGR have been proposed, each thought to be
preferential in different cancer types. Chromothripsis, character-
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ized by highly localized shattering and religation (fusion) of tens
to hundreds of DNA fragments and an oscillating copy number
profile, is, for example, present in 25% of bone cancers (Stephens
etal. 2011). Chromoplexy, characterized by closed chains of chro-
mosomal translocations, with little to no copy number alteration,
is a key characteristic of prostate cancer (Baca et al. 2013). Break-
age-fusion-bridge amplification, characterized by telomere short-
ening and cycles of fusion, amplification, and deletion, has been
implicated in almost every cancer type (McClintock 1941). Despite
these distinct models, it is clear that many cancers are probably
driven by a combination, and likely intermediate modified forms,
of these structural rearrangement processes (Zhang et al. 2013;
Garsed et al. 2014).

The complexity of chromosomal abnormalities is typically in-
ferred using various statistical and computational approaches,
based on data from karyotyping, microarray-based copy number
profiling, and whole-genome paired-end sequencing. A major lim-
itation of these methods is their inability to accurately reconstruct
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Optical mapping reveals complex chained fusions

the high levels of amplifications and complex patterns of chained
fusions. Reconstruction of a rearranged genome (i.e., to “walk” a
derivative chromosome) primarily requires the integration of pre-
dicted breakpoints, rearrangement signatures (orientation of se-
quence read alignment), and copy number profile. However, in
more realistic scenarios in which derivative chromosomes are
formed from multiple processes, rearrangement signatures become
confounded and algorithmic assumptions breakdown, making
it challenging to accurately reconstruct chromosomal rearran-
gements (Zhang et al. 2013). Recent advances in long-read and
linked-read sequencing (Clarke et al. 2009; Roberts et al. 2013)
along with accompanying bioinformatics developments (Liu
et al. 2017; Spies et al. 2017) are showing promising utility in
this area (Bell et al. 2017; Cretu Stancu et al. 2017; Greer et al.
2017). However, to obtain sufficient coverage for multiallelic rear-
rangements remains cost-prohibitive with long-read sequencing
(Shi et al. 2016), and immature bioinformatics tools limit link-
read sequencing utility for now (Marks et al. 2017).

In this study, we demonstrate the utility of a nonsequencing
approach, namely, optical genome mapping, in capturing chained
fusions. We validate the feasibility of using the Irys optical map-
ping system from Bionano Genomics to capture extensive CGRs
in a previously reported well-differentiated liposarcoma cell line
T778, commonly known as 778, derived from an elderly woman
with retroperitoneal relapse (Pedeutour et al. 1999). Multicolor
fluorescence in situ hybridization showed substantial translocations
in this cell line, and short-read sequencing of two flow-isolated
neochromosome (derivative chromosome) isoforms further con-
firmed extensive rearrangements with a predominance of intra-
chromosomal translocations (Garsed et al. 2014). We integrate
whole-genome mapping with short-read sequencing to further re-
fine the reconstruction of complex genomic rearrangements.

Results

Whole-genome optical mapping and structural variant detection

The Bionano platform is a next-generation optical mapping system
for generating physical maps (genome maps) of kilobases to mega-
bases in length (Fig. 1). This is achieved by fluorescently tagging
and imaging endonuclease motif sites of single molecules in a mas-
sively parallel fashion (Hastie et al. 2013). Imaged molecules are
digitized and de novo assembled into consensus genome maps,
each representing the fingerprint of a large fragment of the sample
genome. By comparing sample consensus genome maps against a
reference genome, large SVs can be readily identified and visual-
ized. The resolution of this technology is dependent on the fre-
quency of the endonuclease motif in the sample genome. For a
human genome, this is between 8 and 11 motifs (labels) per 100
kb using the enzyme Nt.BspQI (GCTCTTCN]). To ensure a high
level of specificity when merging and aligning molecules, de
novo assembly is typically performed on a filtered set of molecules
longer than 150 kb in length. Note that, unlike high-throughput
sequencing, this method does not require DNA fragmentation, in-
sert size selection, or amplification, because it is conversely reliant
on intact high molecular weight DNA extraction. Although this
technology has been available for several years, there had been a
prevailing difficulty to accurately predict translocations and inver-
sions. However, a recent breakthrough in bioinformatics develop-
ment has made possible not only the accurate detection of
inversions and translocations, but also the phasing of all detected
SVs (Hastie et al. 2017).

To evaluate the ability of optical mapping for the detection of
CGR, we performed whole-genome mapping on the 778 liposar-
coma cellline (Pedeutour et al. 1999; Garsed et al. 2014). Itis impor-
tant to point out that genome mapping was performed without
first isolating the neochromosomes as in the original sequencing
study (Garsed et al. 2014). In summary, a total of 798,063 mole-
cules longer than 150 kb were captured and de novo assembled
into 3338 consensus genome maps (Table 1; Supplemental Data
S1). From multicolor fluorescence in situ hybridization, we know
most chromosomes of this cell line are tetraploid. Although the
current genome mapping assembly algorithm is agnostic to ploidy
greater than two, we were able to deduce an alternate haplomap
(haplotype genome map) for 68% (2271/3338) of the consensus
genome maps. With higher coverage and better assembly algo-
rithm, we can expect more of the consensus maps to be further de-
composed into their respective constitutive haplotypes. The
average consensus genome map is 1.7 Mb in length with the lon-
gest map reaching 6.5 Mb. More than 97% of the genome maps
could be aligned to the human reference GRCh38 (Schneider
etal. 2017), achieving a breadth of coverage of 90%, which is a the-
oretical limit given the lack of reference genomic information at
and around low complexity regions (Fig. 2).

A total of 2070 SVs (>1 kb) relative to GRCh38 were identified
(Table 1; Supplemental Table S1). This excluded all SVs with insuf-
ficient single-molecule support and SVs overlapping N-base gaps or
known segmental duplications in GRCh38. Insertions and dele-
tions <1 kb were also excluded due to a limitation to accurately es-
timate inter-label distances below this size (for details, see
Methods). We observed 2.3 times as many large insertions (1329)
compared to deletions (590). This is similar to previous reports
for other cancer cell lines using the same technology, reporting be-
tween 1.5- and 2.7-fold more insertions than deletions (Fig. 3A;
Zook et al. 2016; Dixon et al. 2017) and for noncancer samples
(Supplemental Fig. S1). Although insertions are more abundant,
they are generally smaller in size (median: 2.6 kb; interquartile
range (IQR): 1.7-4.3 kb) relative to deletions (median: 3.1 kb;
IQR: 2.1-6.0 kb) (Fig. 3B). The largest insertion observed was 386
kb within Chr 1: 172,422-172,618 kb, which upon inspection is,
in fact, a replacement of the 196-kb interval with a chained fusion
of a84.2-kb fragment from Chromosome 1 (188.314-188.394 Mb),
a 143.6-kb fragment from Chromosome 15 (98.430-98.573 Mb),
and a 354-kb fragment that does not align to GRCh38 (see below
for further discussion on unaligned genome map fragments)
(Supplemental Fig. S2A). The largest deletion of 850 kb at Chr 15:
90,881-91,870 kb was detected in two pairs of haplomaps, al-
though we note genome maps spanning the deleted interval are
also present (Supplemental Fig. S2B), suggesting this genomic frag-
ment is not lost to the cancer genome. The distribution of large in-
sertions and deletions is roughly random across the genome, with
the proportion of each SV type being linearly correlated to chromo-
some size (Fig. 3C).

Besides large deletions and insertions, we identify 147 translo-
cations (33 intra- and 114 inter-chromosomal) and four inversions
(Fig. 3D). Compared to SVs identified in other cancer cell lines us-
ing the same Bionano Irys technology (Dixon et al. 2017), we
note the extent of inversions is uniform (Fig. 3D). In contrast, we
observe considerably more chromosomal translocations in 778 rel-
ative to the other cancer cell lines, which is likely due to the pres-
ence of neochromosomes in this cell line. Although 778 is highly
rearranged, we acknowledge the increased number of transloca-
tions could be due to technical or analytical differences between
the studies.
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Figure 1. Whole-genome optical mapping. (A,B) Genome mapping begins with the extraction of intact, high molecular weight (HMW) double-stranded
DNA. (C) An endonuclease (Nt.BspQl) that cleaves only one strand of a double-stranded DNA is used to incorporate a fluorescent dye at recognition motifs
(GCTCTTCNJ) at a density of 8-11 labels per 100 kb. The DNA backbone is also stained with a second fluorescent dye, YOYO-1. (D) Labeled molecules are
linearized, flowed into nanochannels, and imaged using the Bionano Irys instrument. (E) Imaged molecules are digitized and bioinformatically assembled
into consensus genome maps and haplotype-phased as appropriate. (F) SVs relative to a reference genome are deduced based on differences in size and/or
label patterns. Highly rearranged genome maps will align piecewise to multiple reference genomic regions. Conversely, heavily rearranged regions of the
reference genome will show alignments from multiple genome maps (dispersed duplication). In this study, the reference genome map is an in silico digest
of the human reference, GRCh38. In this figure, sample consensus genome maps are represented as teal-colored horizontal bars, overlaid with coverage
density plots in mauve, whereas GRCh38 Chr 12 is shown as a gray horizontal bar. Fluorescent labels of the Nt.BspQI motif are shown as yellow and pink
vertical lines overlaid on the reference and sample genome maps, respectively. Labels on the reference not aligned to any consensus genome map and
labels on sample genome maps not aligned to the displayed reference chromosome(s) are shown in dark blue.
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Table 1. Genome mapping summary

Molecule summary

Total number of molecules >150 kb 798,063
Molecule N50 309.5 kb
Average label density (/100 kb) 10.3
Genome map summary Total Fusion maps
Number of genome maps 5609 72

Number of haplomap pairs 2271 28

Maps without alternate haplotype 1067 16
Map N50 1.377 Mb 2.328 Mb
Map length range 0.55-6.5Mb 0.19-5.34 Mb
Genome maps aligned to GRCh38 97.6% 100%
Genome map length aligned to GRCh38 97.1% 75.1%
GRCh38 breadth of coverage 89.9% 1.02%
Structural variation summary
Deletions (>1 kb, <1 Mb) 590 29
Insertions (>1 kb) 1329 12
Inversions 4 4
Intra-chromosomal translocations 33 33
Inter-chromosomal translocations 114 114

SV excludes those overlapping N-base gaps and known segmental dupli-
cations in GRCh38, as well as SVs commonly detected in genome map
data across a variety of sample types (Online Methods).

(N50) 50% in size of the data is contained within maps or molecules
>N50.

Fusion maps and chained fusions

To better interrogate CGR, we focused on 72 genome maps con-
taining all observed translocations and inversions, as well as inser-
tions and deletions larger than 100 kb in size (Methods). This set of
genome maps, termed “fusion maps,” includes 28 haplomap pairs
and 16 singletons, totaling 112.3 Mb diploid length. Supplemental
Figure S3 displays the schematic representation of the full set of 72
fusion maps, from which three examples are shown in Figure 4.
Alignment of the fusion maps to GRCh38 revealed a total of 192
SVs, with the majority being inter-chromosomal translocations,
followed by intra-chromosomal translocations, large deletions, in-
sertions, intra-chromosomal translocations, and inversions (Table
1). Of the fusion maps, 70% have at least one inter-chromosomal
translocation, and one-third have two or more (Supplemental Fig.
S4). In contrast, <9% of the fusion maps contain more than one of
the other types of SVs. The typical 1.5:2.5 ratio of insertions to
deletions (Fig. 3A) was not observed in the fusion maps, which
contain more deletions (29) than insertions (12), and deletion siz-
es are no longer significantly larger than insertions (Supplemental
Fig. S5). This new observation may suggest different mechanistic
processes driving insertions in the background and fusion genome
maps. For example, it has been suggested that sizes of certain inser-
tion and duplication types (e.g., LINE/L1 elements) differ from de-
letions (Nik-Zainal et al. 2016).

Further interrogation of the fusion maps revealed extensive
chained fusions (Supplemental Fig. S3). Highly duplicated and
transposed reference genomic regions are notable from the pileup
of genome maps aligning to these regions (Fig. 1). Chromosomes
12 and 1 are most represented, contributing 22% and 20% of all
reference genome fragments found in the fusion maps, respective-
ly (Fig. 5). Specifically, regions Chr 12: 68,713,897-69,940,974 and
Chr 1: 188,188,529-189,139,998 were found in more than 10 fu-
sion map pairs (Methods; see example in Fig. 4A). In contrast, con-
tributions from Chromosomes 2, 8, 11, 14, 18, 19, 22, and X are

notably absent. Almost all chromosomes represented in the fusion
maps are impacted by translocations (Fig. 5). Of the 114 inter-chro-
mosomal translocations, 94% involve Chromosomes 1, 12, and/or
15. Specifically, breakpoints of these translocations are largely lo-
calized to Chromosome 1: 188.6-189.2 Mb; Chr 12: 68.6-69.2
Mb; and two loci on Chr 15: 91.6-92.3 Mb and 98.2-98.7 Mb.
For intra-chromosomal translocations, nearly 70% involve
Chromosomes 12 and 1, with breakpoints localized to Chr 12:
68.6-69.2 Mb; Chr 12: 94.8-95.3; and Chr 1: 172.3-172.9 Mb
(Supplemental Fig. S6).

An inversion is typically signified by two breakpoints in the
reference genome and two fusion junctions in the rearranged ge-
nome map (Fig. 6A). In one of the inversions, however, only one fu-
sion junction was captured; thus, we can only speculate on their
size. In contrast, both fusion junctions of an inversion at Chr 16:
70,195,951-74,372,427 are captured by two haplomap pairs, al-
lowing the 4-Mb inversion to be fully defined (Fig. 6B). The remain-
ing inversion is found on a genome map containing an inverted
duplication of a series of fusion events (map #31661) (Fig. 4C),
suggesting the duplication occurred after the chained fusion.
Manual examination of the molecules making up the consensus
genome map confirmed assembly artifact is unlikely (Fig. 4D).

Most deletions (38%) on the fusion maps involve Chromo-
some 15 followed by Chromosomes 16 and 7 (14% each) (Fig.
5). For large insertions, the majority involves Chromosome 16
(42%). Aside from a substantially reduced incidence of large inser-
tions and deletions on Chromosomes 1 and 12, the distributions
of these two SV types largely mirror those for translocations. To-
gether these observations can be attributed to the rearrangement
processes underlying the evolution of this cancer cell line, which
included an initial catastrophic event causing the fusion of specific
genomic fragments forming the cores of the derivative chromo-
somes (see next section).

In addition to the order and orientation of chains of donor
fragments, fusion maps also captured patterns and sizes of fusion
junction intervals. These intervals represent fragments that do
not align to the reference genome and total ~27.6 Mb across the
72 fusion maps. These unmapped fragments likely correspond to
regions of significant rearrangements rather than repetitive ele-
ments, as their label patterns are typically “unique” (for examples,
see Fig. 6C; Supplemental Fig. S7A). This is in contrast to common
insertions involving repeat elements (Fig. 6D; Supplemental Fig.
S7B). This theory is explored and confirmed below through the in-
tegration of short-read sequencing data.

Fusion maps and neochromosomes

There are several lines of evidence suggesting that although ge-
nome mapping was performed on the entire 778 cell line, the 72
fusion maps identified largely correspond to the two neochromo-
some isoforms previously sequenced (Garsed et al. 2014). First,
CGR and copy number profiles of the fusion maps strongly recapit-
ulate those derived from the two neochromosome isoforms (Fig. 7;
Garsed et al. 2014). A total of 21 (3.6%) of the 586 previously re-
ported neochromosome fusions are also present in 44.4% (32/
72) of the fusion maps, whereas 47 (24.5%) of the 192 CGRs iden-
tified in the 72 fusion maps were also identified from short-read se-
quencing of the neochromosomes (Supplemental Table S1). We
attribute this low overlap to a fundamental difference in resolution
between sequencing and optical mapping. Specifically, sequenc-
ing has base pair resolution allowing the detection of smaller var-
iants, whereas mapping has resolution of about 1 kb but can detect
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Figure 2. Consensus genome map overview. An overview is shown of the 3338 consensus genome maps (teal), from cell line 778, aligned to the human
reference genome, GRCh38. Overlapping alignments to GRCh38 (i.e., alignment density) is reflected in the color gradient of the genome maps. The ref-
erence genome is represented by its cytogenetic G banding (UCSC Table cytoBandldeo, last updated June 11, 2014), in which dark to light gray in this
figure correspond to Giemsa stain intensity, centromeric (acen) bands are represented in red, variable heterochromatic region (gvar) in pink, and stalks
(tightly constricted regions) in blue. The breadth of coverage is theoretically limited to 90% of the reference genome due to uninformative regions, includ-

ing acen, gvar, and stalks.

variants that are kilo- to megabases in size. To integrate the two
data sets and validate optical mapping calls, we reanalyzed the
short-read sequencing data using GRIDSS, a new positional de
Bruijn graph-based SV calling approach (Cameron et al. 2017)
and traversed across chains following multiple breakpoints (for de-
tails, see Methods). We found support for 86 of 107 unique optical
mapping fusions (Supplemental Table S2). The majority (81/86) of
these confirmed fusions required the traversal of more than one
GRIDSS breakpoints. On average, six sequence breakpoints were
required to span an optical mapping fusion junction (Fig. 8).
This supports our theory that the unmapped fusion junctions
are highly rearranged sequences that have created optical mapping
label patterns no longer mappable to the reference.

A second line of evidence suggesting the fusion maps may
represent much of the 778 neochromosomes is in the absence of
DNA fragments from Chromosomes 2, 8, 11, 14, 18, 19, 22, and
X in the fusion maps (Fig. 5). This is largely consistent with the ab-
sence of both genomic fusions and contiguous genomic regions
(defined as contiguous and interconnected fragments of the refer-
ence genome present in the neochromosomes) involving Chro-
mosomes 8, 11, 14, 18, and 19 in the neochromosomes (Garsed
et al. 2014). The absence of Chromosome 22 in the fusion maps
is likely because this chromosome is relatively unrearranged,
with the exception of a small cluster of intra-chromosomal rear-
rangements found in one of the neochromosome isoforms, sup-
porting the idea that fusions involving Chromosome 22 are late
events acquired after the formation of the neochromosome cores.
Chromosome 2 is similarly unrearranged.

A third line of evidence is in the dense clustering of genomic
rearrangement breakpoints previously shown in the sequencing

data and apparent in the fusion maps (Fig. 9). Such clustering of
fusion breakpoints is characteristic of chromothripsis (Korbel
and Campbell 2013). Specifically, it was theorized that the 778
neochromosomes likely resulted from an initial chromothriptic
event involving Chromosome 12 leading to (1) the majority of
Chromosome 12 fusions between boundaries of two islands of am-
plified regions being intra-chromosomal, (2) Chromosome 12 be-
ing the dominant inter-chromosomal translocation partner, and
(3) the subsequent amplification of various Chromosome 12 genes
by the breakage-fusion-bridge mechanism. Consistent with this,
we note in the fusion maps, that (1) 39.4% of all intra-chromosom-
al translocations and (2) 39.5% of all inter-chromosomal translo-
cations involve Chromosome 12, and (3) one of the two most
represented reference donor fragments in the fusion maps is Chr
12: 68-70 Mb, encompassing genes NUP107, YEATS4, MDM2,
SLC35E3, and BEST3. The active selection for the amplification
of these oncogenes is a likely driver for the extensive presence of
this locus in the fusion maps (Garsed et al. 2014).

Based on overlap analysis, we identified 78 reference donor
fragments from the 72 fusion maps totaling 31.5 Mb (Methods).
In contrast, the two 778 neochromosome isoforms are made up
of 23 Mb of the reference donor genome (Garsed et al. 2014).
Thus, it is plausible that some of the fusion maps identified repre-
sent the background (albeit rearranged) genome, which is consis-
tent with observed chromosomal translocations in 778.

Discussion

In this study, we demonstrated the utility of whole-genome map-
ping to reconstruct unresolved complex architectures of chained
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Structural variations identified using whole-genome optical mapping. (A,C) Comparison of large SVs identified in liposarcoma cell line 778 with

eight other cancer cell lines reported in Dixon et al. (2017). All SVs from both studies were determined using the Bionano Irys optical mapping system.
A shows the typical 1.5- to 2.7-fold more insertions relative to deletions with cell line 778 highlighted with an asterisk (*), whereas C shows cell line
778 harbors much more intra- and inter-chromosomal translocations relative to other cancer cell lines. (B) Box plot showing a statistically significant dif-
ference between deletion and insertion sizes, for SVs >1 kb. Thick black horizontal lines in the middle of the box plots correspond to median values, whereas
shaded gray boxes encompass the interquartile ranges. (D) The proportions of large insertions and deletions found in cell line 778 are correlated with chro-

mosome length.

fusions. High-throughput sequencing has highlighted the im-
portance of CGR in many human cancers. Although sequencing
can identify simple SVs down to single-base variant resolution,
determining the full spectrum of large CGRs remains difficult. In
particular, sequencing cannot accurately reveal the physical rela-
tionships of fusion events. This is largely because CGRs are
composed of multiple, often overlapping, SVs that tend to result
in confounding rearrangement signatures (Zhang et al. 2013; Liu
et al. 2015). This challenge is further exacerbated by inter-cell het-
erogeneity and aneuploidy, both hallmarks of cancer genomes.
Optical mapping is designed to capture single molecules of hun-
dreds to thousands of kilobases in size, allowing large rearrange-
ments to be observed and phased (Dixon et al. 2017; Hastie et al.
2017; Jaratlerdsiri et al. 2017). As such, we speculate this method
can provide an ideal complement to genome sequencing for re-
solving complex genomic architectures. We elected to test our hy-
pothesis on a well-described, highly rearranged liposarcoma cell
line 778, with known derivative chromosomes.

We performed whole-genome mapping of 778, generating
3338 assembled consensus genome maps of up to 6.5 Mb in length
and recovering 72 fusion maps representing the most highly rear-
ranged regions of the cancer genome. This allowed chained fusions
to be directly observed without the need for complex algorithmic

inferences reliant on intricate assumptions. This method identi-
fied 27.9-Mb genomic fragments (ranging from 40 bp to 760 kb)
within fusion junctions that could not be mapped to the reference
genome. Guided by optical mapping fusion events, and using a po-
sitional de Bruijin graph assembly-based SV caller and a breakpoint
traversing algorithm, we were able to traverse through a sequence
graph of GRIDSS-derived rearrangement breakpoints to recon-
struct chains of local rearrangement events within the unmapped
fusion junctions (Fig. 8). Together, these results suggest the
unaligned regions represent highly fragmented genomic loci re-
vealing the complex nature of the neochromosomes. Given the re-
sults presented here, we foresee further bioinformatics work could
substantially reduce the extent of unaligned optical maps in CGRs
by mapping to a reference augmented by transitive calls from
short-read sequencing.

We previously proposed a process of liposarcoma neochro-
mosome formation, initiated by chromothripsis of Chromosome
12 leading to the formation of a circular chromosome, followed
by a series of breakage-fusion-bridge cycles and punctuated chro-
mothriptic events, and ultimately terminating in a stabilized linear
form (Garsed et al. 2014). The nonrandom distribution of translo-
cations observed in this study concurs with the assumption of a
single catastrophic chromothriptic-like event, occurring early in
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the evolution of the 778 cancer cell line. At the same time, the in-
volvement of almost all chromosomes implies additional, plausi-
bly stepwise, rearrangement processes along with post hoc
selection were also at play following the initial catastrophic geno-
mic event. Combining optical mapping with previous and new in-
formation from short-read sequencing and karyotyping, we gained
further insight into the formation and genomic architecture of this
highly rearranged cancer cell line.

Complex genomic rearrangements have a major role in can-
cer development, emerging as a major indicator of cancer subtype,
progression, and treatment response (Hicks et al. 2006; Holland
and Cleveland 2012; Baca et al. 2013; Andersson et al. 2016;
Papaemmanuil et al. 2016). Comprehensively detecting CGR in
cancer remains challenging. No single approach can completely
identify all SV, as each approach has strengths and weaknesses.
Although continued developments in long-read and linked-read
sequencing are showing promise (Bell et al. 2017; Cretu Stancu
etal. 2017; Greer et al. 2017; Marks et al. 2017), integrative meth-
ods combining different data types will remain imperative for the
thorough elucidation of CGR (Mostovoy et al. 2016; Dixon et al.
2017).

Methods

Cell culture

Approximately 10 million cells of the lineage 778 were provided by
A. Cipponi (Garvan Institute). This cell line was derived from a ret-
roperitoneal relapse of a well-differentiated liposarcoma from a 68-
year-old woman in 1993 (Pedeutour et al. 1999).

Optical mapping

High molecular weight DNA was isolated using IrysPrep Plug Lysis
Long DNA Isolation Protocol (Bionano Genomics). In brief, cells
were trypsinized, washed in FBS/PBS, counted, rewashed in PBS,
and embedded in agarose plugs using components from the
Bio-Rad Plug Lysis Kit. The plugs were subjected to Proteinase K
digestion (2x2 h at RT). After a series of washes in buffer from
the Bio-Rad kit, followed by washes in TE (Tris-EDTA), the plugs
were melted and treated with GELase enzyme (Epicenter). The
high molecular weight DNA was released and subjected to drop
dialysis. The DNA was left to equilibrate for 4 d, then quantified us-
ing the Qubit Broad Range dsDNA Assay Kit (Thermo Fisher
Scientific).

Using the IrysPrep NLRS assay (Bionano Genomics), 200-300
ng/uL of high molecular weight DNA underwent single-strand
nicking with 10 units of Nt.BspQI nickase (New England BioLabs).
Nicked sites were repaired with fluorophore-labeled nucleotide
to restore strand integrity. The backbone of fluorescently labeled
double-stranded DNA was stained with the intercalation dye
YOYO-1. Labeled molecules were directly loaded onto IrysChip,
without further fragmentation or amplification, and imaged using
the Irys instrument. Multiple cycles were performed to reach aver-
age raw genome depth of coverage of 70x.

Consensus genome map assembly

All Bionano software used and described in this paper is freely
available from the Bionano Genomics support website (https://
bionanogenomics.com/support).

Imaged molecules, in the form of TIFF files, were digitized us-
ing the software AutoDetect v2.1.4 (Bionano Genomics) into BNX
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Figure 6. Examples of structural variants. (A) A schematic showing a genomic inversion as characterized by two breakpoints in the reference genome and
two fusion junctions in the rearranged genome. (B) An example of a fully resolved 4-Mb inversion, characterized by two pairs of optical maps, each carrying
one fusion junction with flanking fragments aligning in opposing directions to one side of the two reference breakpoints. (C) An example of a translocation
between Chromosomes 4 and 15, showing “complex” label patterns at the rearrangement junction (highlighted in orange). (D) An example of a 159-kb
insertion, showing “repeat” label patterns of the inserted fragment (highlighted in yellow). In this case, the repeat corresponds to the SST1 satellite.
Additional examples highlighting complex label patterns at translocation junctions relative to repetitive label patterns of insertions can be found in
Supplemental Figure S7. The schema in this figure follows the same convention as outlined in Figure 1. Matching labels between sample and reference
genome maps are connected by gray lines. For clarity, any additional genome maps aligning to the reference regions of interest are hidden from view.

files (format v1.2), which are flat text files containing, for each
molecule, the length of the DNA (predicted from the DNA back-
bone stain), relative positions of label sites (from the NLRS step),
and quality scores (based on the relative fluorescence of the dye
and background). Raw DNA molecules from the BNX files were fil-
tered based on minimum molecule length of 150 kb, minimum of

nine label sites per molecule, and a signal-to-noise ratio between
label and background fluorescence greater 2.75. Filtered BNX files
from across multiple Irys runs were merged and provided as part of
Supplemental Data S1 (all.bnx).

De novo assembly of single molecules into consensus ge-
nome maps were performed with the Bionano Solve v3.0 software
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X

eTe)

Figure 7. Circos plots of genomic variations in cell line 778. (A) Circos plot derived from whole-genome mapping of the cell line. (B) Circos plot derived
from short-read sequencing of two neochromosome isoforms, using data from Garsed et al. (2014). For both plots, moving inwardfrom the outerideogram
are histograms of deletions (>1 kb; red) and insertions (>1 kb; blue) in the background genome. For the neochromosome Circos plot (B), these two tracks
are only placeholders, as the background genomes were not sequenced in the original study. The next track, in gray, shows copy number profiles of the
fusion maps (A) and neochromosomes (B). Linked lines in the middle of the Circos plots show complex genomic rearrangements: red for intra-chromosomal
and purple for inter-chromosomal translocations. Plots were generated using the Circos visualization tool (Krzywinski et al. 2009).

(Lam et al. 2012; Hastie et al. 2013, 2017). This software includes a
custom aligner (RefAligner v6159) specific for the Bionano optical
mapping data type. In brief, genome map assembly is based on an
overlap-layout—-consensus assembly approach, beginning with a
pairwise alignment of all DNA molecules (alignment P-value
<1079 to create a layout-overlap graph, forming the initial con-
sensus genome maps that are iteratively (five times) refined (re-
finement P-value<107!!), extended (extension P-value<107'1),
and merged (merge P-value<107'%) through realignments of

DNA molecules to each successive map set. The full set of param-
eters to Bionano Solve is included as Supplemental Data S1 (exp_
optArguments.xml).

One of several key differences between the current software
(v3.0) and previous versions (IrysSolve/IrysView) is that Bionano
Solve has an added haplotype-aware component, whereby at
the extension stage of the assembly, coordinated misalignments
from a cluster of molecules will signal the genome map to be split
for independent assembly. Molecules from different alleles are
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Figure8. Traversal of optical mapping fusions using short-read sequencing breakpoint calls. Complex rearrangements of many small genomic fragments
result in gaps in the fusion maps, because these fragments are too small to be uniquely aligned to the reference genome. Of the 86 optical mapping gaps
traversed (348 kb mean gap length), the length of breakpoint traversals differed by 2024 bp on average. Shown are three examples of fusion gaps >0.5 Mb

encompassing 6-9 GRIDSS breakpoints.
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Figure9. Fusion clusters. Donor fragments (black bars) and complex genomic rearrangement breakpoints (colored stars) found in the 72 fusion maps are
highly localized on the reference genome map, GRCh38. Fusion breakpoints on some chromosomes are notably at the boundaries of reference donor frag-
ments (e.g., Chromosomes 15 and 20), suggesting that acquisitions of these fragments in the rearranged genomes were late events. This is in contrast to
donor fragments with “internal” CGRs (e.g., Chromosome 12), suggesting their acquisitions were early events. The inset is a quantile-quantile plot of the
observed adjacent fusion breakpoint distances relative to the null expectation of random distribution, indicating the distribution of fusion breakpoints is
statistically significantly nonrandom. Colors of plotting symbol correspond to the default UCSC chromosome color scheme.

“peeled off,” allowing the capacity to handle more than two al-
leles. It is particularly important for assembly of segmental
duplication regions, where large stretches of sequence appear
more than once in the genome, as in the case in genomes with
neochromosomes.

Structural variation detection

SVs were identified relative to the human reference genome,
GRCh38 (Schneider et al. 2017), whose genome maps were bio-
informatically deduced based on predicted Nt.BspQI motif sites.
SV detection was performed using the Bionano custom SV caller
(Bionano Genomics). Details of the underlying algorithm are
described in the software’s accompanying documentation
(Document Number 30110B: Bionano Solve Theory of Operation:
Structural ~Variant Calling; https://bionanogenomics.com/wp-
content/uploads/2017/03/30110-Rev-B-Bionano-Solve-Theory-of-
Operation-Structural-Variant-Calling.pdf). In brief, consensus
genome maps were aligned to GRCh38 using a Multiple Local
Alignment algorithm, and noncontiguous alignments are identi-
fied as corresponding to potential SVs. A poorly aligned or un-
aligned region flanked by two well-aligned regions is identified
as a deletion or insertion. Two adjacent regions of a consensus ge-
nome map that align well to distinct regions of GRCh38 are clas-
sified as translocations: If the two distinct regions are >5 Mb apart
on the same chromosome, the event is an intra-chromosomal
translocation, and if the two regions align to different chromo-
somes, the event is an inter-chromosomal translocation. The full
set of parameters to the SV calling step is included as Supplemen-
tal Data S1 (exp_optArguments.xml).

Four filtering steps were performed on the resulting SVs.
First, SVs with insufficient single-molecule support were ex-
cluded. This was determined using the Variant Annotation

Pipeline (Bionano Genomics), a new module of Bionano Solve
v3.1 (details are described in the accompanying documentation
30190A: https://bionanogenomics.com/wp-content/uploads/2017/
08/30190-Rev-A-Bionano-Solve-Theory-of-Operation-Variant-Anno
tation-Pipeline.pdf). This filtering step is important in catching
spurious SVs resulting from consensus genome map misassemblies.
In brief, a SV is confirmed if at least 10 molecules align plus or
minus two labels across each variant breakpoint on the genome
map. Second, SVs spanning known N-based gaps or segmental
duplications (per the UCSC gap [last updated December 24,
2013] and genomicSuperDups [last updated October 14, 2014] ta-
bles) in GRCh38 were excluded. For this, we consider the full ref-
erence interval of insertions and deletions, and 10 kb plus or
minus the two breakpoints for inversions and translocations.
Exclusion criteria are at least one base of these SV/breakpoint in-
tervals overlapping with N-base gaps and 20% of the SV/break-
point intervals overlapping with SegDups. Third, insertions and
deletions <1 kb in size were excluded based on recommendation
from Bionano Genomics on the fact that both sensitivity and
positive predictive value rapidly decline for the detection of these
two SV types <1 kb (Hastie et al. 2017; Bionano Genomics
Document 30110B). Here, the size of a SV is taken as the absolute
difference between the breakpoint intervals on the sample and
reference genome maps. Finally, translocations spanning “com-
mon translocation breakpoints” were excluded. This list of com-
mon breakpoints was provided by Bionano derived from roughly
150 control human samples and includes those observed in at
least two genome maps derived from the BspQI enzyme as well
as in at least two genome maps derived from the BssSI enzyme.
These translocations are flagged as “_common” by the Bionano
Solve v3.0 software. It is worth noting that in our data set, all
“_common” translocations were excluded by the second filtering
step to exclude SVs overlapping N-gaps and SegDups.
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Fusion genome maps

Fusion maps were defined as consensus genome maps with at least
one CGR, including all translocations and inversions as well as in-
sertions and deletions >100 kb apart (i.e., inter-breakpoint dis-
tance between sample and GRCh38 genome map is >100 kb).
Genome maps without CGR, but whose haplomap partner harbor
at least one CGR, were also included.

Alignments of fusion maps to GRCh38 identified reference
genomic regions contributing to the composition of the 72 ge-
nome maps. To find the most represented reference fragments,
all GRCh38 loci present in the fusion maps were deduced (ex-
cluding those overlapping N-gaps by any base and or known
SegDups by at least 50%) and merged, resulting in 78 reference
donor fragments. The numbers of fusion maps containing each
of these fragments were then counted, excluding duplicate
counting from haplomap pairs. Two reference regions, Chr 1:
188,188,529-189,139,998 and Chr 12: 68,713,897-69,940,974,
were found in 11 pairs of fusion haplomaps. The sum of fu-
sion map alignments across the whole genome was used as the
copy number profile for the 72 fusion maps in the Circos plot
(Fig. 7).

Mosaic alignments of optical maps to distinct and distant
reference genomic regions are a signature of complex genomic
rearrangements. A genomic fusion is characterized by a pair of
neighboring alignments, on an optical map, to distinct regions of
the reference genome, with breakpoints corresponding to the
closest pair of aligned labels. Often, a fusion junction contains a
stretch of DNA (label patterns) that does not align anywhere on
the reference genome. These unaligned regions likely correspond
to significantly rearranged reference fragments (potentially with
additional fusions) that no longer bear a semblance to the original
reference (examples in Fig. 6C; Supplemental Fig. S7).

Genomic distributions of translocations and large inser-
tions and deletions on the 72 fusion maps were calculated as the
total number of each SV type per 1-Mb windows (Supplemental
Fig. S6).

Use of neochromosome deep sequencing data

Two Supplemental data files from Garsed et al. (2014) were used in
this study: Table S2 (worksheet “778 (DR)”) containing a list of ge-
nomic fusions, and Table S3 (worksheet “778_CN”) containing the
copy number profiles of the two neochromosome isoforms of cell
line 778. Because the original study was performed with GRCh37,
genomic coordinates in these data were remapped to GRCh38, us-
ing the NCBI Genome Remapping Service (https://www.ncbi.nlm.
nih.gov/genome/tools/remap). Remappings to nonassembled
chromosomes (chromosomes designated with suffixes _random
and _alt) and unplaced sequences (ChrU) were excluded. This re-
sulted in the unsuccessful remapping of (1) two fusions, because
one of their breakpoint pairs maps ubiquitously to three different
assembled chromosomes; (2) one fusion, because one of its break-
points cannot be remapped to GRCh38, and (3) one CGR because
it cannot be remapped to GRCh38.

The copy number profile and genomic fusions in the Circos
plot of Figure 7 was generated based on the remappings of these
two tables. Circos plots were generated using the Circos visualiza-
tion tool (Krzywinski et al. 2009).

A fusion on a fusion map is considered as concordant with
a fusion on the neochromosomes (per Table S2: 778 (DR) of
Garsed et al. 2014) if both breakpoints of the genome map
fusion are within 100 kb of the neochromosome fusion break-
point pair. Results of the comparison are reported in Supplemen-
tal Table S1.

Traversing fusion junctions using GRIDSS breakpoint calls

Appreciating the different information content between sequenc-
ing and optical mapping, we sought to reanalyze the short-read se-
quencing data using a new approach, GRIDSS, specifically
designed to identify CGRs (Cameron et al. 2017). To evaluate the
optical mapping fusions, we pulled out a set of 107 unique break-
points from the fusion maps (Supplemental Table S2). This was de-
rived from 180 total breakpoints (from the optical map alignment
file EXP_REFINEFINALl.xmap) (Supplemental Data S1; Sup-
plemental Table S1), which were de-duplicated based on the defi-
nition that two fusion events are duplicates if both pairs of
breakpoints on the reference genome are within 10 kb of each oth-
er, and the size difference in their fusion junction intervals are also
within 10 kb. This set of breakpoints was compared against a break-
point call set derived from the Illumina short-read sequencing data
(Supplemental Table S2). Breakpoints were identified in Illumina
sequencing data by running GRIDSS version 1.3.4 using default
parameters (Cameron et al. 2017) on the aligned BAM files used
by Garsed et al. (2014). As the BAMs were aligned to GRCh37,
liftOver of optical mapping coordinates from GRCh38 to
GRCh37 was performed. GRIDSS breakpoints with quality score
above 500 were considered. Illumina calls were considered to sup-
port the optical mapping fusion breakpoint if a path through a se-
quence graph generated from the Illumina breakpoint calls could
be found, such that the start and end points were within 100 kb
of the optical mapping calls, and the difference in sequence
lengths between the optical mapping and the breakpoint traversal
was <100 kb. When multiple candidate paths could be found, the
path whose sequence length most closely matched the optical
mapping was chosen. In all, 372 unique GRIDSS breakpoints
were traversed to support a total of 86 optical mapping fusions,
with up to 11 traversals identified.

Statistical analyses

The Wilcoxon rank-sum test with continuity correction was used
to assess the null hypothesis that insertion and deletion sizes
have the same distributions (Fig. 3B). The null was significantly re-
jected for both all-genome maps (P < 10~%) and not significant for
the 72 fusion maps (Supplemental Fig. S5).

The two-sample Kolmogorov-Smirnov test was used to evalu-
ate whether neighboring fusion breakpoint distances on the refer-
ence genome deviated from the null hypothesis of random
distribution (Fig. 9; Korbel and Campbell 2013).

Data access

Input molecule data along with parameter and output files from
the Bionano Solve are available as Supplemental Material to this
paper. Supplemental Data File S1 is publicly available via the doi:
http://dx.doi.org/10.6070/H41R6P37.

Acknowledgments

We thank Arcadi Cipponi from the Garvan Institute of Medical
Research for preparing the cell line and Joyce Lee and Alex
Hastie from Bionano Genomics, Inc., San Diego, for providing up-
date analysis with Bionano Solve version 3, prior to official release.
This work was funded by Movember Australia and the Prostate
Cancer Foundation Australia as part of the Movember Revolution-
ary Team Award to the Garvan Institute of Medical Research. V.M.H.
is supported by the University of Sydney Foundation and Petre
Foundation, Australia.

Genome Research 737
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
https://www.ncbi.nlm.nih.gov/genome/tools/remap
https://www.ncbi.nlm.nih.gov/genome/tools/remap
https://www.ncbi.nlm.nih.gov/genome/tools/remap
https://www.ncbi.nlm.nih.gov/genome/tools/remap
https://www.ncbi.nlm.nih.gov/genome/tools/remap
https://www.ncbi.nlm.nih.gov/genome/tools/remap
https://www.ncbi.nlm.nih.gov/genome/tools/remap
https://www.ncbi.nlm.nih.gov/genome/tools/remap
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227975.117/-/DC1
http://dx.doi.org/10.6070/H41R6P37
http://dx.doi.org/10.6070/H41R6P37
http://dx.doi.org/10.6070/H41R6P37
http://dx.doi.org/10.6070/H41R6P37
http://dx.doi.org/10.6070/H41R6P37
http://dx.doi.org/10.6070/H41R6P37

Chan et al.

References

The 1000 Genomes Project Consortium. 2015. A global reference for human
genetic variation. Nature 526: 68-74.

Andersson A, Moorman AV, Harrison CJ, Mullighan C. 2016. Acute lym-
phoblastic leukaemia. In The genetic basis of haematological cancers (ed.
Tosi S, Reid AG), pp. 223-264. John Wiley, Chichester, UK.

Baca SC, Prandi D, Lawrence MS, Mosquera JM, Romanel A, Drier Y, Park K,
Kitabayashi N, MacDonald TY, Ghandi M, et al. 2013. Punctuated evo-
lution of prostate cancer genomes. Cell 153: 666-677.

Bell JM, Lau BT, Greer SU, Wood-Bouwens C, Xia LC, Connolly ID, Gephart
MH, Ji HP. 2017. Chromosome-scale mega-haplotypes enable digital
karyotyping of cancer aneuploidy. Nucleic Acids Res 45: e162.

Cameron DL, Schroder J, Penington JS, Do H, Molania R, Dobrovic A, Speed
TP, Papenfuss AT. 2017. GRIDSS: sensitive and specific genomic rear-
rangement detection using positional de Bruijn graph assembly.
Genome Res 27: 2050-2060.

Clarke J, Wu HC, Jayasinghe L, Patel A, Reid S, Bayley H. 2009. Continuous
base identification for single-molecule nanopore DNA sequencing. Nat
Nanotechnol 4: 265-270.

Cretu Stancu M, van Roosmalen M]J, Renkens I, Nieboer MM, Middelkamp
S, de Ligt J, Pregno G, Giachino D, Mandrile G, Espejo Valle-Inclan J,
et al. 2017. Mapping and phasing of structural variation in patient ge-
nomes using nanopore sequencing. Nat Commun 8: 1326.

Dixon J, Xu], Dileep V, Zhan Y, Song F, Le VT, Yardimci GG, Chakraborty A,
Bann DV, Wang Y, et al. 2017. An integrative framework for detecting
structural variations in cancer genomes. bioRxiv doi: 10.1101/119651.

Dzamba M, Ramani AK, Buczkowicz P, Jiang Y, Yu M, Hawkins C, Brudno M.
2017. Identification of complex genomic rearrangements in cancers us-
ing CouGaR. Genome Res 27: 107-117.

Garsed DW, Marshall O], Corbin VDA, Hsu A, Di Stefano L, Schroder J, Li J,
Feng ZP, Kim BW, Kowarsky M, et al. 2014. The architecture and evolu-
tion of cancer neochromosomes. Cancer Cell 26: 653-667.

Greer SU, Nadauld LD, Lau BT, Chen J, Wood-Bouwens C, Ford JM, Kuo CJ,
Ji HP. 2017. Linked read sequencing resolves complex genomic rear-
rangements in gastric cancer metastases. Genome Med 9: 57.

Hastie AR, Dong L, Smith A, Finklestein J, Lam ET, Huo N, Cao H, Kwok PY,
Deal KR, Dvorak J, et al. 2013. Rapid genome mapping in nanochannel
arrays for highly complete and accurate de novo sequence assembly of
the complex Aegilops tauschii genome. PLoS One 8: e55864.

Hastie AR, Lam ET, Pang AW, Zhang X, Andrews W, Lee J, Liang TY, Wang]J,
Zhou X, Zhu Z, et al. 2017. Rapid automated large structural variation
detection in a diploid genome by nanochannel based next-generation
mapping. bioRxiv doi: 10.1101/102764.

Hicks J, Krasnitz A, Lakshmi B, Navin NE, Riggs M, Leibu E, Esposito D,
Alexander J, Troge J, Grubor V, et al. 2006. Novel patterns of genome re-
arrangement and their association with survival in breast cancer.
Genome Res 16: 1465-1479.

Holland A]J, Cleveland DW. 2012. Chromoanagenesis and cancer: mecha-
nisms and consequences of localized, complex chromosomal rearrange-
ments. Nat Med 18: 1630-1638.

Jaratlerdsiri W, Chan EK, Petersen DC, Yang C, Croucher PI, Bornman MS,
Sheth P, Hayes VM. 2017. Next generation mapping reveals novel large
genomic rearrangements in prostate cancer. Oncotarget 8: 23588-23602.

Korbel JO, Campbell PJ. 2013. Criteria for inference of chromothripsis in
cancer genomes. Cell 152: 1226-1236.

Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, Horsman D, Jones S]J,
Marra MA. 2009. Circos: an information aesthetic for comparative geno-
mics. Genome Res 19: 1639-1645.

Lam ET, Hastie A, Lin C, Ehrlich D, Das SK, Austin MD, Deshpande P, Cao H,
Nagarajan N, Xiao M, et al. 2012. Genome mapping on nanochannel ar-
rays for structural variation analysis and sequence assembly. Nat
Biotechnol 30: 771-776.

Liu B, Conroy JM, Morrison CD, Odunsi AO, Qin M, Wei L, Trump DL,
Johnson CS, Liu S, Wang J. 2015. Structural variation discovery in the
cancer genome using next generation sequencing: computational solu-
tions and perspectives. Oncotarget 6: 5477-5489.

Liu Q, Zhang P, Wang D, Gu W, Wang K. 2017. Interrogating the “unse-
quenceable” genomic trinucleotide repeat disorders by long-read se-
quencing. Genome Med 9: 65.

Lupski JR. 1998. Genomic disorders: structural features of the genome can
lead to DNA rearrangements and human disease traits. Trends Genet
14: 417-422.

Malhotra A, Lindberg M, Faust GG, Leibowitz ML, Clark RA, Layer RM,
Quinlan AR, Hall IM. 2013. Breakpoint profiling of 64 cancer genomes
reveals numerous complex rearrangements spawned by homology-in-
dependent mechanisms. Genome Res 23: 762-776.

Marks P, Garcia S, Martinez Barrio A, Belhocine K, Bernate J, Bharadwaj R,
Bjornson K, Catalanotti C, Delaney ], Fehr A, et al. 2017. Resolving
the full spectrum of human genome variation using linked-reads.
bioRxiv doi: 10.1101/230946.

McClintock B. 1941. The stability of broken ends of chromosomes in Zea
mays. Genetics 26: 234-282.

Mostovoy Y, Levy-Sakin M, Lam J, Lam ET, Hastie AR, Marks P, Lee J, Chu C,
Lin C, Dzakula Z, et al. 2016. A hybrid approach for de novo human ge-
nome sequence assembly and phasing. Nat Methods 13: 587-590.

Nik-Zainal S, Davies H, Staaf J, Ramakrishna M, Glodzik D, Zou X,
Martincorena I, Alexandrov LB, Martin S, Wedge DC, et al. 2016.
Landscape of somatic mutations in 560 breast cancer whole-genome se-
quences. Nature 534: 47-54.

Papaemmanuil E, Gerstung M, Bullinger L, Gaidzik VI, Paschka P, Roberts
ND, Potter NE, Heuser M, Thol F, Bolli N, et al. 2016. Genomic classifi-
cation and prognosis in acute myeloid leukemia. N Engl | Med 374:
2209-2221.

Pedeutour F, Forus A, Coindre JM, Berner JM, Nicolo G, Michiels JF, Terrier P,
Ranchere-Vince D, Collin F, Myklebost O, et al. 1999. Structure of the
supernumerary ring and giant rod chromosomes in adipose tissue tu-
mors. Genes Chromosomes Cancer 24: 30-41.

Roberts RJ, Carneiro MO, Schatz MC. 2013. The advantages of SMRT se-
quencing. Genome Biol 14: 405.

Schneider VA, Graves-Lindsay T, Howe K, Bouk N, Chen HC, Kitts PA,
Murphy TD, Pruitt KD, Thibaud-Nissen F, Albracht D, et al. 2017.
Evaluation of GRCh38 and de novo haploid genome assemblies demon-
strates the enduring quality of the reference assembly. Genome Res 27:
849-864.

ShiL, GuoY, Dong C, Huddleston J, Yang H, Han X, Fu A, LiQ, LiN, Gong$§,
et al. 2016. Long-read sequencing and de novo assembly of a Chinese ge-
nome. Nat Commun 7: 12065.

Spies N, Weng Z, Bishara A, McDaniel J, Catoe D, Zook JM, Salit M, West RB,
Batzoglou S, Sidow A. 2017. Genome-wide reconstruction of complex
structural variants using read clouds. Nat Methods 14: 915-920.

Stephens PJ, Greenman CD, Fu B, Yang F, Bignell GR, Mudie L], Pleasance
ED, Lau KW, Beare D, Stebbings LA, et al. 2011. Massive genomic rear-
rangement acquired in a single catastrophic event during cancer devel-
opment. Cell 144: 27-40.

Sudmant PH, Rausch T, Gardner EJ, Handsaker RE, Abyzov A, Huddleston J,
Zhang Y, YeK, Jun G, Fritz MH, et al. 2015. An integrated map of struc-
tural variation in 2,504 human genomes. Nature §26: 75-81.

Weischenfeldt J, Symmons O, Spitz F, Korbel JO. 2013. Phenotypic impact
of genomic structural variation: insights from and for human disease.
Nat Rev Genet 14: 125-138.

Zhang CZ, Leibowitz ML, Pellman D. 2013. Chromothripsis and beyond:
rapid genome evolution from complex chromosomal rearrangements.
Genes Dev 27: 2513-2530.

Zook JM, Catoe D, McDaniel J, Vang L, Spies N, Sidow A, Weng Z, Liu Y,
Mason CE, Alexander N, et al. 2016. Extensive sequencing of seven hu-
man genomes to characterize benchmark reference materials. Sci Data 3:
160025.

Received July 19, 2017; accepted in revised form March 21, 2018.

738 Genome Research
www.genome.org



