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Abstract Human chromosomes are arranged in a linear
and conserved sequence order that undergoes further
spatial folding within the three-dimensional space of
the nucleus. Although structural variations in this orga-
nization are an important source of natural genetic di-
versity, cytogenetic aberrations can also underlie a num-
ber of human diseases and disorders. Approaches for
studying chromosome structure began half a century
ago with karyotyping of Giemsa-banded chromosomes
and has now evolved to encompass high-resolution
fluorescence microscopy, reporter-based assays, and
next-generation DNA sequencing technologies. Here,
we provide a general overview of experimental methods
at different resolution and sensitivity scales and discuss
how they can be complemented to provide synergistic
insight into the study of human chromosome structural
rearrangements. These approaches range from kilobase-
level resolution DNA fluorescence in situ hybridization
(FISH)-based imaging approaches of individual cells to
genome-wide sequencing strategies that can capture
nucleotide-level information from diverse sample types.
Technological advances coupled to the combinatorial
use of multiple methods have resulted in the discovery
of new rearrangement classes along with mechanistic
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insights into the processes that drive structural alter-
ations in the human genome.
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Abbreviations
BAC bacterial artificial chromosome
DNA DSB  DNA double-strand break

DNA FISH DNA fluorescence in situ hybridization

ecDNA extrachromosomal DNA

G-banding  giemsa banding

GCR gross chromosomal rearrangement

NOR nucleolus organizing region

SIM structured illumination microscopy

SNP single-nucleotide polymorphism

STORM stochastic optical reconstruction
microscopy

WGS whole-genome sequencing

Introduction

DNA copy number alterations and structural variants are
a normal part of genetic variation between individuals
but can also be a detrimental byproduct of genomic
instability. Structural chromosomal alterations—
including deletions, insertions, inversions, and
translocations—can arise from this instability and un-
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derlie the pathology of human diseases and genomic
disorders (Lupski 2007). Through the development
and use of cytogenetic approaches, some cancers were
discovered to be the direct consequence of abnormal
structural changes in chromosome sequence order. The
first observation was made by Janet Rowley in 1973,
who reported that a gross chromosomal rearrangement
(GCR) producing a translocation between chromosomes
9 and 21 was consistently present across chronic mye-
logenous leukemia patients (Rowley 1973). Genomic
disorders associated with architectural changes and
DNA copy number alterations throughout different
chromosomes range from red-green color blindness to
hemophilia A, which can be caused by deletion and
inversion events, respectively (Lupski 1998).

Cytogenetic analysis of stained mitotic spread prep-
arations comprised one of the earliest methods for the
analysis of chromosome structure. Karyotyping is a
rapid and cost-effective microscopy-based technique
commonly used in diagnostic laboratories for the detec-
tion of aneuploidy and visible GCRs from a variety of
clinical specimens. With proper cytogenetic training,
each chromosome can be identified by a unique banding
pattern. The implementation of molecular biology and
genomic-based approaches has significantly increased
the sensitivity and resolution limits for the detection of
GCRs. DNA fluorescence in situ hybridization (FISH)
techniques were a major contributor to the field of
cytogenetics by highlighting specific genomic regions
or chromosomes of interest with user-specified fluores-
cent DNA probes. Advancements in microscopy have
expanded the resolution range for detecting GCRs, al-
though imaging-based approaches remain limited by the
inherent challenges of visualizing submicroscopic alter-
ations. More recently, the evolution of second- and
third-generation DNA sequencing technologies has ac-
celerated the discovery of GCRs that previously escaped
microscopic recognition, enabling the systematic evalu-
ation of structural variants at single-nucleotide resolu-
tion (Le Scouarnec and Gribble 2012).

Each method for studying structural chromosomal
alterations offers a unique balance between resolution,
sensitivity, throughput, time, and cost. For example,
karyotyping-based approaches are rapid and require
minimal sample processing but can be limited to lower
resolution analyses of actively dividing cell types. In
contrast, DNA sequencing can detect structural abnor-
malities at exceptionally high resolution but can be an
expensive and lengthy process. In this review, we
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describe various methods developed over the past few
decades (Fig. 1) focusing on the interrogation of human
GCRs and discuss their corresponding advantages and
limitations for both clinical and experimental use. We
further discuss how the combination of cellular and
genomic approaches has resulted in the discovery of
novel rearrangement types implicated in human disease
and the mechanisms that drive their formation.

Seeing is believing: microscopy-based approaches
Classical cytogenetics

Karyotyping is a classic cytogenetic technique used to
visualize the complete set of genetic material within
individual cells, which can detect abnormalities in chro-
mosome number (aneuploidy) and large-scale structural
aberrations (Trask 2002). Initial methods from 1956
utilizing chromosome spreads prepared under hypotonic
conditions followed by acetic orcein and Feulgen stains
were useful in establishing the normal diploid content of

1969 DNA in situ hybridization

1971 Chromosome banding by Giemsa staining
1977 DNA FISH on chromosome spreads

1986 Chromosome painting

1992 BAC cloning

1992 Comparative genomic hybridization (CGH)
1993 DNA FISH on stretched DNA fibers

1996 Multi-color chromosome painting

1997 Array CGH

1998 SNP array

2001 Human genome BAC probes

2002 Chromosome conformation capture (3C)
2003 Synthesized oligos for DNA FISH

2006 STORM imaging

2008 3D-SIM imaging

2008 Paired-end sequencing to detect rearrangements
2009 Hi-C

2012 Oligopaint probes for DNA FISH

Fig. 1 Historical overview of approaches for detecting and study-
ing human chromosome structure
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human cells (Tjio and Levan 1956; Ford and Hamerton
1956). However, these stains could not detect structural
abnormalities because the uniform staining pattern
prevented the identification of distinct chromosomes.
Fine structural details were subsequently revealed by
banding techniques that were applied to mitotic chro-
mosome spreads. Dating back to 1971, G-banding re-
mains the most commonly used diagnostic technique in
clinical cytogenetic laboratories to differentiate individ-
ual chromosomes. Mitotic spread preparations typically
undergo partial digestion with trypsin and exposure to
Giemsa stain followed by conventional light microsco-
py for visualization (Fig. 2a) (Sumner et al. 1971;
Schnedl 1971; Seabright 1971; Yunis et al. 1971). G-
banded chromosomes exhibit oscillating light and dark
banding patterns caused by the distribution and abun-
dance of AT-rich and GC-rich sequences, producing
characteristic patterns unique for each chromosome
(Drets and Shaw 1971; Speicher and Carter 2005).
Complementary approaches to G-banding include quin-
acrine staining for AT-rich regions and C-banding for
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Fig. 2 Microscopy approaches for the detection of structural
chromosomal rearrangements. a Giemsa-banded karyotype de-
rived from an acute lymphoblastic leukemia patient exhibiting
two rearrangements. b Rearrangements detected with DNA paint
probes targeting chromosome 15 in colorectal cancer cells follow-
ing exposure to 2 Gy ionizing radiation. ¢ Multi-color

heterochromatic regions of centromeres and the hetero-
chromatic repeats located on the chromosome Yq arm.
In addition, silver staining can be used to identify nu-
cleolus organizing regions (NORs) containing ribosom-
al DNA repeats clustered on the short arm of acrocentric
human chromosomes (Goodpasture and Bloom 1975).

DNA fluorescence in situ hybridization

The application of banding-based cytogenetic ap-
proaches can be limited by restrictions on cell type and
resolution. Proper cytogenetic training and experience
are also required to accurately identify each chromo-
some based on their distinctive banding patterns.
Hybridization-based methods, which leverage the abili-
ty of DNA strands to denature and re-hybridize, have
been a transformative approach for molecular cytoge-
netics to detect specific DNA sequences of interest with
high sensitivity. In 1969, Gall and Pardue used in situ
hybridization of radioactive DNA/RNA (Gall and
Pardue 1969) and subsequently DNA/DNA (Pardue
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chromosome painting of a colorectal cancer cell line carrying a
rearrangement between chromosomes 10, 13, and 14. d Sche-
matics of interphase nuclei hybridized to the indicated FISH
probes to resolve different types of DNA copy number and struc-
tural alterations
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and Gall 1969) hybrids to map the location of ribosomal
DNA sequences in Xenopus oocyte nuclei. The devel-
opment of DNA FISH (Rudkin and Stollar 1977)—
which utilizes fluorescent DNA probes targeting entire
chromosomes (paint probes), repetitive genomic se-
quences (e.g., centromeres, telomeres), or specific
loci—enabled the routine visual inspection of chromo-
some copy number and structure without extensive cy-
togenetic training.

Chromosome painting has facilitated the accurate
identification of chromosomal aberrations (Ried et al.
1998). Initially developed in 1988, chromosome-
specific paint probes were made from cloned DNA
libraries derived from flow-sorted human chromosomes
(Cremer et al. 1988; Lichter et al. 1988). Additionally,
chromosome flow-sorting or microdissection followed
by PCR amplification has been used to generate whole-
chromosome and region-specific paint probes (Telenius
et al. 1992). Paint probes are useful for enumerating and
confirming inter-chromosomal rearrangements that are
challenging to discern by banding-based karyotyping
(Fig. 2b). However, chromosome painting is less sensi-
tive for resolving intra-chromosomal rearrangements.
Previous studies have leveraged multicolor-banding
probes that allow the differentiation of chromosome
region (Chudoba et al. 1999; Kosyakova et al. 2013)
or paint probes that recognize large, distinct segments of
a single chromosome (Ly et al. 2019) to identify intra-
chromosomal rearrangements from mitotic spreads.

Repetitive DNA sequences at centromeres and telo-
meres can also be targeted by FISH probes (Roschke
et al. 1996; Genet et al. 2013; Giunta 2018). Individual
centromeres harbor a distinct array of repetitive se-
quence that can be labeled by FISH (Gutiérrez-Mateo
et al. 2005; Baumgartner et al. 2006), providing another
strategy for identifying chromosomes. Pan-centromere
probes can simultaneously label all centromeres by rec-
ognizing the «-satellite repeat sequences shared be-
tween all human centromeres. This can be useful for
detecting acentric or dicentric chromosomes on mitotic
spreads. When used in combination with an active cen-
tromere marker (e.g., CENP-A), pan-centromere probes
can also be leveraged to identify pseudo-dicentric chro-
mosomes carrying an active and inactive centromere or
dicentric chromosomes harboring two functional cen-
tromeres (Amor et al. 2004). Similarly, telomere probes
can be useful for labeling all chromosome ends and
detecting dicentric chromosomes caused by chromo-
some fusions events that produce an interstitial
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telomeric signal. Subtelomeric probes label specific se-
quences immediately adjacent to the telomeres of indi-
vidual chromosomes and can be useful in analyzing
GCRs affecting chromosome ends.

Locus-specific probes, originally targeting defined
breakpoints (Tkachuk et al. 1990) or derived from chro-
mosome microdissection (Meltzer et al. 1992), can be
used to label specific and non-repetitive regions of the
genome. Bacterial artificial chromosomes (BACs) har-
boring cloned genomic segments are now commonly
used vectors for producing locus-specific FISH probes
(Shizuya et al. 1992; Cheung et al. 2001). These probes
carry an average size range of 100-200 kb (Asakawa
et al. 1997; Osoegawa et al. 2001) and have been used
for diverse applications, ranging from the characteriza-
tion of chromosomal abnormalities (Bishop 2010) to the
determination of three-dimensional nuclear architecture
(Steinhaeuser et al. 2002; Nora et al. 2012). Resources
for selecting and acquiring defined BAC clones
targeting defined regions of the human genome are
widely accessible from the UCSC Genome Browser
and BACPAC Resources (Children’s Hospital Oakland
Research Institute), respectively.

Multi-color chromosome labeling

Chromosome- and region-specific probes require a prior
expectation of a rearrangement event of interest, which
limits the identification of unexpected GCRs. Spectral
karyotyping (SKY) and multiplex FISH (M-FISH)—
originally developed in 1996—are similar to painting-
based FISH approaches but allows the co-labeling and
simultaneous visualization of all 24 human chromo-
somes from mitotic spread preparations (Schrock et al.
1996; Speicher et al. 1996). Instead of differentiating
each chromosome based on light/dark banding patterns
or specific FISH probes, SKY and M-FISH probes label
each chromosome entirely with unique color combina-
tions. This is achieved by the hybridization of multiple
fluorescent probes followed by computational separa-
tion on the basis of unique spectral properties for each
chromosome. This strategy is particularly useful for
identifying subtle inter-chromosomal rearrangements,
which are made apparent due to mismatching colors
between non-homologous chromosomes (Fig. 2c)
(Veldman et al. 1997). Similar to chromosome painting
probes, a drawback to this method is the inherent diffi-
culty in exposing intra-chromosomal rearrangements giv-
en that individual chromosomes are painted a single and
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uniform color. This approach, however, provides a com-
prehensive genomic overview to identify GCRs without a
priori knowledge of the affected chromosome(s).

Interphase FISH

Karyotypic analysis requires the preparation of replicat-
ed and condensed mitotic chromosomes derived from
actively dividing cell populations, which can limit the
utility of this method for slow cycling, non-dividing,
and/or post-mitotic cells. This can be bypassed by arti-
ficially inducing premature chromosome condensation
using small molecule phosphatase inhibitors (e.g.,
calyculin A) (Tosuji et al. 1992) to produce mitotic-
like spreads from asynchronous interphase cells (Ly
et al. 2017), although the side effects of these inhibitors
on chromosome structure are poorly understood. How-
ever, molecular cytogenetic approaches can be directly
applied to interphase cells to assess decondensed chro-
matin, which can facilitate the rapid detection of GCRs
for screening and diagnostic purposes without extensive
experimental manipulation.

Locus-specific FISH probes are particularly useful
for detecting DNA copy number alterations (e.g., dele-
tions, amplifications), aneuploidy using centromere
enumeration probes, GCRs, and chromosome breaks
in the interphase nucleus (Olsen et al. 2004; Feuk et al.
2006; Vorsanova et al. 2010; Rudin et al. 2012) (Fig.
2d). For example, translocations can be detected by
utilizing two-color probes recognizing different chro-
mosome regions at putative rearrangement junctions
(Sugita and Hasegawa 2017). The fusion of two nor-
mally separated inter-chromosomal signals provides
support for the presence of a translocation. In contrast,
split signal or breakapart probes, which span or flank a
breakpoint of interest, can be used to detect chromo-
some breaks by generating two separated foci instead of
one co-localized signal indicative of an intact chromo-
some (van der Burg et al. 2004). Panels of locus-specific
probes that detect specific gene rearrangement events or
oncogene copy number alterations are commercially
available and frequently utilized in clinical diagnostic
laboratories. Importantly, these approaches require some
knowledge of the chromosomal abnormality of interest
in order to select and implement specific probe sets
targeting these regions.

Interphase FISH can also be quantitative in the as-
sessment of large cell numbers compared to traditional
cytogenetic approaches. For example, hundreds to

thousands of cells can be readily screened for the pres-
ence of a specific GCR within a bulk tumor population.
Computational algorithms have also been developed in
conjunction with high-throughput imaging strategies to
quantitatively measure rare breakage and translocation
events at specific loci within the interphase nucleus
(Burman et al. 2015). Due to the decondensed nature
of DNA during interphase, the resolution of interphase
FISH can exceed that of mitotic spreads, ranging from
50 kb to 2 Mb (Speicher and Carter 2005). This resolu-
tion can be further improved by using mechanically
stretched DNA fibers in conjunction with FISH (fiber
FISH) (Wang et al. 1998), increasing the resolution to a
general range of 1-500 kb (Raap et al. 1996) and en-
abling the detection of small abnormalities within a
specific region of the genome (Weier 2001; Ju et al.
2015; Nguyen et al. 2017).

Comparative genomic hybridization-based approaches

Hybridization-based approaches suitable for genome-
wide analyses include comparative genomic hybridiza-
tion (CGH) and array CGH, which can infer differences
in DNA copy number between two samples (e.g., biop-
sy from a tumor compared to matched normal tissue).
CGH-based approaches combine and fragment two ge-
nomic DNA samples for hybridization to a reference
mitotic spread or array (Kallioniemi et al. 1992; Solinas-
Toldo et al. 1997). Changes in hybridization patterns are
indicative of DNA copy number alterations between the
two samples, providing information regarding segmen-
tal, arm-level, or whole-chromosome copy number
changes. Single-nucleotide polymorphism (SNP) arrays
are another useful method for genome-wide copy num-
ber analysis, which can identify DNA copy number
changes on the basis of paternal and maternal SNP ratios
(Wang et al. 1998). Although these approaches can offer
better resolution than conventional banding or most
fluorescent applications, rearrangements that result in
copy number neutral events (e.g., balanced transloca-
tions) are not detectable.

Recent advances in cytogenetics

Over the past decade, a number of approaches have been
developed that has enabled cytogenetics to be per-
formed with higher efficiency, specificity, and resolu-
tion. FISH probes can be laborious to prepare from BAC
clones, whereas commercially available probes are
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expensive and limited to pre-existing probe sets. Ad-
vancements in DNA synthesis technologies have en-
abled customizable FISH probes to be generated from
synthesized oligonucleotide arrays, including COMBO-
FISH (Hausmann et al. 2003) and Oligopaint ap-
proaches (Beliveau et al. 2012). Oligo-based FISH
probes have emerged as an increasingly popular method
to label user-selected sites with higher specificity and
resolution. Synthesized oligos are renewable through
PCR-based amplification, representing an affordable
alternative to commercial probes. Thousands of oligos
can be designed bioinformatically (Beliveau et al.
2018) and synthesized to target specific genomic se-
quences, arrayed to tile across non-repetitive genomic
regions, or paint entire chromosomes. This experi-
mental toolkit can expand substantially when
combined with methods to amplify weak signals to
visualize discrete sequences in the genome (Beliveau
et al. 2015; Kishi et al. 2019).

The limitation of cytogenetic analysis on character-
izing GCRs is partly due to the resolution power of
microscopy-based approaches. Recent advancements
in microscopy have greatly improved the resolution
and quantitative capabilities of fluorescent imaging.
Studies utilizing super-resolution microscopy, including
3D structured illumination microscopy (3D-SIM)
(Gustafsson et al. 2008) and stochastic optical recon-
struction microscopy (STORM) (Rust et al. 2006), are
beginning to emerge for the analysis of interphase and
mitotic chromosomes hybridized to FISH probes, sig-
nificantly increasing the resolution of conventional
FISH (Beliveau et al. 2017; Potapova et al. 2019). For
example, 3D-STORM has been used to directly image
short non-repetitive DNA sequences as short as ~ 2.5 kb
in human and mouse cells (Ni et al. 2017).

Live-cell imaging approaches have also recently
emerged that allows GCR formation to be visualized
in real-time by time-lapse microscopy. Early examples
monitored fluorescently labeled bacterial lac repressors
bound to two different lac operon arrays integrated into
the genome of mammalian cells (Roukos et al. 2013;
Roukos et al. 2014). The induction of DNA DSBs at
these arrays permitted the tracking of chromosome
break ends to undergo aberrant DNA repair. More re-
cently, modifications to the CRISPR system have now
allowed endogenous genomic loci to be detected in real-
time, leveraging either a nuclease-deficient Cas9 mutant
fused to a fluorescent marker (Chen et al. 2013) or
through the direct labeling of guide RNAs with a
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fluorescent molecule (Wang et al. 2019). These ap-
proaches have enabled the monitoring of GCR forma-
tion in real time, for example, following the induction of
multiple DSBs in the genome (Wang et al. 2019).

Quantitative measurements of rare rearrangement
events

Studying genetic pathways involved in GCR formation
can be inherently challenging due to the inefficiencies
associated with experimentally generating specific rear-
rangement events. To systematically interrogate factors
that are involved in maintaining genome stability,
reporter-based assays can be designed to detect and/or
recover specific GCRs formed after DSB induction
(Fig. 3). These assays commonly use positive selection
to isolate rare events by drug resistance or flow cytom-
etry (Pierce et al. 1999). In an early example, a translo-
cation reporter was developed in which two exons of a
neomycin resistance gene are targeted separately to
chromosomes 14 and 17 in mouse embryonic stem cells.
After inducing DSBs using an I-Scel endonuclease on
both chromosomes, an inter-chromosomal translocation
resulted in a functional neomycin resistance gene that
confers tolerance to antibiotic selection. The frequency
of rare translocation events can be extrapolated from the
number of survivors following drug selection
(Weinstock et al. 2006). Chromosomal inversions and
deletions can also be detected following CRISPR/Cas9-
induced site-specific DSBs (Li et al. 2015; Mendez-
Dorantes et al. 2018; Hu et al. 2019). In these systems,
fluorescent protein coding sequences are designed to be
non-functional prior to the induction of a specific rear-
rangement event that activates the fluorescent marker,
which can be detected by flow cytometry. These strate-
gies have enabled exceptionally rare GCR events to be
detectable and assayed in a quantitative manner, for
example, as low as 4 x 107 using drug selection ap-
proaches (Weinstock et al. 2006).

Another design of the translocation assay is to simul-
taneously induce DSBs on two chromosomal loci and
detect the derivative translocation by nested PCR with
primers flanking the putative breakpoint regions
(Mateos-Gomez et al. 2015). Altogether, these strategies
have been important for elucidating the role of various
genetic pathways in facilitating the formation of GCRs.
A restriction to these approaches, however, is that these
assays are usually designed to detect a specific rear-
rangement event and therefore requires a prediction of
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Fig. 3 Detection of rare rearrangement events following DNA
double-strand break induction. a Schematic to detect intra-chro-
mosomal deletions. A stop cassette flanked by two experimentally
induced double-strand break (DSB) sites is inserted between a
promoter and GFP coding sequences. After DSB induction, a
deletion will result in GFP expression that can be detected by flow
cytometry. b Schematic to detect intra-chromosomal inversions.
GFP coding sequence is placed in an inverted orientation relative
to the promoter. After DSB induction, a correct inversion event
will result in GFP expression that can be detected by flow

the expected rearrangement outcome. In 2011, translo-
cation sequencing approaches were developed to quan-
titatively survey all possible rearrangement partners
throughout the mouse genome following the induction
of a single DSB using an I-Scel endonuclease (Klein
et al. 2011; Chiarle et al. 2011).

DNA sequencing-based approaches

Advances in DNA sequencing technology have revolu-
tionized the analyses of human genomes at unprecedent-
ed resolution. Nucleotide level information can be cap-
tured from a diverse range of sample types, ranging
from single cells and bulk tissue to laser microdissected
tumor biopsies. Low coverage DNA sequencing (~0.1x
to 0.5%) from single cells is more frequently being used
as a cost-effective method to extrapolate DNA copy
number information across the genome. Similarly,
RNA sequencing can also be used for DNA copy num-
ber analysis since gene expression mostly correlates
with the number of gene copies present (Ben-David
et al. 2013). As with CGH-based approaches, low cov-
erage sequencing of genomic DNA or RNA libraries
typically yields arm-level information of copy number
gains and losses but do not provide sufficient sensitivity
for GCR analysis and copy number neutral events.
Cancer genome sequencing at high coverage has
resulted in the discovery of novel GCRs that were
previously undetectable by cytogenetics. Short-read

Isolate G418-resistant
cells by drug selection

Detect rearrangement
junction by PCR

cytometry. ¢ Schematic to detect a translocation. A neomycin
resistance gene is split within an intron, each part targeted to two
non-homologous chromosomes. DSB induction can result in an
inter-chromosomal translocation that brings two separate parts of
the neo gene together. The percentage of G418-resistant clones
after selection reflects the relative translocation frequency. d Sche-
matic to detect balanced translocations. Two DSBs are induced at
different genomic sites, and non-reciprocal or reciprocal translo-
cations generated after DSB repair can be detected by PCR

sequencing can be used to identify GCRs through
paired-end reads separated by a linker of a known
distance (Fig. 4a). Both reads from a pair are aligned
to a reference genome, and pairs mapping at the
incorrect distance and/or orientation (discordant
pairs) or reads that misalign to two locations within
the genome (split-end reads) are indicative of poten-
tial GCRs (Campbell et al. 2008). Split-end reads,
while typically present at a lower frequency depend-
ing on the length of the sequencing read, can

a Paired-end short-read sequencing

Splitread  Discordantread Normally mapped reads

50-100 bp ends \A *

.
_——.

chr. A Breakpoint junction chr. B

Single-molecule long-read sequencing

Longer reads (5,000-100,000 bp) more likely
to capture and resolve structural variants
s
r—_—

chr. A Breakpoint junction chr. B

Fig. 4 DNA sequencing technologies for rearrangement detec-
tion. Comparison between a short-read sequencing using paired-
end analysis of discordant and split reads and b single-molecule
long-read sequencing technology
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provide nucleotide-level sequence information. This
can be informative at GCR breakpoint junctions to
reveal hallmark signatures that are characteristic of
specific DNA repair events. Long-read single-mole-
cule sequencing technologies have more recently
emerged and permits long, kilobase tracts of se-
quences to be covered by a single read (Fig. 4b).
Higher error rates are frequently associated with
current long-read approaches, although repetitive
regions, complex GCRs, and unusual sequence
structures are more easily resolved compared to
short read sequence mapping. Laboratories with ac-
cess to sequencers can now easily incorporate next-
generation DNA sequencing approaches into their
experimental workflow. A number of software and
computational pipelines are available for sequence
mapping and GCR calling, which has greatly accel-
erated complex sequencing analysis for researchers
with limited access to bioinformatic expertise.

Cytogenetics and genomics are commonly used as
complementary methods to provide synergistic informa-
tion regarding chromosome structure, including the
mechanisms that drive GCR formation. For example,
complex and localized GCRs known as chromothripsis
were initially discovered by SNP analysis and paired-
end DNA sequencing from a chronic lymphocytic leu-
kemia patient genome (Stephens et al. 2011). These
rearrangements, which were hypothesized to arise from
the catastrophic fragmentation of one or a few chromo-
somes, raised mechanistic questions that have been ad-
dressed using a number of experimental methods com-
bining cell biology with genomics. Analysis of mitotic
spreads by staining and hybridization techniques re-
vealed that chromosome segregation errors resulting in
micronuclei formation can trigger the fragmentation (Ly
et al. 2017; Crasta et al. 2012) and rearrangement (Ly
et al. 2019) of individual chromosomes. Although the
complexity of chromothriptic rearrangements are usual-
ly difficult to resolve by microscopy, including super-
resolution imaging methods such as SIM (Ly et al.
2019), this has been complemented by the use of
whole-genome sequencing of both single cells (Zhang
et al. 2015) and clonal populations (Ly et al. 2019;
Maciejowski et al. 2015) following the induction of
chromothripsis.

Another example emerged from initial studies of
drug resistance to EGFR inhibitors caused by increased
DNA copy numbers of the EGFR locus. Cytogenetic
analysis revealed that EGFR amplification can occur on
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extrachromosomal DNA (ecDNA) (Nathanson et al.
2014), circular DNA structures that can serve as vehi-
cles for oncogene amplification (Verhaak et al. 2019).
The relative frequency of ecDNAs across various cancer
types and experimental models have more recently been
determined by both cytogenetics and genomics (Turner
et al. 2017), estimating that these aberrations are present
in approximately half of all human tumors. This work
has provided evidence that the physical location and
arrangement of genes plays an important role in cancer
development and therapeutic resistance.

Exploring the 3D genome

Mammalian genomes are spatially organized and com-
partmentalized in three-dimensional space that can dif-
fer across cell types and states. This is critical for the
establishment of long-range chromatin contacts to
bridge enhancers and promoters. Such non-random
and inherent organization of the genome may also be
involved in the propensity of some loci or domains to
form rearrangements (Roix et al. 2003; Zhang et al.
2012). Our understanding of genome organization has
been revolutionized by the development of techniques
such as chromosome conformation capture (3C)
(Dekker et al. 2002) and Hi-C (Lieberman-Aiden et al.
2009), which provides an overview of the spatial prox-
imity between DNA sequences in the genome. Addi-
tionally, combining these strategies with optical map-
ping has enabled large and complex GCRs to be detect-
ed in cancer genomes (Dixon et al. 2018). Although not
routinely used for GCR analysis, these approaches can
be coupled to other cytogenetic- and genomic-based
methods to elucidate how rearrangements in the 2D
linear sequence order can disrupt 3D genome organiza-
tion. For example, the spatial distances between several
loci across rearrangement breakpoints can be further
measured using locus-specific FISH probes followed
by 3D fluorescence microscopy of the interphase
nucleus.

Concluding remarks

The past several decades have witnessed an explosion of
new and improved approaches for the identification, de-
tection, and study of GCRs—each bearing a unique set of
advantages and limitations. Originally encompassing light
microscopy of stained chromosomes, we have now
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transitioned towards visualizing the formation of de novo
rearrangements within living cells and resolving rearrange-
ment breakpoints with single-nucleotide accuracy. Future
applications will likely center on bypassing the limitations
imposed by current techniques, as well as strategies to
more seamlessly integrate complementary methods for
parallel analyses.
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