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Aneuploidy, an aberrant number of chromosomes in a cell,

is a feature of several syndromes associatedwith cognitive

and developmental defects. In addition, aneuploidy is

considered a hallmark of cancer cells and has been

suggested to play a role in neurodegenerative disease. To

better understand the relationship between aneuploidy

and disease, various methods to measure the chromo-

some numbers in cells have been developed, each with

their own advantages and limitations.While somemethods

rely on dividing cells and thus bias aneuploidy rates to that

population, other, more unbiased methods can only detect

the average aneuploidy rates in a cell population, cloaking

cell-to-cell heterogeneity. Furthermore, some techniques

are more prone to technical artefacts, which can result in

over- or underestimation of aneuploidy rates. In this

review, we provide an overview of several ‘‘traditional’’

karyotyping methods as well as the latest high throughput

next generation sequencing karyotyping protocols with

their respective advantages and disadvantages.
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Introduction

A brief history of aneuploidy

During each cell division, all chromosomes are duplicated and
distributed equally over the two emerging daughter cells.
Various checkpoints help to ensure that chromosome segrega-
tion occurs accurately during the cell cycle. When errors occur
during mitosis, cells can end up with an abnormal number of
chromosomes, a state called aneuploidy. The relationship
between aneuploidy and disease was first proposed early in the
20th century by Theodor Boveri. By injecting multiple sperm
cells into sea urchin embryos, he showed that an increased
chromosome content can result in abnormal development or
death [1–3]. From the mid-20th century on, a large number of
assays have been developed to quantify aneuploidy, which
allowed linking various human syndromes and diseases to
aneuploidy.

Most systemic aneuploidies for human autosomes are
incompatible with embryonic development, and those that
are viable (trisomies for chromosomes 13, 18, and 21) all result in
a wide range of developmental and cognitive defects. The most
well-known aneuploidy-related syndrome is Down’s syndrome,
whichwasfirst linked to a trisomy for chromosome21 in 1959 [4].
One year later, Edward’s syndrome (trisomy 18) and Patau’s
syndrome (trisomy 13)were uncovered as congenital syndromes
caused by chromosomal copy number changes [5, 6]. Collec-
tively, these syndromesdemonstrate the severe consequencesof
an additional chromosome at the organismal level.

Aneuploidy accelerates cancer

Cancer cells frequently exhibit errors in chromosome segrega-
tion, resulting in chromosomal imbalances [7]. In fact, roughly
two out of three human tumors display aneuploidy [8, 9], and
genomic instability is considered to be a major enabling
characteristic of malignant transformation [10]. Paradoxically,
studies in aneuploid yeast strains and mouse embryonic
fibroblasts have shown that aneuploidy reduces cell fitness
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and leads to growth defects, as well as metabolic and
proteotoxic stresses [11–13]. It is therefore remarkable that
aneuploid cancer cells can proliferate in vivo despite aneu-
ploidy-induced stress [14], and this suggests that aneuploid
cancer cells somehow adjust their physiology to cope with the
detrimental consequences of aneuploidy.

While structural genomic rearrangements (local amplifi-
cations/deletions and translocations) in cancer have been
studied in great detail, we only begin to understand the
precise role of whole-chromosome aberrations [15]. One
disease that links cancer to aneuploidy is the mosaic
variegated aneuploidy syndrome (MVA). MVA is caused by
mutations in the spindle assembly checkpoint (SAC) gene
BUB1B. The SAC monitors kinetochore–microtubule attach-
ment during metaphase, and blocks anaphase onset until all
chromosomes are properly aligned and attached to micro-
tubules, thus preventing chromosome missegregation and
consequent aneuploidy [16]. MVA patients are indeed
characterized by random aneuploidies, suffer from devel-
opmental and cognitive defects [17, 18], and are significantly
more likely to develop pediatric cancers, including rhabdo-
myosarcoma, Wilms tumor, and leukemia [17].

Mouse models, in which chromosomal instability (CIN)
was provoked in vivo by inactivation of SAC genes (reviewed
extensively elsewhere [19–21]), have been instrumental in
better understanding the link between aneuploidy and cancer.
Briefly summarized, CIN results in four major phenotypes: (i)
embryonic lethality when the SAC is fully alleviated in the
whole organism; (ii) weak tumor predisposition when SAC
genes are heterozygously inactivated; (iii) tumor suppression
in some tumor predisposed backgrounds (e.g. knockout of
tumor suppressor genes or exposure to carcinogens); and (iv)
premature aging [19–21]. These phenotypes even differ
between in vivo cell lineages: for instance, the basal layer
in mouse epidermis copes much better with CIN than the hair
follicle stem cells that reside in the same tissue [22]. While,
these data indicate that CIN is an important accelerating factor
in cancer, the next challenge will be to understand how CIN
contributes to malignant transformation. For this, we need to
faithfully quantify the dynamics of chromosome missegrega-
tion in individual tumors, analyses that will heavily depend
on improved cytogenetic tools, the topic of this review.

Aneuploidy might lead to neurodegeneration

Various studieshave suggested that aneuploidy isnotunique to
cancer cells. For instance, a large fraction of normal mouse [23]
and human [24–26] neurons appear to be aneuploid. Strikingly,
these aneuploid neurons seem to be fully functional, because
they are integrated into the brain circuitry and can be
activated [27]. While the levels of aneuploidy in healthy brain
are still under debate [28–30], aneuploidy in the brain could
play a role in neurodegeneration [31]. For instance, patients
suffering from Alzheimer’s Disease (AD) exhibit frequent copy
number changes for chromosomes 17 and 21 in buccal cells.
Furthermore, post-mortem AD brain tissue appears to be more
aneuploid than age-matched control brain [29, 32]. Possibly,
aneuploidy contributes to neurodegenerative diseases through
proteotoxic stress, leading to misfolded proteins, protein

aggregates and thus neurodegeneration. However, most of
these studies relied on noisy techniques to quantify aneuploidy
in post-mitotic cells (e.g. in situ interphase FISH), which might
have resulted in over- or underestimation of the actual
aneuploidy in neurons. Therefore, improved methods to
measure the number of chromosomes in non-dividing cells
are a necessity to further substantiate the role of aneuploidy in
neurodegenerative disease.

Accurate karyotyping tools are needed

As argued above, accurate karyotyping is a crucial tool to
better understand the role of aneuploidy in disease. While
various karyotyping methods have been developed since the
late 1950s, their accuracy and reliability differ. Importantly,
each karyotyping method is limited as to which cytogenetic
abnormalities can be detected, and in which cell type (e.g.
proliferating vs. post-mitotic). Furthermore, each method is
prone to its own technical and biological artefacts that need to
be considered. Importantly, few platforms exist that allow for
quantifying full karyotypes of non-dividing cells, a type of
measurement that is becoming increasinglymore important in
studying the relationship between chromosomal instability
and disease. In this review we provide an overview of the most
common cytogenetic techniques, along with a number of new
methods, and their associated applications and limitations.

The first important consideration when selecting a
protocol for karyotyping is the type of cells to be assessed:
dividing cells or non-dividing cells. While essentially all
cytogenetic methods can be used to quantify chromosome
copy numbers, some are either restricted to detection of only a
few chromosomes per cell, reducing the resolution of the
analysis, or fail to detect some types of karyotypic abnormal-
ities (e.g. balanced translocations), which we will further
discuss below. The detection limits of all of the addressed
methods are summarized in Figure 1.

Tools to detect chromosome copy
numbers in dividing cells

Traditional karyotyping and fluorescence in situ
hybridization (FISH)

Traditional metaphase spread-based karyotyping requires
cycling cells [33]. For this, cells are arrested in metaphase,
using spindle assembly checkpoint poisons such as colcemid,
to simplify chromosome counting. Cells are then incubated in
a hypotonic solution followed by fixation. The fixed cells
are then dropped onto a microscope slide to spread the
chromosomes, and stained with Giemsa or DAPI to visualize
the chromosomes. This protocol allows for the detection of
whole chromosome copy number gains and losses, large
amplifications, insertions, deletions, inversions, transloca-
tions, isochromosomes, and ring chromosomes (by assessing
Giemsa chromosome banding patterns). Metaphase karyotyp-
ing can be combined with fluorescence in situ hybridization
(FISH), for instance to detect common copy number variations
(CNVs) or translocations such as the BCR-ABL t(9;22)(q34;q11)
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translocation [34]. FISH is a powerful tool for establishing
cytogenetic abnormalities in patients and in pre-implantation
embryos in the clinic. Unfortunately, FISH can only detect a
small number of features per cell, as a result of limitations
in the number of fluorescent labels. Also, a duplication or
deletion of the probe-binding region can lead to falsely called
gains or losses of chromosomes. Furthermore, technical
artefacts such as probe clustering, failure of hybridization, or
incomplete spreads, can result in an over- or underestimation
of the targeted feature or chromosome. Finally, FISH requires
technical expertise, and quantification is labor intensive
because it is technically difficult to automate. This makes
FISH a powerful tool for detecting recurrent chromosomal
abnormalities in a standardized setting, but less suitable for
the detection of random aneuploidies [34–36].

Karyotyping dividing cells using whole
chromosome paints

Multiplex FISH (M-FISH) and spectral karyotyping (SKY) are
FISH-adapted protocols that can be used to detect both

chromosome copy number changes as
well as gross translocations within the
entire genome. For this, metaphase chro-
mosome spreads are prepared on a micro-
scope slide, similarly to FISH. Instead
of one labeled probe per chromosome,
chromosome-specific probe sets consist-
ing of up to five distinct fluorescent dyes
are hybridized to metaphase chromo-
somes, resulting in chromosome-specific,
unique combinations. This allows for
simple detection of all chromosomes in
a metaphase spread. The main difference
between M-FISH and SKY is the detection
method of the labeled chromosomes: a
fluorescence microscope for M-FISH and
an interferometer for SKY. Both measure-
ments require further computer post-

processing of the imaging data, resulting in false-colored
images in which the whole chromosomes are ordered in
numerical order [37, 38]. This allows for simple detection of
structural as well as numerical aberrations. Importantly,
chromosome fragments can also be identified as individual
fragments, a limitation of next-generation sequencing-
based karyotyping tools (see below). This makes M-FISH
and SKY ideal tools for detecting gross chromosomal
instability in dividing cells. The technical limitations of
M-FISH and SKY are similar to those of FISH, discussed
above [36, 39–43].

An even more sensitive technique is COBRA-FISH:
COmbined Binary RAtio labeling. COBRA-FISH combines
combinatorial fluorescence labeling with ratio labeling,
thereby increasing the resolution. Three fluorophores are
paired in five different ratios, providing a total of 12 unique
signatures. Addition of twomore binary fluorophores added to
each fluorophore-ratio pair increases the total number of
possible unique combinations fourfold to 48, further increas-
ing the number of targets than can be labeled. As such,
COBRA-FISH allows for the detection of all chromosome arms
individually [44–46].

Technique Whole 
genome Aneuploidy Polyploidy CNVs (size) Inversion Reciprocal 

translocation
Unbalanced 

translocation Heterogeneity Costs Reference

Metaphase 
spread-based
(dividing cell 
populations)

Giemsa 
staining + + + 5-10 Mb + + + + Inexpensive [41, 57]

FISH - + + (+)1 + + + + Inexpensive
[34, 43, 

57]

SKY, M-FISH, 
COBRA-FISH + + + - - + + + Moderate

[36–42, 

44–46]

mMCB + + + 5-10 Mb + + + + Moderate
[47,76, 

77]

Non-
metaphase 

spread-based
(non-dividing 

cell 
populations)

Interphase 
FISH - + + (+)1 + + + + Inexpensive

[34, 43, 

57]

CGH & aCGH + + - 10-20  Mb - - + (+)2 Moderate
[34, 41, 

52–55]

SNP array + + - 500 kb - - + (+)2 Moderate
[41, 56, 

60–62]

Flow 
cytometry - (+)3 + - - - - - Inexpensive [50, 51]

Single-cell 
sequencing + + (+)4 200-500 kb4 (+)5 (+)6 + + Expensive

[28, 65, 

66]

Figure 1. Comparison of cytogenetic methods. Cytogenetic techniques to detect
chromosomal abnormalities are listed, as well as their ability to detect various
chromosomal aberrations. A ‘‘þ’’ indicates the technique is able to detect the
abnormality, a ‘‘�’’ indicates an inability to detect. A (þ) signifies that the method can
detect the aberration only under certain conditions or in a limited fashion, the details of
which are listed below. If a technique can detect local CNVs, whenever possible the
minimum detectable CNV size is given in kb (kilobases) or Mb (megabases). (1) CNVs
can only be detected when probes specific to the amplified or deleted region are used.
(2) Multiple experiments have to be performed on subpopulations of the same sample in
order to identify heterogeneity. (3) Bulk aneuploidy can be detected using flow cytometry,
i.e. a deviating DNA content from the haploid genome or a multiple thereof. Heterogeneity
and specific copy number changes cannot be determined. (4) Polyploidy using single-cell
sequencing can only be detected using a non-WGA approach in which more than two
identical reads are mapped to the reference genome. (5) The minimum detectable CNV
size is heavily influenced by the coverage. Here, we provide a conservative estimate
based on 1% coverage. (6) Both inversions and reciprocal translocations may only be
detectable with single-cell sequencing if sufficient coverage over the breakpoint region
can be achieved. Alternatively Strand-seq can be used.
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An alternative to COBRA-FISH ismultiplexmulticolor banding
(mMCB). In this platform, metaphase chromosomes are
hybridized to a probe collection detecting different chromo-
somal regions, resulting in multi-banded patterns for each
chromosome [47, 76, 77].

Limitations to metaphase-spread based
karyotyping: FISHy business

While metaphase-spread based karyotyping is a powerful
technique to detect aneuploidy, the key limitation is the
requirement of dividing cells. In some cases, dividing cells are
not available, e.g. in the case of paraffin-embedded material,
post-mitotic cells, or primary tumor material. While tissue
culture cells typically divide at least once per day with about
50% of cells in S phase at any time, the doubling time of
primary breast cancer cells, for example, can be as low as ~1–
10 months, and at a given time only 2–5% of cells are in S
phase [33]. Furthermore, when harvesting primary tumor
material, colcemid-mediated enrichment of mitotic cells to
obtain condensed chromosomes is not possible, which,
together with low proliferation rates, disqualifies meta-
phase-dependent aneuploid-quantification.

Even more important, because aneuploidy has such
detrimental consequences for cell fitness and prolifera-
tion [13, 48] and cancer cells appear to select for some
chromosome combinations [49], it is likely that the observed
aneuploidy in the mitotic cell population is not fully
representative of the total (tumor) cell population. In
addition, metaphase-dependent methods preclude analysis
of post-mitotic cells, such as neurons or quiescent stem cells.
Therefore, to reliably quantify aneuploidy, protocols are
required that do not depend on mitotic chromosomes: we will
discuss these further below.

Detecting chromosome copy numbers in
non-dividing cells

Interphase FISH

The classical way to quantify aneuploidy in non-dividing
cells is by interphase FISH [77]. Like metaphase FISH,
interphase FISH (I-FISH) relies on chromosome-specific
probes, which are now hybridized to uncondensed chromo-
somes in interphase, followed by counting the resulting foci
per nucleus for each probe. Therefore, the limitations of
interphase FISH are similar to metaphase FISH: under and
over-quantification of aneuploidy due to failure of probe
hybridization or probe clustering, respectively. Similarly,
the number of available fluorophores limits the number of
quantifiable chromosomes.

An adapted version of this technique is multicolor banding
(MCB). MCB reduces the technical noise of interphase FISH, by
hybridizingmultiple probes to one chromosome, resulting in a
colored banding pattern for the assessed chromosome,
increasing reliability. The flip side of the increased reliability
is loss of resolution per cell, because only one chromosome
can be quantified per analysis.

Flow cytometry

Asimplebut lowresolutionmethod fordetermining theploidyof
many cells simultaneously is fluorescent labeling of all the DNA
at oncewith one dye, followed byflow cytometry. By comparing
the fluorescence of the sampled cells of unknown ploidy to
diploid reference cells’ fluorescence, ploidy of the assessed cells
can be deduced. The key advantages of flow cytometry-based
karyotyping are throughput (large numbers of cells can be
assessed at once), and speed (preparation time is minimal).
The downside is that the resolution is very low: individual
chromosomecopynumbergainsor lossescannotbedetected, let
alone small CNVs or other genomic aberrations [50, 51].

(Array) comparative genomic hybridization

Another more high-resolution method for quantifying aneu-
ploidy in non-dividing cell populations is comparative
genomic hybridization (CGH). For this, genomic DNA of the
sample to be assessed (e.g. a tumor) is fragmented and labeled
with a green fluorescent dye, and DNA from a normal diploid
(isogenic) reference control is labeled in red. Both sample and
reference DNA are next hybridized to a diploid metaphase
spread from a cell line from the same organism. Fluorescence
ratios are then determined through fluorescence microscopy.
In this example, an increased green signal implies amplifi-
cation of a specific region or a gain of a whole chromosome in
the tested sample, and red implies a deletion. Finally, a DNA
stain is used to identify the individual chromosomes. The
approximate resolution of CGH is ~10–20Mb [52].

CGH has now mostly been replaced by a more sophisti-
cated and higher resolution adapted platform employing
microarrays (array CGH or aCGH). For aCGH distinctly
fluorescently labeled DNA from a sample in one color and a
reference in another are hybridized competitively to a
reference genome. However, instead of using a metaphase
spread, an array chip containing defined genomic probes
encompassing the whole genome is used for hybridization.
Fluorescence ratios are then determined through a microarray
scanner. Depending on the probe density/sizes used, the
resolution can be as high as ~400kb, sufficient to quantify
copy alterations for individual loci.

One important limitation of both CGH and aCGH is that
neither method can detect reciprocal translocations or
inversions, since such abnormalities do not result in changes
in the chromosomal content. Furthermore, as typically the
genomic DNA of tumor fragments and not individual cells is
hybridized, only copy number changes that affect the bulk of
the tumor will be detected [34, 41, 52–57], unless expensive
single cell array CGH platforms are used [58, 59].

Single nucleotide polymorphism array

Another array-based technique for detecting chromosome
copy numbers is the single nucleotide polymorphism array
(SNP array). Instead of competitively hybridizing sample and
reference genomes, only the sample-labeled genome is
hybridized to an array with roughly 100,000 SNP probes.
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Copy number changes are then determined by comparing the
fluorescent signal from the labeled sample to an independ-
ently hybridized control. In addition to assessing copy number
changes, SNP arrays can also be used to detect ratios between
parental chromosomes. This permits for instance the detection
of copy neutral loss of heterozygosity evidenced by unipar-
ental disomies or gene conversions in for instance leukemia.
[41, 56, 60–62]. The limitations of SNP arrays are similar to
those of array CGH.

A need for improved karyotyping platforms

So far, we have discussed most common techniques that are
currently used to quantify aneuploidy. Eachof these techniques
comeswithadvantagesanddisadvantages.Wholechromosome
paints are an extremely powerful tool to determine full
karyotypes of individual cells, but can only be used when
dividing cells are available and results will therefore only be
representative for the dividing cell population. Interphase FISH
can detect chromosomal abnormalities at the single cell level of
all cells, but for only few chromosomes per analysis. Finally,
array-based karyotyping does allow for high resolution
karyotyping of non-dividing cells, but not at the single cell
level. However, to understand how chromosomal instability
contributes to thedevelopmentof disease,weneedkaryotyping
platforms that combine single cell resolution with complete
karyotyping. Recently, a number of such platforms have been
developed, and are discussed below.

Emerging technologies: Sequencing-
based karyotyping allows for
quantification of karyotype heterogeneity

While aCGH and SNP array protocols can measure aneuploidy
at much higher resolution than for instance interphase FISH,
they are commonly less suitable for measuring karyotype
heterogeneity (i.e. the differences among the cells’ karyotypes
within one sample). An ideal karyotyping method would
therefore combine the best of both worlds: an affordable
single cell approach with high resolution. Such an innovation
might arise from new sequencing-based karyotypingmethods.
Next-generation sequencing (NGS) technology has opened up
new possibilities for exploring both the human and the mouse
genome, hence allowing us to map mutations in various
oncogenes and tumor suppressors at the single base level.
Other than determining the DNA nucleotide sequence, NGS
can also be used to study tumor evolution. For example, high-
throughput and high coverage sequencing allows the use of
SNPs to map the clonality of tumors [63, 64]. It is also possible
to karyotype cells using NGS.

Single-cell sequencing is a powerful tool for high
resolution single cell karyotyping

Single-cell next generation sequencing is a recently developed
platform for quantifying karyotypes of single cells, and has

been used to quantify aneuploidy levels in liver, brain, and
skin from both humans and mice [28]. Depending on the
desired cell type or sample, single cells can be collected using
cell pickers, serial dilutions, or FACS. As the input DNA from a
single cell is very limited, library preparation often starts with
a whole genome amplification (WGA) step. Here we describe a
typical library preparation protocol. The DNA is fragmented,
end-repaired, phosphorylated, and A-tailed to prepare theDNA
for adaptor ligation, to make the DNA fragments compatible
with the sequencing platform used. Following adapter ligation,
the library fragments are PCR-amplified. To allow for multi-
plexing of libraries in individual sequencing lanes, barcodes
can either be included in the adapter sequences or added
during the PCR amplification using indexed primers followed
by NGS. Following NGS, the libraries are demultiplexed, run
through a quality control pipeline, and reads are mapped to
the reference genome [28, 65].

Chromosome copy numbers and local CNVs per cell can
then be extracted from the NGS data by examining the number
of reads per chromosome or region, for instance using a
Hidden Markov model [28]. This yields data with a resolution
comparable to aCGH or even higher (resolutions up to 20–
50 kb are feasible depending on coverage) and, importantly, at
the single cell level. High resolution sequencing data of the
assessed genome is not required for determining chromosome
copy numbers faithfully: for this, 0.5 - 1% coverage per cell is
more than sufficient. A lower coverage threshold also permits
multiplexing of hundreds of single cell sequencing libraries,
reducing sequencing costs per individual cell. Furthermore,
the entire library preparation process can be automated using
robotic pipetting system, thereby further reducing costs.

A major advantage of single cell sequencing over FISH is
the ability to look at all chromosomes simultaneously in
a single cell. Therefore, single cell sequencing combines
the best of interphase FISH (single cell analysis) with the
resolution of array based karyotyping. Furthermore, the risk of
over- or underestimation of copy numbers is greatly reduced
because thousands of reads are sequenced for each chromo-
some, instead of assessing only a few loci per chromosome.
Indeed, several recent reports on copy number variation and
aneuploidy in normal brain cells using single cell sequencing
have also emphasized the advantages of using whole genome
single cell sequencing over FISH [28, 66, 67].

Single cell NGS also comes with disadvantages. As
mentioned above, for now NGS is still expensive, especially
when compared to lower resolution karyotyping protocols.
Furthermore, it is not possible to reliably detect balanced
translocations and inversions, especially at lower coverage,
precluding the mapping of for instance chromothripsis [68]
at the single cell level. However, if coverage is very high,
translocations can be identified from ‘‘chimeric’’ sequencing
reads (i.e. one read aligning to two chromosomes) that bridge
the translocation breakpoint. Acquiring the required coverage
for a single cell to map these reads is not trivial, and heavily
depends on the efficiency of the library preparation and the
sequencing platform parameters (for instance whether it
includes paired end reads [69]) and bioinformatical tools used.
Unbalanced translocations on the other hand can easily be
detected, although its relative position in the genome (i.e. to
which chromosome the extra fragment is ligated) can only be
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identified with sufficient sequencing coverage when the
sequencing data includes chimeric reads that can be mapped
to the reference genome. However, when such alterations are
suspected, other karyotyping tools, such as FISH or G-banding
can be employed for further confirmation. Last, but not least,
sequencing of minute amounts of DNA using next generation
sequencing platforms also comes with the risk for sequencing
artefacts, such as GC bias, or whole genome amplification PCR
bias, which, for which can at least be partially corrected for
using new bioinformatical tools [70].

When needed, single cell NGS coverage can be increased,
for instance by reducing the number of sequencing libraries
per sequencing run. This will not limitlessly increase
resolution though, because the library complexity of a single
cell library is limiting. To increase library complexity, single
cell genomes can be amplified through WGA before library
preparation, which, in theory, should allow for mapping e.g.
chromothripsis events at the single cell level. WGA does come
with a risk of amplification bias, which can result in under-
and overrepresented genomic regions in the final align-
ment [71, 72]. Such regions, or even whole chromosomes,
could then incorrectly be called as aneuploid: therefore
optimization is required before using WGA in single cell
sequencing. Furthermore, increased coverage will literally
come at a price as fewer cells/libraries can be analyzed per
sequencing lane.

Single-cell strand sequencing (Strand-seq)

An alternative method for mapping translocation breakpoints
and inversions is Strand-seq. This method was originally
developed to study sister chromatid inheritance patterns in
asymmetrically dividing cells [65, 73]. During cell division,
each daughter cell inherits one sister chromatid from each
parental chromosome pair. Strand-seq enables researchers to
uncover this inheritance pattern. For this purpose, cells are
cultured in the presence of bromodeoxyuridine (BrdU), a
thymidine analogue, for exactly one cell cycle resulting in
BrdU to be incorporated only in the newly synthesized DNA
strands. Libraries are then prepared from FACS-sorted single
cells followed by a UV-Hoechst treatment step to induce nicks
at the sites of BrdU incorporation in the newly formed strand.
Therefore, only the original template strand is amplified in
the subsequent PCR amplification. Importantly, the resulting
libraries maintain directionality so that the reads map to their
parental strand after sequencing. The bioinformatic pipeline
BAIT (Bioinformatic Analysis of Inherited Templates) can
then be used to further annotate the reads [74]. Maintaining
directionality allows for the detection of sister chromatid
exchanges that occurred during the cell division in the
presence of BrdU, which can be visualized by BAIT. These
sister chromatid exchanges are visible as switches in the
template strand inheritance pattern. Besides sister chromatid
exchanges, Strand-seq can also be used to map translocations
and inversions and to identify chromosomal or localized
amplifications or deletions, hence allowing more detailed
karyotyping, even at lower sequencing depth. Because
upfront WGA cannot be used to identify DNA template
strands, typically only a few percent of the DNA in a cell is

captured in Strand-seq libraries. However, the lack of
amplification in Strand-seq avoids amplification bias in single
cell sequencing libraries. As a result the number of reads per
chromosome typically shows a good correlation with the
chromosome size and copy number. Since directionality is not
needed for plain karyotyping, BrdU can be omitted from the
Strand-seq protocol to get accurate karyotype information.

Taken together, single-cell sequencing provides oppor-
tunities to accurately karyotype all chromosomes on single
cell level, although the use of Strand-seq is limited to dividing
cells [65, 75]. For now, sequencing costs and the need for
bioinformatics expertise might limit the use of single-cell
sequencing karyotyping to research laboratories, but with the
rapidly decreasing NGS costs and development of user-
friendly bioinformatical tools, NGS platforms might soon
become standard tools used in a diagnostic setting.

Conclusions and outlook

Aneuploidy is a feature of several syndromes associated with
developmental and cognitive defects, a hallmark of cancer,
and a potential protagonist in neurodegenerative disease. To
better understand the relationship between aneuploidy and
these pathologies, reliable methods for analyzing karyotypes
are a necessity. In this review, we have provided an overview
of existing techniques for karyotyping, and highlighted their
strengths and limitations. Typically, the most affordable
methods require dividing cells, in which case aneuploidy rates
are only representative of the dividing subpopulation, which
might not represent aneuploidy rates in the whole cell
population. Furthermore, dividing cells are sometimes simply
not available, for instance when assessing post-mitotic
tissues. While methods that can quantify aneuploidy rates
in interphase cells can be used to circumvent this bias, most of
these methods cannot detect aneuploidies at the single cell
level, or are limited to analysis of a few chromosomes per cell,
hence obscuring karyotype heterogeneity. Therefore, novel
techniques such as single-cell sequencing might combine the
best of bothworlds: the ability to determine karyotypes at high
resolution in an unbiased and high throughput fashion.
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