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The importance of copy number variants (CNVs) in reference to human health is rising continuously. They are
linked to various types of disorders, syndromes and recent studies showed they can be used as a biomarker for
cancer screening. Next-generation based technologies enabled faster and more cost-effective ways for CNV de-
tection, which could be applicable in practical use. In this article, we describe the general approach of CNV de-
tection tools, which are based on next-generation technologies and where data was obtained by whole-geno-
me-sequencing in particular. We provide a general overview of the whole process of detection of a CNV, provide
historical context and briefly describe the individual steps of the process.
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Detekcia CNV metddou celegonémového sekvenovania

Vyznam CNV v suvislosti s ludskym zdravim neustale rastie. Tieto varianty sa spajaju s réznymi syndromami
a poruchami a dokonca mézu slazit ako biologicky oznacovaé pre pritomnost rakoviny. Technolégie NGS
umoznuju rychlejsie a lacnejsie detegovanie tychto variantov, ¢o zjednodusuje ich pouzitelnost v praktickej
medicine. V nasom ¢lanku opisujeme vSeobecny pristup strojov pre detekciu CNV zalozenych na technoldgii
NGS. Speciélne sa zameriavame na ziskavanie dat metédou celogenémovej sekvencie. Poskytujeme vieobecny
prehl'ad celého procesu, histériu vyvoja roznych metdd pre detegovanie CNV a tiez sa blizsSie vyjadrujeme k jed-
notlivym krokom samotného detegovania CNV.
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Introduction to sequencing

The bioinformatic field is mainly interested in the develo-
pment of methods and software tools that contribute to the
understanding of biological data. This interdisciplinary field
intervenes with various biological disciplines, especially with
genomics, which focuses on the structure, function, evolu-

Figure 1. The picture shows an illustration of CNV on a genome.
The right side shows a duplication, left side shows a deletion
event.

tion, mapping, and editing of genomes. Knowledge from bio-
informatic studies and research can then be used in practi-
ce to treat various diseases and abnormalities, furthermore,
it can also help us understand evolution and our origin.

To obtain biological data, DNA has to be firstly sequenced
in order to determine the order of nucleotides. Four nucleo-
tide acids cytosine [C], guanine [G], adenine [A], and thymine
[T] make up the whole DNA molecule, computer programs
store them in short as A, C, T, G letters. Sequencing itself un-
derwent rapid development throughout the years. The first
human genome was sequenced in 2001 and the work took
thirteen years™. However, with faster technologies and signi-
ficantly lower sequencing costs, new genome analyses are
produced®. Nowadays it takes only a day in a well-equipped
laboratory®.

Copy number variations

Copy number variations fall into the category of struc-
tural variants. These are mutations in DNA, which may ha-
ve beneficial, neutral, or negative effects on the organism. It
is a change in an organism's chromosome, involving a DNA
fragment that is approximately 1 kb or larger, therefore we
consider it a larger mutation event®. Even though they can be
beneficial in the process of evolution, they can cause various
syndromes and disorders. Variants are further divided into
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translocations, insertions, inversions and finally CNVs. The-
se variants are visualized on Figure 1. (CNVs) and Figure 2.
(translocation, insertion, inversion). Whereas CNVs change
the amount of a certain genomic range, it can be detected
via low-coverage sequencing, mapping, and read counting.
On the other hand, translocations and inversions do not add
or remove any genomic material (only shuffle it), thus to de-
tect them, we need to find the precise breaking points. This
is possible only with a deep-coverage (>30x) sequencing and
even then it does not have great accuracy®®. Insertions bring
new genomic material (usually small), which does not have
a copy previously on the genome, thus the breaking points
and the whole inserted sequence need to be found by deep
sequencing. Thus, this article will focus only on CNVs and on
methods for their detection.

CNV or Copy Number Variant is a phenomenon that repre-
sents a significant source of genetic diversity among diffe-
rent species including humans. For instance, it was disco-
vered Higher AMYT copy numbers improve the digestion of
starchy foods and as a result this gene is related with a his-
tory of diet-related selection pressures”). However, CNVs
are associated with various syndromes and diseases as we-
[I®), CNVs, particularly common and frequently found in he-
althy populations, contribute to the inception of cancer as
well. For instance, researchers have found that a small de-
letion in Mtus1 gene is associated with a decreased risk of
familial breast cancer®. Another cancer-associated CNV
was found in the gene MLLT4 which seems to be linked with
the Li-Fraumeni cancer predisposition disorder(?. They are
associated with schizophrenia, autism, or susceptibility to
HIV infection(". Moreover, CNVs can cover part of a gene,
whole gene, or even several genes and therefore they are li-
kely to have a role in the alternation of human physiological
functions, which are essential processes such as metabo-
lism, movements, reproduction, etc.®'?. There have been va-
rious methods developed with an aim to detect these muta-
tions and even successful pioneer attempts to remedy them,
for example the medication Zolgensma®® which reverts the
CNV loss of gene SMNT1 or its dysfunction by inserting a new
working copy to the genome of an infant. Although this medi-
cation is still in its early stages, does not work perfectly, and
costs $2.1million for a single treatment, it paves the way for
the targeted one-time gene therapy in the field of personali-
zed medicine.

Methods for the detection of CNVs

First generation of sequencing

Over the years many different methods have been deve-
loped for CNV detection. The first methods were cytogene-
tic techniques such as comparative genomic hybridization
(CGH), fluorescence in situ hybridization (FISH) and others,
which sometimes required visual inspection of chromoso-
mes. Only anomalies of whole chromosomes or variations
expanding over a few Mb in size were detected visually, the-
refore there was a need for a method that would provide
a higher resolution than cytogenetics. However, it is im-
portant to mention that the development of cytogenetic tech-
niques is a continuous process. For instance, copy number
changes have been detected that are as low as 1 Kb("9.

Figure 2. The image displays illustrations (from left to right) of
translocation, inversion and insertion. Left part displays an origi-
nal genome, the right part shows the same genome with an illus-
trated structural variant.
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Smaller mid-sized CNVs between 5-500 kb could be de-
tected by a molecular biology method called Southern-blot-
ting('¥. However, this approach proved to be a laborious and
time-consuming method that requires large amounts of
high-quality DNA. Finally, with the arrival of amplification-ba-
sed PCR methods, an analytical resolution to single nucleo-
tides was available(®,

Next-generation-based CNV detection methods

All of the above-mentioned methods were part of the first
generation of sequencing and they were considered a gol-
den standard in DNA diagnostics, yet detection of CNVs
showed to be challenging with these methods. Fortunately,
the next-generation-based CNV analyses managed to over-
come some of the mentioned limitations. This new techno-
logy brought valuable tools for clinical diagnostics of geno-
mic variations, including CNVs.

Nowadays, next-generation sequencing (NGS) represents
a valuable tool for clinical diagnostics and provides a sen-
sitive and accurate approach for the detection of the ma-
jor types of genomic variations, including CNVs. Three ma-
in strategies for CNV analyses based on NGS technologies
are whole-genome, whole-exome, and targeted sequencing.
Whole-genome sequencing analyses the genome, whereas
whole-exome only exomes, which take up roughly one per-
cent of the genome(”. Targeted sequencing, as the name
suggests, analyses only selected sets of genes or genomic
regions. Due to the smaller sequenced part of the genome,
targeted and whole-exome sequencing usually provide de-
ep-coverage data, whereas whole-genome approaches often
rely on shallow sequencing to keep the processing costs low.
Thus, the tools for structural variation detection greatly differ
for these two kinds of strategies (deep-coverage, small part
of genome vs shallow-coverage, whole-genome).

Detection of CNVs using shallow whole-genome
sequencing

Whole-genome sequencing (WGS) is the analysis of the
entire genomic DNA sequence of an organism at a single ti-
me. WGS analysis runs under the support of next-genera-
tion sequencing technologies. This technology reduced the

38

1/2022
newsla




Prehladové prace

Figure 3. Bin counts of a particular chromosome before and after normalization. The x-axis shows the coordinate of each bin in Mb.
The y-axis in picture A is scaled bin count and in picture B it stands for normalized bin count. The two lighter sections in both pictures
display a place where CNV occurred. As can be seen, after normalization the mentioned region is more accentuated.
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expenses for the WGS method and thus it became a com-
prehensive method for analyzing entire genomes. Shallow
whole-genome sequencing is a specific method that obtains
genomic data using low-coverage most frequently between
0.1x and 0.5x (coverage of 1x means that every base is read
once in average). It is an even more cost-effective approach,
it provides more data, greater statistical power and new rare
variant discovery capabilities, while its accuracy is very rea-
sonable(®. CNV is a type of structural variant that can be de-
tected using this method of sequencing even though the co-
verage can be quite low.

Overall, detection of any CNV is limited by these factors®:
the size of the particular CNV, coverage, biological and tech-
nical variability of the event region. Naturally, it depends on
the type of analysis that is being performed. Some detec-
tions are done on more challenging data, for example non-in-
vasive prenatal testing, where other factors such as the per-
centage of fetal fraction plays a crucial role in the successful
detection of a CNV.

Results from data with higher coverage are more preci-
se and sensitive, however, lower coverage is overall chea-
per and faster. In contrast to the length of the CNV, this fac-
tor can be directly changed to obtain more accurate results,
but with higher production costs. Yet, shallow WGS works
with very small coverages and still manages to obtain re-
liable data(%29. Because of this, it proposes various clinical
applications from the detection of CNVs that cause develo-
pment issues to variations causing malignity and mental re-
tardation®'22),

Biological and technical variability of the event region re-
fers to the fact that some sectors can be more variable than
others. It can be caused by various factors such as repetiti-
ve elements, mapping ability and so on. As a result, these re-
gions are harder to detect and are usually filtered out from
the analyses.

General approach for the detection of CNVs

Naturally, various CNVs detection tools have been develo-
ped over the years?*29), Each has its own advantages such as
fast computation time, accuracy, lucid results, or easy use.
However, this depends on the data that they are given, for in-
stance some are designed for low-coverage data and others
require at least certain coverage to work properly. However,
most of them share some similarities in their approaches.
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Usually, they require mapped reads to begin with and then
they follow four main steps. The mapped reads are separa-
ted into smaller sections called bins. Subsequently, norma-
lization and noise correction techniques are applied and fi-
nally, the normalized signal is segmented and scanned for
CNVs. The whole process is often referred to as CNV-calling.

Binning is a process where a CNV detection tool partitions
reads into bins according to their mapped position. Bin-size
is the size of a bin or the number of bases inside the bin. Al-
though this parameter can be often adjusted by the user, so-
me tools propose a method to determine the optimal bin-si-
ze. The final resolution strongly depends on the bin-size.
Larger bin-size results in worse resolution and faster com-
putational time, however, the sensitivity for smaller aberra-
tions decreases. Term bin-count is the number of reads that
belong to a particular bin. This number varies between diffe-
rent genomic regions due to different mappability and biolo-
gical reasons. Thus, it needs to be normalized to obtain bin-
count purified from these biological biases.

One of the most important steps is normalization. In this
process, the program adjusts measured values to a hypothe-
tical common scale. Normalization reduces noise and biases
commonly seen in samples and therefore can considerably
change final sensitivity and specificity. The drawback of this
step is that a normalization usually needs a lot of genetical-
ly healthy samples for training. The effect of normalization
can be seen in Figure 309,

Another major step in CNV prediction is segmentation.
The aim is to gather read depth signals with similar intensity
and thus “smoothing” out the noisy bin-count signal into le-
vels. Circular binary segmentation (CBS) is a popular method
used for segmentation and the majority of the CNV detec-
tion tools use it.

Following this, the segments that deviate from the ave-
rage read-depth signal are considered to be variant regions.
However, read depth signals are noisy due to different as-
pects such as different mapping abilities of the tested sam-
ple and reference genome. As a result, variant regions may
be falsely identified. The crucial process in this step is dis-
tinguishing the spurious variants from the true copy variants
or assigning some confidence to the called CNVs. High-con-
fidence CNVs are usually long, have an expected level of sig-
nal intensity for a single gain or loss, and are not in the badly
mappable regions of the genome.
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Biases arising from WGS detection methods

Many systematic biases arise from whole-genome
next-generation sequencing data, which are susceptible to
create noise in sequencing data. The most commonly seen
bias that arises from sequencing is called GC bias®”. This
bias is caused by proportionally different sequencing of re-
gions with different proportions of guanine and cytosine ba-
ses (GC content) across the genome; it is one of the known
platform’s technical limitations. The presence of regions
with poor or rich GC content leads to uneven coverage of re-
ads across the genome. Local regression or local polyno-
mial regression (LOESS) is commonly used to deal with GC
bias®®. LOESS regression merges together bins with similar
GC content in a certain interval. This correction is applied to
every bin-count, or to individual bins as their weights. The GC
bias is different for each sequenced sample and thus needs
to be corrected within the sample.

The mappability bias is another systematic bias that af-
fects the results of any CNV detection tool. Mappability
of a region is the chance that read will be sequenced and
mapped successfully to the region. However, particular regi-
ons are very hard to sequence and some regions (e.g. repe-
ating regions) are challenging to map thus these regions will
have a very low mappability. Regions with mappability under
a certain threshold are usually excluded from the CNV pre-
diction. Bins within regions with better mappability are then
normalized to the same level of mappability to correct for the
mappability bias within them (see Figure 3).

The DNA structure can differ between populations and
subpopulations. This relation is called population stratifica-
tion and it is a source of another bias that can affect the de-
tection. Principal component analysis (PCA) normalization is
sometimes used to remove this kind of bias. The aim of this
method is to reduce the noise commonly seen across popu-
lations while still preserving information directly linked to the
sample(®?_ The disadvantage is the need for a high amount
of healthy samples for training. Moreover, the used labora-
tory protocol affects the parameters of noise, thus it usual-
ly needs to be retrained for other laboratory protocols and/
or sample tissues.

It is important to mention another aspect of CNV detec-
tion and that is linked to the significance of individual va-
riations. The controversy revolves around the fact that ma-
ny microdeletions and microduplications are either hard to
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