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Abstract: Background: Technical advances and cost reduction have allowed for the worldwide popu-
larity of array platforms. Otherwise called “molecular karyotyping”, it yields a large amount of CNV
data, which is useless without interpretation.

Objective: This study aims to review existing CNV interpretation software and algorithms to reveal
their possibilities and limitations.

Results: Open and user-friendly CNV interpretation software is limited to several options, which mostly
do not allow for cross-interpretation. Many algorithms are generally based on the Database of Genomic
Variants, CNV size, inheritance data, and disease databases, which currently seem insufficient.

Conclusion: The analysis of CNV interpretation software and algorithms resulted in a conclusion that it
is necessary to expand the existing algorithms of CNV interpretation and at least include pathway and
expression data. A user-friendly freely available CNV interpretation software, based on the expanded

algorithms, is yet to be created.
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1. INTRODUCTION

Copy number variations (CNVs) cause numerous neuro-
psychiatric disorders, especially the ones featured by intel-
lectual disability and congenital malformations. Due to the
size (up to 1 Mbp), CNVs may simultaneously disrupt doz-
ens of genes and cause significant changes to the genome,
undermining patients’ health. Data on CNVs may be ob-
tained from different sources, mainly from molecular karyo-
typing (such as SNP array) and NGS (Next-Generation Se-
quencing). However, it carries little value without further
interpretation. Numerous tools for CNV analysis are mostly
aimed at professional bioinformaticians and offer CNV call-
ing from NGS data [1]. Software allowing for the interpreta-
tion itself is limited. Thus, laboratories working with the
microarray data have to either restrict their analysis to gross
and mostly unambiguous rearrangements, missing on poten-
tially significant smaller changes, or hire a specialist to de-
velop or use specialized tools (which is often a problem for
small laboratories with moderate load) [2]. In the current
article, we considered the algorithms, software, tools and
pipelines most similar to the task of CNV interpretation,
whether CNV data were obtained from microarray or
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sequencing analysis. This article aims to highlight their ad-
vantages and disadvantages in terms of CNV interpretation
and user-friendly design.

2. ANALYSIS OF THE EXISTING SOFTWARE FOR
CNV INTERPRETATION

Different software selections give a broad overview of
the purposes of commonly used instruments for CNV inter-
pretation. However, most programs mentioning gene choice
or algorithms for microarray analysis solely focus on gene
expression analysis, which is not relevant to our review.
Many tools are aimed at tumor analysis or CNV call-
ing/detection from NGS data. A great majority of programs
are meant for use by professionals with a background in pro-
gramming and require training in R/Python/Perl [1]. Howev-
er, little attention is paid to CNV interpretation or prioritiza-
tion tools, which are aimed at processing array data and are
suitable for use by researchers with no or little programming
experience. Although programming is important for CNV
calling, CNV interpretation relies on the profound
knowledge of genomics, which makes genetic experience
prevail over programming at this stage. Tools relevant to
CNV interpretation that are not related to tumor cells [3-6]
are presented in Table 1.
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Table 1. Tools most relevant to CNV interpretation. The inclusion criteria are a presence of a webserver/GUI, easy access (e.g., no
requests to the founders required) and no previous programming knowledge.
Name Description and Usability Comments Refs. Link
Assessment of CNVs in multiple areas. The software yields data on clinically rele-
vant information (i.e., diseases), mouse model comparison, various statistics from
CNVxplorer . . . . . [3] http://cnvxplorer.com/
literature (from titles and abstracts), expression, protein interactions, and regulatory
regions overlap.
ClinTAD CNYV interpretation in the context of topologically associated domains. [4] https://www.clintad.com/
The E bl
Vareianrtlsl;?ect Predicts the effects of CNVs and SNPs on genes, transcripts, proteins, and regulatory (5] https://www.ensembl.org/info/docs/t
. sequences. ools/vep/index.html
Predictor
AnnotSV Helps interpret the poten-tial pathogenicity of genor-nic V.ariants and provides a rank- (6] https://lbgi. fr/AnnotSV/
ing based on ACMG classification.

According to Table 1, all tools imply different output da-
ta, from TADs to ranked variants, and take input data in dif-
ferent formats, which eventually complicates cross-
interpretation. ClinTAD allows for discovering topologically
associated domains in CNVs from one or multiple patients.
Researchers determine the CNV pathogenicity relying on
data on gene and protein changes, which may not be suffi-
cient for the complete picture. Several studies showed that
CNVs might also change chromatin architecture, leading to
different disorders [7, 8]. In case a CNVs is located inside a
TAD, alterations of transcriptional regulation may occur.
TADs might significantly assist in deciding on the potential
pathogenicity of small CNVs, which is one of the major is-
sues in clinical practice. Understanding a biological basis for
CNV consequences is also of great importance. Therefore,
ClinTAD may be considered a helpful tool for increasing the
depth of CNV interpretation. The tool is, however, a separate
instrument not integrated into a CNV evaluation system, and
its use for the analysis of many variations at a time does not
seem convenient. CNVxplorer, to our mind, is the most
comprehensive online CNV evaluation tool. It aggregates a
wide variety of data on one page, with a user-friendly design
helping in a fast grasp of a CNV consequence. It includes
regulatory regions overlap and pathway analysis (via KEGG
or Reactome data), as well as functional annotations data
(via Gene Ontology). However, the tool is more suitable for
clinical use, with OMIM genes being restricted to monogen-
ic Mendelian disease genes, leaving aside ‘somatic’ and
‘complex’ descriptions, and DECIPHER disease genes re-
stricted to those labeled as ‘confirmed’ [3]. CNVxplorer also
limits the number of variants that can be uploaded to 200.
The Ensembl Variant Effect Predictor provides a thorough
analysis of variant call format (VCF) files, and its web ver-
sion is presented with a simple, user-friendly interface. The
program is ideal for a small-scale analysis. The resulting
VEP data does not include genomic pathways, expression or
gene imprinting information. AnnotSV shows ACMG class,
overlap with regulatory elements, and pathogenic and benign
structural variations. The resource is easy to use but lacks at
least pathway, gene expression, and exon-intron data, which
may be of great importance for a CNV interpretation.

3. CNV INTERPRETATION ALGORITHMS: POSSI-
BILITIES AND LIMITATIONS

CNV interpretation software is based on specific inter-
pretation algorithms. In order to consider the software ad-
vantages and disadvantages, and to provide reproducible
analysis, understanding the underlying algorithm is required.
The algorithms have changed dramatically throughout the
last decade. For example, a paper from 2009 suggested con-
sidering a CNV common when it was reported at least twice
in the DGV (Database of Genomic Variants), and the record
had a complete overlap with a variation in question [9]. Cur-
rently, a CNV is thought to be rare if found in <1% of the
population. The most recent recommendations of the Ameri-
can College of Medical Genetics and Genomics were re-
leased in 2020, covering enhancer, exon/intron, and literature
analysis besides casual disease CNVs overlap [10] (Table 2).
When verifying the algorithm, authors and independent re-
viewers tested it on 114 CNVs using scoring metrics, with
scoring based on statistical background. Consequently, the
system has a CNV-centric approach, which may be a limita-
tion of a CNV interpretation method. Considering individual
CNVs separate from the rest of a genetic landscape, the pa-
tient’s clinical data may deprive clinicians of the information
necessary for the interpretation. Other most recent interpreta-
tion algorithms and the parameters they consider are present-
ed in Table 2. Discussing the parameters, it is important to
note that most algorithms abundantly use DGV to explore
the frequency of an aberration and its pathogenicity in dif-
ferent cohorts. Although it is a strong tool for CNV analysis,
there are details that one has to keep in mind. First of all, not
every cohort may be completely relevant for CNV interpreta-
tion. For example, the database contains newborn studies or
records with no sex information. Methods of research are
also unlikely to be equally spread through the DGV data,
meaning some CNVs (due to discrepancy in probe locations
for different methods) will be more abundant than others.
Choosing specific DGV tracks might solve this issue; how-
ever, the best solution to check for recurrent and, therefore,
likely non-pathogenic CNVs is to compare them to a cohort
obtained by the same method. Unfortunately, different plat-
forms may have many probes in non-overlapping locations:
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Table 2. CNYV interpretation algorithms described in different articles. “Yes” means that exact or similar data is retrieved, “No”
means that the step in question is not mentioned in the article.
Recurrency U Enh D Inherit- Genes/CNV Gene E
Refs. Within s nhancers Bown- ed/De Associated with ene‘ X Pathways | Imprinting | Introns/Exons | Literature
DGV | stream/Upstream . pression
Method novo Disease
[2] No Yes No No Yes No No No No No
[9] No Yes No Yes Yes No No No No No
[10] No Yes Yes Yes Yes No No No Yes Yes
[18] Yes Yes No No Yes Yes Yes Yes Yes Yes
[19] No Yes No Yes Yes No No No Yes Yes
[20] No Yes No Yes Yes No No No No Yes
[21] No Yes No No Yes No No No No Yes
[22] Yes No No Yes Yes No No No No No
for example, the genomic coordinates of our cohort obtained CONCLUSION

with Affymetrix Cytoscan HD [11] poorly overlap with the
data from CytoScan™ XON tool. Since the comparison of
the coordinates is usually direct, even a couple of nucleotide
differences will yield discrepant results. However, only two
algorithms purposedly iterate within in-house databases ob-
tained using a certain platform. Inheritance data are consid-
ered in more than half of the algorithms mentioned in Table
2. To retrieve inheritance data, a trio analysis must be com-
pleted. Despite being recommended by the latest American
College of Medical Genetics and Genomics guidelines, ge-
netic analyses for medical genomics purposes are not cov-
ered by insurance in many countries, neither for the patient
nor for the parents. Since even one molecular karyotyping
analysis is expensive, trio data are often unavailable. On the
other side, the trio analyses may not be as necessary as they
are described for the establishment of a CNV status. Often,
one CNV is not enough for the disease to manifest
(two/multiple hit model) or a smaller CNV in a parent is not
causative, whereas an expanded variation in a child affects
more genetic material and leads to a disorder [12]. Further-
more, inherited CNVs can have variable penetrance, and
considering them benign due to their inherited nature would
be incorrect. Gene expression may significantly help under-
standing if the gene in question is active in a tissue demon-
strating pathologic changes. Pathway data indicate how vari-
ome is connected to different biological processes. Although
almost no algorithms analyze if genes inside the CNV are
imprinted, we find it necessary since known imprinting dis-
order-like phenotypes may arise in these cases [13-15]. In
the case of CNVs that affect a small number of genes, ana-
lyzing the affected introns and exons is of high importance.
One more appealing tendency used in many algorithms is
checking if a certain gene is intolerant to a loss of function.
Different resources offer probability scores. For example,
ExAC Browser (https://gnomad.broadinstitute.org/) shows a
pLI score and ClinGen (https: //www.ncbi.nlm.nih.gov/ pro-
jects/dbvar/clingen/index.shtml) shows dosage sensitivity
scores.

Despite numerous changes in interpretation algorithms
over the last decade, there is still place for growth. First,
clear and user-friendly interpretation software is still miss-
ing. Ideally, we see it not only as a scoring system but as a
tool for visually presenting and merging the existing data,
able to help analyze individual and group variations with the
possibility of including clinical features in the interpretation.
Indeed, a multidisciplinary dialogue problem arises since
essential patient descriptions may be ambiguous, limiting a
referral only to a predicted diagnosis. Furthermore, previous
genetic analyses, such as karyotype, are to be presented. Re-
gardless of being costly and time-consuming, validation of
CNVs is necessary, especially if the analysis is performed
using a low-resolution platform. When interpreting the mi-
croarray results, it is important to remember that a presence
of a large CNV (>0.5 Mbp) with condition-relevant gene
contents should not be a reason to dismiss other variations.
Coinciding diagnoses are not rare [16], and smaller CNVs
may result in additional phenotypic features that are not
characteristic of the main syndrome [17].

It is necessary to remember that the final goal of the in-
terpretation is to help clinical specialists not only with the
prognosis for the patient but also with the treatment, even in
cases when it is considered impossible, such as aneuploidy
syndromes. Therefore, the interpretation process should in-
clude genomic networks (pathways), such as the ones men-
tioned in Gene Ontology and KEGG. When multiple genes
are affected, it is impossible to consider treatment that would
restore the function of every single one, but plausible to find
genomic networks (biological processes) undermined by
genomic changes and target them with therapy [18, 23, 24,
25]. Thus, we consider it necessary to not only create a user-
friendly open-source CNV interpretation software but also to
expand the existing algorithms and include pathway infor-
mation as their core part.
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LIST OF ABBREVIATIONS

CNVs = Copy Number Variations

Mbp = Million base pairs

SNP = Single Nucleotide Polymorphism

NGS = Next-Generation Sequencing

ACMG = American College of Medical Genetics
DGV = Database of Genomic Variants
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