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Abstract

The review highlights various methods for deciphering the nucleotide sequence
(sequencing) of nucleic acids and their importance for the implementation of
the three main principles of personalized medicine: prevention, predictability
and personalization. The review, along with its own practical examples, consid-
ers three generations of sequencing technologies: 1) sequencing of cloned or
amplified DNA fragments according to Sanger and its analogues; 2) massive
parallel sequencing of DNA libraries with short reads (NGS); and 3) sequencing
of single molecules of DNA and RNA with long reads. The methods of whole ge-
nome, whole exome, targeted, RNA sequencing and sequencing based on chro-
matin immunoprecipitation are also discussed. The advantages and limitations
of the above methods for diagnosing monogenic and oncological diseases, as
well as for identifying risk factors and predicting the course of socially signifi-
cant multifactorial diseases are discussed. Using examples from clinical prac-
tice, algorithms for the application and selection of sequencing technologies
are demonstrated. As a result of the use of sequencing technologies, it has now
become possible to determine the molecular mechanism of the development
of monogenic, orphan and multifactorial diseases, the knowledge of which
is necessary for personalized patient therapy. In science, these technologies
paved the way for international genome projects — the Human Genome Proj-
ect, the HapMap, 1000 Genomes Project, the Personalized Genome Project, etc.

Keywords: sequencing technologies, whole genome sequencing, whole exome
sequencing, advantages, limitations, personalized medicine, human genomic
projects, diagnostics, disease prediction, personalized therapy
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Introduction

Advances in biological and medical science and technol-
ogy in the late 20" and early 21* century ushered the
introduction of innovative technologies for early diag-
nostics and detection of numerous target protein and
gene-based markers, accelerating the implementation of
advanced screening strategies and target therapy proto-
cols. These developments improved our understanding
of disease mechanisms behind rare monogenic disor-
ders and allowed to enhance prevention and efficiency
of treatment of socially significant multifactorial dis-
eases, eventually resulting in improved health-related
quality of life and longer life expectancy in economically
developed countries. These successes helped transform
the entire healthcare paradigm from an impersonal ap-
proach towards predictive and preventive personalized
medicine (PM) and treatment, relying on individual
gene expression profiles and disease-specific molecular
markers. This allowed for risk assessment, disease pre-
diction, forecasting of individual health outcomes and
treatment responses, based on a patient’s age, gender,
disease type and stage. Rapid development of personal-
ized medicine is in line with the forecasted growth of
its market, reaching 87.7 bln. USD by 2023 (Newswire,
2016). This process was driven by the advances in genet-
ics and IT which have brought up new disciplines, like
genomics (proteomics, metabolomics, transcriptomics,
pharmacogenomics) and bioinformatics with its innova-
tive technologies, including new generation sequencing
(NGS) first and foremost.

The review, along with its own practical examples,
considers various sequencing technologies, their advan-
tages and disadvantages for the detection of diagnostic
molecular genetic markers of monogenic and socially
significant multifactorial human diseases. The methods
of sequencing are consecrated from the point of view of
their application in order to prevent the development of
diseases and their complications. Particular emphasis is
placed on the role of sequencing methods for the selec-
tion of effective personalized (targeted) therapy, taking
into account the molecular mechanism of the develop-
ment of the disease.

DNA sequencing technologies and
their principles

First generation methods: Sanger sequencing,
Maxam — Gilbert sequencing, pyrosequencing

The first method for direct enzymatic DNA sequencing
was the method proposed by E Sanger and D. Coulson
in 1975 (Sanger and Coulson, 1975). A single-stranded
DNA fragment was used as a template in the polymerase
copying reaction, and the Klenow fragment of DNA

polymerase I (Poll) from E. coli was used as an enzyme,
(Klenow fragment is a fragment of DNA polymerase I
and catalyzes DNA synthesis on a DNA template in 5 ->
3’ direction). Synthetic oligonucleotides or natural sub-
fragments obtained by hydrolysis with restriction endo-
nucleases were used as primers. This method was called
the “plus-minus” method, and phage X174 short DNA
sequencing, consisting of 5386 nucleotide pairs, was car-
ried out by this method.

In 1977, Frederick Sanger proposed another method
of enzymatic sequencing, which was called the method
of terminating triphosphate analogues (the “chain ter-
mination” method) (Sanger and Coulson, 1975; Sanger,
Nicklen and Coulson, 1977).

The manual method was based on enzymatic copy-
ing using the Klenow fragment of DNA polymerase I
from E.coli. Synthetic oligonucleotides were used as
primers. Specific termination of the synthesis was en-
sured by adding to the reaction mixture, in addition to
the four types of dNTPs (one of which was radioactively
labeled at the alpha position of the phosphate), also one
of the 2’3’-dideoxynucleoside triphosphates (ddATP,
ddTTP, ddCTP, or ddGTP), which can be included in
the growing DNA chain, but is not able to provide fur-
ther copying due to the lack of a 3’-OH group. Thus, to
determine the primary structure of the studied DNA
fragment, it was necessary to carry out four copying re-
actions: one type of terminator in each of the reactions.
After that, the separation of the sets of DNA fragments
which form the “sequencing ladder” was carried out by
electrophoresis in polyacrylamide gel under denaturing
conditions. Upon completion of electrophoresis, the gel
was exposed to X-ray film, and after some time (usu-
ally from one to two days) it was possible to “read” the
nucleotide sequence of the sequenced DNA region from
the developed film, starting from the bottom of the gel
and sequentially rising up along these four tracks, cor-
responding to one piece of DNA.

The method proposed in 1977 by Frederick Sanger
has been automated. The most successful sequencer of
the early 90s was ABI 373 (Applied Biosystems). Auto-
mation of the Sanger method and its combination with
the capillary electrophoresis format made it possible to
implement the international project “Human Genome”
in 1990-2003 and to determine the nucleotide sequence
of human DNA, that is, to sequence the genome. High
precision and optimal length of reads made these meth-
ods a gold standard for sequencing (Rabbani et al., 2012).

For many years, the Sanger method has served
as a method for sequencing individual sections of the
genome in order to analyze mutations and polymor-
phisms in various genes. The use of this method made
it possible to study the spectrum of mutational damage
in the studied genes and to establish the cause of many
hereditary diseases. Determining the molecular nature
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of a particular disease and the functional class of the
mutation(s) at the present stage allows to predict the
course of the disease and personalize therapy. Identifica-
tion of the carriage of mutations in various genes that
are the cause of the majority of hereditary diseases with
autosomal recessive inheritance in future parents makes
it possible to prevent the birth of a sick child through
the use of reproductive technologies. Thus, the Sanger
method contributes to the implementation of the three
main principles of personalized medicine: predictability,
prevention, personalization.

American geneticists Craig Venter and Francis Col-
lins were the first to implement human genome shotgun
sequencing. The method involves DNA amplification,
breaking its copies into overlapping fragments using non-
specific endonucleases, then ligating genomic DNA frag-
ments into a vector (e.g. bacterial chromosomes) to con-
struct a genome library, followed by Sanger sequencing,
obtaining nucleotide reads using software tools and recon-
struction of the original DNA sequence (Table 1) (Staden,
1979; Weber and Myers, 1997). The original DNA reas-
sembly is performed in steps beginning from the assem-
bly of the sequence reads into contigs, i.e. contiguous
fragments of the original DNA sequence assembled into
larger scaffolds and separated by gaps. Pairwise end se-
quencing, known as double-barrel shotgun sequencing,
is modified shotgun sequencing using double-stranded
template DNA. If in paired-end sequencing the size of the
gap ranges between 5-20,000 b.p., the insert DNA is am-
plified using PCR and then sequenced. If the gap between
contigs is over 20,000 b.p., the DNA fragment is cloned
in bacterial artificial chromosome, followed by genomic
DNA vector sequencing (Osoegawa et al., 2001). This
method allows to sequence longer DNA fragments. Sub-
sequently, this methodology became the basis for working
with the results of second-generation sequencing (Table
1) (Gonzalez-Garay, 2014).

Parallel to Sanger sequencing (developed in 1977),
Walter Gilber and Allan Maxam published a paper de-
scribing a different method for sequencing DNA us-
ing chemical degradation followed by base-specific
restriction (Maxam and Gilbert, 1977). This technique
is known as Maxam — Gilbert sequencing, or chemi-
cal cleavage method, and requires radioactive labeling
at one 5-end of the double-stranded DNA fragments,
DNA purification with subsequent chemical treatment
to break nucleotide bases and generate a set of radiola-
beled DNA fragments. The fragments are then electro-
phoresed in denaturing acrylamide gels for size separa-
tion and visualized using autoradiography. Due to its
technical complexity and the radioactive labelling re-
quirement, Maxam — Gilbert technique has fallen out
of favor.

Pyrosequencing technique was developed by Pél
Nyrén and Mostafa Ronaghi from the Royal Institute

of Technology in Stockholm in 1996 and later modi-
fied by Jonathan Mark Rothberg (Connecticut, USA).
The method employs a CCD camera for luminometric
quantification of the pyrophosphate that is released as a
result of the conversion of luciferin to its oxi-derivative
upon polymerase-catalyzed DNA chain elongation. The
ensuing light output is proportional to the number of
nucleotide bases incorporated into the sequence. The
pyrogram, reflecting the nucleotide sequence of a DNA
fragment, is then interpreted using dedicated software
(Ronaghi, Uhlen and Nyren, 1998; Margulies et al,
2005). A single pyrosequencing cycle is capable of gen-
erating hundreds of thousands DNA sequence reads at
a cost cheaper than Sanger sequencing. The main prob-
lems with pyrosequencing include inability to sequence
long nucleotide sequences and low accuracy in detect-
ing variants within long homopolymer stretches. In
addition, this technology does not allow unmistakable
sequencing of long sequences consisting of the same
nucleotide (the “homopolymer problem”).

Second generation methods:
high throughput sequencing with short reads

Massively parallel signature sequencing (MPSS) was in-
troduced in 1992 by Sydney Brenner and Sam Eletr at
Lynx Therapeutics, a biotech company where Sam Eletr
was CEO. MPSS is used to identify mRNA transcripts
and quantify gene expression in the individual cell by
capturing transcripts on individual microbeads through
a complementary DNA signature sequence; bases of the
mRNA are then read by hybridization to a fluorescently
labeled coder and then removed. The result is an array of
sequences, ranging from 17 to 20 bp. The count of mRNA
transcripts, indicating the expression level, is determined
by the number of transcripts present per million mol-
ecules. MPSS does not require that genes are identified
before beginning the analysis. The sensitivity of MPSS is
a few molecules of mRNA per cell. This method, howev-
er, is very complicated and was performed exclusively in
Lynx Therapeutics (Brenner et al., 2000).

The pioneering work by George Church and col-
leagues (Massachusetts, USA) led to the development of
a multiplex sequencing technique (polony sequencing),
which combines emulsion PCR, enzymatic ligation and
four-color imaging (Shendure et al., 2005). The plat-
form is known as the Polonator sequencer (The Polona-
tor G 007 (Open Source Next Generation Sequencing
Technology)). This device made it possible to carry out
a fairly accurate and high-performance reading of short
DNA fragments — about 30 nucleotides. The manu-
facturing technology for this instrument and reagents,
originally conceived in a fully open format (DIY — Do
It Yourself), was subsequently licensed to Danaher Mo-
tion. The device was not a commercial success — less
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than 10 copies of the sequencer were sold. The portfolio
of patents related to the Polonator technology was pur-
chased by Illumina, which decided not to develop this
direction in sequencing.

A new version of ligation-based sequencing was
proposed in 2009 by Life Technologies (USA) and was
called SOLIiD (sequencing by oligonucleotide ligation
and detection) sequencing technology based on solid-
phase ligation, and built the concept instrument called
SOLiD™ Instruments (Table 1) (Valouev et al., 2008).
The SOLiD technology is based on polony sequenc-
ing, accompanied by the library preparation for single-
stranded DNA fragments, ligated to Al and A2 adapt-
ers, followed by emulsion PCR; as a result, single micro-
beads, immobilized by single-stranded primers (either
P1 or P2), are encapsulated in individual droplets and
hybridize to the adapter sequence on the beads, with
subsequent PCR amplification of the DNA template and
a set of 5’-end fluorescently labelled probes composed
by eight bases, competing for ligation to the sequencing
primers. The sequencing procedure involved five rounds
of primer reset, each round including 6 to 7 cycles. Only
the first two nucleotides at the 3’-end of the probe match
the two nucleotide bases of the target DNA; once bases
6 to 8 are separated, the phosphorothiolate linkage is
broken, thus regenerating the 5’ phosphate group for
subsequent probe ligation. After each round the emit-
ted fluorescence of the ligated probe is evaluated. Un-
like other sequencing platforms, SOLiD System utilizes
two-base-encoding, which interrogates each nucleotide
base twice during sequencing, allowing for unmatched
accuracy. Capable of sequencing hundreds of millions
and billions of short-length sequences (of approximate-
ly 25 bp), SOLID system reduces the cost of the whole
genome sequencing to 100,000 USD (Gonzalez-Garay,
2014). As with the Polonator, this technology proved to
be overly complicated for routine use and was halted by
the manufacturer after several years of active but largely
unsuccessful publicity.

The third variant of high-throughput ligation se-
quencing was proposed almost simultaneously with
the SOLiD method. The pioneer of microchip technol-
ogy Radoje Drmanac, who founded Complete Genom-
ics Inc. (CGI; California, USA), became the author of
the new solution. Combinatorial Probe-Anchor Syn-
thesis (cPAS) developed by Complete Genomics com-
pany, is a combination of sequencing by hybridization
and sequencing by ligation methods. A DNA fragment
of 500 bp length is ligated to adapters complementary
to oligonucleotide anchor primers to form a single-
stranded DNA circle. Oligonucleotide primer extension
is used for DNA rolling circle amplification that gener-
ates approximately 300-500 copies of the original DNA.
The long strand of ssDNA folds upon itself to produce a
DNA nanoball structure (DNB) of 220 nm in diameter

which is attached to a flow cell with 1 to 4 electrostati-
cally charged lanes. Then the DNB adapter sequence is
ligated to the primer (anchor) and 4 fluorescently la-
belled sample types with a specific 5'-end nucleotide.
After hybridization and DNA ligation to the fluorescent
nucleotide, a laser beam is used to excite the fluoro-
phore, allowing for dye detection by a camera. The DNA
sequencing involves 50 to 150 repeated hybridization-
ligation cycles. Rolling circle amplification, where every
subsequent cycle uses the original DNA circle template,
leads to low error accumulation during PCR amplifi-
cation of DNA, higher accuracy of reads up to 99.9 %,
reduced costs per test, and faster sequencing procedure
(Huang et al., 2017). The throughput of Complete Ge-
nomics Inc. (CGI; California, USA) devices was claimed
to be from 3.2 to 4.5 mln sequence variants per genome.
The platform achieves astonishing sequence accuracy
(1 false variant per 100 kilobases), low reagent con-
sumption, affordable cost (4400 USD for whole genome
sequencing), and efficient imaging, offering a power-
ful tool to detect rare genetic variants (Drmanac et al.,
2010). Complete Genomics Inc has never sold its devic-
es, and has only commercialized high-precision genome
reading services (primarily for medical purposes). The
economic efficiency of this company turned out to be
rather limited, as a result of which the company closed,
and the technology was bought by the Beijing Genomic
Institute (BGI). Subsequently, the Chinese colleagues
proposed MGI technology, a turnkey solution for high-
throughput sequencing, which, according to them, in-
corporated all the best of Complete Genomics, but, ac-
cording to some experts, was more reminiscent of the
Solexa / Illumina method (see below).

In the early 2000s, Jonathan Mark Rothberg (Con-
necticut, USA) managed to create a high-performance
version of pyrosequencing and started its commercial-
ization on the basis of 454, later acquired by the Roche
corporation (Margulies et al., 2005). It was the first ex-
ample of a commercially successful second generation
sequencer. In one cycle of the updated pyrosequencing,
hundreds of thousands of reads can be obtained. Fourth
generation pyrosequencing-based GS FLX Titanium
technology was capable of generating reads of 400 bp
and longer (Siqueira, Fouad, and Rdgas, 2012). Using
the 454 technology, the genomes of many living organ-
isms, from humans to bacterial communities, have been
successfully sequenced (Gonzalez-Garay, 2014). Since
2016, the 454 technology has not been supported by the
manufacturer (it is impossible not only to upgrade or re-
pair the device, but also to purchase consumables and
reagents for it).

In 2010, the same author — J. M. Rothberg intro-
duced the technology of ion semiconductor sequenc-
ing technology and founded Ion Torrent Systems Inc.
(Gilford, USA) company. The technology utilized an
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innovative semiconductor-based imaging system for
the detection of hydrogen ions, which are released dur-
ing the DNA microwell polymerization. Homopolymer
nucleotide repeats in the template sequence cause the re-
lease of respective amount of hydrogen ion, which trig-
gers a proportionate of the electron signal indicated by
the ion sensor (Rothberg et al., 2011). In principle, the
technology had much in common with pyrosequencing,
but allowed for greater scaling. Ion Torrent was acquired
by Life Technologies Corporation (now Thermo Fisher
Scientific), and instruments based on this technology
remain commercially available and in limited demand
today.

A fundamentally different high-throughput se-
quencing technology was developed in the laboratory
of Shankar Balasubramanian at the Faculty of Chem-
istry of Cambridge University (United Kingdom). The
technology, based on parallel sequencing of short reads
(75 bp), uses solid phase bridge sequencing by revers-
ible terminators. A digital camera registers every incor-
porated nucleotide. In 2006 pioneer sequencer Genome
Analyzer utilizing Solexa/Illumina technology was com-
mercialized (Gonzalez-Garay, 2014). The Solexa next
generation sequencing technology was soon acquired
by the biotech giant Illumina. It is with Solexa/Illumina
technology and the developments of Illumina that the
methodological revolution is associated, which made
high-throughput sequencing affordable and allowed
it to be used to solve almost any molecular biological
and medical genetic problems. Solexa/Illumina technol-
ogy is represented by several variations (Hodkinson and
Grice, 2015):

1) single-read sequencing, allowing to sequence
8 samples per single cell with read length 75 bp and
sequencing depth of 100 mln reads/cell;

2) paired-end sequencing allows to sequence forward
and reverse DNA strands from both respective ends
of a long-length (200 to 500 bp) DNA fragment, li-
gated to two types of adapters at both ends. After
bridge DNA amplification, adapter sequences inter-
act consecutively with forward and reverse primers
to synthesize complementary DNA strands. The se-
quencing depth is 200 mln reads, assuming the read
length is 75 bp;

3) multiplex sequencing enables parallel sequencing
of 96 indexed and adapter-ligated DNA samples per
flow cell, pooling up to 12 samples per lane;

4) mate pair sequencing allows to sequence two dis-
tanced (5000 bp) DNA fragments as a pair of short
reads. This is a powerful technology to identify mu-
tations or perform de novo sequencing;

5) RNA sequencing.

According to Illumina forecasts, the cost of human
genome sequencing may drop down to 100 USD in the

next 3 to 10 years (Herper, 2017), with the whole process
completed within an hour’s time (Fikes, 2017; Lightbody
et al.,, 2019).

Third Generation Methods:
Real-time Sequencing of Single Molecules with
Long Reads

Helicos™ single molecule sequencing (SMS) was devel-
oped by Helicos Biosciences company. The method uti-
lizes DNA fragments tailed with poly(A) adapters and
hybridized to a flow cell surface. In each cycle one type
of fluorescently labelled nucleotides is supplied to the
flow cell and added to the DNA strand for the Heliscope
sequencer to measure the fluorescence. Helicos SMS
can generate short-length reads (35 bp) (Thompson and
Steinmann, 2010). Sample preparation does not require
PCR amplification, thus avoiding underlying biases in
sequencing (Heather and Chain, 2016).

Pacific Biosciences® (PacBio Sequel systems; Cali-
fornia, USA) company developed single-molecule real-
time (SMRT) sequencing, based on real-time DNA syn-
thesis and fluorescently labelled nucleotide detection,
which allows PacBio RSII sequencers to generate long
read lengths (5 kilobases) (Eid et al., 2009; PACBIO).
The method can also detect nucleotide modifications
(methylation) and is therefore utilized for gap-filling of
sequenced DNA samples (Table 1) (English et al., 2012).
PacBio sequencers are used for genome de novo assem-
bly or to capture isoforms (Goodwin, McPherson and
McCombie, 2016).

Nanopore sequencing was developed by Oxford
Nanopore technologies (GridION™ System) and works
by monitoring changes to an electrical current as nucle-
ic acids are passed through an 8 nm electrically charged
nanopore, embedded in an electro-resistant membrane.
The magnitude of the electric current density and time
differences depend on the composition of the nucleo-
tide passing through a nanopore. The resulting param-
eters of ionic currents are decoded to provide data on
the DNA length and composition. The technique does
not require nucleotide modification and is performed
in real time (Table 1) (Branton, Deamer and Marziali,
2008). Alongside with ion channels, other two nano-
pore sequencing technologies have been explored:
solid-state nanopore sequencing and protein-based
nanopore sequencing. Solid-state nanopore sequenc-
ing utilizes solid-state nanopores manufactured on sili-
con nitride or aluminum oxide that show high thermal
stability and excellent mechanical properties (Goto et
al., 2020). Protein-based nanopore sequencing utilizes
membrane proteins, such as Mycobacterium porin,
CssG, or protein a-hemolysin, capable to detect indi-
vidual nucleotides (Liu et al., 2012; Di Muccio et al.,
2019).
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Types of Targeted NGS

Depending on its application, high-throughput sequenc-
ing can be split into whole genome sequencing (WGS),
whole exome sequencing (WES), targeted sequencing
(TS), RNA sequencing (RNA-seq), or ChIP-sequencing
(ChIP-seq) (Table 2).

WGS allows to analyze the entire human genome,
including both structural and regulatory genes, as well
as roughly 3 bln bp of haploid cells.

The latest release GRCh38 human genome assem-
bly, however, shows that structural protein-coding genes
(the exome) encompass only approximately 3.09%
(90 mIn bp) of human genome, but harbor approximate-
ly 85% of all described disease-causing sequence vari-
ants (Majewski et al., 2011; Guo et al., 2017). In contrast
to WGS, WES is best suited for identification of variants
in protein-coding regions, since it provides enhanced
coverage depth (22,000 genes) at a reduced cost, which
makes WES a reliable tool to detect single nucleotide
polymorphism (SNP), insertion and deletion sites, po-
tentially causative of a disease (Table 2) (Gorski et al,,
2016; Suwinski et al., 2019).

WES has proved to be a valuable tool to identify
pathologic variants in disease genes, e.g. those reported
as the cause of Miller syndrome (Chong et al., 2015). For
its diagnostic value, since 2011 WES is often performed
in US clinical genetics labs (Pierson et al., 2011).

NGS platforms capable of WES are based on a
broad range of methods, e.g. sequencing by synthesis
(Ilumina/SOLEXA), sequencing by ligation (SOLiD),
pyrosequencing (454/Roche), or ion semiconductor se-
quencing (Ion Torrent) (Buermans and den Dunnen,
2014; Kchouk, Gibrat and Elloumi, 2017). When per-
forming WES, a key consideration factor is the selection
of primers for the targeted hybridization of gene-coding
proteins (i.e. the exome capture kit), not as much as the
choice of a platform. Various commercial kits are avail-
able, such as Agilent SureSelect XT, Agilent SureSelect
QXT, NimbleGen SeqCap EZ and Illumina Nextera
Rapid Capture Exome. They use biotinylated DNA baits,
which are hybridized to genomic fragment libraries. Yet
they differ in the genomic fragmentation method, bait
length, bait density, and target region selection (Suwin-
ski et al., 2019). In addition, WES generates ~5-6 GB of
data, which is substantially lesser than ~90 GB for WGS
for the same sample (AllSeq. WGS vs. WES).

At the same time, considering the significant size
of generated WGS or WES data, data processing and
analysis becomes a bottleneck, making it challenging to
differentiate small mutations from random errors gener-
ated during sequencing (Hofmann et al., 2017). In addi-
tion, a major limitation of WES is the uneven coverage
of sequence reads over the exome targets, contributing
to many low coverage regions, which affect the down-

stream analysis and hinder accurate variant annotation,
causing missed variant calls (Wang et al., 2017).

WES data can include inconsistencies, such as
anomalies and outliers, or inconsistent speed at which
data is loaded into the repository, alongside with inher-
ent limitations, such as the GC bias, difficulties in dis-
criminating paralogous sequences or in phasing alleles,
or linking sequence variants with biological data and
phenotype. Translation of sequencing findings into eas-
ily understood medical standards, similarly to clinical
diagnostic scoring, may present another potential limi-
tation (Suwinski et al., 2019).

Targeted sequencing (TS) allows to focus on spe-
cific regions or genes of interest within the genome and
better understand preliminary evidence of a pathogenic
process (Lionel et al., 2018). For example, short read
massive parallel sequencing has emerged as a standard
tool used in the US, European and Australian clinical ge-
netics labs (Ardui et al., 2018). Whole genome bisulphite
sequencing (WGBS) data allowed to reveal the role of
methylation at the interferon induced transmembrane
protein 3 (IFITM3) gene in the pathogenesis of kidney
diseases (Rackham et al., 2017). Compared to WGS and
WES, TS is unarguably more cost-efficient and reduces
sequencing and bioinformatic data processing time by
50-fold and over (Gonzalez-Garay, 2014).

RNA-seq is increasingly frequently used for quantita-
tive measurement of all expressed genes (transcriptome),
which includes identification of new SNV transcripts,
deletions, insertions, merging genes, small non-coding
RNAs (snRNAs) — transfer RNA (tRNA), ribosomal
RNA (rRNA), microRNA (miRNA), small interfering
RNA (siRNA), and Piwi-RNA (piRNA) in normal and
pathological tissues (Table 2) (O’Brien, Hayde, Zayed,
and Peng, 2018). In addition, RNA-seq does not require
transcript-specific probes (Ronaghi, Uhlen and Nyren,
1998). Due to its vital role in gene regulation, microRNA
has been proved to be associated with the development of
many diseases and morbidities (O’Brien, Hayde, Zayed,
and Peng, 2018). For example, microRNAs are implicated
in aging and longevity (Kinser and Pincus, 2020).

Chromatin  immunoprecipitation  sequencing
(ChIP-seq) is used to identify histone modifications and
transcription factor binding sites which help regulate
gene expression (Table 2) (Rabbani et al., 2016; Light-
body et al., 2019). The technique involves sequencing of
the genomic DNA fragments that co-precipitate with a
DNA-binding protein and are analyzed by single-end or
paired-end sequencing to generate short-length over-
lapping DNA fragments (150 to 500 bp) (Nakato and
Sakata, 2021). Numerous methods for ChIP-seq analy-
sis are available, tailored to specific study aims, such as
high resolution X-ChIP-Seq, ChIP-on-chip, DNA ad-
enine methyltransferase identification (DamID), prox-
imity ligation (ChIA-PET), proximity ligation-assisted
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Table 2. Targeted NGS technologies by study aims

NGS . . - Data
technologies Study aims Working principle size Reference
WGS Identification of genetic mutations DNA extraction, fragmentation, 90 GB Corbett et al., 2020;
and SNPs in coding and non-coding | sequencing, data analysis, Rabbani et al., 2016;
genome regions identification of relevant variants Suwinski et al., 2019
WES Identification of variants in protein- DNA extraction, fragmentation, target 5-6 GB Rabbani et al., 2016;
coding loci and genes (exome) gene capture, sequencinge, data Schwarze, Buchanan, Taylor,
analysis, variant annotation and Wordsworth, 2018;
Suwinski et al., 2019
TS Screening for DNA variants affecting | DNA extraction, fragmentation, target 1-3GB | Burgess, 2021;
numerous genes gene sequence capture, sequencing, Rabbani et al., 2016;
data analysis, variant annotation Suwinski et al., 2019
RNA-seq Identification of gene expression RNA and cDNA extraction, 3-4 GB Marco-Puche et al., 2019;
profiles, new protein isoforms, fragmentation, sequencing, data Rabbani et al., 2016;
detection of merging genes, SNPs, analysis, variant annotation Suwinski et al., 2019;
insertions, deletions, small non- Wang, Gerstein, and Snyder,
coding RNAs (transcriptomes) 2009
ChlP-seq Studying DNA-protein interactions, DNA fragmentation, binding beaded 1-2 GB | Nakato and Sakata, 2021;
identification of histones and antibodies to target proteins, DNA Rabbani et al., 2016;
transcription factor binding sites purification, sequencing, identification Suwinski et al., 2019
of gene variants
Bisulfite-seq Identification of DNA methylation DNA treatment with sodium bisulfiteto | 1-2 GB | Olova et al., 2018; Suwinski
sites determine methylation status at CpG etal.,, 2019
dinucleotides.

ChIP-seq (PLAC-seq), nano-ChIP-seq, ChIP-exo and
ChIP-nexus, competition-ChIP, DNA/RNA immuno-
precipitation sequencing (DRIP-seq), DRIVE-seq, high-
throughput sequencing of RNA isolated by crosslinking
immunoprecipitation (CLIP-seq or HITS-CLIP), co-
valent attachment of tags to capture histones (CETCh-
seq), cleavage under targets and release using nuclease
(CUT&RUN), cleavage under targets and tagmentation
(CUT&Tag) (Orian et al., 2009; Adli and Bernstein,
2011; Lickwar, Mueller and Lieb, 2013; Hartonen et al.,
2016; Juric et al., 2019; Sanz and Chédin, 2019; Capurso,
Tang, and Ruan, 2020; Nakato and Sakata, 2021). Today
ChIP-seq as such and ChIP-on-chip are the two most
widely used ChIP-seq approaches. The latter involves
chromatin immunoprecipitation and DNA hybridiza-
tion with microarray chips, using DNA-protein com-
plexes shearing by adding formaldehyde, DNA extrac-
tion, protein precipitation by antibodies, DNA-protein
cross-link removal, and finally purification of protein-
enriched DNA (Kaboord and Perr, 2008).

Bisulfite sequencing is used to detect DNA methyla-
tion sites and is based on sodium bisulfite reaction with
cytosine in single-stranded DNA, whereby unmethyl-
ated cytosines are converted into uracil (Hayatsu, Wa-
taya, Kai, and lida, 1970). In contrast, methylated DNA
cytosine within CpG dinucleotides remains unaffected
after treatment of DNA with bisulfite.

The use of targeted NGS technologies (WGS, WES,
RNA-seq, ChIP-seq) in clinical practice is hampered by
high costs which include the cost of genomic data stor-
age, transfer, processing, and bioanalytics, as well as the

cost of reagents, sequencing machines and instruments
(Schmidt and Hildebrandt, 2017). For instance, depend-
ing on the number of target genes, the cost of panel
sequencing in France ranges between 376 to 968 EUR
(Marino et al., 2018). By analyzing the cost of ten se-
quencing studies in the USA, Tan and colleagues calcu-
lated the average panel sequencing cost of 1,609 USD
per sample (488 to 3,443 USD) (Tan, Shrestha, Cunich,
and Schofield, 2018). Clinical interpretation of sequenc-
ing results is another limitation. Sequencing data fail to
comprehensively explain manifestations of multifacto-
rial diseases, their underlying etiology and pathogen-
esis, which are largely affected by environmental factors
and lifestyle, as well as genes (Said, Verweij, and Van
Der Harst, 2018; Suwinski et al., 2019). Fig. 1 outlines
the general practice in NGS data for annotating genetic
variants associated with human diseases.

Applications of NGS Technologies
Research applications: human genome projects

Introduction of sequencing technologies paved the way
towards human genome decoding. To achieve this goal,
in 1990 the US National Institutes of Health launched the
Human Genome Project (HGP), that brought together
scientists from across the UK, Japan, France, Germany,
Spain, China, as well as the USA. The project was final-
ized in 2003, when the US National Center for Biotech-
nology Information (NCBI) released the Build 35 (hg17)
of the finished human genome assembly (International
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Table 3. Human genome projects (Gonzalez-Garay, 2014)

Project name License

Description

Reference

HapMap Free access

5%

HapMap project focuses on SNPs with a minor allele frequency of

The International Hapmap
Consortium, 2007

1000 Genomes Free access

14 populations

1000 Genome project captured up to 98 % of the SNPs with
a minor allele frequency of 21 % in 1092 individuals from

Stankov, Benc, Draskovic,
2013.

The NHLBI (MD, USA)
Exome Sequencing

Free access

The project is directed to discover protein-coding genes
responsible for heart, lung and blood disorders. It analyses the
allele frequency of each SNP.

NHLBI. Exome Sequencing
Project...

The Personal Genome Free access

The Personal Genome Project has the genomes of 174 individuals
and the exomes of over 400 volunteers.

Personal Genome Project

NextCode Health Commercial

The project has 40 million validated variants collected from the
genotype of 140,000 volunteers from Iceland.

NextCode Health

CHARGE consortia Free access

the CHARGE consortium

1000 whole exome data sets of well-phenotyped individuals from

DNAnexus. CHARGE
project

Human Genome..., 2004). This release, however, con-
tained numerous genomic gaps that were addressed and
replaced later. On May 26, 2021 the Genome Reference
Consortium (GRC) released the latest build GRCh38.
p13 (Genome Reference Consortium).

Following the release of the human build, the next
step was to develop a map of human genetic variation or
a haplotype map (Haplotype Map or ‘HapMap’ project)
by genotyping 270 samples from four populations with
diverse geographic ancestry, see Table 3. In 2007 the
Phase II HapMap was released, which characterizes
3.1 million human SNPs (International HapMap Con-
sortium, 2007). A follow-up of the HapMap project was
the project to study sequencing data from 1000 human
genomes (1000 Genomes Project), see Table 3 (1000 Ge-
nomes Project Consortium, 2012). This project enabled
the identification of 38 million SNV/SNPs, 1.4 million
biallelic insertions or deletions (indels), and 14,000 large
genomic deletions in 1092 individuals from 14 ethnici-
ties. SNV detection provided a stepping stone for patho-
genic variant annotation and a study of SNV-disease
associations. HapMap and 1000 Genomes data was uti-
lized to develop the research technique of genome-wide
association studies (GWAS). GWAS allowed to study
population frequencies for numerous SNVs/SNPs, asso-
ciated with longevity (Deelen et al., 2019) or multifacto-
rial diseases, such as type 1 diabetes mellitus (T1DM)
(Stankov, Benc and Draskovic, 2013), type 2 diabetes
mellitus (T2DM) (Sladek et al., 2007) and breast cancer
(Fanale et al., 2012). The understanding of disease-spe-
cific inheritance patterns, implicated pathogenic mecha-
nisms and SNV/SNP population frequencies enables
pathogenic variant annotation (Rabbani et al., 2012).
Moreover, HapMap and 1000 Genomes projects acceler-
ated the detection of rare highly penetrant SNPs, which
are assumed to cause rare monogenic human diseases
(Freund et al., 2018).

In addition to the above-mentioned projects, anno-
tating causative variants for multifactorial and rare mono-
genic diseases is the main focus of projects on exome se-
quencing (The NHLBI (MD, USA) Exome Sequencing,
CHARGE consortia), personal genome sequencing (Per-
sonal Genome Project), or genotyping of variants from
Icelandic volunteers (NextCode Health), see Table 3.

Clinical applications: biomarkers in diagnostics,
prevention and treatment

BIOMARKERS

The identified SNVs, along with disease-associated
genes and coding proteins can be utilized as biomark-
ers for capturing pathogenic conditions. The National
Institutes of Health USA in 1998 proposed the follow-
ing definition of a biomarker as “a characteristic that is
objectively measured and evaluated as an indicator of
normal biological processes, pathogenic processes, or
pharmacologic responses to a therapeutic intervention”
(Atkinson, Colburn, and Degruttola, 2001). Advances
in omics technologies enables the use of biomarkers in
combination with HTS approaches to detect all health-
related variations at different levels of genetic data trans-
fer — genome, epigenome, transcriptome, proteome
and metabolome, see Fig. 2 (Zierer et al., 2015).

As already mentioned, SNPs, insertions, deletions,
duplications, copy number variations (CNV) and fu-
sion genes are the valuable biomarkers at the level of ge-
nome (Haraksingh and Snyder, 2013). Anywhere from
6 to 19% of each chromosome exhibit CNVs defined
as a different number of DNA fragments copies (one
kilobase or larger), compared to the reference genome
(Feuk, Carson, and Scherer, 2006; Zarrei, MacDonald,
Merico, and Scherer, 2015). By 2015 a total of 353,126 to
3,024,212 CNVs were validated (The Database of Ge-
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nomic Variants). CNVs are implicated in the develop-
ment of human diseases, their morbidity or drug treat-
ment efficacy (Rabbani et al., 2016).

Among the promising complex biomarkers which
are actively used primarily in oncology, we should men-
tion the mutational burden (tumor mutational burden,
TMB), as well as the genetic signatures of specific mu-
tational processes, in particular, microsatellite instabil-
ity (MSI) (Thibodeau, Bren, and Schaid, 1993; Morganti
et al,, 2020) — hypermutability of short tandem DNA
repeats due to biallelic inactivation of one of the DNA
mismatch repair genes (MMR — genes MLHI, MSH2,
MSH6 and PMS?2), and deficiency of homologous re-
combination (HRD) (Moynahan, Chiu, Koller, and Ja-
sin, 1999) — accumulation of specific long insertions
and deletions due to biallelic inactivation of one of the
genes for specific repair of DNA double-strand breaks
(HR — genes BRCAI and BRIPI, BRCA2 and PALB2,
RAD51C and RAD5ID, as well as genes of the FANC
family). For example, SNPs in the vascular adhesion
molecule (VCAM1) gene, ADP-ribosylation factor gene
and guanine nucleotide exchange factor 2 (ARFGEF?2),
or a deletion in the cystic fibrosis (CTFR) gene, or CNV

in the human leukocyte antigen (HLA) locus are associ-
ated with sickle cell anemia (Dworkis et al., 2011), cys-
tic fibrosis (White et al., 1990) and rheumatoid arthritis
(Wellcome Trust Case Control Consortium, 2010).
Epigenetic biomarkers include DNA methylation sta-
tus, histone modification, changes in DNA-protein interac-
tions (Margulies et al., 2005; Lightbody et al., 2019). Such
modifications alter (i.e. promote or inhibit) gene expres-
sion and are associated with predisposition or resistance to
diseases and treatment (Bohacek and Mansuy, 2013).
Transcriptomic biomarkers include different RNA
types — mRNA, tRNA, microRNA, piwi-RNA, siRNA,
rRNA; proteomic biomarkers are referred to disease-as-
sociated proteins and peptides; metabolomic biomark-
ers imply amino-, keto, fatty and gallic acids, as well as
amines, lipids, vitamins, anions, cations, microelements
and blood soluble gases (carbon dioxide, nitrogen ox-
ide), macroergic compounds (ATP, creatine phosphate),
organic alcohols, etc. For example, long non-coding
RNAs can be referred to aging-associated markers (Jin
et al, 2019). Other potential biomarkers, speculated
to present an aging-like phenotype, include nicotin-
amide adenine dinucleotide (NAD), a-ketoglutarate,

MEDICAL
GENETICS
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B-hydroxybutyrate, reduced nicotinamide adenine di-
nucleotide phosphate (NADP+), as well as mammalian
target of rapamycin (mTOR) and AMP-activated protein
kinase (AMPK) signaling pathways (Sharma and Ram-
anathan, 2020). Gene panels to predict preeclampsia in
the third trimester pregnancy include fatty acid esters
of hydroxy fatty acids (C18:0), lysophosphatidylethanol-
amine (C20:0), phosphatidylcholine (C19:0), sphingo-
myelins (SM C28:1, SM C30: 1) (Lee et al., 2020).

In addition, depending on their clinical application,
all biomarkers break down into the following groups: di-
agnostic markers utilized to detect diseases; prognostic
markers, providing data on disease outcomes, morbid-
ity, treatment response or allowing to evaluate screen-
ing test data (Ronaghi, Uhlen and Nyren, 1998; Rabbani,
Tekin, and Mahdieh, 2014).

DISEASE DIAGNOSTICS

Among other tasks, genetics aims to detect human genes
and gene variants, associated with the disease or physi-
ological conditions of interest (i.e. pregnancy or aging).
As a powerful tool to detect genes and SNVs at early
disease stages and thus contribute to healthcare costs
reduction, WES and WGS guarantee early diagnostics,
prevention, identification of mutation carrier state (ge-
netic predisposition), associated with cardio-vascular,
neurologic, metabolic (diabetes mellitus), or mono-
genic disorders, caused by low-frequency (1-5%) and
rare (<1 %) variants, alongside with cancer and physi-
ological conditions (i.e. growth, aging) and parameters
(i.e. BP, BMI) (Gonzalez-Garay, 2014; Rabbani et al,
2016). In addition, identification of disease-associated
(condition-associated) genes and genetic variants, im-
plicates a disease-specific pathogenic mechanism. In
2009 the team led by Jay Shendure produced the pioneer
evidence of NGS capability to detect genetic aberrations.
The researchers utilized WES approach to discover Mill-
er Fischer syndrome, which is a rare recessive disorder
within the spectrum of acute (immune-mediated) de-
myelinating polyneuropathies (AIDP) (Ng et al., 2009;
Ng et al., 2010). Reproductive health represents another
area for WGS and WES diagnostic application, offering
preimplantation testing, prenatal testing for Down, Ed-
wards, Patau, Turner and other aneuploidy syndromes,
presymptomatic testing, fetal gender detection and Rhe-
sus genotyping (Guy et al., 2019).

SEQUENCING-BASED DIAGNOSTIC AND
SCREENING TESTS

The combination of NGS technologies and cell-free fe-
tal DNA detection in maternal blood (Lo et al., 1997)
enabled newly designed non-invasive prenatal testing
(NIPT) for trisomy and other chromosomal abnormali-

ties in fetal tissue. For example, Tatyana Ivashchenko
and colleagues (2019) from Ott Research Institute of
Obstetrics, Gynecology and Reproductology (St. Peters-
burg, Russia) utilized mass parallel sequencing (MPS)
and cell-free fetal DNA detection to detect aneuploidy
in 21 fetal samples per total 149 screened pregnancies
with 100 % sensitivity and 99.9 % specificity. The study
identified Down syndrome in 12 samples, Edwards syn-
drome in 5 samples and Patau syndrome in two samples;
in addition, a combination of trisomies of chromosomes
13 and 21 and trisomy X were detected in one sample
each (Ivashchenko et al., 2019).

In 2016 the FDA published the guidelines on ‘Use
of standards in FDA regulatory oversight of Next Gen-
eration Sequencing (NGS) used for diagnosing germline
diseases’ (US Food and Drug Administration).

Diagnostic NGS-based testing is also used for other
multifactorial diseases. Oleg Glotov and colleagues from
Ott Research Institute of Obstetrics, Gynecology and Re-
productology screened genetic variants using WES in a
panel of 35 genes causative of maturity onset diabetes of
the young (MODY) and permanent neonatal diabetes.
A total of 38 genetic variants were identified in 33 out
of 60 unrelated Russian children who developed diabe-
tes before the age of 18 years. Of 33 patients, 81.8 % had
variants in MODY-related genes: glucokinase (GCK),
transcription factor HNFIA, paired box protein PAX4,
ATP binding cassette subfamily C member 8 (ABCCS),
potassium channel subfamily ] member 11 (KCNJ11),
GCK + HNFIA, GCK + proto-oncogene BLK and GCK
+ BLK + WFSI. In other patients genetic variants caus-
ative of non-MODY monogenic diabetes were found.
Those included GATA-binding protein 6 (GATAS6), wol-
framin transmembrane glycoprotein of the endoplasmic
reticulum (WFSI), eukaryotic translation initiation fac-
tor 2 alpha kinase 3 (EIF2AK3) and solute carrier family
19 member 2 protein (SLC19A2). Overall, the researchers
detected 15 novel genetic variants in GCK, HNFIA, BLK,
WESI, EIF2AK3 and SLC19A2 to demonstrate a wide
spectrum of genetic variants, causative of the non-T1DM
in the studied patients (Glotov et al., 2019). Based on the
NGS detection of CCTG and TG repeats in the cellular
nucleic acid-binding protein (CNBP) gene, Variantyx Inc.
(Massachusetts, USA) company developed a genetic test,
performed using Illumina TruSeq Genomic Unity™ plat-
form to identify diabetes-associated variants (Variantyx
Inc. Genomic Unity Genetic Test). The Genetic Testing
Registry (GTR®) web-site shows an NGS panel of 56 gene
variants of diabetes and obesity to foster more powerful
diagnostic modalities (The Genetic Testing Registry).

As vivid examples of the use of several methods to
confirm the diagnosis, we present the following cases
from our clinical practice.

To confirm the clinical diagnosis of anauketic dys-
plasia, an extremely rare form of autosomal recessive



BIOLOGICAL COMMUNICATIONS, vol. 67, issue 4, October-December, 2022 | https://doi.org/10.21638/spbu03.2022.403 279

skeletal chondrodysplasia, in a 6-year-old girl, we per-
formed molecular genetic testing using NGS. A 6-year-
old girl with severe short stature was admitted to the
department of the Turner Institute for examination
and treatment. During the dynamic examination (radi-
ography of the hip joint at 6 months, 2 years, 4 years,
4.5 years, 6 years), a progressive deformity of the femur
was revealed, which consists in a formed bend of the
proximal part with a secondary inclination in the region
of the main trochanter over the dysplastic epiphysis of
the femur (MRI data). Data on biochemical blood pa-
rameters: serum and urinary oligosaccharides, muco-
polysaccharides, serum lactate, pyruvate, creatine phos-
phokinase, alkaline phosphatase, calcium, phosphorus
and vitamin D metabolism are normal. Karyotype 46,
XX. The level of ACTH and STH is normal. Based on
the data obtained, a diagnosis of anauketic dysplasia
was suggested. To confirm the clinical diagnosis, as well
as the prognosis of health and offspring, molecular ge-
netic testing was carried out using high-throughput
sequencing. During the analysis of sequencing data,
we identified a variant of the nucleotide sequence
(chr9:35657924-35657925delCTinsGC;  rs387906533)
in the first exon of the endoribonuclease mitochondrial
RNase (RMRP) gene in the heterozygous state, leading
to the replacement of two nucleotides n.91_92delinsGC.
Due to the absence of the second mutation according
to the new generation sequencing data, it was decided
to perform direct automatic sequencing of the RMRP
gene in the proband. The study confirmed the presence
of the n.91_92delinsGC mutation in the heterozygous
state. In addition, the n.-6_-5insTCTCAGCTTCAC
(chr9:g.35658020-35658021insTCTCAGCTTCAC)
substitution, previously not described in the literature,
was identified in the promoter region of the gene. This
substitution is an insertion of 12 nucleotides into the re-
gion between the TATA box and the start of transcrip-
tion. The analysis of the RMRP gene in the parents of the
proband was carried out by direct automatic sequencing.
It was found that the n.-6_-5insTCTCAGCTTCAC mu-
tation is of paternal origin, while the n.91_92delinsGC
mutation is of maternal origin. As a result of the study, a
new feature of the pathogenesis and course of the disease
was revealed. It is important to note that MCMC-AD
spectrum patients in the Russian population may differ
from those abroad, which necessitates further studies of
this pathology, including the use of the entire arsenal of
molecular genetic methods, including NGS.

Another example demonstrates direct clinical util-
ity of NGS-based approach in timely diagnostics of glu-
taric aciduria, type I (GA1, OMIM # 231670). The case
involved a 1-year old child with retardation of motor
development exacerbated by mental slowdown. At the
first geneticist appointment both tandem mass spec-
trometry (TMS) and NGS examination were prescribed.

TMS had fast turnaround times, but its result was only
suspecting GA1 with lowered free carnitine and in-
creased glutarylcarnitine. Recommended neuroradio-
logic methods (CT, NMR) had blurred findings. And
only after performing NGS the diagnosis became clear.
The child was found having two rare pathogenic vari-
ants in gene GCDH (chr19: g.13002734AC>A (c.219del;
p.Tyr74fs); rs1057516521) and chr19: g.13006883G>A
(c.583G>A; p.Alal95Thr). The first variant (c.219del)
encodes truncated version of the protein glutaryl-CoA
dehydrogenase and was previously described in a pa-
tient with glutaric aciduria, control set frequency is
quite low (0.0003978 %), no homozygous cases detected.
The second revealed variant (c.583G>A) in compound
heterozygous state was previously found and described
elsewhere as a pathogenic one in patients with glutaric
aciduria and was absent in control sets of 1000Genomes,
ESP6500, ExAC, gnomAD. Alanine substitution with
threonine occurred in conservative position thus pre-
dicting to impair GCDH protein normal function. Both
parents were carriers of each variant. The final result of
this conundrum case was instant initiation of a special-
ized nutrition therapy with “Nutrigen 40 —trp, -lys” (In-
faprim Ltd, Russia) which led to gradual improvement
in both physical and mental development of the child
observed by a geneticist and a pediatrician in charge.

To summarize, effective detection of causative gene
variants is bound to promote novel treatment strategies
for these pathogenic conditions.

DISEASE PREDICTION

Identification of genetic variants allows to predict the
risk of developing a disease in asymptomatic individu-
als and ensure early treatment initiation in order to
postpone the disease progression (Rabbani, Tekin, and
Mahdieh, 2014). A most common example refers to
NGS-based tests, recognized in the neonatal period in
the USA and used for genetic diagnostics and prediction
of Cornelia de Lange syndrome, Rubinstein-Taybi syn-
drome, CHARGE, Holt-Oram syndrome, Kabuki syn-
drome, Stickler syndrome, Zellweger syndrome, Alagille
syndrome, Noonan syndrome (RASopathies), tuberous
sclerosis, osteogenesis imperfecta, congenital adrenal
hyperplasia due to 21-hydroxylase deficiency, phenyl-
ketonuria, galactosemia, cystic fibrosis, PURA-related
disorder, neonatal diabetes mellitus, familial hyperin-
sulinism, epileptic encephalopathy, congenital central
hypoventilation syndrome (Lalani, 2017). Recently, an
international team used a genetic artificial intelligence
model based on the evaluation of 5050 microscopic im-
ages of blastocysts on the 5th day after in vitro fertiliza-
tion to predict the ploidy status (euploidy/aneuploidy)
of human embryos. The endpoint was ploidy status (eu-
ploid or aneuploid) based on the results of preimplanta-
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tion genetic testing for aneuploidy. Predictive accuracy
was determined by calculating sensitivity (correct eu-
ploid prediction), specificity (correct aneuploid predic-
tion), and overall accuracy. The sensitivity of euploidy
prediction was 74.6 %. The researchers observed a posi-
tive correlation between artificial intelligence scoring
and the percentage of euploid embryos, with high scor-
ing embryos (9.0-10.0) being 2 times more likely to be
euploid than low scoring embryos (0.0-2.4). When us-
ing the genetic artificial intelligence model to distribute
embryos in a group, the probability that the highest rated
embryo will be euploid or one of the two best rated em-
bryos will be euploid was 82.4 and 97.0 %, respectively.
The demographic data of patients, images of embryos on
the 6th day of cultivation also fit well into the artificial
intelligence model (Diakiw et al., 2022).

PERSONALIZED TREATMENT

Genetic alterations are among the most critical deter-
minants of individual drug responses. Sequencing tech-
nologies provide a powerful tool to identify novel candi-
date genes and relevant SNPs affecting drug metabolism
(pharmacokinetics) and mechanism of action (pharma-
codynamics), which allows to evaluate drug doses, drug
resistance, treatment responses and toxic effects (Rabba-
ni, Tekin, and Mahdieh, 2014). Conversely, drugs also af-
fect numerous aspects of enzymatic activities (proteome),
metabolic pathways (metabolome) and gene expression
(transcriptome), leading to multiple protein isoforms
transcription (ion channels, enzymes, receptors, cyto-
kines, growth factors, hormones), each of them demon-
strating isoform-specific cellular activity (Bick and Dim-
mock, 2011). Therefore, gene expression profiling should
be included in drug design to evaluate the combined ef-
fect from multiple genes and their variants (pharmacoge-
nomics), specific for every single drug, disease and indi-
vidual, representing a particular population or ethnicity.
This potentiality is allowed by disease-specific personal-
ized treatment protocols aiming to identify multi-gene
biomarker and SNP panels by using WGS, WES, or RNA-
seq techniques in whole-genome (exome, transcriptome,
proteome) studies (Rabbani et al., 2016).

For example, the review by Mannino and colleagues
(2019) evaluates the currently available pharmacogenet-
ic evidences to identify 64 genes and 200 genetic vari-
ants, associated with response to the most common anti-
diabetic drugs in T2DM patients: metformin, dipeptidyl
peptidase 4 (DPP-4) inhibitor, glucagon like peptide
1 receptor (GLP-1R) agonists, thiazolidinediones and
sulfonylureas/meglitinides. Metformin response is asso-
ciated with the members of the organic cation transport-
er family ATM and SLC2A2 loci; sulfonylurea response is
determined by CYP2C9, TCF7L2, ABCCS8, KCNJ11 and
IRS1 genes; thiazolidinediones interact with PPARG lo-

Fig. 3. The scheme shows how NGS leads to new advances in person-
alized medicine. Half apple symbolizes health management, includ-
ing prevention and prediction. Totally, application of NGS approaches
aims at better therapy, which is the goal of personalized medicine
(consider the circles turning around) (Rabbani et al., 2016). Postnatal
D — Postnatal Diagnosis, PND — Prenatal Diagnosis, PGD — Preim-
plantation Genetic Diagnosis.

cus; while DPP-4 inhibitors / GLP-1R agonists response
affects GLPIR gene (Mannino, Andreozzi and Sesti,
2019).

Drug therapy selection based on patient-specific
genetic variations becomes a great opportunity for phy-
sicians to multiply drug efficacy and safety (minimizing
adverse drug reactions and toxic effects) in particular
individuals (Malsagova et al., 2020). Fig. 3 shows how
NGS technologies lead to new advances in personalized
medicine.

Conclusion

Advances in sequencing technologies are driven by rap-
id technological progress, associated with accelerated
throughput, whole-genome (exome) coverage of genes
and gene variations, increased data size, improved ac-
cessibility and decreased real cost of sequencing. All of
these were enabled by second, third and fourth genera-
tion sequencing technologies. These developments ac-
celerated the discovery of new genes and gene variations,
as well as the arrival of GWAS studies, large-scale global
genetic projects, DNA banking and databases, leading to
the identification of pathogenic and disease-associated
gene variants, as well as new insights into the causes and
mechanisms implicated in numerous congenital disor-
ders, including monogenic and rare diseases. Sequenc-
ing technologies facilitated gene panel and screening test
design, providing a powerful tool for early diagnostics,
disease prevention, prediction and personalized treat-
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ment. Such a huge leap forward translated into a com-
plete rethinking of healthcare towards personalized
medicine. These transformations are to improve health
outcomes, sustain better health and increase life expec-
tancy in a population through early prevention of severe
socially significant diseases, early treatment initiation
and the development of more effective target drugs.
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