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Abstract

Cancer is one of the leading causes
of death worldwide and one of the
greatest challenges in extending life
expectancy. The paradigm of one-
size-fits-all medicine has already given
way to the stratification of patients by
disease subtypes, clinical characteristics,
and biomarkers (stratified medicine).
The introduction of next-generation
sequencing (NGS) in clinical oncology
has made it possible to tailor cancer
patient therapy to their molecular
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Introduction

Globally, cancer continues to threaten human lives and is
still a major cause of death for millions of people despite
continuous advances in its diagnosis and treatment.'*
According to statistics, the number of cancer cases will
increase by 47% from 19.3 million to 28.4 million by
2040.° Several factors, including economic growth and
lifestyle changes, may contribute to this increasing rate.
The disease is heterogeneous, affecting different organs
of the human body and characterized by several subtypes.
The development of cancer is the result of uncontrolled
cell division caused by mutations in specific genes,
including proto-oncogenes, cell cycle regulators, and
tumor suppressor genes.

profiles. NGS is expected to lead the transition to precision medicine (PM), where the right
therapeutic approach is chosen for each patient based on their characteristics and mutations. Here,
we highlight how the NGS technology facilitates cancer treatment. In this regard, first, precision
medicine and NGS technology are reviewed, and then, the NGS revolution in precision medicine
is described. In the sequel, the role of NGS in oncology and the existing limitations are discussed.
The available databases and bioinformatics tools and online servers used in NGS data analysis are
also reviewed. The review ends with concluding remarks.

One-size-fits-all medicine pertains to a treatment
strategy that is standardized and uniformly implemented
among all patients, disregarding individual variations in
genetic composition, disease attributes, or response to
treatment. Historically, this has been the conventional
approach in medicine, entailing the development of a
single treatment protocol based on the average reaction
observed within a population. Nonetheless, this approach
presents certain limitations, especially in the field of
oncology, given the highly diverse nature of cancer as a
disease with varied molecular profiles and treatment
outcomes.”

The variation in therapeutic platforms among patients
is influenced by genetic variations, tumor heterogeneity,
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and individual patient characteristics. This heterogeneity
creates difficulties in achieving optimal treatment
outcomes for all patients using a standardized approach.
Conversely, individualized or precision medicine seeks
to customize treatment strategies based on the distinct
characteristics of each patient, such as their genetic profile,
tumor molecular features, and other relevant factors. This
personalized approach enables targeted therapies that
are more likely to be effective and reduce unnecessary
treatments or adverse effects.®

In the context of cancer, the significance of universal
medicine in therapeutic applications is its potential to
enhance treatment outcomes and patient survival rates.
Healthcare providers can improve treatment effectiveness
by considering individual patient characteristics, such as
unique genetic mutations or biomarkers, and selecting
appropriate treatments while avoiding ineffective ones.
This approach can result in more accurate and focused
therapies, potentially increasing treatment response
rates and decreasing the likelihood of treatment-related
toxicities.’

Thanks to recent advances in high-throughput genomics
and proteomics, scientists can now gain insight into the
role of these genetic mutations and the signaling pathways
involved in cancer cells.”® However, most cancers are
genetically complex and are best described by pathway
activation rather than specific mutations. Following the
success of the Human Genome Project, similar projects
were launched to understand how the genome contributes
to different types of cancer. As a result of this success and
the increased accessibility and reliability of sequencing,
genomic research has now entered clinical practice. NGS
has introduced a new approach to cancer treatment called
precision medicine (PM)."

Before the advent of NGS, Sanger sequencing and PCR-
based techniques were used to determine the mutational
status of cancer; NGS panels, on the other hand, allow the
identification of alterations even in sparse biopsy tissue
and allow a comprehensive test to examine several genes
at once. NGS can be used to obtain genetic information
with a simple blood sample, especially when it is unsafe to
collect tissue for molecular testing, such as in brain, lung,
and peritoneal lesions."> According to this concept, medical
therapies are tailored to the individual characteristics and
conditions of each patient.”* Despite widespread use in a
variety of healthcare settings, NGS is most advanced in
oncology, where physicians use NGS to analyze tumors
and match them to therapy that targets the genetic
alterations that drive tumor growth." Roy Chowdhury's
study was the first to use NGS in personalized oncology.”
By using these techniques, he was able to demonstrate
that patient health care could be improved and genetic
information could be used most effectively.

NGS can predict risk factors, diagnose disease through
sequencing and medical imaging, identify biomarkers,
identify therapeutic targets for new drugs, and accurately

predict prognosis.'*” Cancer has numerous genomic
aberrations that make it a multifaceted disease. However,
by using NGS, it is possible to detect these mutations
and aberrations in cancer-causing genes. Through
NGS, genomic sequencing is becoming more accessible
for clinical use, and genomic profiling is a promising
approach for precision oncology in the future. Cancer
genomics has benefited the most from NGS, as it allows
for the reanalysis, comparison, and sequencing of normal
and tumor genomes from the same patient. Because
of its ability to detect a large number of variants related
to complicated mechanisms of oncogenesis and tumor
heterogeneity, this technology has been used in many
cancer studies.'®

This review provides an overview of the role of NGS
technology in cancer treatment based on the precision
medicine strategy. The original research and review papers
with the keywords of Next-Generation sequencing (NGS),
precision medicine (PM), one-size-fits-all medicine,
personalized medicine, and bioinformatics algorithms
and databases in NGS were reviewed and described in this
paper. In the sequel, the existing limitations and challenges
of the technology and experts’ opinion are discussed. We
also describe the available databases and bioinformatics
tools and online servers used in NGS for analyzing variants
from NGS data generated for the analysis of cancer data.

Precision medicine

The development of prevention and treatment methods
does not take into account individual differences between
people. Over the past 30 years, medicine has shown that
effective treatments can also be ineffective and have side
effects.!” Precision medicine promises to deliver the right
treatment to the right patient at the right time. Several
terms associated with personalized medicine are often
used interchangeably, including stratified medicine,
individualized medicine, and precision medicine.

In precision medicine, genetic, environmental, and
lifestyle variables are considered in the treatment and
prevention of disease (Fig. 1). Using laboratory and
genetic tests, individuals can predict when a disease will
begin, whether it will progress or worsen, the likelihood
of a particular outcome, and which treatment will be most
effective. From disease prevention to health promotion
to population-level and public health interventions,
precision medicine approaches can be used in all areas
of health. Outside of cancer pharmacotherapy, there have
been few successful applications of personalized drug
therapy. For example, 53 medicines were considered
personalized medicine in Germany in 2017, of which 41
(77%) were for cancer treatment and 12 (23%) were for
other purposes.” The purpose of PM in oncology is to
identify mutations associated with cancer progression or
resistance to treatment. Since NGS has been used and large
genetic databases are available, this approach has evolved
considerably. Taking into account cancer mutations and
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Fig. 1. Personalized medicine considering genetic, environmental, and lifestyle variables in the treatment and prevention of disease

a variety of patient characteristics, NGS can initiate the
transition to PM and enable physicians to choose the best
therapeutic approach for cancer patients."

NGS technology

With the completion ofthe Human Genome Projectin2004,
researchers were able to identify cancer genes in silico and
define their sequences using computational tools. Cancer
gene exons are amplified by PCR, and their sequences are
determined by fluorescent Sanger sequencing. Because
only a limited amount of DNA was available in a given
cancer sample and this approach was not scalable, the first
efforts of this type were limited to the analysis of a small
number of genes.”” After Sanger sequencing, NGS was the
first sequencing technology to sequence the human cancer
genome. This project contributed to the identification
of new subtypes, the development of biomarkers, and
the identification of new therapeutic targets for cancer,
culminating in the development of the Cancer Genome
Atlas (TCGA; http://cancergenome.nih.gov).** (Fig. 2).
Other NGS efforts include the Therapeutically Applicable
Research to Generate Effective Treatments (TARGET) for
pediatric cancers and the International Cancer Genomics
Consortium for adult cancers (ICGC; https://dcc.icge.
org). There are ~25000 tumors analyzed by TCGA and
ICGC for whole-genome sequencing (WGS). It is possible
to retrieve curated information on somatic mutations in
more than one million tumor samples through a variety of
databases, including the Catalog of Somatic Mutations in
Cancer (COSMIC) (Table 1).

Numerous recurrent genomic aberrations were
discovered by the major research consortia. In addition,
these studies found a 'long tail' of rare mutations that were
often actionable. Molecular subtyping of breast cancer and
the discovery of novel genetic alterations in lung cancer
have both been aided by genome and transcriptome
sequencing in clinical practice. Our understanding of
other cancers is also influenced by these findings.

Several NGS platforms are available for high-throughput
sequencing. The quality, quantity, and application of

sequencing are influenced by different sequencing
approaches. NGS technology is broadly divided into
short-read and long-read sequencing. The difference
between the two is based on the length of the reads,
which ranges from 100 to 600 bp in the first technique,
while it can reach up to 900 kb in the second. Short-read
sequencing is widely used because of its cost and accuracy;
however, short-read sequencing has difficulty resolving
heterozygous or repetitive sequences, whereas long-read
sequencing is most effective. The major platforms using
short-read technology are Illumina, Ion Torrent, 454
Life Science, and SOLID. The first three are based on "by
synthesis" sequencing, while the SOLiD platform is based
on "by ligation" sequencing. A nanopore-based system,
the MinION system, and the PacBio system, which uses
a Single Molecule, Real-Time (SMRT) approach, are the
main long-read technologies available on the market
today.? A typical NGS run involves genomic DNA
extraction from samples, library preparation, adaptor
ligation, adaptor sequencing, sample enrichment, and
finally sequencing.” Illumina,* Ion Torrent,” and
Complete Genomics Technology® are three of the most
popular NGS platforms currently available.”

Regardless of platform, all NGS processes go through
the same three phases: library preparation, sequencing,
and data analysis.®® Among NGS platforms, Illumina is
perhaps the most popular because it offers a wide range
of scalable options to meet the needs of different study
designs, sequencing costs, and intended uses. An Illumina
sequencing platform comparison tool helps researchers
select the best sequencing platform for their needs.* The
Ion Torrent sequencing platform offers similar sequencing
efficiency to Illumina in terms of volume and speed.
Unlike Illumina, which uses fluorescent labels to detect
synthesized nucleotides, Ion Torrent uses semiconductors.
During DNA polymerization, hydrogen ions are released
and measured using solid-state pH meters to detect newly
synthesized nucleotides.

Despite shorter sequencing run times than Illumina
for similar sequence data, sequencing error rates are a
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Fig. 2. Next-generation sequencing (NGS) compared to Sanger sequencing. NGS platforms are able to concurrently extract the sequence of millions of DNA
fragments producing vast volumes of data, while Sanger sequencing can identify the DNA fragment in a reaction, up to a maximum of *700 bases.

problem, especially for long sequence homopolymers.
The Ion Torrent platform supports WGS, whole-exome
sequencing (WES), and panel gene sequencing (PGS), as
well as molecular clinical applications.”® The Complete
Genomics technology was developed by MGI Tech Co. Ltd
(MGI), a subsidiary of Beijing Genomics Institute (BGI).
The NGS platforms developed by BGI/MGI support a
range of sequencing applications, including WGS, PGS,
WES, epigenetics, microbial, and clinical trials. Compared
with other NGS sequencers, including Illumina, BGI/
MGI sequencers offer comparable performance in terms
of sequencing time, sequencing quality, and throughput.?

NGS revolution in precision medicine

The advent of NGS technology in the last decade has
revolutionized our understanding of cancer biology. After
genome sequencing of thousands of tumors from all major

cancer types, many genetic and epigenetic alterations
were identified and found to potentially contribute
to tumorigenesis. Sanger sequencing was the basis of
traditional molecular testing methods, now referred to as
first-generation sequencing'.® In 1977, Frederick Sanger
and colleagues developed the first widely used sequencing
method. Applied Biosystems first commercialized the
Sanger method in 1986. It provides high-quality sequences
for relatively long DNA fragments (up to 900 base pairs).
Despite the efficiency of the Sanger method in
sequencing a few short DNA segments, it is cumbersome
and ineffective in sequencing long sequences. In contrast,
NGS is much faster, cheaper, uses less DNA, and is
more accurate than Sanger sequencing.”® For each base
sequenced in Sanger, a large number of DNA templates
are required (e.g., 100 bp sequences require hundreds of
copies, and 1000 bp sequences require thousands) because
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Table 1. A brief overview of databases used for genetic variant characterization

Application Database

URL

cBioPorta

http://www.cbioportal.org/

Cancer genomics

Somatic mutations in cancer

Short genetic variations dbSNP
Genomic variations in human health Clinvar
Genome aggregation database

Exome Sequencing Project ESP
Leiden Open Variation Database LOVD

Genetic mutations in inherited diseases

My Cancer Genome
COosSmIC

gnomAD

HGMD Professional

http://www.mycancergenome.org/

http://www.cancer.sanger.ac.uk/cosmic
http://www.ncbi.nlm.nih.gov/SNP

http://www.ncbi.nlm.nih.gov/clinvar
http://www.gnomad.broadinstitute.org/
http://www.evs.gs.washington.edu/EVS

http://www.lovd.nl/
http://www.hgmd.cf.ac.uk/

a complete sequence requires strands that terminate at
each base. When using NGS, it is possible to obtain a
sequence from a single strand. Sequence validation and
contig construction are performed with multiple staggered
copies in both types of sequencing. Two things make NGS
more efficient than Sanger sequencing. The first difference
is that in some versions of NGS, the chemical reaction
is combined with signal detection, whereas in Sanger
sequencing they are separate. With Sanger sequencing,
only one read of 1kb or less is possible at a time, whereas
with NGS, 300Gb of DNA can be read in a single run. The
first sequencing of the human genome cost around £300
million, due to the labor, less time, and reagents involved
with NGS. A human genome would still cost £6 million
for Sanger sequencing using the known sequence, but
[llumina sequencing would cost just over £1000 today.*!
The NGS method relies on many short, overlapping
reads, so each DNA or RNA segment is sequenced
multiple times because each read is amplified before
sequencing. NGS is also more effective and faster because
it can perform more repeats than Sanger sequencing. More
repeats mean more coverage, resulting in more accurate
and reliable sequences, even if the individual reads are
less accurate. With Sanger sequencing, sequences can be
read for much longer. The parallel nature of NGS allows
more contiguous short reads to be assembled into longer
reads. For smaller projects and validation of next-gen
results, the Sanger method continues to be widely used.
It can generate DNA sequencing reads of more than 500
nucleotides, making it a better technology than sequencing
technologies with short reads (such as Illumina).

Precision medicine and NGS in oncology

Among healthcare settings where NGS has been tested,
oncologists use it most often to match tumors to
treatments that target genes that drive cancer growth.
These therapies are called sequencing-targeted therapies.
In several studies, NGS has been shown to identify cancer
mutations with clinical significance. An international data-
sharing consortium, the Genomics Evidence Neoplasia
Information Exchange (GENIE), estimates a 30% rate of
ability for several cancer types.*> According to the GENIE

consortium, 30% of tumors with mutations could be
treated with existing targeted therapies. Matching cancer
therapies to patients' genomes has been shown to improve
treatment outcomes. It has been demonstrated that
patients with advanced cancer who received sequencing-
matched therapy had a higher overall response rate (27%
versus 5%), a shorter time to treatment failure (5.2 versus
2.2 months), and longer survival (13.4 versus 9.0 months)
than patients who did not receive sequencing-matched
therapy.® These measures assess changes in tumor size;
time from initiation of treatment to patient withdrawal
from the study due to disease progression, toxicity, or
death; or time from initiation of treatment to end of follow-
up. Similar results were reported by Radovich et al,** who
found that patients who received matched treatment had
longer progression-free survival than patients who did not
receive matched treatment (86 vs. 49 days).

Progression-free survival is another statistic used to
evaluate oncology, which measures how long it takes for
cancer to progress after treatment is started. Sequencing-
matched therapy has also been shown to improve overall
survival,** progression-free survival,” and patient tumor
response compared with non-matched therapy.’”*® In
addition, the development of drugs targeting tumor-
driving mutations identified by NGS has made significant
progress. A study by Le et al* found that mismatch repair
mutations were effective with PD -1 loss of function in
12 tumor types. As a result of this study, pembrolizumab
was first approved by the FDA in 2017 because it is
administered solely based on mutations and not tumor
type. Drilon et al*® reported that LOXO-195 (selitrectinib)
is also histology-independent and can be used in different
tumor types depending on gene fusion.

The European Society for Medical Oncology (ESMO)
has provided recommendations regarding the use of NGS
in the field of oncology. ESMO proposes three levels of
recommendations for NGS utilization in different cancer
types. According to this recommendation, NGS should
be routinely employed on tumor samples in advanced
non-squamous non-small-cell lung cancer, prostate
cancers, ovarian cancers, and cholangiocarcinoma based
on current evidence. In these specific tumors, large
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multigene panels may be utilized if they offer significant
value compared to smaller panels despite higher costs. For
colon cancers, NGS could serve as an alternative to PCR.
ESMO further suggests that research centers specializing
in clinical trials should incorporate multigene sequencing
as a screening tool for eligible patients and expedite drug
development. Additionally, these centers should collect
prospective data to enhance the optimization of NGS
utilization. In addition, ESMO advises the assessment
of tumor mutational burden (TMB) in specific types of
cancer, such as cervical, well and moderately differentiated
neuroendocrine, salivary, thyroid, and vulvar cancers,
as TMB-high indicates a potential positive response to
pembrolizumab in these cases. However, ESMO recognizes
that utilizing extensive gene panels may result in limited
numbers of patients who clinically benefit. Therefore,
ESMO suggests that the administration of off-label drugs
tailored to genomics should only occur if a national or
regional access program and decision-making procedure
have been established. The guidelines from ESMO
offer direction on the application of NGS in the field of
oncology and emphasize the significance of integrating
genomic information into clinical decision-making. NGS
enables clinicians to acquire detailed genomic profiles of
tumors, aiding in the identification of possible therapeutic
targets and informing treatment choices. The objective
of these recommendations is to enhance the utilization
of NGS across various cancer types and encourage its
incorporation into regular clinical practice.”!

The limitations of NGS

It appears that NGS may be useful in cancer treatment, but
no randomized controlled trials have been conducted.'**
Because NGS is capable of identifying so many diagnostic
subtypes, it is extremely difficult to recruit sufficient
numbers of patients to support randomized controlled
trials for each subtype of cancer. Pembroluzimab, the
first precision medicine therapy approved by the FDA
without randomized controlled trials, is an example of
how the FDA has understood these limitations." The
only randomized controlled trial of precision medicine
to date showed no significant improvement in patient
outcomes when patients were treated with targeted
treatments using NGS, regardless of their cancer type. In
this phase II trial, 195 patients with advanced cancer were
randomly assigned to treatment based on their molecular
profile or to the treatment of their physician's choice,
with no difference in progression-free survival between
the control and test groups." One of the reasons for
this is the difficulty of treating advanced cancer patients
whose tumors are genetically heterogeneous, meaning
that different mutations may be present in different cells
within a tumor. Although the sequencing results of this
study were considered a valid basis for using drugs outside
their recommended settings, it raised some important
questions about their clinical value.

Currently, NGS strategies for precision medicine are also
limited by differencesbetween sequencedand unsequenced
groups within a single study and by differences between
studies and populations. For example, certain cancers have
a higher prevalence of actionable mutations than others,
such as prostate cancer because of the high prevalence of
BRAF mutations in melanoma.” However, the question
arises whether patients with targeted mutations may have
less aggressive cancers or cancers that are inherently easier
to treat. Although study populations differ, many studies
have shown clinical benefits in using sequencing results to
treat patients. In addition, sequencing-targeted therapies
only work for a small percentage of cancer patients with
"actionable mutations" identified by NGS. Although
practical obstacles prevent sequencing-matched therapy,
this phenomenon raises questions about the clinical
utility of metrics for "actionable mutations".*****> The
term "actionable mutation" is not uniformly defined, so
recent studies may define it much more broadly to include
mutations that have prognostic value or are indicative
of an inherited cancer syndrome.* In these cases, many
patients with triggerable mutations may not be matched to
cancer therapy based on their sequencing information.”

To get the most benefit from genetic studies, the method
they use to evaluate mutations must be transparent and
precise, and that clear distinctions are made between
different categories of mutations and their potential effects.
For example, in the GENIE study, actionable mutations
were clearly defined based on a scale from level 1 gene
mutations, indicating standard treatment of same cancer,
to level 3B gene mutations, indicating promising research
therapies.”> In addition, the increased financial burden
of NGS should be considered. The cost of technical and
human resources for specialized clinicians has increased
substantially in recent years. It is becoming increasingly
difficult to spend time on post-sequencing tasks,
including filtering variants, comparing data, interpreting,
and writing reports, as the number of genes required
for comprehensive diagnosis and treatment decisions
continues to increase. In addition, NGS procedures
in hematology use extensive gene/hotspot panels for
different hematologic subtypes, which requires in-depth
knowledge and experience.*®

Expert opinion on next-generation sequencing

Traditional ethical frameworks to protect patients and
research participants are being challenged by the use of
NGS in research and clinical projects. There are many
types of clinical relevance associated with NGS data and
results. Appropriate procedures must be put in place to
effectively protect, manage, and communicate the data.
Informed consent, privacy, and disclosure of results are
three of the most important ethical considerations in
NGS.* The current research landscape encourages data
sharing and the use of big data techniques, which has
implications for the ethical framework of NGS research.
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Collaboration and data sharing are essential to advance
scientific knowledge. In addition, increasing access to
online datasets and advances in analytical techniques have
made genomic information easier to re-identify.”
Genetic information can have devastating consequences
for individuals, including effects on their insurance, social
status, or relationships. NGS will raise additional privacy
concerns as it is increasingly used for forensic purposes.
The vast amounts of data generated by NGS must be
secured and stored to appropriate standards by institutions
using the technology. Genomic data should be stored in a
way that minimizes the risk of re-identification, according
to some privacy recommendations. Rather than making
it impossible to identify individuals, it might be more
appropriate to focus on methods that protect individuals
from potential harm and misuse of their genomic data.*

Ethical, regulatory, and analytical challenges in NGS
Interpretation of NGS data remains a challenge despite its
rapidly growing popularity. Despite available pipelines,
it is still difficult to regulate NGS data, especially when
these data are intended for clinical management. Due to
the lack of uniformity in data processing strategies, data
results are not comparable or reproducible.?**"*? Several
efforts have been made to establish standardized methods
of bioinformatics analysis, including the development of
shareable workflows.”*** There is no standardized clinical
interpretation for identified variants in all diseases.
Standardized interpretations, reporting guidelines, and
analyses are being developed to address this problem.*>*’

The use of incomparable results in clinical applications
should be regulated because of the enormous impact they
bring.®® Obtaining WGS or other genetic data raises a
number of ethical issues. Before genetic data are collected
from patients, genetic counseling is essential to consider
the implications of potential unintended analyzes. In
addition, written informed consent must be provided. The
cost of testing must be accurately estimated, and it must be
verified that it can be approved by the insurance because,
without insurance, the facility or individual must pay for
the cost. Before testing, the patient must be informed
of any incidental findings. For this problem, accredited
laboratory guidelines such as those recommended by
the ACMG (American College of Medical Genetics and
Genomics)* or those provided by reliable organizations
should be followed.*

The handling of genomic patient data is a sensitive topic
that is the subject of much debate. Regulations protecting
the sharing of genomic data for research purposes are
of particular concern to many people. Governments
worldwide have enacted legislation to protect their citizens'
genomic data, such as the South African Personal Data
Protection Act (POPIA).®' Although these regulations have
increased public confidence, there are still ambiguities
that need to be addressed, particularly when it comes
to international collaborations involving the sharing of

personal genomic data. An article published in Science
on October 30, 2019, described a scandal involving DNA
collected from Africans and misused by scientists at the
Wellcome Sanger Institute in the United Kingdom.*
A dispute arose over claims that Sanger scientists had
developed a commercial chip based on shared DNA,
which Stellenbosch College and the College of Kwa-Zulu
Natal said was not part of the material transfer agreements
(MTAs). As a result of this scandal, future genomics
collaborations with Africa may be at risk as compliance
with MTAs is questioned. It could also undermine public
trust, limiting access to personal genomic data.

Bioinformatics algorithms and NGS

By screening an individual's NGS profile, scientists and
physicians will be able to develop highly effective cancer
prevention and treatment strategies. To achieve this
goal, computational methods must be used to analyze
biomedical data. To this end, machine learning is the best
choice to create tasks that learn from the data and improve
performance based on experience. In these techniques, a
set of covariates is mapped to a single dependent outcome
using a large set of training data. A model can be developed
to diagnose a disease or predict its outcome based on
a patient's clinical and genetic profile, but its success
depends directly on the availability of large training data
sets.

In cancer research, NGS technology has enabled the
sequencing of individual genomes. In the last decade,
machine learning techniques have been widely used to
diagnose and treat various types of diseases, especially
malignant cancers, using clinical and genetic profiles. Two
types of techniques are used: supervised and unsupervised.
In supervised techniques, training data are labeled and a
model is created. A model is then created to predict an
unknown input, while unsupervised techniques use
unlabeled data to explore and analyze the relationships
between them. Classification tasks are usually solved by
supervised techniques, while clustering tasks are usually
solved by unsupervised techniques.

To gain insights from studies of tumor
microenvironments and other complex genomic data,
researchers need easy-to-use bioinformatics applications.
To deal with genetically heterogeneous diseases, further
improvements in bioinformatics algorithms are needed
despite advances in NGS technology and bioinformatics.
We believe that machine learning algorithms, especially
neural networks and support vector machines, as well
as new developments in artificial intelligence, will play
an important role in improving NGS platforms and
software in the future. By improving clinical diagnostics
and opening new avenues for the development of novel
therapies, scientists and clinicians will be able to solve
complex biological challenges.* See Table 2 for an
overview of algorithms for validating and interpreting
genetic variants.
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NGS is a high-throughput sequencing technology
that has revolutionized genomics research. There are
several computational tools that are widely used in NGS-
generated data analysis. Table 3 represents some of these
computational tools. In addition, several algorithms
have been developed analyzing NGS data, each serving
a specific purpose. Some commonly used algorithms are
introduced in Table 4.

Success paradigms in the NGS marketing
During the forecast period, the growing population and
increasing use of personalized medicine will drive the

growth of the NGS industry. In North America, many of
the major companies are striving to develop innovative
products to reduce the cost of genome sequencing. This,
in turn, is expected to drive regional market expansion.
From 2019 to 2027, the NGS market is expected to reach
USD 11,776 million, growing at a CAGR of 19.1%. Using
first-generation Sanger sequencing techniques, the human
genome was sequenced nearly 15 years ago, requiring
the collaboration of hundreds of laboratories around the
world and costing approximately $100 million.® Since
2005, NGS has overcome many of the earlier problems by
allowing multiple samples to be sequenced in parallel at a

Table 2. Overview of algorithms used for genetic variant validation and interpretation

Algorithm Prediction URL
Align GVGD Missense variants classification http://www.agvgd.hci.utah.edu/
SIFT . . . . http://www.sift.bii.a-star.edu.sg/
Missen riant effi n pr function
PolyPhen-2 Issense variant effect on protein functio http://www.genetics.bwh.harvard.edu/
MutationTaster ~ Disease-causing potential of DNA variants http://www.mutationtaster.org/
Provean Missense and indel variant effect on protein function http://www.provean.jcvi.org/
Annotation and prediction of the effects of genetic variants on genes
SnpEff . P - g g " http://snpeff.sourceforge.net/
transcripts, and protein sequences
Vep Prediction of the functional consequences of genetic variants and annotations  https://www.ensembl.org/vep
on variant consequence, gene-level impact, and protein-level impact
FATHMM Functional consequences of coding and non-coding variants http://www.fathmm.biocompute.org.uk/
ANNOVAR Functionally annotation of genetic variants http://annovar.openbioinformatics.org/en/latest/

Table 3. Some computational tools for analyzing NGS generated data

Tool

Description

URL

GATK (Genome
Analysis Toolkit)

BWA (Burrows-
Wheeler Aligner)

Picard

IGV (Integrative
Genomics Viewer)

SAMtools

HISAT2

VarScan

RSEM (RNA-Seq
by Expectation-
Maximization)

BEDTools

SnpEff

MultiQC

A powerful tool for variant discovery and genotyping in NGS
data like variant calling, variant filtration, and variant annotation

A popular tool for aligning short DNA sequences against a
reference genome commonly used for mapping reads generated
by NGS platforms

A set of command-line tools for manipulating high-throughput
sequencing data

A genome browser that allows visualization and exploration of
genomic data, including NGS data

A suite of utilities for manipulating and analyzing data generated
by NGS platforms

A fast and accurate RNA-seq aligner that can align DNA and RNA
sequences to a reference genome

A tool for variant calling and somatic mutation detection in NGS
data

A software package for quantifying gene and isoform expression
levels from RNA-seq data

A suite of tools for working with genomic intervals, such as BED
files

A variant annotation and effect prediction tool for annotating
variants with information about their genomic location,
functional impact, and potential disease associations

A tool for aggregating and visualizing quality control metrics
from multiple NGS analysis tools

https://gatk.broadinstitute.org/hc/en-us

https://bio-bwa.sourceforge.net/

http://www.psc.edu/resources/software/picard/

https://software.broadinstitute.org/software/igv/

http://www.htslib.org/

https://daehwankimlab.github.io/hisat2/

https://varscan.sourceforge.net/

http://www.encodeproject.org/software/rsem/

https://bedtools.readthedocs.io/

https://hpc.nih.gov/apps/snpEff.html

https://multigc.info/
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Table 4. Some commonly used algorithms developed for NGS data analysis

Application Description

Popular algorithms

Base calling

Read mapping .
reference genome or transcriptome

Variant callin . . . .
e insertions, deletions) from aligned reads

De novo assembly
reference genome

Transcript

quantification

ChlP-seq peak
calling interactions

Pathway analysis . .
pathways or functional categories.

Converts raw sequencing signals into DNA base calls

Reads mapping algorithms align short reads generated by NGS to a

Identifies genetic variations (e.g., single nucleotide variants,

Reconstructs genomes or transcriptomes without relying on a

Estimates the abundance of RNA transcripts from RNA-seq data

Identifies regions of the genome enriched with protein-DNA

Analyzes gene expression data to identify enriched biological

Phred, Solexa, and lllumina's Real-Time Analysis
(RTA)

Bowtie, BWA, and HISAT

GATK (Genome Analysis Toolkit), Samtools, and
FreeBayes

Velvet, SPAdes, and Trinity

Cufflinks, StringTie, and Salmon

MACS2, SICER, and HOMER

DAVID, Enrichr, and Gene Set Enrichment Analysis
(GSEA)

fraction of the cost ($1 million) and time (two months).
The technology and sequencing platforms continue
to evolve. A genome sequence is increasingly used by
physicians to guide patient treatment.

Life Science launched the first NGS platform in 2005,
enabling cost-effective and time-efficient high-throughput
sequencing.* The Centers for Medicare and Medicaid
Services (CMS) has taken steps to adopt NGS testing for
patients with germline ovarian or breast cancer approved
by the FDA. In recent years, CMS has actively followed the
rapid innovation of NGS testing and the evolution of cancer
diagnostics. Because of their ability to detect multiple
types of genetic mutations simultaneously, NGS tests are
among the most comprehensive genetic tests available for
cancer patients. Patients with advanced cancer who meet
a set of criteria were covered by Medicare for laboratory
diagnostic testing with NGS for the first time in March
2018. This decision will allow more Medicare patients to
access NGS to treat other types of hereditary cancers and
reduce mortality.

Concluding remarks

Effective action is needed to address both the health and
economic burdens of cancer. In cancer research as well as
in all other areas of human genetics, NGS is proving to be
a cornerstone of modern research. Compared to Sanger
sequencing, NGS offers several advantages, such as high
throughput, higher speed, and lower cost. NGS provides
high-quality data at an affordable price, with improved
data processing capabilities, a faster computing system, and
a more efficient process. Clinical diagnostics and genetic
medicine have greatly benefited from bioinformatics tools
that facilitate NGS-based genetic analysis strategies. The
size of the global next-generation sequencing market is
expected to increase significantly in the coming years.
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for precision oncology in the future.
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