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ARTICLE INFO ABSTRACT

Keywords: The rapid evolution of next-generation sequencing (NGS)-based tumor genomic profile detection and the
Database emergence of molecularly targeted therapies have enabled precision oncology. In NGS-based analysis, various
Somatic mutation types of databases have been developed to perform different functions. However, many problems still exist when
Tumor

using these public databases. Therefore, it is important to better understand the characteristics and limitations of
each database and have them complement each other to provide useful clinical evidence for NGS testing. In this
review, we elaborate on the important role of databases and their concrete applications in NGS-based somatic
mutation detection. We introduce the typically used databases for sequence alignment, variant filtration, and
variant interpretation, and compare the differences between the databases with similar functions. Subsequently,
we determine the limitations of each database and provide the corresponding solutions. Furthermore, we present
an overview diagram to clearly illustrate the database used in the entire NGS-based somatic mutation detection
pipeline.

Next-generation sequencing
Precision oncology

applied in precision oncology [6-8]. This is because they can deliver a
full qualitative and quantitative analysis of sequences from tumor ma-

1. Introduction

Precision oncology, which has developed rapidly and become
mainstream in clinical practice, is defined as the identification of tar-
getable alterations in the molecular profiling of tumors to hinder the
aberrant phenotype characterized in cancer [1] The aim of precision
oncology is to improve diagnosis and identify optimal therapies for
cancers, thus enhancing the survival and quality of life of patients [2,3].
Large-scale cancer genomics projects [4,5] have systematically de-
scribed the molecular lesions in human cancer genomes and laid the
foundation for precision oncology. In recent years, a range of next-
generation sequencing (NGS)-based approaches have been increasingly

terials; determine somatic mutations in a large number of tumor-asso-
ciated genes through a timely, cost-effective process; and, notably,
provide properly targeted therapeutics based on the detected actionable
mutations.

Despite these advanced applications, the analysis of these complex
NGS data remains highly challenging for both researchers and oncolo-
gists, especially in NGS-based tumor somatic mutation analysis. First,
the NGS data are known to be error-prone and the post-bioinformatics
analytic pipelines are always different across laboratories. These com-
plicated bioinformatics analytic processes, such as sequence alignment
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or variant filtration, may produce both false-positive and false-negative characterized human diversity [16], which promoted the formation of
variant results [9-12]. Next, the collected variant clinical evidence the Database of Short Genetic Variations (dbSNP) [17]. Four years later,
from the literature is typically dispersive and disordered; furthermore, the release of the International Hapmap Project further enriched the
novel or rare variants with uncertain clinical significance are common, single nucleotide polymorphism (SNP) information in dbSNP [18]. The
which slows the ability of variant interpretation. In addition, owing to launch of the Human Genome Project (HGP) enabled the first complete
the emergence of large amounts of novel targeted drugs, it is a chal- version of the human genome sequence in 2003 [19]. The release of the
lenge for clinicians to obtain the latest drug information in a timely HGP resulted in the emergence of many genomic databases, such as
manner, and this may lead to incomplete therapeutic treatment options Ensembl [20] and the University of Santa Cruz (UCSC) Genome Browser
for patients. Hence, different types of databases were established and [21]. Following the HGP, the Cancer Genome Project was launched,
utilized for NGS-based analytic processes to reduce these problems. and the Catalog of Somatic Mutations In Cancer (COSMIC) database
These high-quality databases provide convenient data analysis service was established to gather somatic mutation information across different
and data-sharing platforms for researchers. The databases also annotate types of cancers [22].
tumor-specific or associated mutations, offer relevant clinical evidence Subsequently, multiple large-scale cancer genomic research studies
to interpret their clinical significance and provide targeted drug in- such as The Cancer Genome Atlas (TCGA) [4,23] and the International
formation. Thus, they have become indispensable in precision on- Cancer Genomics Consortium (IGCG) [5] were conducted successively
cology. worldwide, and some database platforms based on TCGA or ICGC da-
In this review, we first briefly describe some historical events that tasets were gradually generated, for instance, cBioPortal [24,25] and
promoted the establishment of the databases. Subsequently, we elabo- IntoGen [26]. Owing to the widespread availability of NGS technology,
rate the important role of the databases and their concrete applications it became possible to realize the whole-genome sequencing (WGS) or
in NGS-based somatic mutation detection. Finally, we present an whole-exome sequencing (WES) of hundreds of thousands of in-
overview diagram to illustrate the database used in the entire NGS- dividuals; furthermore, the 1000 Genomes Projects [27,28], and Exome
based somatic mutation detection pipeline. In our opinion, a detailed Aggregation Consortium (ExAC) [29,30] were launched to evaluate the
understanding of the applications and key characteristics of the typi- population frequency across diverse ethnic types. Additionally, a cat-
cally used public databases provides useful information for the NGS alog of somatic mutations was identified as potential predictive tumor
testing, ensures reliable test results in clinical practice, and offers sui- biomarkers to targeted therapies, and many of them have been used in
table therapeutic options for cancer patients. clinics to guide oncologists with regard to treatment options. Therefore,
databases including My Cancer Genome (MCG) [31], Personalized
2. Historical background of the database development Cancer Therapy (PCT) [32], Clinical Interpretation of Variants in
Cancer (CIViC) [33], and OncoKB [34] were established to provide
The evolution of sequencing technologies and many sequencing- information on variant interpretation and targeted therapeutics. In
related milestone events promoted the development of various types of 2017, the American Association for Cancer Research (AACR) initiated
databases (shown in Fig. 1). In 1977, Sanger sequencing was developed the AACR Project Genomics Evidence Neoplasia Information Exchange
and the first DNA-based genome sequencing was completed (PhiX174) (GENIE) to promote precision oncology [35]. In addition, since 2000,
[13,14], leading to an increased speed of data sequencing. To realize some drug-related databases that provide information about drug
data sharing for maximizing the value of every sequence, National structure, physical properties, potential targets, and detailed drug-as-
Center for Biotechnology Information (NCBI) GenBank was established sociated clinical information have emerged, thereby contributing sig-
as a central data repository in 1982 [15]. In 1998, large-scale single- nificantly to precision oncology.

nucleotide polymorphisms were identified in the human genome and
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Fig. 1. Overview of the historical background for the various types of database development. Purple boxes represent the databases associated with sequence
alignment. Yellow boxes represent the databases associated with variant filtration. Green boxes represent the databases associated with variant interpretation. Blue

boxes represent the drug-associated databases.
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3. Applications of the databases in NGS-based somatic mutation
analysis

3.1. Sequence alignment

The accurate alignment of raw reads to the human reference
genome is the first and critical step in NGS-based somatic mutation
analysis [36,37]. The human reference genome sequence is necessary in
the alignment process and can be freely downloaded from reference
databases, such as National Center for Biotechnology Information
(NCBI) GenBank [38], the UCSC Genome Browser database [21], and
Ensembl [20]. The NCBI GRCh37 reference sequence from the Genome
Reference Consortium (GRC) and the hgl9 genome assembly from
UCSC are identical but differ slightly in nomenclature and have been
extensively used as reference assembly in most researches for many
years. In December 2013, the GRCh38/hg38 assembly was released;
this was a major update to the reference genome with improvements
including fewer gaps, few sequencing errors, and centromere sequences
modeled in comparison with GRCh37/hg19 [39]. Notably, the genomic
coordinates, mRNA transcripts, and exon boundary definitions between
these two versions are different.

However, although there are some differences between each version
of the human reference sequence, consistent alignment results should
be guaranteed when the same version of the human reference sequence
is used. This is of significance for subsequent tumor mutation analysis.
During the sequence alignment process, some related artifacts may be
generated. These artifacts typically remain at a low variant frequency
and can be distinguished easily from true mutations by the high levels
of recurrence within different samples [40]. Many alignment tools have
been developed such that millions of short reads are mapped efficiently
to the human reference genome. These tools include Bowtie [41],
Bowtie2 [42], BWA [43], and SOAP2 [44].

3.2. Variant filtration

3.2.1. Filtration of single-nucleotide polymorphism

When analysis-ready reads are aligned to the human reference
genome, sequent filter steps are utilized to remove false-positive var-
iants. For somatic mutation analysis, these false-positive variants are
considered as single-nucleotide polymorphisms or germline mutations.
It is typical to compare normal and tumor samples against the reference
genome and analyzed the differences between them to determine the
tumor-specific mutations. However, this method has not been routinely
used in most clinical laboratories, owing to the doubled cost and
turnaround time [45]. In the absence of matched normal samples, the
typical practice is to compare the detected mutations with large-po-
pulation databases to filter the previously described SNPs and the ty-
pical variants that exist naturally in human populations [37,46]. A
variant with a population frequency within a database of more than 1%
is considered benign and should be excluded from further analysis. The
typically used population databases include the 1000 Genomes Project
[27], dbSNP [17], the Database of Genomic Structural Variations
(dbVar) [47], and the Exome Aggregation Consortium (ExAC) [29].

The 1000 Genomes Project was launched to produce an extensive
catalog of human genetic variations and provide DNA polymorphism
information in diverse human populations [27,28]. The project char-
acterizes more than 95% of variants within human genome regions and
discerns the variants with a 1% or higher allele frequency in five major
population groups, representing a significant progress in the detailed
description of human DNA polymorphisms. The dbSNP database has
served as a public repository for a broad collection of genetic poly-
morphisms since its first release and contains the 1000 Genomes Project
data. This database primarily collects fewer than 50 base pairs of ge-
netic variations [17]. Corresponding with the dbSNP is the dbVar,
which summarizes more than 50 base pairs of structural variants [47].
In the dbSNP and dbVar databases, each variant contains an accession
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number and the variant information include the genomic coordinates,
allele frequency, Human Genome Variation Society (HGVS) nomen-
clature, and variant clinical significance. When the variations are
identified and cataloged in the databases, laboratories can directly use
the relevant polymorphism information in further applications. The
ExAC database summarizes more than 60,000 individuals exome se-
quencing data from diverse human populations and variant allele po-
pulation frequency information can also be used to discern the SNPs
[29,48]. However, EXAC does not use the standard HGVS nomenclature
and this limitation may increase the false-negative possibilities [48].
Detailed differences between these databases are listed in Table 1.

In SNP filtration, some problems exist in the databases that may
result in missing or wrongly filtered somatic mutations. First, the SNPs
listed in the population databases above are not completely reliable. It
was reported that only 63% of the SNPs in dbSNP were validated for
human populations. Previous research has indicated that the false-po-
sitive rate of dbSNP was 15-17% owing to sequencing errors caused by
variant calling algorithms [49]. Another study indicated that up to
8.32% of the SNPs in the dbSNP are artifacts because of the highly
similar genes presented in the human genome. These SNPs may not be
real interindividual DNA sequence variations, but single nucleotide
differences (SNDs) [50]. These SNDs are sequence artifacts between
two highly similar duplicated sequence genes, which are typically
generated by uncritical bioinformatics alignments or PCR amplification
using improper primers that cannot better distinguish between highly
similar DNA segments [50]. Next, the population databases such as
dbSNP may include some cancer-related somatic mutations. These so-
matic mutations that emerged in dbSNP may also occur as the cancer
susceptibility SNPs and may have interactions with other somatic al-
terations and contribute to tumor formation [51,52]. A study in-
vestigated the overlapping somatic mutations in tumor samples by
comparing the dbSNP and COSMIC databases. The results indicated that
among the 653 cancer-associated somatic mutations in COSMIC, 39% of
them were found in dbSNP [53]. Therefore, indiscriminate filtering
based on public population databases to remove SNPs may result in an
increased likelihood of false negatives. The method to reduce this type
of problem is to use dbSNP to filter out only the typical SNPs when the
population minor allele frequency is higher than 1%. Another method is
to use the 1000 Genomes Project database instead of dbSNP, because
the possibility of removing cancer-associated mutations is much smaller
[53]. Subsequently, some special gene regions such as pseudogene re-
gions should be considered. Pseudogenes are sequences that have high
similarity with specific protein-coding genes, which are non-functional
copies of gene fragments incorporated into the genome either by ret-
rotransposition or the duplication of genomic DNA [54,55]. It is known
that more than 8000 pseudogenes have been identified in the human
genome [56]. Databases such as the 1000 Genomes Project and ExAC
cannot efficiently remove pseudogene interferences. Therefore, it is
necessary to use the Pseudogene database [57,58] or some pseudogene
identification tools [59] to filter the interfaced variants in the pseudo-
genic region.

3.2.2. Filtration of germline mutations

In cancer research, it is important to distinguish somatic from
germline variants because these two types of variants typically yield
different effects in tumor formation. Somatic mutations can be tissue-
specific and are typically present in somatic cells. Germline variants are
inherited and always present in germ cells. A major application of NGS
somatic mutation analysis is to distinguish somatic mutations in tumor
tissues from germline variants in normal tissues. However, sample
contamination, sequencing errors, insufficient variant coverage, and
infiltration of germline mutations often yield significant challenges.
False positives emerge when germline variants fail in calling because of
a low variant frequency in the normal sample. Hence, the disease da-
tabases in variant filtration are critical for effectively reducing the false-
positive rate to ensure the accuracy of the somatic mutation detection.
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It is noteworthy that a large portion of the SNP information overlaps
with the germline mutation information. We discuss this separately
because we consider the SNPs as nonpathogenic, while the germline
mutation is regarded as pathogenic. The most typically used germline
mutation databases are the Online Mendelian Inheritance in Man
(OMIM), Human Gene Mutation Database (HGMD), ClinVar, and
Leiden Open Variation Database (LOVD).

HGMD is a comprehensive repository for the germline spectrum of
inherited human disease and can be accessible in either a public or
professional version. The public version maintains basic functions but
does not contain any of the annotation information, and is freely ac-
cessible to academic institutions or nonprofit organizations. The pro-
fessional version provides variant annotation information including
genomic coordinates, HGVS nomenclature, and relevant literature
[60-62]. In clinical practice, HGMD can facilitate the filtering of
germline-associated mutations. Additionally, the genetic information
resource in the HGMD has been added to some post-NGS variant in-
terpretations and exome prioritization algorithms [63,64]. OMIM is
another germline variant repository database. Unlike HGMD, OMIM
does not merely include the germline associated variants; it also con-
tains a few polymorphisms and somatic variants [65]. OMIM sum-
marizes crucial and novel variant information based on the literature,
thus aiding in clinical and molecular genetic research via a user-friendly
searchable website [66,67]. Each variant has its corresponding OMIM
number, providing information on the title, variant, and a detailed
description. OMIM does not provide statistics on allelic variants be-
cause it only includes a limited number of variants on each gene. Ad-
ditionally, the variant information is not precisely obeyed by the HGVS
nomenclature; therefore, searching a specific variant in OMIM may be
challenging. ClinVar is an archival database that collects and aggregates
submitted reports and interpretations of clinical and functional sig-
nificance of the germline-original variants [68,69]. Each submitter can
provide supporting evidence for the clinical significance of the variants,
and users can easily obtain and compare different variant interpreta-
tions submitted by different submitters towards the same variant. Until
2016, more than 158,000 submitted variant interpretations re-
presenting more than 125,000 variants affecting more than 26,000
genes were contained in ClinVar [69]. In addition to its primary func-
tion, the ClinVar database collected variant information to allow for
discussion of many variant interpretations. The shared data can facil-
itate the identification of differences in the variant interpretation.
ClinVar provides a valuable platform to demonstrate these conflicting
interpretations, but its limitation lies in a failure to resolve these dif-
ferences for submitters. In addition, germline mutation information can
be found in the LOVD, which provides information on phenotypes, fa-
mily data, functional data, variant frequency, and associated literature
[70,71]. Notably, the database is gene-centered based on HGVS re-
commendations and focuses on its usability and flexibility. Submitters
and curators can determine the pathogenicity of a variant, but users still
need to assess the variant in an inconsistent situation by themselves.

It is noteworthy that the design of the genetic mutation testing is
key to selecting the sequent method of filtering the germline mutations
[72]. Obviously, the used germline mutation filtering methods for these
smaller gene assays, including “hotspot” or “targeted” NGS panels, are
different from those used for WES or WGS. When laboratories use a
smaller gene panel that contains only a limited number of genes to
detect actionable mutations, a tumor-only sequencing approach can be
conducted owing to the small likelihood of identifying important
germline variants [73]. Hence, performing a second matched-normal
sample test may add to the patient's cost without improving the de-
tection accuracy. It is wise to use public disease databases that include a
large amount of germline mutation information as a filter to distinguish
the putative somatic mutations. For larger gene panels, simply using
databases to filter is insufficient. Previously published research com-
pared tumor-only and tumor-normal analyses in either an exome-se-
quencing or a targeted 111 gene panel. The results revealed that the
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tumor-only analysis failed to completely identify germline variants, and
up to one-third of actionable mutations were classified incorrectly as
somatic when they were in fact germline [74]. These results demon-
strate that tumor-normal analysis is more accurate for precisely de-
termining somatic and germline mutations in larger gene panels or in
WES and WGS. Additionally, matched-normal samples can be used to
distinguish frequent clonal hematopoiesis (CH) - derived alterations in
patients with solid tumors. CH is clonal expansion owing to somatic
genomic alterations in leukemia-associated genes and usually occurs in
aging human hematopoietic stem cells [75,76]. The presence of CH may
generate an incorrect classification of blood-derived somatic mutations
as tumor-derived somatic mutations, thus increasing the rate of false
positives [77]. A sequencing result in recent research indicated that 5%
of the patients had at least one CH-derived mutations misclassified as
tumor-derived when the matched-normal samples were absent [78].
Failure to identify these blood-derived mutations may result in im-
proper therapies; therefore, a paired sample analysis must be utilized in
this situation.

In variant filtration analysis, it is crucial to select suitable filter
methods. This can reduce the likelihood of misidentifying the detected
variants, lower the rates of false positives or false negatives, and benefit
tumor diagnosis and patient treatment. When analyzing “hot-spot”
mutations in a small gene panel, databases can be used instead of
matched-normal samples for filtering analysis. Instead of dbSNP the
1000 Genome Project can better filter the variants with a population
frequency higher than 1% because the 1000 Genome Project may re-
duce the likelihood of filtering the cancer-related mutations. In addi-
tion, EXAC can be used to supplement the 1000 Genome Project data,
and ClinVar can be used to filter the existing germline mutations. When
considering genome-scale mutation testing, it is wise and more accurate
to conduct a tumor-matched filter analysis because it not only reduces
many false positives including SNPs or germline mutations but can also
recognize and filter out CH-derived mutations. However, when a mat-
ched-normal sample is absent, it is necessary to use numerous existing
public databases to remove the variant interferences. First, population-
based databases including dbSNP, the 1000 Genome Project, and EXAC
are combined to filter the typical SNPs. In addition, it is necessary to
remove existing germline variants collected in locus-specific databases
including HGMD, OMIM, ClinVar, and LOVD. Finally, some special
types of interferences, such as pseudogene interferences, should be
dealt with its specific pseudogene database or tools. However, for the
interference of CH-derived mutations, there is currently no corre-
sponding database, and the only solution to filter them is the paired
sample. An accurate variant filter process provides valid somatic mu-
tation detection results, which is a vital prerequisite for sequent variant
interpretation.

3.3. Variant interpretation

3.3.1. Identification of putative somatic mutations

After completing the filtration of SNPs and germline mutations, the
putative somatic mutations should be further compared with the var-
iant catalog database to determine whether they were previously re-
ported in the literature or are novel mutations. COSMIC is the broadest
somatic mutation information database [22]. It gathers and performs a
detailed analysis of somatic mutation data from a variety of public re-
sources and can be easily accessible in a variety of graphical and ta-
bulated methods. To date, this database has included a wide range of
somatic mutations throughout the human genome and has focused on
more than 400 key cancer genes [79]. The database is updated four
times a year to rapidly respond to the changing trends in cancer ge-
netics. Except for the storage of variant information to help users re-
trieve and identify candidate somatic mutations, COSMIC also provides
several functional sections such that other mutation-related informa-
tion can be obtained conveniently. In the Cancer Browser section, the
mutation profiles across all the related genes for a specific tumor
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histology can be selected in a high to low-frequency ranking. The Cell
Lines Project section includes the molecular profiles of more than 1000
cancer cell lines that are typically used in laboratory research, and can
assist users in the evaluation of pharmaceutical activity and efficacy. In
the Drug Resistance section, 25 drugs are detailed, and 360 somatic
mutations that have caused drug resistance in 2134 tumor samples are
described [79-82].

3.3.2. Assessment of clinical actionability for candidate somatic mutations

It is crucial to determine whether the candidate somatic mutation is
“actionable.” Actionable mutations are broadly defined as somatic al-
terations that have sufficient clinical evidence to support their role in
predicting the response or resistance to cancer therapy [83]. According
to guidelines from the Association for Molecular Pathology (AMP),
American College of Medical Genetics and Genomics (ACMG), and
College of American Pathologists (CAP) [84], clinical evidence is clas-
sified into four levels, and these levels of evidence are assigned to the
mutations to evaluate their clinical significance and determine their
clinical actionability. If a specific mutation can predict a response or
resistance to the Food and Drug Administration (FDA)-approved or
professional-guidelines-included therapy for a given tumor type (e.g.,
EGFR L858R mutation against gefitinib in non-small cell lung cancer),
this type of mutation is level-A clinical evidence and is assigned to tier I.
In this case, personalized treatment can be relatively straightforward
and is considered as “standard of care.” However, the number of
available targeted therapeutic agents that have been clinically ap-
proved is low at this time. Thus, only a small subset of somatic muta-
tions may be deemed actionable by this criterion. The clinical evidence
for most mutations must be integrated from knowledge bases and the
literature to classify their clinical significance, and the more sufficient
clinical evidence always corresponds to higher tier variants and more
treatment options. Hence, various types of databases have been utilized
to supply valuable clinical evidence and linking experimentally de-
termined tumor somatic mutations and clinical actionability.

My Cancer Genome (MCQG) is a knowledge resource that develops a
disease-organized approach to summarize the clinical evidence for
specific somatic alterations in specific tumors and highlight the effect of
mutations on tumor therapy [31]. Users can rapidly obtain updated
information on an expanding list of genetic mutations that are involved
in diverse signaling pathways affected by different types of cancers.
This enables mutations to be matched to therapies such that it can be
easily accessed by properly targeted therapeutics and clinical trials
[85]. However, MCG presents some limitations because it is in the
evolvement stage. For example, MCG contains only a small amount of
mutations with strong clinical significance; more genes and mutations
should be added with its development. Additionally, a variety of novel
emerging targeted therapies and clinical trials should be updated in a
timely and quick manner in MCG. The Personalized Cancer Therapy
database (PCT) is used for clinical responses relevant to tumor muta-
tions and was designed to encourage patients to participate in specific
mutation-associated clinical trials. PCT allows users to easily obtain the
variant clinical significance and actionability and their corresponding
therapeutic implications, resulting in better guidance for clinicians and
the best outcomes for patients [32,86]. Unlike MCG, which takes a
disease-organized approach, PCT is designed in a gene-centric manner.
The general gene information includes gene function, gene-associated
signaling pathways, and relationships with other mediators in the sig-
naling cascade. This information is shown on a website. Comparing this
with MCG may be optimal to provide driver mutations in the selected
disease. PCT provides treatment options for genomic alterations in di-
verse tumors, including FDA-approved drugs and clinical-trial in-
vestigational drugs. OncoKB is another comprehensive knowledge base
for precision oncology, offering clinicians evidence-based information
on somatic and structural aberrances in patient tumors to support
proper treatment options [34]. OncoKB is organized in a gene or al-
teration-focus manner and creates a classification criterion according to
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the clinical significance of the variant. OncoKB conveys information on
FDA-approved therapies and clinical-trial investigational agents. No-
tably, OncoKB emphasizes negative clinical outcomes to prevent the use
of expensive off-label targeted therapies that are ineffective in specific
mutational contexts. However, a limitation of OncoKB is that the clin-
ical trial data are not included in the website, and users must navigate
to another webpage to search for relevant clinical trials. CIViC is an
expert-crowd sourced knowledge base that provides a free platform for
disseminating knowledge and actively discussing the clinical implica-
tions of cancer genome alterations [33]. Its transparency represents a
sustainable model that enables the standardization and comprehensive
interpretation of the clinical relevance of tumor mutations to promote
the development of precision medicine. CIViC is organized in a gene-
focus manner: each evidence record is associated with a specific gene,
variant, disease, and clinical action. Detailed variant information is
related to therapy, prognostics, diagnostics, and predisposition for
cancer. Notably, CIViC has a clinical-evidence-based variant classifi-
cation, ranging from an established clinical practice to inferential evi-
dence, and uses combined levels of evidence to predict the variant ac-
tionability.

Most of the variant type mentioned in the databases above are single
nucleotide variation (SNV), small insertion or deletion, or limited
structural variation (SV). However, many SVs such as gene fusions and
copy number variations (CNVs) are also taking important roles as
therapeutic targets and prognostic markers in numerous types of tu-
mors. Owing to the increased amounts of gene fusion and CNV data,
several databases have been developed. The commonly used databases
for gene fusions are ChimerDB 3.0, FusionCancer, Fusion Gene anno-
tation Database (FusionGDB) and FusionHub. ChimerDB 3.0 was built
as a knowledge base of fusion genes and consists of three modules with
different functions. ChimerKB mainly stores fusion genes that are
compiled from well-known public resources with experimental evi-
dence. ChimerPub provides fusion gene information from published
literature in PubMed. ChimerSeq collects nonpublished or novel fusion
candidates based on computational analyses of transcriptome sequen-
cing data, but its reliability still needs to be verified [87]. FusionGDB is
the first knowledge base to annotate the function of fusion genes across
multiple tumor types. This database not only provides multiple anno-
tation results of fusion genes for researchers but also provides useful
information on fusion proteins and offers fusion-gene-related drugs and
diseases. This makes FusionGDB a useful resource in precision medicine
[88]. FusionHub serves as a unified platform that annotates and vi-
sualizes a large number of gene fusions by collecting information from
14 fusion gene datasets from the literature and 10 public databases.
FusionHub can also provide the siRNA designing for a given fusion gene
sequence [89].

For CNV, the database of genomic variants (DGV), Copy Number
Variations across Vertebrate Genomes (CNVVdb), Copy Number
Variation in Disease Database (CNVD) and CaSNP database are the most
commonly used. Each of them has advantages and limitations. DGV was
built as a comprehensive catalog of CNVs, but it only covers aberrants
confirmed in healthy individual cohorts and cannot be used to study the
effects of CNVs on cancer [90]. CNVVdb ascertains the CNV informa-
tion across 16 vertebrate genomics using pairwise sequence alignment
based on the Blastz algorithm. However, its limitations are that the
relationship information between CNVs and tumors is not included in
this database, and it still remains controversial with regard to the re-
liability of prediction results produced by sequence algorithms [91].
CNVD aims to become the most comprehensive and reliable CNV da-
tabase. Its uniqueness lies in its text-mining-based method to manually
extract and collect CNV information [92]. CaSNP is the largest SNP
array-based repository for storing and visualizing CNV data for 34
different types of cancers, and can be a valuable tool to analyze the
correlation between CNV data and a specific genome location across
different types of cancers. However, this database only collects the CNV
data based on the SNP-array method; data from other experiment types
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(such as NGS) are not included [93].

Additionally, it is crucial to match patients to optimal clinical trials
based on their genomic profiles [94,95]. Several clinical trial designs
such as basket and umbrella trials have been suggested to test the
benefit of somatic alterations in guiding treatment selection [96]. It is
noteworthy that the clinical trials can be “genotype-selected” or “gen-
otype-relevant” [97]. A “genotype-selected” trial is considered when a
specific genomic alteration is required to be eligible for a trial. For
example, erlotinib serves as first-line therapy in EGFR mutation-positive
patients (NCT01250119). The “genotype-relevant” trial is a clinical
trial that targets a specific gene product or the downstream signaling
pathway of the genomic alteration. Although it is difficult for oncolo-
gists to determine the association between genomic alterations and
genotype-relevant clinical trials owing to rapid developments in the
biomedical field, some measures have been taken to address this need
[98]. Clinical trial information can be obtained by linking the above-
mentioned personalized cancer medicine databases and by using the
largest database of clinical trials, ClinicalTrials.gov (CTG) [99]. CTG
was established to help patients obtain supported clinical trial in-
formation related to the treatment of their conditions and improve their
outcomes. Clinicians can obtain the matched trials by inquiring the
disease, drug name, or country. They can then carefully read the
medical information including the trial's purpose, interventions, and
eligibility criteria, as well as the organizational information including
the timeframes, sponsors, and participating centers, and choose the
optional trials that the patients can participate in. However, it has been
revealed that trial descriptions in CTG are extremely difficult to read,
and that more studies should focus on improving its readability [100].

Some drug-associated databases can also help to provide targeted
drug information or preclinical evidence. The therapeutic target data-
base (TTD) is designed to supply detailed information on treatment
targets and relevant guideline-approved clinical trial and investiga-
tional drugs. This is highly useful in promoting focused drug discovery
efforts and pharmaceutical investigations for the most relevant and
validated targets [101,102]. DrugBank is a database that offers com-
prehensive information on drug functions, formulations, mechanisms,
and metabolisms [103]. The primary function of the database is to be a
comprehensive and fully searchable drug resource, connecting the se-
quence, structure, and mechanistic data of drug molecules with their
drug targets. The abundant and high-quality drug information con-
tained in DrugBank renders it one of the most widely used reference
drug resources in the world [104]. Unlike other online drug resources,
DrugBank contains many crosslinks with other bioinformatics and
medical databases; therefore, it can support higher-level database
searching and function selection. The Pharmacogenomics Knowledge-
base (PharmGKB) is a publicly available database that summarizes in-
formation on the different responses of human genetic alterations to
drugs [105]. It provides very detailed clinically associated information
such as dosing guidelines, annotated drug labels, actionable gene-drug
associations, and genotype-phenotype relationships, enabling users to
apply their pharmacogenomics knowledge under a personalized medi-
cine background [105,106]. The Genomics of Drug Sensitivity in
Cancer (GDSC) is a valuable database that provides information on the
molecular markers of drug response and drug sensitivity in cancer cells
to develop novel and rationally designed cancer treatment methods
[107]. The key features of GDSC include a comprehensive synthesis of
large-scale genomic and cell-line anticancer drug sensitivity datasets to
identify the therapeutic biomarkers for subsequent preclinical valida-
tion and to promote molecular biomarker discovery for drug reaction
[107].

3.3.3. Mining information associated with rare or novel somatic mutations

It may be more complex when WES or WGS is sequenced because
the possibility of encountering rare or novel is greater. In this scenario,
clinical evidence is either absent or insufficient to support the routine
clinical implementation of a “standard of care.” Therefore, it may be
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useful to use the cancer genome information databases to excavate and
obtain variant-associated information in patients' tumor samples. The
information contained in these knowledge bases can be compiled from
large-scale genomic datasets, shared data from the scientific commu-
nity, and published literature.

The launch of the TCGA Pilot Project established a comprehensive
human cancer genomic profile. This project catalogs and discovers
abundant cancer-associated genome alterations in more than 10,000
tissue samples from more than 30 types of tumors, providing a snapshot
of cancer drivers and disease-specific genetic backgrounds, and en-
abling researchers to enrich their current knowledge [4,108-113]. Si-
milar to the TCGA project, ICGC is also a multidisciplinary, multi-in-
stitutional collaborative effort project that uses next-generation
sequencing technology to systematically and comprehensively char-
acterize 500 tumor genomes in 50 different cancer types and subtypes
to detect a wide range of somatic mutations with different variant types
[5,114]. Publicly available cancer genomic datasets and multi-
dimensional analysis on diverse platforms will enable scientists to
better understand tumor biology and accelerate studies on the dis-
covery of novel tumor mutations, resulting in the enhanced accuracy of
diagnoses and improved treatments. The AACR Project GENIE was built
as an international data-sharing platform that focuses on linking cancer
genomic sequencing data with clinical treatments and outcomes of
multiphase clinical-grade cancer patients treated at worldwide institu-
tions. This project makes sure that all of the data is available publicly to
the entire scientific community, aiming to make researchers better
understand clinical actionability across cancer mutations, identify
novel therapeutic targets, and improve clinical decision-making
[35,115]. This project offers insight into the common mutations of
cancers and makes it possible for researchers to draw statistical con-
clusions between cancer-related gene mutation and its role in cancer
development and treatment based on large populations of cancer pa-
tients. In addition, it can also provide the important information on rare
mutations. Compared with TCGA, which includes only tumor in-
formation from patients' cancer diagnoses, this project enriches the
sample data from the late-stage tumors. This expands the universe of
patients who are available for study because it includes all the cancer
patients sequenced at the member institutions and is not limited to
those who sequenced at diagnosis or as part of a clinical trial. In ad-
dition, the AACR Project GENIE contains more patient's medical in-
formation and enables clinicians to gain a detailed understanding of the
entire disease progression information from the initial diagnosis to the
final prognosis.

Some cancer genome database platforms, such as cBioPortal and
IntOGen, have been developed based on large-scale cancer genomics
datasets, and different functions have been developed according to
various demands. cBioPortal provides access to the TCGA,ICGC and
AACR Project GENIE data portals, and allows for the interactive ex-
ploration of custom datasets by accessing the OncoPrinter or
MuttationMapper web tools. Users can determine gene mutations in
different samples within cancer research, compare the variant fre-
quency data in multiple cancer studies, and collect all associated
genomic alterations in a single tumor sample. The platform also con-
tains functions for biological pathway exploration, survival analysis,
mutual exclusivity analysis, and data download. Cross-cancer queries
enable the variant frequency and mutation data for individual genes or
combinations of genes for different tumor types to be assessed. Patient
View collects comprehensive tumor-associated information such as
clinical characteristics, details about gene alterations, targeted drugs,
and relevant clinical trials [24,25]. This portal significantly reduces the
barriers between genomic data and cancer researchers and allows for
genomic profiles to be obtained quickly from large-scale cancer geno-
mics projects and translated into useful clinical evidence. The IntOGen
database is the first web platform that integrates high-throughput data
from genome-wide experiments to analyze and summarize genes and
mutations. Their relevant signaling-pathways are identified in more
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Fig. 2. A schematic illustration of the used databases for three main processes in NGS-based somatic mutation detection. (A) The databases used in the sequence
alignment process. (B) The databases used in the variant filtration process. (C) The databases used in the variant interpretation process.
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Fig. 3. A schematic diagram of database composition in the variant interpretation process. Different levels of evidence complement each other to achieve the

unification of the variant interpretation process.

4. Conclusion and future directions

The rapid development of genomic profile detection and the emer-
gence of numerous targeted therapeutics have enabled precision on-
cology. Various types of databases were utilized to translate experi-
mental findings into clinical evidence, thereby allowing clinicians to
carefully assess and validate the clinical actionability of detected var-
iations in tumors. However, many problems still exist when using these
public databases. Most databases have no authoritative evaluation of
the accuracy or innovation of the variant data, resulting in incorrect
data, duplicated data, and unclear data classification. Additionally,
owing to the wide variety of databases and the large amount of variant
information, it is currently impossible to incorporate all of the in-
formation into one database. Therefore, it is important to understand
the characteristics and limitations of each used database. Each database
should be used in a complementary manner based on its own strengths
to effectively provide variant information and improve the quality and
applicability of clinical reports. Herein, we introduced the typically
used databases during sequence alignment, variant filtration, and var-
iant interpretation, and compared the differences between the data-
bases with similar functions. We subsequently determined the limita-
tions of every type of database and provided corresponding solutions.
Furthermore, we presented an overview diagram to illustrate the da-
tabase used in the entire NGS-based somatic mutation detection pipe-
line (shown in Fig. 2).

With the increased use of NGS-based multigene molecular detection
in clinical practice, many laboratories have continuously accumulated
mutation information from their detected tumor samples and estab-
lished internal databases for better conducting variant analysis and
interpretation. Using the SNP information internal database as an ex-
ample, the laboratory gradually collected SNP information through
detected tumor samples and established an internal database. When the
number of detected tumor samples was sufficient, the collected SNP
information represented a basic SNP level in this region, and labora-
tories could use this internal database to quickly filter the typical SNPs.
Additionally, establishing an internal database of targeted drug in-
formation that stores and expands the corresponding drug information
for a specific somatic mutation found in detected tumor samples can
help laboratories to quickly retrieve the relevant drug information
when the same somatic mutation is detected. However, this database
must be updated in a timely manner so that clinicians can obtain the
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most accurate and comprehensive information.

In the future, large scientific organizations should strive to create a
global and comprehensive database that includes multiple levels of
clinical evidence from different types of databases to minimize the time
in querying multiple sources for each variant. The database must be
searched and queried based on the HGVS nomenclature and exhibit the
functions of automatic annotation and updating. Except for the sub-
mission or mining of all available variant data from public databases,
the accredited laboratories can also submit mutation information from
their internal databases. Establishing such a high-quality database can
provide researchers with a convenient data analysis service and data-
sharing platform, and lay the foundation for revealing tumor molecular
mechanisms. Furthermore, the variant information in the database can
be used to clarify its clinical significance and provide relevant targeted
drug or clinical trial information that can aid patients in treatment to
achieve the goal of precision oncology.
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