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Abstract The GeneCards® database of human genes was launched in 1997 and has
expanded since then to encompass gene-centric, disease-centric, and pathway-
centric entities and relationships within the GeneCards Suite, effectively navigating
the universe of human biological data—genes, proteins, cells, regulatory elements,
biological pathways, and diseases—and the connections among them. The
knowledgebase amalgamates information from >150 selected sources related to
genes, proteins, ncRNAs, regulatory elements, chemical compounds, drugs, splice
variants, SNPs, signaling molecules, differentiation protocols, biological pathways,
stem cells, genetic tests, clinical trials, diseases, publications, and more and
empowers the suite’s Next Generation Sequencing (NGS), gene set, shared descrip-
tors, and batch query analysis tools.

Keywords GeneCards - Bioinformatics - Biological database - Diseases -
Gene prioritization - Integrated information retrieval - Next generation

2.1 Introduction

The GeneCards® database of human genes was launched in 1997 (Rebhan et al.
1997) and has expanded since then to encompass gene-centric, disease-centric, and
pathway-centric entities and relationships within the GeneCards Suite, effectively
navigating the universe of human biological data—genes, proteins, cells, regulatory
elements, biological pathways, and diseases—and the connections among them. The
suite’s integrated biomedical knowledgebase includes GeneCards (Stelzer et al.
2016a), the integrated human gene database, MalaCards (Rappaport et al. 2017a),
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the unified human disease database, PathCards (Belinky et al. 2015), the consoli-
dated human pathways database, LifeMap Discovery (Edgar et al. 2013), the
embryonic development and stem cell compendium, GeneLoc (Rosen et al. 2003),
the human genomic neighborhood location-based database, and GeneHancer
(Fishilevich et al. 2017), an innovative and growing regulatory element database
with ~250,000 enhancer and promoter entries. The knowledgebase amalgamates
information from >150 selected sources related to genes, proteins, ncRNAs, regu-
latory elements, chemical compounds, drugs, splice variants, SNPs, signaling mol-
ecules, differentiation protocols, biological pathways, stem cells, genetic tests,
clinical trials, diseases, publications, and more, and empowers Next Generation
Sequencing (NGS) analysis by highlighting associations between genes and pheno-
types, providing supporting evidence for immediate evaluation via the suite’s NGS
analysis tools: VarElect (Stelzer et al. 2016b), the phenotype interpreter, receives a
list of genes and phenotypes as input and computes prioritized direct (keyword-
based) and indirect (inferred from gene-to-gene associations) gene/disease connec-
tions; TGex, the VCF-to-report clinical analyzer, incorporates VarElect’s algorithms
and automatically generates clinical case reports. Rounding out the suite are
GeneAnalytics (Ben-Ari Fuchs et al. 2016), for gene set analysis, GenesLikeMe
(Stelzer et al. 2009) for finding genes with shared descriptors, and GeneALaCart
(Stelzer et al. 2016a) for batch queries.

The suite’s websites, data dumps, APIs, publications, and collaborations are
enjoyed by >3.5 million users, including research and applied scientists, doctors,
geneticists, and lay-people, in >3000 institutions worldwide, encompassing academia,
national patent offices, leading biopharma and diagnostic companies, and hospitals.

2.2 Database Overview

2.2.1 Importance and Current Status

Historically, users have characterized GeneCards as being their user-friendly “first
port of call” to “orient their understanding” when coming across unfamiliar genes.
Its popularity encouraged the expansion of the knowledgebase to provide the same
functionality for diseases and pathways. Together with this growth came the reali-
zation that the depth and breadth of the data itself, while extremely useful in its own
right, could be leveraged to solve problems. Today, there is increasing recognition
by the scientific community that NGS is a pivotal technology for diagnosing the
genetic cause of many human diseases; several large-scale projects implement NGS
as a key instrument for elucidating the genetic components of rare diseases and
cancer (Bamshad et al. 2012). Other clinical studies aimed at deciphering monogenic
and complex diseases have also demonstrated the effectiveness of NGS approaches
including whole genome, whole exome, and gene panel sequencing (van den Veyver
and Eng 2015; Yang et al. 2013; Gilissen et al. 2014; Zheng et al. 2015; Stranneheim
and Wedell 2016). Primary analysis of disease NGS results includes sequence read
mapping and variant calling, with results stored in a Variant Call Format (VCF) file.
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The VCEF file typically contains ~20,000-50,000 positions that differ from the
reference genome exome regions (“variant long list”). Subsequently, analysis pipe-
lines sift these SNPs and indels by populating the VCF file with annotation data,
such as segregation in affected families, genetic linkage information (Smith et al.
2011), population frequency (Ramos et al. 2012), and missense protein impact
(Adzhubei et al. 2010; Sim et al. 2012; Hecht et al. 2015), all facilitating variant
filtration (secondary analysis). This helps generate a “variant medium list” of
typically dozens to a few hundred entries, depending on the assumed mode of
inheritance and on the employed filtering cutoffs. In these analyses, variants are
analyzed without regard to the disease phenotype of the sequenced individual. As a
first step in introducing phenotype relationships, many pipelines use variant-disease
relationships (e.g. from ClinVar (Landrum et al. 2014) and/or COSMIC (Forbes
et al. 2015)) for further filtration of the sequence variants. But a typical gene can
have a multitude of variants that have not yet been documented to have a relationship
with a disease or a phenotype. In many cases, none of the annotated variant-disease
relations appears relevant to the sequenced subject. The GeneCards suite’s rich
knowledgebase facilitates gene-based interpretation. The strategy entails finding
disease or phenotype relationships for the gene itself, instead of only for the variant
contained within it. VarElect (ve.genecards.org), the suite’s web-based phenotype-
dependent NGS variant prioritizer, leverages the wealth of information in GeneCards
and its affiliated databases. VarElect’s algorithm computes prioritized direct
(keyword-based) and indirect (inferred from comprehensive gene-to-gene associa-
tions) gene/disease connections. The avalanche of variants residing in genomic
non-coding “dark matter,” available via whole genome sequencing (WGS), contrib-
utes three classes of functional genomic elements to variant analyses: promoters,
enhancers, and ncRNAs, all central to tissue-related gene expression, with many
underlying diseases. Together they amount to >20% of such “novel” DNA terri-
tories, unexplored in exome sequencing. Judiciously incorporated into the
knowledgebase, the suite’s GeneHancer and upgraded ncRNA data is leveraged by
its WGS disease interpretation platform and provides a comprehensive route to
clinical significance of coding and non-coding single nucleotide and structural
genomic variations, often elucidating unsolved clinical cases.

2.2.2 Future Update and Availability of the Database

Major synchronized new versions of the suite sites are currently deployed every four
months. This weighty effort involves regenerating the gene and diseases lists,
updating data from all of the knowledgebase’s sources, annotating each of the
entities, re-computing the relationships, and quality assurance testing to ensure
that all sites are in sync, that data integrity was maintained, and that nothing broke
during the process due to changes in source formats and/or other pipeline technical-
ities. Further, new scientific features are provided by incorporating information from
new and/or existing sources and developing/tweaking heuristics and algorithms
when warranted. Minor revisions, providing incremental updates for a subset of
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the data and suite sites, are deployed as needed (typically within 1-2 months), for
crucial time-dependent annotations like new publications, localized features, and hot
bug fixes. We continue to work on increasing the frequency and content of our
releases and expect significant speedup in 2019.

2.3 Content and Architecture of the Database

2.3.1 Main Database Features and Types of Data Stored

Figure 2.1 and Table 2.1 provide an overview of the major entities and relationships
in GeneCards and MalaCards, in schematic and tabular forms, respectively. Some of
the data include straightforward annotations (e.g. summary information about TP53
from NCBI’s Entrez Gene database (Brown et al. 2015), the GeneCards Inferred
Functionality Score (GIFtS) for APOALI, the KEGG pathway (Kanehisa et al. 2019)
associated with Alzheimer’s Disease, companies that provide antibody products for
EGFR, publications associated with a gene or disease, and so on). Others reflect
sophisticated behind-the-scenes data amalgamation: Compound groups, unified from
12 sources, with drug-specific and drug-gene annotations; GeneHancer (Fishilevich
et al. 2017) regulatory element clusters, integrated from 7 sources based on location,
with scored GeneHancer elements and GeneHancer-gene annotations; SuperPaths
(Belinky et al. 2015), consolidated from 12 sources based on gene content, finding a
balance between reducing pathway redundancies and optimizing pathway-related
informativeness for individual genes; GeneCards genes (Safran et al. 2010), hierar-
chically choosing a symbol from HGNC (Yates et al. 2017), Entrez Gene (Brown
et al. 2015), Ensembl (Zerbino et al. 2018), or GeneLoc (Rosen et al. 2003), and
associating all relevant aliases, descriptions, and external identifiers; MalaCards
diseases, canonicalizing, transforming, lexically manipulating, and unifying names
from 10 primary and 5 secondary ranked sources (Rappaport et al. 2013).

Data collection methods: The GeneCards data collection process is a pipeline
that starts with defining the full set of GeneCards genes, obtained from four primary
sources as follows: First, the complete current snapshot of HGNC-approved symbols
(Yates et al. 2017) is used as the core gene list. Second, human Entrez Gene (Brown
et al. 2015) entries that are different from the HGNC genes are added. Next, human
Ensembl (Zerbino et al. 2018) records are matched against the emerging gene list via
GeneLoc’s exon-based unification algorithm (Rosen et al. 2003); those that are not
found to be equivalent to others in the set are included as novel Ensembl-based
GeneCards gene entries. Finally, our RNA genes identification and unification
facility ( (Belinky et al. 2013) and work in progress) adds new ncRNAs not available
in the other sources. These primary sources provide annotations for aliases, descrip-
tions, previous symbols, gene category, location, summaries, paralogs, and ncRNA
details. Once the gene list is in place with these significant annotations, over 150 data
sources, including those noted above and others (Bateman et al. 2017; Gene Ontol-
ogy Consortium 2015; Smith et al. 2018; Chalifa-Caspi et al. 2004) are mined for
thousands of additional descriptors.
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Table 2.1 GeneCards and MalaCards entity and relationship tables: (a) subset of major entities’
tables and their fields; (b) types and quantities of tables

(@)

Entity Table Fields
Compounds Compound id

sourceld

sourceAccession

Name
CompoundAttribute id

compoundId

type

Value
CompoundGroup id

Name
CompoundGroupMember id

groupld
compoundId
Superpathways SuperPathway id

name
sourceld
sourceAccession

SuperPathwayMember id
score
superPathld
pathwayld

Pathway id

name

sourceAccession
sourcelD
Enhancers Enhancer id

clusterld

sourceld
Chromosome

Start

End

Identifier
FriendlyName

HasLink

Version
Classification

Maladies Maladies id

symbol

acronymld
descld
slug

(continued)
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Table 2.1 (continued)
(@

Entity Table Fields
(b)

Category Number of tables

Major entities 57

Relationships 67

Annotation tables 23

MalaCards builds its comprehensive-integrated list of diseases by hierarchically
mining heterogeneous, partially overlapping naming sources (15 primary and 29 sec-
ondary), unifying disease names and acronyms, initially transforming each name to a
canonical form while simultaneously retaining original strings for the alias list. This
canonical form is constructed by a series of steps (conversion to lowercase; removal of
words like “disease,” “syndrome,” “deficiency,” “failure,” “type,” as well as conjunc-
tions, articles, and prepositions); merging equivalent words (e.g. “juvenile” and
“childhood,” “kidney,” and “renal”); handling of different number formats (Roman
versus Indian/Arabic), and of plurals and possessives; word stemming, using the porter
stemming algorithm (Porter 2006), and others (Rappaport et al. 2013) to enable textual
comparison. Diseases with names that are identical except for type specification
(e.g. “Alzheimer disease type 3”) are grouped into parent/child families. Once the
disease list is in place with these significant annotations, over 70 data sources,
including those noted above, and others including GeneCards, MalaCards, and the
suite’s gene set analysis capabilities (Ben-Ari Fuchs et al. 2016; Stelzer et al. 2009) are
interrogated to yield thousands of additional descriptors and relationships.

99 ¢

2.3.2 Data Collection and Curation Methods

The knowledgebase, for the most part, is automatically generated. Our data sources
range from those that are manually curated, (e.g. UniProt/SwissProtKB (Bateman
et al. 2017)) to those that rely on text mining algorithms (e.g. DISEASES (Pletscher-
Frankild et al. 2015)). Our generation software and portals rank the information in
the various sections accordingly, giving greater weight to curated over inferred
annotations. If the QA process (see below) and/or user feedback uncovers anomalies
which cannot immediately be addressed by the relevant sources, we edit the data or
use a “cheat list” of corrections to compensate.

2.3.3 Dataset Indexing/Accession Number/ldentification

Alphabetical human gene and disease database indices appear at the footer of each
respective GeneCards and MalaCards page, providing linked lists of symbols/
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disease names. Clicking on a letter in the index, say D, brings up a page that lists all
genes/diseases that start with “D,” each linked to the relevant GeneCard or
MalaCard.

GeneCards gene symbols, used in accessing the GeneCards pages for particular
genes, are derived from HGNC (Yates et al. 2017), Entrez Gene (Brown et al. 2015),
Ensembl (Zerbino et al. 2018), and GeneCards identifiers (GCIDs) (Rosen et al.
2003). GCIDs are unique, informative, and stable, provided by the GeneLoc Algo-
rithm (see http://www.genecards.org/Images/Guide/GeneLocAlgorithm.jpg) as
follows.

e The id begins with GC, which is followed by the chromosome number (where
“00” indicates unknown chromosome and “MT” indicates the mitochondria), “P”
or “M” for orientation (Plus or Minus strand), and approximate kilobase start
coordinate.

For example: OXAIL, with GC id GC14P022766 is on chromosome 14 on
the plus strand, starting at 22766 kilobases.

* Genes that are currently placed on a specific chromosome, but whose exact
location on the chromosome is not yet known, receive a modified GC id,
consisting of the chromosome and strand information, followed by a number,
which indicates uncertain location, followed by a letter representing the specific
contig containing the gene, and the gene’s kilobase position on that contig.

For example: ENSG00000278198, with GC id GC07P900173 is on chromo-
some 7 on the plus strand of contig GL000195.1, starting at 173 kilobases.

* Genes located on the alternative reference sequences (haplotypes—see NCBI
(https://www.ncbi.nlm.nih.gov/mapview/static/humansearch.html#assembly) for
a full explanation) have a special GC id made up of the chromosome and strand
information, followed by a letter, and the gene’s approximate kilobase start
coordinate.

For example: KIR2DSS5, with GC id GC19MA 00037 is on chromosome 19 on
the minus strand of ALT_REF_LOCI_18, starting at 37 kilobases.

* Genes whose positional information includes only the chromosome need a further
modified GC id, which includes the chromosome number, followed by “U9,”
indicating lack of strand and positional information, followed by five digits,
assigned sequentially.

For example: GUK2, with GC id GC01U990078 is on chromosome 1. Its
strand and position are currently unknown.

If an id needs to change in future versions because the previously reported
position is refined, the superseded id remains associated with the gene, along with
the new one, so it cannot be assigned to any other gene, and so that users can still
find the gene by that id.

MalaCards identifiers, used in its URLSs, are its main disease names supplied by
primary sources (Rappaport et al. 2013) (e.g. Pick Disease) converted to lowercase,
with spaces replaced by underscores (pick_disease for this example). To be as
consistent as possible across versions, all such URLs are preserved, even if the
disease name has changed or the disease was merged with another. In situations like
these, old URLs are redirected to new ones. If a disease was removed completely
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from MalaCards, the old link is redirected to the search results page generated by
querying the old disease name. In addition, a unique internal MCID is generated for
each malady, composed of the first letter of its name, followed by the next two
consonants, followed by a sequence number. For example, the MCID for “rett
syndrome” is RTTOO1.

PathCards SuperPath identifiers, used in its URLs, are the names of the
SuperPaths (e.g. glucose metabolism) converted to lowercase with spaces replaced
by underscores (glucose_metabolism for this example).

2.3.4 Quality Control Methods

Before releasing a version of the knowledgebase, the system undergoes a semi-
automated QA process. An in-house tool verifies the integrity of the GeneCards
database by comparing it with that of the previous version, and it highlights
inconsistencies and extreme results. The anomalies are then manually reviewed.
Web cards and their links for a sample set of genes and diseases are manually
checked by our QA professionals and a medical doctor consultant. As our heuristics
are still evolving, problematic disease names (e.g. “Interferon” or “memory”) are
entered into a “cheat list” and removed from the system. VarElect and GeneHancer
have their own set of automated QA scenarios, wherein deviations from expected
results are reported and followed up by manual scrutiny. Test scenarios, bugs, and
suggestions for improvements are all ticketed in our JIRA tracking system (https://
www.atlassian.com/software/jira) and mapped to target releases.

2.3.5 Database Update and Maintenance Strategy

The knowledgebase is regenerated from scratch for each major version. For incre-
mental updates, source-specific generation modules are rerun using the latest data. In
both situations, the search index is regenerated for the benefit of the database portals
themselves, as well as for usage by VarElect and TGex.

2.4 Database Access and Mining Methods

2.4.1 Tools and Techniques to Access, Discover, and Mine
the Content of the Database

Gene-centric, disease-centric, location-centric, and pathway-centric information are,
respectively, available and searchable from the GeneCards, MalaCards, GeneLoc,
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and PathCards portals, each with their own entity-specific web “card” and powerful
search engine. GeneHancer data is incorporated in the knowledgebase, and in
GeneCards, MalaCards, GeneLoc, VarElect, and TGex. The extensive
knowledgebase (Ben-Ari Fuchs et al. 2016) is exploited to provide NGS interpreta-
tion and gene set analysis solutions as follows:

2.4.1.1 VarElect: The NGS Phenotyper of the GeneCards Suite

A key challenge in the interpretation of NGS in genetic disease studies is to
effectively associate the identified variant-containing genes with a patient’s disease
phenotypes. This is addressed by VarElect (Stelzer et al. 2016b), the GeneCards
Suite powered NGS interpretation tool, leveraging the broad knowledgebase for
gene prioritization. VarElect is a comprehensive search tool that helps to effectively
and rapidly identify and prioritize direct and indirect associations between genes and
user-supplied disease terms, joined with providing extensive evidence for such
associations.

Typical NGS analyses of a patient discover tens of thousands non-reference
coding single nucleotide variants (SNVs), but only one or very few are expected
to be significant for the relevant disease. In a filtering stage, various approaches, such
as family segregation, frequency in the population, predicted protein impact, and
evolutionary conservation are combined to shorten the variant list. A major chal-
lenge is the interpretation of the remaining (typically) few hundred genes, aiming to
further focus on the most viable disease-causing candidate genes.

To cope with genes that have no direct association to the phenotype terms on their
own, VarElect infers indirect (or “guilt by association”) relationships between genes
and phenotype keywords exploiting the GeneCards Suite diverse gene-to-gene
relationships. Gene-to-gene relationships are generated using the GeneCards search
engine, by searching gene symbols in selected GeneCards sections. The integrated
pathway information from PathCards is a major contribution to the gene-to-gene
relationships.

24.1.2 TGex: The Knowledge-Driven Clinical Genetics Analysis
Platform of the GeneCards Suite

Clinical genetics analysis of thousands of variants requires a user interface that will
enable browsing, viewing, filtering, and interpretation interactively. To this aim,
TGex, the GeneCards Suite Knowledge-Driven Clinical Genetics Analysis platform,
combines VarElect strength with comprehensive variant annotation and filtering
capabilities in a consolidated view, which enables the genetic analyst to quickly
pinpoint the strongest candidates. The comprehensive reporting system of TGex
leverages the capabilities of VarElect and the vast amount of structured data avail-
able in the GeneCards Suite to automatically generate a full clinical report. TGex
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supports comprehensive data scrutiny, from raw patient genetic data (a VCF file),
through intermediate annotations and interpretations, to detailed final reports.

2.4.1.3 Analysis of Genomic Structural Variants (SVs) Enabled by
GeneHancer

A major source of pathogenic genomic alterations are structural variants (SVs),
comprising both balanced modifications (inversions and translocations) and unbal-
anced variations—copy number variants (CNVs), including deletions, duplications,
and insertions (Hurles et al. 2008; Weischenfeldt et al. 2013). Evaluation of the
impact of SVs with respect to phenotype or disease relies on the genomic functional
units associated with the SVs. Disease-related functional consequences of SVs
involve changes in gene expression, which might occur when the SV encompasses
the gene territory, either completely or partially. In this vein, the GeneCards Suite
tools are useful for SVs interpretation, by helping to identify and prioritize SVs using
the potential disease-causing genes damaged in each SV.

Often SVs do not overlap the coding regions of the disease-associated gene. SVs
might influence genes over large distances by altering non-coding functional com-
ponents such as regulatory elements and non-coding RNA genes. Tackling varia-
tions in non-coding regulatory elements to decipher the genetic underpinnings of
human diseases is a great challenge in the analysis of both SNVs and SVs.
Addressing this challenge necessitates the ability to map variants to regulatory
elements such as promoters and enhancers. The mapping program requires access
to a comprehensive database of regulatory elements. Since the biomedical knowl-
edge directly linking regulatory elements to a disease/phenotype is obscure, the
variant mapping step needs to be complemented by annotative information regarding
a relationship between such an element and its target gene, for which a phenotype
relationship is already known.

These capabilities are the core of GeneHancer, the GeneCards Suite database of
regulatory elements and their gene targets. GeneHancer’s comprehensive-integrated
and scored set of regulatory elements and their gene-associations enables translating
the finding of a WGS variant in a non-coding region into a variant-to-gene annota-
tion, along with a confidence indication. Thus, integrating GeneHancer into the
WGS annotation and filtering functions of VarElect and TGex assists in the mapping
of non-coding variants to regulatory elements and via the gene targets forms a basis
for variant-phenotype interpretation of whole genome sequences in health and
disease.

2.4.1.4 Gene Set Enrichment Analysis

GeneAnalytics (Ben-Ari Fuchs et al. 2016) is an analysis tool for finding common-
alities within gene sets resulting from NGS, RNAseq, and microarray experiments.
Using in-depth evidence-based scoring algorithms and taking advantage of the
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GeneCards Suite knowledgebase, GeneAnalytics identifies cell types, diseases,
pathways, and functions related to the gene set and provides supporting evidence
links for matched biological terms in the GeneCards Suite.

2.4.2 How to Explore and Browse the Database

We illustrate exploring and browsing of the various suite sites by describing the
MalaCards (Rappaport et al. 2014) compendium of human diseases portal (www.
malacards.org), which features ~22,000 human diseases, with annotations integrated
from 73 sources and shown in 14 sections. The homepage (Fig. 2.2a) is a common
entry point to the Web site, showcasing most of the features and tools including
exploring a particular (sample, random, or specified) malady, jumping to a particular
section within it, quick searches, a disease index, statistics, a menu bar with links to
documentation and disease list/category pages, and links to the other GeneCards

'© GeneCardsSuile seneAlaCart  GenesLikeMe

Genelard GeneCafNA Mala PathCards VarElect seneAnalytics

Home  User Guide  Analysis Tools  Mewsand Views  Disease Lists/Categories  About Legin  SignUp

MalaCards: The human disease database é GeneCardsSuile

NGS Analysis

MalaCards is an integrated database
of human maladies and their
annotations, modeled on the
architecture and richness of the
popular GeneCards database of v 4 e
human genes. more.. Distare ok Tor Mypobetalipoproteinemia_Familial_1 Affiliated Databases

21885 disease entries, consolidated from 73 sources -
Rappaport et al, MalaCards: an amalgamated human disease compendium with diverse s 3 Tene
clinical and genetic annotation and structur rch, NAR 2017 Database Issue & :

Explore a Malady

Analysis Tools

Cowden Disease

Jump to section for this Malady:

Anatomical Context

Fig. 2.2 (a) The homepage of MalaCards, the human disease database. (b) The MalaCard for Lung
Cancer includes the Genes section, which provides the list of the affiliated genes and enhancers
found to be associated with the disease. MalaCards “elite” genes (marked with *) are those likely to
be associated with causing the disease, since their gene-disease associations are supported by
manually curated and trustworthy sources. The cancer COSMIC Gene Census list is an ongoing
effort to catalog those genes for which mutations have been causally implicated in cancer. Cancer
census gene list genes are marked with a CC icon


http://www.malacards.org
http://www.malacards.org

40 M. Safran et al.

€ GeneCardsSuite  Genecards  Genecarnis [RUET flect  GeneAnalytics  GeneAlaCart  GenesLikeMe

Home  User Guide  Analysis Tools  News and Views  Disease Lists/Categories  About Log In Sign Up

LNCR Lung Cancer (LNCR)

MCID: LNGD32
MIFTS: 97 Categories: Cancer dseases, Genetic diseases, Respiratory diseases

Ganes Variations Thsues Related diseases P B F Drugs Expand all tabiles
Aliases & Classifications for Lun

MalaCards integrated aliases for Lung Cancer:
Name: Lung Cancer & i D41 1213642313

Lung Carcinoma 1 81546 15 12 Cancer, Lung. Non-Smal Cell 3

Mon-Small Cell Lung Cancer 133 2 228 Lung Cancer, Resistance to 2

Non-Smah Cell Lung Carcingma 13 13127 Malignant Tumor of Lung & Antpive o
Lung Cancer, Protection Against L &8 Adenocarcinoma of Lung 2 Drugs & Therapeuics
Adenccsreinoma of Lung, Response 1o Tyrosine Kinsse Inhibitor in 2113 Lung Maligriant Tumors 42 EXprEsskD
Adenccarcinoma of Lung, Sematic 228 Respiratory Carcinoma 41 gneﬁ T

Lung Cancer, Susceptibity to 21 :" . Lung Cancer, Somatic 31 Gon$;:m:5ts

Lung Non-5mall Cefl Carcinoma -‘J Malignant Lung Tumor 41 Pathways

Malignant Neoplasm of Lmq'ﬁ"" Puimenary Carcinoma & Publications

Nonsmall Cefl Lung Cancer 25 Pulmonary Neoplasms 41 Related Diseases
Alveolar Cell Carcinoma 222 Cancer of Bronchus £ Sources

Jump to section v Genes for Lu ':i)

Genes/enhancers related to Lung Cancer (68 elite genes): ishoy 10 50 o sl 53

* - Eite gene ©) @ - Cancer Census gene in COSMIC L2

¢ Symbol Description Category Score  Evidence PubMed IDs
1 BRAF K @ B-Raf Proto-Cncogene, Serine/Threcnine Protein Coding 139635 | palecular basis known 2 12068308 12460918
Kioase Pathogenic © ’
Cautative variation 2
Genetic Tests &
Likely pathogenic ®
DISEASES inferred 121312
Novoseek inferred '
GereCards inferred via ishow sactiony
2 | SLC2A18 * Schute Carrier Family 22 Member 18 Protein Coding | 1346.13 | pokecular basis known 2 9751628
Pathogenic ®
Causative variation 22
Genetic Tests £
DISEASES inferreq 131313
GeneCards inferred via (show sections)
Eos 2302402 15118073
JS11B125 imeew

3 EGIR * @ Epicermnal Growth Factor Receptor Protein Coding 119626 | pgalecular basis known

Pathogenic ®

Genetic Tests £

Susceptibility factor i

Likely pathogenic

DISEASES inferreq 134313
Novoseek inferred ¥

GeneCards infered via (shew sections)

EGFR-GHOTINS5033 TSS distance: +15.3kb Curated enhancer-disease association | 27723759
Elite enihancer (2] w14

Fig. 2.2 (continued)

Suite members. MalaCards can be navigated in a variety of ways. The search box is
typically the initial starting point, where one can submit free text as a query string,
including Boolean expressions. It is centrally located on the homepage, as well as at
the top right corner of every page comprising the Web site.

A MalaCards disease page (Web “card” or simply MalaCard) is where one can
find all available information pertaining to a disease of interest. The information
within a MalaCard is divided into 14 sections: Aliases and Classifications,
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Summaries, Related Diseases, Symptoms and Phenotypes, Drugs and Therapeutics,
Genetic Tests, Anatomical Context, Publications, Genes, Variations, Expression,
Pathways, GO Terms, and Sources. Documentation is accessible via hyperlinks,
often context-specific, from within many parts of the MalaCard, to the right of the
section, by clicking on the question mark icon. Each section displays disease-
specific information and contains deep links to supporting sources, often with
superscripts when multiple sources contain details about the datum. Different sec-
tions contain ranking and scoring of the elements, including genes in the Genes
section, diseases in the “Related diseases” section, and pathways in the Pathways
section. Figure 2.2b shows portions of the MalaCard for Lung Cancer, including the
Genes section, which provides the list of the affiliated genes and enhancers found to
be associated with the disease. MalaCards “elite” genes (marked with *) are those
likely to be associated with causing the disease, since their gene-disease associations
are supported by manually curated and trustworthy sources. The cancer Gene Census
list from COSMIC is an ongoing effort to catalogue those genes for which mutations
have been causally implicated in cancer. Genes listed in the cancer census gene list
are marked with a CC icon. When relevant, shown GeneHancers are genomic
regulatory elements-gene-disease associations provided by GeneHancer. Initially,
at least 10 affiliated genes are shown (all of the elite genes are always shown), with
an option to see the complete list.

The ranked genes list is composed by taking into account: (1) genetic testing
resources supplying specific genetic tests for the disease: (2) genetic variations
resources supplying specific causative variations in genes for the disease;
(3) resources that manually curate the association of the disease with genes;
(4) searches within GeneCards, providing inferred associations.

The section’s genes table shows gene symbols, descriptions, category, relevance
scores, the context according to which the gene is related to the disease, and Pubmed
ids. The relevance score is computed by factoring in the importance of the different
resources associating the gene with the disease.

Long lists within the card sections are partially hidden by default (initially
showing only the most relevant information for efficiency), with a “show all”” option
to display the complete list. Pressing “Expand all tables” activates “see all” in all of
the sections and enables convenient searches within the card.

2.4.3 How to Query the Database

We illustrate the search capabilities of the various suite sites by describing
GeneCards searches. In the top right corner of the GeneCards banner on each of
its pages, enter your search terms into the search box and click the magnifying glass
icon to submit the query. The query term may be a disease name, gene name, or any
other keyword. Boolean operators (AND/OR) can be used to query GeneCards, as
can wildcards (*) when placed at the end of a word. Note that Boolean operators
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Fig. 2.3 MalaCards search results: (a) sorted, scored gene hits. (b) with Minicards including hit
context

must be capitalized to yield expected results: For example, specifying “water
channel” AND drm* yields 29 results.

Searches result in a list of genes, each with its description, category, GeneCards
Inferred Functionality Score (GIFtS) (Harel et al. 2009), and GeneCards identifier
(Rosen et al. 2003), sorted by Elastic search relevance score (Fig. 2.3a). Clicking the
plus to the left of the symbol opens a “MiniCard,” which shows the hit context of the
search terms (Fig. 2.3b). Clicking on the symbol opens the gene’s card.

GeneCards can also be searched for a specific symbol, using the search dropdown
(choose “Symbols”). When searching for a symbol that might not be the gene’s



2 The GeneCards Suite 43

official symbol (from a paper, for example), and when using a gene identifier from
another database, the other dropdown options should be used (“Symbols/Aliases”
and “Symbols/Aliases/Identifiers,” respectively).

To use the GeneCards advanced search, click on the “Advanced” link to the right
of the search box. The advanced search allows complex queries in which each
keyword can be restricted to a specific section of the GeneCard.

MalaCards and PathCards have similar querying facilities.

2.4.4 How to Upload/Download Data

Registered users have a variety of download facilities. GeneALaCart (https://
genealacart.genecards.org/), the GeneCards batch query portal generates a file of
GeneCards annotations associated with input gene lists. For each query, one supplies
the “batch” of gene symbols or identifiers and selects the annotations of interest
(Fig. 2.4a); GeneALaCart then extracts the information from the knowledgebase and
produces a customized results file in Excel [Fig. 2.4b] or JSON format [Fig. 2.4c].
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Fig. 2.4 GeneAlaCart input and output: (a) user inputs genes/identifiers of choice, selected
annotations, and output file format; (b) sample Excel sheet output; (¢) sample JSON output
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Fig. 2.4 (continued)

Other download capabilities within the suite sites include exporting GeneCards
search results, details about MalaCards diseases, GeneLikeMe functional partners
with evidence, GeneHancer details, VarElect prioritized results, GeneAnalytics
enriched gene sets, and TGex annotated reports. Facilities for database acquisition
for the purposes of further analyses and integration include a variety of
knowledgebase dumps and APIs. For more details, please contact the authors.
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2.5 Use Cases

As noted above, discovery within the GeneCards Suite is exemplified by how
VarElect and TGex leverage the extensive knowledgebase to provide NGS interpre-
tation. The following use cases illustrate this.

2.5.1 Interpretation of Single Nucleotide Variants (SNVs)

VarElect is useful for variant interpretation in genetic disease studies by helping to
identify and prioritize associations between variant-containing genes and phenotype
keywords. VarElect helped us solve clinical cases in our own laboratory (Alkelai
et al. 2016, 2017; Oz-Levi et al. 2015; Heimer et al. 2016, 2018) and was further
used in numerous studies worldwide (Yang et al. 2017; Einhorn et al. 2017,
Ekhilevitch et al. 2016; Jia et al. 2017; Bafunno et al. 2018; Zhang et al. 2016;
Azim et al. 2019; Carneiro et al. 2018; Feliubadalo et al. 2017; Syama et al. 2018).
VarElect exploits the GeneCards Suite diverse gene-to-gene relationships to pin-
point the relevance of genes that have no direct association to the phenotype
keywords on their own (using the indirect, or “guilt by association” mode). The
indirect approach proved crucial to solving a case of systemic capillary leak syn-
drome (Stelzer et al. 2016b). Figure 2.5a depicts an example of another VarElect
case solved in our group (Rappaport et al. 2017b). In this example, the genome of a
6 year old boy, who suffered from atypical epilepsy combined with retinitis
pigmentosa, was sequenced. Eighty-one rare homozygous variants, which were
heterozygous in both parents, were identified in the patient. The list of 63 variant-
containing genes was submitted to VarElect, along with the phenotype search terms;
“epilepsy OR macular OR retinitis.” VarElect’s top scoring gene was CLN6. The
patient had a homozygous missense variation (V148D) in this gene with zero
population frequency and a high predicted protein damage impact. Following this
discovery, the patient was clinically diagnosed with accuracy, enabling appropriate
genetic counseling and preimplantation diagnosis for the family in the event of
future pregnancies.

VarElect can be used stand-alone as described above, or within TGex, the
GeneCards Suite Knowledge-Driven Clinical Genetics Analysis platform. TGex
requires two inputs: (Rebhan et al. 1997) A VCF file; (Stelzer et al. 2016a) dis-
ease/phenotype/symptom terms for VarElect gene-phenotype interpretation. With
TGex (Fig. 2.5b), thousands of variants within the uploaded patient VCF file are
analyzed in an interactive web-based interface, allowing the user to browse, view,
and filter input variants. Those capacities are combined with VarElect’s gene-
phenotype interpretation strength, allowing one to effectively identify disease-
causing candidates. Top candidate variants, along with disease association evidence,
are automatically pulled into the detailed clinical report.
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Fig. 2.5 The GeneCards Suite NGS analysis tools VarElect and TGex. (a) Example of a VarElect
case solved in our group (Rappaport et al. 2017b); (b) NGS data analysis with TGex. TGex allows
data scrutiny and analysis, starting from raw patient genetic data (a VCF file) to a detailed report.
Variants are annotated using information from the GeneCards knowledgebase, allowing interactive
filtering. These variant annotation and filtering steps are strengthened by gene-phenotype interpre-
tation using VarElect. Hence, TGex allows the examination of variants using both variant-based
annotations and variant-containing-genes-based interpretation, presenting this information for
optimal candidate variant selection for the clinical report

2.5.2 Interpretation of Genomic Structural Variants (SVs)

VarElect is useful for structural variants interpretation by the identification and
prioritization of SVs via the potential disease-causing genes damaged by each
SV. In this workflow, the gene list submitted to VarElect includes genes residing
(completely or partially) within the detected SVs. This mode of analysis using
VarElect helped solve a number of cases (Homma et al. 2018; Fidalgo et al.
2016). One study aimed to diagnose recurrent CNVs associated with syndromic
short stature of unknown cause (Homma et al. 2018). Two hundred and twenty-nine
patients were genotyped by chromosomal microarray analysis, leading to identifica-
tion of candidate CN'Vs. The gene content of those CNVs was submitted to VarElect
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O TGex"

Fig. 2.6 SV analysis with TGex

to find and prioritize phenotype related genes, leading to identification of pathogenic
CNVs. We demonstrate this workflow using the TGex SVs module (Fig. 2.6).

The user inputs to TGex are: (Rebhan et al. 1997) a list of SVs; (Stelzer et al.
2016a) disease/phenotype/symptom terms. The analysis screen allows the user to
browse and interpret the SVs. The list of entered SVs (Fig. 2.6, left pane) is presented
along with annotations, such as the genomic location and length, SV type, number of
genes in the region, and more. Those annotations are amplified with the VarElect
score, which is also used as the default sort column for the SVs list. The value in this
column is the highest VarElect phenotype score of the gene pool in each SV gene
list. In this analysis the highest scoring SV is a 550kb deletion on chromosome X,
overlapping 5 genes and one enhancer element.

The user can click on any of the SVs in the list (left pane) for the detailed view of
each SV. In this view (Fig. 2.6, right pane) functional genomic elements in overlap
with the SV region are shown (including not only protein coding genes, but also
ncRNA genes, enhancers, and promoters), with annotations such as the overlap type
(full/partial), the number of exons in overlap (for genes), and GeneHancer confi-
dence scores for regulatory elements (see below). For the selected SV, the gene
SHOX (Short Stature Homeobox) is the VarElect top scoring gene for the submitted
keyword list (“short stature” OR “growth impairment” OR height OR dwarfism OR
dwarf OR “growth restriction” OR “‘growth retardation”). Clicking on the VarElect
score opens the “MiniCard,” which shows the hit context of the search terms within
different sections of the SHOX gene in GeneCards, and diseases related to SHOX in
MalaCards (Fig. 2.7).

2.5.3 GeneHancer-Powered Interpretation of SVs

GeneHancer, the GeneCards Suite database of regulatory elements and their gene
targets, has been used by the community as an annotation standard for enhancers and
promoters in the human genome, as well as for the associations of those elements
with their gene targets (Quigley et al. 2018; Zhang et al. 2018; Holzinger et al. 2017,
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Fig. 2.7 MiniCards—evidence for gene-phenotype associations. This figure shows selected parts
of the MiniCard for the gene SHOX and the phenotypes used in the short stature study. A list of
matched phenotypes is shown in red in the top part. This is followed by several gene-centric
evidence for queried phenotype association, e.g. from the GeneCards Variants, Aliases, Summaries,
and Publication sections. This evidence is combined by MalaCards-based evidence, showing
queried phenotype associations in diseases associated with the gene SHOX, from various
MalaCards sections, e.g. Aliases, Symptoms, and Summaries. For all sections, only partial evidence
list is shown here



2 The GeneCards Suite 49

—W-H

[] \

Promoter Gene

[Input 1: 180kb long CNV ] Phenotype interpretation output:

Highest scoring gene is a target
['”p“t 2: Phenotype keywords ] of an enhancer within the CNV

Fig. 2.8 Solving a genetic disease with GeneCards Suite NGS tools SV analysis capacities.
GeneHancer enriches the GeneCards Suite NGS tools VarElect and TGex, providing the ability
to map SVs to non-coding functional regulatory elements such as enhancers and promoters. This
mapping, combined with GeneHancer’s information on the association of those elements with
target genes, enables pinpointing variant-phenotype relationships that otherwise might be
undiscovered, increasing the potential solve rate of genetic disease studies

Singh et al. 2018; Huang et al. 2018; Yang et al. 2018; Bermejo et al. 2019;
Erlangsen et al. 2020; Nikulin et al. 2018; Slater et al. 2018). With the growing
understanding of the importance of non-coding variants for NGS interpretation,
GeneHancer-enriched VarElect and TGex offer novel modes of analysis for tackling
this challenge.

First, we augmented VarElect to be able to process GeneHancer element identi-
fiers. For a given element, VarElect performs gene-phenotype prioritization for its
GeneHancer gene targets. The phenotype prioritization in this workflow is
performed by combining the VarElect gene-phenotype score with the GeneHancer
element and gene-association confidence scores. This mode of analysis allows users
to perform phenotype interpretation of mixed lists of genes and regulatory elements
after both SNV and SV primary data analysis steps.

Second, we enhanced TGex to include regulatory elements in SV interpretation.
User-submitted SVs are mapped to both genes and regulatory elements, followed by
VarElect interpretation of the mixed list of genes and enhancers/promoters. This
mode of analysis helped our lab solve a genetic disease study (Fig. 2.8). In this case,
a family with a rare congenital autosomal dominant genetic skin disease was
genotyped, leading to the identification of a CNV shared by all affected individuals.
Phenotype interpretation of this CNV discovered that it overlaps an enhancer, whose
gene target, albeit not residing within the CNV, is extremely relevant for the studied
phenotype.
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2.5.4 Other VarElect Use Cases

While interpretation of genetic disease NGS analyses was the focus of our described
use cases, VarElect is also a potent tool for supporting the interpretation of other
experimental results. In such scenarios, VarElect is utilized to analyze gene lists
retrieved from various methodologies, helping to focus on more affordable candidate
gene lists based on gene-phenotype information. Scenarios benefitting from the
gene-phenotype prioritization capacities of VarElect include gene expression
(RNAseq/Microarrays), protein expression (mass spectrometry), and other multi-
OMICS downstream analyses (Hulst et al. 2017; Yang et al. 2016; Biro et al. 2017,
Voisey et al. 2017; Amorim et al. 2017; Fonseca et al. 2018); genome-wide
association studies (Luzon-Toro et al. 2015); Quantitative Trait Locus (QTL) gene
targets downstream analysis (Martinez-Montes et al. 2018); and others (Chen et al.
2016; Alvarez-Castelao et al. 2017; Butler et al. 2016; Makler and Narayanan 2017,
Hashemi et al. 2017).

2.6 Summary and Future Development of the Database

The tools and databases in the GeneCards Suite synergistically work in concert to
provide information, elucidate relationships, and facilitate solving clinical cases.
Each suite member provides deep insights about particular facets of biological
research. Specifically, GeneCards is gene-centered, the one-stop-shop for compre-
hensive details related to genes of interest. MalaCards focuses on diseases and
disorders, presenting a detailed view of each malady, with annotations and links
including symptoms, drugs, articles, genes, clinical trials, related diseases/disorders,
and more. LifeMap Discovery concentrates on gene expression, providing data on
the developmental ontology of organ/tissues, anatomical compartments, and cells. It
also presents manually curated gene expression at all developmental stages, as well
as data extracted from high-throughput experiments and large-scale in situ databases.
Users who want to explore human pathways data will find it in PathCards, an
integrated database of human biological pathways and their annotations, wherein
each record presents a SuperPath that represents one or more human pathways, their
gene content, and relationships within member pathways. GeneLoc consolidates
genes from major worldwide sources, merging them by location and assigning each
GeneCards gene a unique GeneCards Identifier. The GeneLoc site provides a tabular
view of a gene’s genomic context, including neighboring genes, EST cluster, and
markers. GeneHancer, an innovative and growing regulatory element database,
focuses on enhancers and promoters, central to tissue-related gene expression,
with many known strong connections to diseases. GenesLikeMe measures how
genes are related to a target gene, based on shared characteristics, including expres-
sion, ontologies, or disorders. Using a gene set from the results of a GeneCards
search, or any set of genes of interest, one can extract GeneCards annotations for all
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genes in the set using GeneALaCart, the suite’s batch query facility. The set can be
further analyzed using GeneAnalytics, which can identify cell types, diseases,
pathways, and functions enriched in the gene set, and provides tools for further
in-depth analysis of all of the genes in the set. VarElect identifies and prioritizes
genes and variants according to their relevance to diseases and phenotypes of interest
and allows one to explore relationships between genes and gene variants and
selected diseases, phenotypes, or any pertinent biological term via relevant path-
ways, interaction networks, and publications. TGex, the suite’s end-to-end NGS
solution, is a VCF-to-report clinical analyzer which incorporates VarElect’s
algorithms.

Future plans include continuing to build on the efforts of the last twenty years,
ensuring that information from current sources is kept up-to-date, relevant, and
provided in a user-friendly manner, in parallel with continuing to innovate in the
“dark matter” arena of regulatory elements and RNA genes. The GeneCards Suite’s
extensive KnowledgeBase and disease interpretation platform fortifies its capacities
to relate diseases to non-coding variants identified by WGS, towards providing a
comprehensive route to clinical significance of coding and non-coding single nucle-
otide and structural genomic variations, in order to elucidate unsolved clinical cases
and enable accurate clinical diagnosis and comprehensive genetic counseling.
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