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1 | INTRODUCTION

Abstract

Here we describe MyGene2, Geno2MP, VariantMatcher, and Franklin; databases
that provide variant-level information and phenotypic features to researchers,
clinicians, healthcare providers and patients. Following the footsteps of the
Matchmaker Exchange project that connects exome, genome, and phenotype
databases at the gene level, these databases have as one goal to facilitate
connection to one another using Data Connect, a standard for discovery and search
of biomedical data from the Global Alliance for Genomics and Health (GA4GH).
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progress has accelerated so that the number of genes with known

phenotype-causing variants has expanded from 2346 in 2009 to

Since 2009, whole-exome sequencing (WES) and whole-genome 4588 currently or ~22% of the total protein-encoding genes in the
sequencing (WGS) have become the most prominent genomic tools genome (OMIM, 2021). That leaves nearly 80% of the predicted
for the discovery of novel disease genes and variants related to rare ~20,000 protein-encoding genes yet to be connected to a disease

Mendelian phenotypes (Chong et al., 2015). Using this approach, phenotype. Similarly, 50%-75% of clinical and research WES do not
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identify a responsible variant(s) even in families that present
Mendelian segregation of human disease traits (Baxter et al., 2022;
Chong et al., 2015; Posey et al., 2019; Retterer et al., 2016; Yang
et al,, 2014).

Possible explanations for the modest molecular diagnostic rate
include unappreciated phenotypic and genetic heterogeneity; causa-
tive variants is not yet recognized disease genes (Liu et al., 2019);
high locus heterogeneity; complex molecular mechanisms underlying
incomplete penetrance; technical limitations in the applied sequenc-
ing approach; and limitations in the variant analyses and classifica-
tion. One particular limitation, that we focus on here, is the lack of
accurate analytical tools to interpret and classify variants in known or
novel disease genes.

Variant classification in the research or clinical setting is a
complex process that takes into consideration many different
features related to the individual, the phenotype, the variant, the
population, the gene and the environment. In 2015, Richards
et al. (2015), published a guideline for variant interpretation and
classification based on criteria using typical types of variant evidence
(e.g., population data, computational data, functional data, segrega-
tion data, etc). To apply these criteria, research and clinical
laboratories use many different databases with different types of
information and evidence, but very few them allow the laboratories
to have access to detailed phenotypic information related to the
specific variants being investigated. Knowing the phenotypic features
of other individuals that carry the variant of interest can be a critical
step in variant classification, but detailed phenotypic information
linked to putatively-causal variants is rarely available in public or even
controlled-access databases because of the difficulty in obtaining
detailed phenotype data, rarity of the candidate variants, and
challenges and uncertainty due to potential regulatory requirements
to maintain the confidentiality and privacy of individuals who carry
these rare variants.

Here we describe several databases that have made variant-level
information together with phenotype or phenotypic features availa-
ble to researchers, clinicians, healthcare providers and patients; and,
their goal to facilitate patient care by connecting to each other
following the footsteps of the Matchmaker Exchange project that
connects gene-level databases (Azzariti & Hamosh, 2020; Sobreira
et al., 2017).

2 | METHODOLOGY

2.1 | MyGene2 and Geno2MP

MyGene2 (https://mygene2.org/) (Figure 1) is a web-based platform
that enables families, clinicians, and researchers to share genetic
information such as candidate genes/variants and phenotypic data
publicly with the goal of facilitating rare disease research such as
novel disease gene discovery, allelic series, and genotype/phenotype
relationship studies. Families can share their own identifiable health
and genetic information and clinicians and researchers can use

MyGene2 to share deidentified health and candidate gene/variant
information on behalf of families with Mendelian conditions.
Information about each family is organized into a “Profile.” All
profiles are publicly searchable, and all stakeholders have the same
level of access to the data shared through the site. To help families
share their data and make matches with others interested in the same
candidate genes or Mendelian conditions, MyGene2 uses concept
recognition software to automatically extract structured phenotype
terms from narratives submitted by families and variant validation
software to assist families in submitting their candidate variants to
the site. MyGene2 currently hosts ~5000 family profiles that share
candidate gene/variant and reported clinical findings and shares all
variants through Beacon Network (https://beacon-network.org/), a
search engine across the global network of Beacons enabling
discovery of genetic variants of interest around the world (Fiume
et al., 2019). The connection to the Beacon Network is enabled by
the Beacon protocol, a standard for discovery of genetic variants,
developed by the Global Alliance for Genomics and Health (GA4GH)
(The Global Alliance for Genomics and Health, 2016). Beacon allows
users, including anonymous users, to query a database for the
presence of a variant of interest by asking a question of the form “Do
you have information about the following variant?,” to which a
Beacon responds either “yes” or “no,” optionally with additional
aggregate information. Beacon Network users can visit the MyGene2
profiles for any variant identified through a search of the Network.

Geno2MP (https://geno2mp.gs.washington.edu/) (Figure 2) is a
web-accessible, searchable database containing rare variant geno-
types linked to phenotypic information developed by the University
of Washington Center for Mendelian Genomics to publicly share all
rare (<2.5% alternate allele frequency in gnomAD v2.1 or v3.0)
sequence variants identified in individuals affected by suspected
Mendelian conditions and/or in their putatively unaffected relatives
alongside deidentified phenotype data describing the affected status
and original phenotype of interest for which each family was
ascertained. As of October 1, 2021, Geno2MP shares variant
zygosity and phenotype data from 19,344 individuals sequenced by
one of the University of Washington, Broad, or Yale Centers for
Mendelian Genomics. Geno2MP can be searched by gene, chromo-
somal coordinates, or HPO term, and a bulk sites-only VCF is
available for download. The Geno2MP data set will eventually be
integrated into MyGene2 to make its data available for matchmaking/
querying via the future variant-level Matchmaker Exchange and the
Beacon Network. This will also enable users to sign up to be notified

about future variant matches.

2.2 | VariantMatcher

VariantMatcher (https://variantmatcher.org) (Figure 3) was devel-
oped to connect individuals (researchers and healthcare providers)
around the globe with interest in a specific variant. It enables
sharing of variant-level and phenotypic data from participants in
research projects for discovery of novel disease genes including the
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FIGURE 1 MyGene2 homepage

Baylor-Hopkins Center for Mendelian Genomics project. Variant-
Matcher (Wohler et al., 2021) contains the rare (MAF<1% in
gnomAD), coding (including missense, nonsense, stop-loss, and
splice site variants; synonymous are excluded), single nucleotide
variants identified in 6235 VCF files (896,847 unique variants) of
affected and unaffected individuals sequenced as part of multiple
projects and their detailed phenotypic information.

To comply with patient privacy and security regulations,
users of the site must register and be approved by site
administrators after verification that the user is a clinician,
researcher or healthcare provider. Users may upload up to 10
genomic coordinates per day to the site and are notified of any
match. The query format is “chr:coordinate refAllele > altAllele”
(e.g., chr2:1234567G>T) and is available for genomic builds hg18,
hgl9, or hGRCh38. The current VariantMatcher data is on the
hgl9 build of the human reference assembly. Queries that use
hgl18 or hg38 are lifted over to hgl9 before the match occurs.
Phenotypic features can also be added, but the match is based
only on the genomic location. If the user adds phenotype
information (minimum of three features and maximum of six),

however, and there is a match based on genomic location, the

phenotype information from the matched entries is shared in the
email notifying the users of the match. When there is a match,
both parties are notified by simultaneous emails so that they can
choose to exchange additional information about their cases. If a
match is not made, the queried coordinates can be stored for
future matching.

VariantMatcher recently added support for Beacon and through
the Beacon protocol, VariantMatcher was connected to the Beacon
Network (Fiume et al., 2019). If a user is informed that the variant
queried through the Beacon Network is present in VariantMatcher,
they have the option to create an account in VariantMatcher to
obtain further information about the variant of interest. As of
October 1, 2021, VariantMatcher had 695 submitters from
44 countries. 4406 variants had been queried and 153 variants
matched to 1248 individuals in VariantMatcher.

To further develop VariantMatcher's capabilities to support
variant classification and facilitate discovery of disease-causing
variants, additional query capabilities are planned, including: (1)
indels; (2) variants by zygosity state; (3) specific variant with feature
(s); and (4) specific group of variants/gene (e.g., individuals with
nonsense variants in gene X).
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About the Genotype to Mendelian Phenotype (Genoo,MP v2.6) Browser

Geno,MP is a web-based query tool that searches a database of rare variants from exome sequencing data linked to phenotypic information from a
wide variety of Mendelian gene discovery projects. Specifically, each rare genotype is linked to individual-level phenotypic profiles defined by human
phenotype ontology (HPO) terms. Thus, it enables users to link “Genotypes to Mendelian Phenotypes” to facilitate new gene discovery efforts.

Currently, Geno,MP contains data from ~19,344 individuals (updated September 2021), including both persons affected with a Mendelian condition and
unaffected individuals who are relatives of persons with a Mendelian condition. Geno,MP shows phenotypic profiles for affected individuals and, for
unaffected individuals, the phenotypic profile of their affected relative(s). As with most genetic variation in humans, most of the variants in Geno,MP are

not causal for a Mendelian condition.

This database is a collaborative, shared resource for the human genetics community. In fact, the power of GenoaMP will only grow as thousands more
samples and phenotypes are added, and we invite the entire Mendelian genetics community to join us in contributing to this resource.

A sites-only vcf is available for download!

FIGURE 2 Geno2MP homepage

2.3 | Franklin

Franklin by Genoox (https://franklin.genoox.com) (Genoox, 2021)
(Figure 4) connects clinicians, genetic counselors, and healthcare
organizations, enabling its users to make impactful discoveries using
the most advanced genomic tools and applications. The power of the
Franklin community provides actionable insights from the largest
real-time real-life genomic database serving professionals at the point
of care.

Franklin is built on top of an advanced Al-based interpretation
engine and provides an automated workflow from raw sequencing
data (FASTQ/VCF) to a shortlist of candidate variants for a final
clinical report. The interpretation engine supports multiple genetic
applications including rare diseases, oncology, hereditary cancer, and
carrier screening. The engine provides in-depth variant evidence,
literature and text-mining evidence, automated America College of
Medical Genetics and Genomics -based classification for single
nucleotide variants and copy number variations, and a wealth of
annotations and assessment tools.

Franklin community members can share their own evidence and
insights regarding a variant or a gene with the rest of the community,
as well as start a discussion on a case/variant level, to reach a
consensus. In addition, members are able to contact other members
in an anonymous way to inquire about a specific variant of interest
that surfaced during their analysis. This feature assists in resolving
uncertainties and providing more accurate classification.

Franklin is used today by over 1700 healthcare organizations and is
available at no charge. The platform is widely used in hospitals,
laboratories, and medical facilities throughout 44 countries across the

globe.

3 | DISCUSSION

During the last decade, multiple public databases such as Exome Variant
(https://evs.gs.washington.edu/EVS/)
1000 Genome Project (https://www.ncbi.nlm.nih.gov/variation/tools/
1000genomes/) (Genomes Project et al, 2015), EXAC (gs://gnomad-
public/legacy) (Lek et al., 2016), gnomAD (https://gnomad.broadinstitute.
org/) (Karczewski et al., 2020), and ABraOM (https://abraom.ib.usp.br/
search.php) (Naslavsky et al., 2017) have facilitated the identification of

Server (ExomeVariantServer),

rare pathogenic variants in the represented populations by publicly
sharing the genomic data of mostly healthy individuals in an accessible
way. However, these databases are deidentified and do not harbor
phenotypic information of included individuals. Therefore, these data-
bases are not optimized for the interpretation of rare variants possibly
associated with rare phenotypes, particularly those characterized by mild
presentation, incomplete penetrance, mosaicism, and/or late-onset.

To overcome this potential limitation, databases such as DECIPHER
(Firth et al., 2009), MyGene2/Geno2MP (Chong et al., 2016), Variant-
Matcher (Wohler et al., 2021), and Franklin (Genoox) have created a
public way to share genomic and phenotypic data from individuals with
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FIGURE 3 VariantMatcher search page

rare phenotypes that is easily accessible to researchers, clinicians,
healthcare providers, and patients. While they are each queried in a
slightly different way, they all harbor accessible genomic and phenotypic
information from individuals with rare phenotypes. The use of these
databases has supported the identification of novel disease-causing
variants and the more precise classification of many variants of uncertain
significance (VUS). To date, most of the VUSs investigated in databases
such MyGene2/Geno2MP, VariantMatcher, and Franklin could be
classified as benign after close comparison of the phenotypes facilitating
identification of stronger candidate causative variants for the phenotypes
being investigated (Wohler et al., 2021).

We plan to follow the successful Matchmaker Exchange (MME)
model to connect these databases and others in a federated network
using the GA4GH Data Connect standard (https://github.com/
gadgh-discovery/data-connect/).

4 | DATA CONNECT

GA4GH provides a suite of technologies for supporting federated
networks, with two complementary standards for discovery or search
of networked data—Data Connect and Beacon. While Beacon lacks
the flexibility for searching beyond position-based lookups of

Save this search to be automatically re-run monthly

variants, its extended version 2 is under development. The current
version 2 draft proposes a data model for eight commonly
represented concepts, such as variants and sequencing analyses,
and introduces a new query language allowing for simple filtering of
instances of these concepts shared through a Beacon.

Data Connect is a GA4GH approved standard for discovery and
search of biomedical data. It provides data custodians with a
mechanism to organize and semantically describe their data and its
data model, and data consumers with a mechanism to construct
flexible queries and search the described data. Unlike other data-
sharing technologies, Data Connect does not prescribe a data model,
thus allowing arbitrary data to be discovered and searched “as is,”
without potentially expensive transformations. It relies on the JSON
Schema standard (https://json-schema.org/) for describing data
models, and the SQL standard for querying.

Contrasted with a specialized application programming interface
(API) like Beacon, Data Connect is a more general framework,
providing a suitable foundation for building Beacons, Matchmakers,
and other networked applications. The flexibility of its query
language allows the construction of queries combining different
types of data within and across databases, as well as queries
leveraging custom functions for matching. The model-agnostic nature

of the standard allows one to connect the databases without having
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to transform their data into a shared, agreed-upon data model, with
the ability to describe the data semantically and harmonize gradually
over time. Data Connect's choice of SQL as the query language
enables one to rely on a number of existing tools, and integrates well
with these databases. Combined with a growing ecosystem of tools
compatible with Data Connect, this network can be implemented
with minimal effort.

Databases are connected via the Data Connect API that consists
of three parts:

1) Table API, through which each database describes its data
models to enable data discovery and retrieval;

2) Service Info APl for discovery of metadata about the
database, and;

3) Search APl which allows other databases to search the
database for similar variants using rich and flexible queries.

24
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Contact
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See 24 more samples

The algorithm that decides similarity is defined by the database
being queried. The database evaluates the query, applies the
matching function, and replies with a list of other similar cases it
hosts.

We plan to establish a peer-to-peer federated network based
on Data Connect to facilitate data sharing, identification of
individuals harboring the same variant, and exchange of pheno-
typic information, making variant classification more specific. We
will rely on GA4GH Passport standard (Voisin et al., 2021) to
facilitate access in the network in a way that allows each
database to control access to its data. To enable this, each
participating database will be set up to issue Passport visas for
the users it has approved according to its policies, and make
decisions on access to its data based on Passport visas issued by

other connected databases.



338——L—\'VILEY—

RODRIGUES T AL.

TABLE 1 Databases' metrics as of October 1st 2021
Number of Genes

Number of Corresponding to the
variants Variants

MyGene2 2973 622

Geno2MP 38,026,951 >20,000

VariantMatcher 896,847 20,484

Franklin 297,278,579 NA

Number of Individuals
Corresponding to the
Variants

4041
19,344
6235

> 150,000

Number of Submitters
1130

>300

695

>1700 organizations

Number of Countries
Corresponding to the
Submitters

40
>55
44
44

Users will be able to choose the most appropriate database to
share their data and easily query other connected databases for
similar cases. When a match occurs among connected databases, the
users will automatically and simultaneously receive an email
notification informing them of the presence or absence of a match
in the queried database(s). A matching email contains the matching
data (genomic * phenotypic features), contact information of the
users to whom they matched, and additional metadata that will only
be shared at the discretion of the databases that harbor the matching
cases. Subsequently, the matched users can choose to contact each
other to exchange further information about their cases including
detailed phenotypic information.

If there is no match in any of the queried databases, the
submission will be stored in the database from which the query
originated, not the external databases queried. In the future, if the
users would like to repeat the query, they would need to send
the submission again. In some databases, such as VariantMatcher, the
users have the option to automatically resend the data from their
submissions to the other chosen databases on a periodic basis.

Variant information in the format of genomic location is the
minimal requirement to initiate a query among the connected nodes.
Matching on variant features such as zygosity or phenotypic features
in addition to the required variant will also be supported by some of
the databases such VariantMatcher. However, even if some of the
databases match only on the variant information, we expect that the
users querying the databases through the Data Connect API will also
submit zygosity information in addition to detailed phenotypic
information so this information can be shared in the email notification
which will facilitate further communication among the users who
matched. Incomplete penetrance, variable expressivity of the pheno-
type, age of onset, and zygosity are some of the factors that should
be considered when the variants and phenotypes are being compared
before the final classification of a candidate variant. To enhance the
likelihood of a match on pathogenic variants, databases such as
VariantMatcher and Geno2MP harbor only rare coding variants.

We will follow the recommendations of the Consent Task Team
from the GA4GH Regulatory and Ethics Working Group and require
individual written informed consent, since variant-level data and/or
phenotypic data will be provided. If the individual previously
consented to data being shared in an open or registered access

database whose declared purpose involves data sharing for purposes

consistent with those of this matching network, no additional
consent is required. Each database will be responsible for ensuring
that the patient is consented appropriately.

Finally, like the MME project, we will follow the federated
network model in which multiple distributed databases are con-
nected through APIs and each database will be autonomous with
respect to its own data schema, will have ongoing control of its own
data, and will be required to manage the security and privacy of the
data they harbor and attest to database security requirements as
defined by the GA4GH Security Working Group (https://www.ga4gh.
org/how-we-work/2020-2021-roadmap/2020-2021-roadmap-part-
ii/data-security-2020-2021-roadmap/).

By connecting variant-level databases that also facilitate pheno-
typic data access, we expect to improve the variant classification
process in both research and clinical settings and also to increase the
discovery rate of novel disease-causing variants by increasing the

specificity of matches (Table 1).
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