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Abstract

Despite recent progress in the understanding of the genetic etiologies of rare dis-

eases (RDs), a significant number remain intractable to diagnostic and discovery

efforts. Broad data collection and sharing of information among RD researchers is

therefore critical. In 2018, the Care4Rare Canada Consortium launched the project

C4R‐SOLVE, a subaim of which was to collect, harmonize, and share both retro-

spective and prospective Canadian clinical and multiomic data. Here, we introduce

Genomics4RD, an integrated web‐accessible platform to share Canadian phenotypic

and multiomic data between researchers, both within Canada and internationally, for

the purpose of discovering the mechanisms that cause RDs. Genomics4RD has been

designed to standardize data collection and processing, and to help users system-

atically collect, prioritize, and visualize participant information. Data storage,
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Health (K.M.B.), Grant/Award Number: FDN‐
154279 authorization, and access procedures have been developed in collaboration with

policy experts and stakeholders to ensure the trusted and secure access of data by

external researchers. The breadth and standardization of data offered by Geno-

mics4RD allows researchers to compare candidate disease genes and variants be-

tween participants (i.e., matchmaking) for discovery purposes, while facilitating the

development of computational approaches for multiomic data analyses and enabling

clinical translation efforts for new genetic technologies in the future.

K E YWORD S

data sharing, deep phenotyping, genomic data, Genomics4RD, matchmaking, multiomic data,
rare disease database

1 | INTRODUCTION

Although each rare disease (RD) affects only a small fraction of the

population, RDs are estimated to collectively affect more than 450

million people globally (Ferreira, 2019). Approximately, 72% of all

RDs are considered to be genetic in origin (i.e., resulting from disease‐

causing variation in genes; Nguengang Wakap et al., 2020). Over the

past decade, advances in genomic technologies have contributed

greatly to our understanding of the etiologies of RDs. Genome‐wide

sequencing (GWS) strategies, like exome and whole genome se-

quencing (ES and WGS, respectively), are widely credited with ush-

ering in a new era of both disease‐gene discovery (Bamshad

et al., 2019; Boycott et al., 2013) and diagnostic test development,

through which approximately 40% of RD families receive a diagnostic

result (Clark et al., 2018). Along with the genomic sequencing tech-

nologies that are actively transitioning to the health‐care system,

other omic technologies, like long‐read genome, transcriptome, and

deep sequencing, as well as lipidomic, metabolomic, and epigenomic

profiling, have begun to contribute to the discovery of the molecular

mechanisms of genetic RDs (Boycott et al., 2019). Despite this, it is

believed that approximately half of all monogenic diseases remain

unsolved (Bamshad et al., 2019).

Over the past decade, a number of international organizations

have been orchestrating a global push for data sharing to ensure the

continued progress of our understanding of the molecular etiologies

of RDs, and more generally, to enable precision medicine. Frame-

works and standards to enable the responsible, voluntary, and secure

sharing of genomic and health‐related data have been created by the

Global Alliance for Genomics in Health (GA4GH; www.ga4gh.org;

Knoppers, 2014). Furthermore, one of the goals of the International

Rare Diseases Research Consortium (IRDiRC) is that all undiagnosed

RD patients have the option to be entered into a “globally co-

ordinated diagnostic and research pipeline” (Austin et al., 2018). This

push for a concerted effort to share RD data at a global level will help

to enable the diagnosis of all RD patients.

Currently, one of the central approaches to gene discovery

through data sharing is matchmaking (Figure 1). Matchmaking is the

process by which two or more parties are connected who have

contributed data from RD patients with overlapping phenotypes and

deleterious‐appearing variant(s) in the same gene. Thus far, the pri-

mary approach to matchmaking has been “two‐sided,” where both

parties have flagged the same compelling candidate gene and have

input the gene, with or without the phenotype and inheritance, into

an existing matchmaking database, such as those connected through

the Matchmaker Exchange (MME; www.matchmakerexchange.org;

Philippakis et al., 2015). However, the efficacy of two‐sided match-

making is limited by the need for both parties to flag the same gene

of interest before comparing RD patients. Thus, other forms of

matchmaking, including one‐sided (i.e., only the querier must flag a

candidate gene and examine the variants in the same gene held in a

database to identify connections) and eventually zero‐sided (i.e.,

computational software identifies connections between phenotypi-

cally and/or genotypically similar individuals) matchmaking are im-

perative for RD gene discovery (Hartley et al., 2020).

While many databases geared toward RD gene discovery cur-

rently exist, they are typically limited in the types and specificity of

data that they collect or display. For example, many of the federated

databases connected by the MME only allow for the deposition of

candidate genes or variants and do not require the input of stan-

dardized phenotypic information, such as specific human phenotype

ontology (HPO) terms (Köhler et al., 2014). In contrast, other data-

bases may contain extensive participant data, but restrict data shar-

ing externally for a number of reasons including social, ethical,

financial, and legal hurdles. Some of these hurdles may be overcome

by implementing a centralized database with clearly defined rules and

regulations, careful curation of data, and dedicated personnel for

database management and bioinformatic processing. However, the

centralized approach, with its concomitant oversight, needs to be

carefully structured based on data sharing use cases to avoid making

the process of accessing data a barrier in and of itself.

The Care4Rare Canada Consortium, formerly known as FORGE

Canada, is a pan‐Canadian multisite research consortium that has

been using next‐generation sequencing (NGS) technologies for gene

discovery and clinical translation purposes for the past decade

(Beaulieu et al., 2014; www.care4rare.ca). Over the past 5 years, the

majority of Canada's 13 provincial and territorial health‐care systems
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have implemented access to publicly funded GWS for RD diagnosis.

The challenge now becomes how to leverage these data for secondary

use, particularly for undiagnosed patients with a suspected RD, in the

context of multiple institutional, jurisdictional, and provincial clinical

data custodians in Canada. To address these rapidly emerging data

silos, advance RD gene discovery, and facilitate precision medicine for

patients with RDs, Care4Rare Canada launched Genomics4RD, a na-

tional integrated web‐accessible research platform to share Canadian

phenotypic and multiomic data, from consented patients, with re-

searchers both within Canada and internationally.

2 | METHODS AND RESULTS

2.1 | Genomics4RD overview

We set out to build Genomics4RD as a centralized repository to co-

locate, harmonize, and share clinical information and multiomic data

both nationally and internationally for the purpose of RD gene dis-

covery, diagnosis, and other related research (Figure 2). Genomics4RD

is designed so that data entry is compatible with both prospective and

retrospective (i.e., previously collected) research‐consented Canadian

RD data. Using a cloud‐based infrastructure, Genomics4RD includes a

web portal where users can access resources, as well as collect, store,

visualize, and share data. We aimed to maximize standardized data

sharing via ethically and legally harmonized data collection, use, and

governance. Genomics4RD first launched for prospective data collec-

tion in February 2019, and retrospective cohorts began to be trans-

ferred into the database in January 2021. As of September 2021, there

were more than 3300 participant records in Genomics4RD, re-

presenting approximately 1000 participants with largely undiagnosed

RDs and their family members.

2.2 | Governance and storage

At the core of the Genomics4RD database is its unambiguously

structured governance framework, prepared by the Centre of

Genomics and Policy at McGill University. The framework aims to

provide oversight mechanisms regarding the administration, stew-

ardship of, and access to data. The framework describes criteria for

the identification of eligible retrospective and prospective RD

F IGURE 1 Approaches to patient matchmaking. (a) Two‐sided matchmaking: parties flag the same candidate gene and subsequently
exchange more detailed information related to patient phenotypes and DNA variation to resolve possible matches. (b) One‐sided matchmaking:
one party flags a candidate gene and queries a database of genomic variation to examine DNA variants present in the data along with phenotypic
and inheritance information to identify matches. (c) Zero‐sided matchmaking: automated computational approaches compare patient
phenotypes and genotypes within or between databases to identify matches
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cohorts and outlines the process by which data use restrictions or

conditions are attributed to different cohorts using the GA4GH's

Automatable Discovery and Access Matrix (ADA‐M) codes (Woolley

et al., 2018). Cohorts are defined as sets of data that have been

collected using a given research ethics board (REB) protocol and

therefore have unique data sharing permissions. An ADA‐M profile is

created for all data related to a given cohort that is deposited into

GenomHics4RD and acts as a form of structured metadata (i.e., data

about the cohort's data sets), which allows for standardized and ef-

fective communication of access and use conditions.

Oversight of the database is provided by a Steering Committee

which consists of a minimum of two Genomics4RD project leaders,

two cohort project leaders, and one RD community stakeholder. The

Steering Committee is responsible for overseeing Genomics4RD

progress, operations, administration, budget, knowledge translation,

and interaction with end‐users. The Steering Committee receives

guidance from an independent Advisory Board, composed of inter-

nationally recognized experts in RD, molecular genetics, systems

biology, bioinformatics, ethics, commercialization, health technology,

and health policy. Furthermore, the Steering Committee provides

oversight for the activities of the Data Access Committee (DAC),

which consists of five members including a patient advocate, an RD

researcher, a technical expert, and individuals with expertise in legal/

ethical issues in RD research, privacy, and pediatrics. The DAC ad-

judicates requests for registered and controlled access to data in

accordance with the ADA‐M profiles of the cohorts within

Genomics4RD.

Finally, the framework sets out ethical considerations pertaining

to the storage of data in Genomics4RD. For example, privacy and

security protections are detailed such that the infrastructure must be

hosted on a cloud‐based server located in Canada and meet the re-

levant security and privacy standards for storage of health‐related

data. As such, the Genomics4RD platform is hosted in a dedicated

cloud tenancy provided by HPC4Health; a large‐scale cloud infra-

structure for health informatics built and operated jointly by the

Hospital for Sick Children and the University Health Network in

Toronto since 2015 (www.hpc4health.ca). Hosting the Genomics4RD

platform on HPC4Health provides a number of important benefits,

such as enterprise‐level governance, management and technical

support, and the capability to handle both research and clinical data

processing with full compliance to all internal and external data

handling policies, including multiple third‐party security audits.

Additional portions of the framework describe the closure/

transfer of the database, management of participant withdrawal, and

potential risks and benefits of participating in the database. In doing

so, it assists potentially eligible cohorts and their respective REBs in

assessing the oversight mechanisms and data sharing opportunities

presented by Genomics4RD. We have linked the framework to a

library of consent templates and REB authorizations (e.g., approvals

or consent waivers, where appropriate) to aid in sharing data and

depositing it into Genomics4RD, while ensuring that participant data

are collected, stored, tagged with sharing permissions, accessed, and,

where applicable, withdrawn appropriately. A copy of the governance

framework is available upon request.

2.3 | Data collection, visualization, and access
for data depositors

Genomics4RD data depositors can collect, store, visualize, and

share their data using the platform. Genomics4RD users who de-

posit data into the database receive full access and edit permissions

for their respective participant records. Thus, data depositors may

enter and subsequently edit their participants' data and metadata,

as well as download their raw and processed multiomic data. Data

depositors can also examine and search across other participant

profiles within Genomics4RD, but they may not edit or download

these data. For privacy and security reasons, all participant data

entered into Genomics4RD are coded without standard personal

health information.

F IGURE 2 Genomics4RD vision. Data depositors from across Canada contribute both clinical and multiomic data to Genomics4RD, which
harbors a variety of tools within its web‐accessible portal and makes data available to external researchers via various data sharing processes
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2.3.1 | Multiomic data collection

The Genomics4RD platform is backed by a fully integrated bioin-

formatics system for data management, analysis, and tracking. The

platform supports a growing range of multiomic data, such as exome,

genome, transcriptome, and eventually metabolome and lipidome,

that originate from both research studies and clinical testing with

research consent for secondary use. To submit multiomic data into

Genomics4RD, a user must supply the following minimal metadata:

research IDs, tissue type from which the data were derived, data type

(e.g., ES and WGS), and sequencing date. Data sets can be further

annotated with sequencing‐specific attributes such as the library

preparation kit, capture kit, and sequencing center that were used.

Data depositors securely transfer their data files into the Geno-

mics4RD data repository using MinIO, an open‐source Amazon S3‐

compatible object storage server (www.min.io). Data transfer is en-

abled both through a web browser interface and through a

command‐line client. The latter is especially well‐suited for large file

sharing as it verifies checksums upon transfer completion, so that

interrupted or failed transfer operations can be resumed from the

point of failure.

Concurrently, the related sample information, family relation-

ships, analysis requests, and other metadata are tracked using a

specialized laboratory information management system called Sample

Tracking and Genomics Resource (STAGeR), developed by our team.

STAGeR allows users to input genomic metadata and edit annota-

tions, link them to the relevant data sets, and request specific ana-

lyses and track their statuses. The Genomics4RD backend can thus

support both structured and unstructured data types through the

combined use of MinIO and STAGeR. MinIO offers a number of se-

curity features for user identity and access management, also sup-

ported via STAGeR. In particular, the data from separate sources or

subprojects are deposited into their specialized data folders, called

buckets, where secure access to each bucket is provided only to the

relevant project participants.

Once the data are transferred to Genomics4RD, analyses are

enabled using a suite of bioinformatics pipelines for the corre-

sponding data types. The pipelines are built using Snakemake, a

modern workflow management system that supports reproducible

and scalable data analysis (Köster & Rahmann, 2012; links to the

available pipelines can be found under Web Resources). Data are

processed in a standardized manner according to the NGS type. For

example, all exomes are processed using the exome subworkflow of

the crg2 pipeline (see Web Resources), while all genomes are pro-

cessed using the genome subworkflow of the crg2 pipeline. All pi-

pelines use the GRCh37 reference with decoy sequence. Variants are

annotated with predicted gene impacts, population frequencies, and

disease‐phenotype association using Variant Effect Predictor

(McLaren et al., 2016), vcfanno (Pedersen et al., 2016), and custom

crg2 scripts. Rare variants (gnomAD maximum population allele fre-

quency < 1%) impacting protein‐coding sequences and splice regions

are uploaded to PhenoTips and are made available to the users of

Genomics4RD through the variant viewer.

2.3.2 | Clinical data collection

All clinical data are collected via the Genomics4RD web portal using a

PhenoTips platform (https://phenotips.com) that has been customized

to include additional variables to support gene discovery and clinical

translation efforts (Girdea et al., 2013). The PhenoTips platform enables

users to record demographics, medical history, family history (in the

form of a pedigree that links to relevant family members within the

database), prenatal history, physical and laboratory measurements, and

physical findings represented as HPO terms, along with additional

metadata (onset, laterality, and pace of progression), and supporting

materials (images, documents; Figure S1). The platform also records

specific genetic information for a given participant and allows users to

annotate the status of particular genes, whether they have been ruled

out, identified as a candidate, or confirmed causal. In addition, Geno-

mics4RD supports recording clinical and molecular diagnoses using

terms from the Online Mendelian Inheritance in Man (OMIM) and

Orphanet Rare Disease ontology (ORDO) technologies. At a minimum,

cohorts that are deposited in Genomics4RD are required to include

phenotypes in the form of HPO terms and genetic information in the

form of either a candidate gene or genomic data set. Additional benefits

from using the PhenoTips platform include being able to upload par-

ticipant data (including phenotypic information) in bulk into Geno-

mics4RD using the PhenoTips REST application programming

interfaces (APIs) in either the PhenoTips JSON or GA4GH Phenopacket

formats. Bulk data can be exported or transferred to other systems

through several interoperable formats: (1) GA4GH Phenopackets, (2)

JSON export, (3) Excel export, (4) User‐triggered or automated syn-

chronization of participant records to another instance that supports

the PhenoTips Patient Push API.

The most common data model for representing a participant's

clinical phenotype for research and GWS‐based analysis is an un-

ordered collection of HPO terms. However, when a participant pre-

sents with many clinical features, it can be difficult for both RD

researchers and computational algorithms to determine which are the

most relevant. Our research suggests that just five distinctive fea-

tures may be sufficient for prioritizing GWS‐based sequencing results

(Kernohan et al., 2018). To support the curation of these distinctive

features, the Genomics4RD user interface allows users to “star” the

curated HPO terms, which are then displayed more prominently.

While clinical GWS tests have demonstrated utility in providing

diagnoses for unsolved RD patients, details such as the ideal time within

the diagnostic odyssey to initiate such testing, the cost effectiveness of

GWS versus targeted diagnostic tests, and impact on clinical manage-

ment have not been well characterized. In addition, new and emerging

technologies will require similar evidence to support translation and

reimbursement in the future. Therefore, in addition to the collection of

standardized phenotypic terms, Genomics4RD also supports collection

of data related to a participant's diagnostic and management care

pathway. The care pathway data collection form consists of two mod-

ules, one that is to be filled in before testing and a second that is to be

collected after testing. The pretesting module includes: (a) patient

characteristics, (b) DNA‐based diagnostic tests performed to date, (c)
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non‐DNA‐based diagnostic tests performed to date, (d) specialists in-

volved in ongoing care, and (e) a record of the diagnostic tests that the

responsible clinician would have ordered if the test was not available.

The post testing module includes: (a) laboratory details, testing

details, and laboratory interpretation of testing results; (b) clinical

interpretation of testing results; (c) diagnostic testing ordered if the

test was nondiagnostic; (d) diagnostic testing averted if the testing

was diagnostic; and (e) medical management activities triggered by

the test results. All of these data are captured using structured

questions that have suggested, standardized responses, including a

data dictionary that contains over 250 medical tests grouped into 6

categories (biochemistry and metabolic testing, cytogenetic testing,

electrical activity, imaging, molecular testing, and pathology). Col-

lecting data related to participant care pathways and outcomes will

be instrumental in translating new diagnostic testing to the clinic.

2.3.3 | Data visualization

Genomics4RD data depositors can visualize and search clinical and

genomic data, either at an individual level or across the database

(Figure 3). The participant variant viewer is available within individual

F IGURE 3 Genomics4RD data input and visualization. (a) Raw multiomic sequencing files are uploaded into the secure MinIO server for
(b) deposition into the data repository. (c) Metadata about participants are entered into a laboratory management system called STAGeR. (d) Raw
multiomic data files are run through their respective bioinformatic pipelines for processing and (e) stored in the Genomics4RD data repository. (f) The
catalog of available multiomic data sets will be displayed for each participant record, and the filtered genomic results are directly browsable through the
variant viewer interfaces. (g) Data depositors may access the Genomics4RD user interface via the web portal, where they complete coded records for
their participants (including inputting clinical data, pedigrees, prioritized HPO terms, and candidate genes). Within the web portal, users can visualize
their participants' processed files via the participant variant viewer and query phenotypic and variant‐level data across Genomics4RD. (h) Further
matchmaking opportunities can be explored by pushing Genomics4RD records to the PhenomeCentral node of the Matchmaker Exchange (for two‐
sided matchmaking), and through connections with other international databases (for one‐sided matchmaking). HPO, human phenotype ontology
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participant profiles and provides a user‐friendly interface that allows

data depositors to view and filter variants across more than 50 DNA

variant annotations. The variant viewer integrates the preselected

HPO, and HPO to gene annotations (https://hpo.jax.org/app/

download/annotation) to enable users to easily filter for variants in

genes associated with the participant's phenotype. Genomics4RD

also features an aggregate variant store that allows users to search

and visualize an aggregation of variant‐level information across the

database (Figure S2). This aggregate‐level view of Genomics4RD

variant data can be multifiltered for a variety of genotypic factors,

including specific genes of interest, allele frequency, and variant

zygosity. Data depositors can therefore use the aggregate variant

store to search for variants of interest in their queried candidate gene

and then directly view the full profiles of participants with the

identified variants to answer their specific research question.

2.3.4 | Technology stack

Genomics4RD comprises two separate components that represent

the main user‐accessible portal based on PhenoTips, and the backend

data analysis system, respectively, with an API‐based communication

established between the two.

The main user‐accessible web portal is implemented as a dedi-

cated instance of the PhenoTips platform which has been customized

to support additional data entry and presentation. The PhenoTips

frontend is written in a combination of React, Javascript, and server‐

rendered HTML. Authentication uses the OpenID Connect (OIDC)

protocol with user identities managed by Auth0 (https://auth0.com/).

The backend server is implemented as a Java web application and is

containerized with Docker. Data persistence uses Java Hibernate and

a local MariaDB server, with Apache Solr indices for search capability.

The internal data analysis ecosystem is accessed through

STAGeR, which operates independently from PhenoTips. The fron-

tend is written inTypeScript and React, with Material‐UI for theming.

The backend is written in Python 3 and Flask, which uses SQLAl-

chemy to communicate with a MySQL database for storing metadata

and analysis statuses, and is containerized with Docker. MinIO is used

to store the uploaded multiomic data and the results of their ana-

lyses. GitHub Actions continuous integration manages software de-

ployment. The bioinformatics analysis pipelines are written in Python

using the Snakemake workflow management system. They can be run

on high‐performance clusters with the Slurm scheduler as is done in

Genomics4RD, or with the TORQUE‐Mohab scheduler. Source code

for both is hosted on GitHub.

2.4 | Genomics4RD data sharing

In accordance with the governance framework, and the identified

data use restrictions or conditions of the different cohorts, data

within Genomics4RD are made available to the international RD re-

search community through three tiers of data access: open, regis-

tered, and controlled (Table 1 and Figure 2).

2.4.1 | Open access

Genomics4RD displays several types of open data on our website

(https://www.genomics4rd.ca/) including the number of participant

TABLE 1 Genomics4RD features
available to users in accordance with their
level of access

Access tier Features

Data depositor • View all participant records across the database
• Access to aggregate variant store
• Edit metadata for cohorts entered by the data depositor
• Download raw and processed multiomic data for cohorts entered

by the data depositor

• Push functionality to PhenomeCentral for participants entered by
the data depositor

• Access to external one‐sided matchmaking platform

Open access user • View aggregate database information
o number of records
o number of diagnosed participants
o distribution of HPO terms

o list of flagged candidate genes
o list of unsolved recognizable disorders
o number of multiomic data sets

Registered access user • Access to external one‐sided matchmaking platform

Controlled access user • Download appropriate clinical information from participant
records

• Download raw and processed multiomic data for approved

participants

Abbreviation: HPO, human phenotype ontology.
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records, the number of diagnosed participants, the distribution of

HPO terms, a list of candidate genes flagged in all participants, a list

of unsolved recognizable disorders, and the number of participant

files related to each multiomic approach stored in Genomics4RD.

These publicly available, aggregate data are updated quarterly to

reflect the addition of new participants and changes in the database.

Given that these data are displayed on our website, open access is

available globally, and only requires an internet connection.

2.4.2 | Registered access

RD researchers who are not data depositors but would like to

query the data within Genomics4RD will be able to do so using

registered access (Dyke et al., 2016, 2018) for specific use cases.

With this type of access, researchers will sign a registered‐access

agreement, which mandates appropriate use of the data including

confidentiality, security, respect of consent withdrawal, and the

return of information to Genomics4RD. The main use case for

registered access at this time is one‐sided matchmaking, which we

describe further below. Registered access can be granted to re-

searchers who apply to, and are approved by, the Genomics4RD

DAC and have study approval at their own institution. Once this

type of access is available, registered access requests can be

emailed to Genomics4RD@cheo.on.ca.

2.4.3 | Controlled access

The final level of data access available in Genomics4RD is the con-

trolled access tier. Controlled access may be granted to external re-

searchers who wish to perform research related to RDs using

appropriately consented data hosted in Genomics4RD, based on

ADA‐M access permissions. Users granted controlled access are able

to download participant‐level clinical data, structured multiomic data

files (e.g., FASTQ, BAM, and VCF sequencing files; and processed

VCF files), as well as other unstructured multiomic data (e.g., tran-

scriptomes and metabolomes) from the Genomics4RD data

repository through a separate sample management interface. Con-

trolled access can be granted to bonafide third‐party researchers who

apply to, and are approved by, the Genomics4RD DAC as well as their

respective institutional REBs. Expressions of interest for controlled

access to Genomics4RD, including questions related to the types of

data available, or further clarification as to the application process,

may be sent to Genomics4RD@cheo.on.ca.

2.5 | External matchmaking approaches enabled
by Genomics4RD

We have designed Genomics4RD to facilitate matchmaking with in-

ternational RD researchers for the discovery of mechanisms caus-

ing RD.

2.5.1 | Integration with phenomecentral
for two‐sided matchmaking via the MME

For RD participants with a manually identified candidate variant(s) in

a novel disease‐gene, the simplest and most effective form of data

sharing for the purposes of gene discovery is through two‐sided

matchmaking using databases affiliated with the MME (Philippakis

et al., 2015). The databases are configured such that connections are

made between any two parties that have flagged the same gene of

interest. Information on phenotype and mode of inheritance shared

by the database, or more often by subsequent communication be-

tween the two parties, is used to reject the candidate gene or suggest

that more discussion and collaboration is the next step. There are

now over 150,000 entries and 13,000 unique genes from 11,000

international contributors connected via the eight RD databases

connected by the MME, making it an incredible source of potential

information for discovery (Azzariti & Hamosh, 2020). In our experi-

ence, 15% of candidate genes entered into the MME lead to colla-

boration and subsequent publication of a novel discovery (Osmond

et al., 2022). As such, we wanted to encourage the submission of

candidate genes to the MME by integrating Genomics4RD with

PhenomeCentral (Buske et al., 2015). It was important that we reduce

the burden of double data entry and ensure consistency in the sub-

missions between the two sites (Genomics4RD and PhenomeCen-

tral). To do so, a “push” functionality was added to Genomics4RD to

allow data depositors to migrate their records into PhenomeCentral.

Once records are pushed to PhenomeCentral, the phenotype (as a list

of HPO terms) and candidate genes (including auxiliary details about

the variants and their inheritance pattern) are available for matching

with other nodes of the MME. The Genomics4RD record maintains a

link to the corresponding record in PhenomeCentral so that any

updates to the phenotypes and candidate genes in Genomics4RD can

be easily synchronized with PhenomeCentral. As of September 2021,

over 200 candidate genes within Genomics4RD have been shared

with the MME.

2.5.2 | External one‐sided matchmaking solutions
for Genomics4RD data

Given the potential for discovery that remains in genomic data that

has not had a candidate gene flagged, we considered it very im-

portant to facilitate one‐sided matchmaking on data housed in

Genomics4RD. We have thus developed a specific platform to fa-

cilitate this use case by enabling multilevel filtering for both genetic

variation and phenotypic information within a single user interface

and ensuring that compound heterozygous variants in a single par-

ticipant are identifiable. Queriers will specify their gene of interest,

and then they will be given a list of variants that occur within that

gene across all participants in Genomics4RD. These query results can

be expanded to view additional details on the variant (such as allele

frequency and in silico pathogenicity scores) as well as case‐specific

details (i.e., variant zygosity, read depth, and HPO phenotypes). The
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platform also provides queriers with the ability to contact the data

depositor of any match of interest for follow‐up and potential col-

laboration. External users coming to Genomics4RD for one‐sided

matchmaking will access this platform using the registered access

model described above, and a pilot is currently ongoing to evaluate

the utility of this approach. We also developed this platform to

support linking Genomics4RD with other similar databases, with an

aim to onboard at least one other RD database within the next year.

We anticipate that this platform will enable one‐sided matchmaking

queries across large numbers of unsolved cases, maximizing the

chances of gene discovery.

2.5.3 | Future directions to enable zero‐sided
matchmaking in Genomics4RD

In addition to one‐ and two‐sided matchmaking, we aim to develop

tools in Genomics4RD that will facilitate zero‐sided matchmaking.

Using computational approaches, phenotypic and multiomic data will

be compared between participants with the goal of identifying similar

mechanisms of disease. For example, phenotypes will be inspected to

identify similarly affected participants, and their multiomic data will

be subsequently compared in an effort to pinpoint a shared disease

gene or variant. Alternatively, multiomic data may first be scanned to

identify shared, putative pathogenic variants, with matches then

being narrowed down based on phenotypic comparisons. Without

the need for human input, the efficiency of zero‐sided matchmaking

is expected to have huge implications for disease‐gene discovery and

diagnostic yields in RD patients in the future.

3 | DISCUSSION

Genomics4RD has been designed to address current and future data

sharing needs to enable diagnoses for Canadian families with RDs. It

operates as a versatile database that is able to collect a broad range

of data types and share portions of its data in accordance with the

data sharing permissions or restrictions of the individual cohorts,

effectively allowing data to be shared to its maximum potential. The

immediate utility of the data in Genomics4RD is in addressing the

remaining discovery potential of the coding portion of the genome.

For participants with candidate genes identified, Genomics4RD pro-

vides access to the MME, which links to tens of thousands of patients

across the world (Azzariti & Hamosh, 2020).

For participants without candidate genes identified, we have

developed a means of querying our database for rare, high‐quality

variants with the aim of identifying new candidate genes not yet

highlighted in a participant's data (one‐sided matchmaking), ensuring

the maximum discovery potential of existing data. We have piloted

one‐sided matchmaking within the Care4Rare Canada cohort, and

since October 2019, we have queried our cohort for 361 candidate

genes (including new disease‐gene candidates identified through

Care4Rare analyses, collaborator requests, and new OMIM disease‐

gene associations), of which 12 have resulted in new diagnoses. This

pilot demonstrated that 3% of one‐sided matchmaking queries re-

sulted in a diagnosis in our cohort of approximately 1000 un-

diagnosed participants. In one instance we were able to diagnose

multiple additional families with a single query. During a reanalysis of

ES data, we identified a homozygous variant in the gene ABHD16A in

two French Canadian families with complicated hereditary spastic

paraplegia, which had been missed by our previous bioinformatics

pipeline. Using one‐sided matchmaking in Genomics4RD, we identi-

fied biallelic variants in two additional families (Lemire et al., 2021).

Overall, reviewing variants and corresponding participant phenotypes

for one‐sided matches does take time and yields fewer discoveries so

far than two‐sided matchmaking, for which half of the genes in the

human genome have been flagged and input into matchmaking da-

tabases (Azzariti & Hamosh, 2020). However, in our experience, one‐

sided matchmaking can lead to diagnoses in participants for whom a

diagnosis would be otherwise unlikely – particularly for those with

singleton exome data where the potential for novel discovery is

lower. While the current means of data sharing will continue to yield

discoveries, they are by no means sufficient. Broader data sharing

internationally is critical to driving mechanistic discovery for RDs. To

that end, we contributed as the Canadian Anchor Project for the

World Economic Forum's Breaking Barriers to Health Data Project,

with partners such as Genomics England, the Australian Genomics

Health Alliance, and Intermountain Health (Chediak, 2020). Building

on the valuable work done by this group, it is our intention to expand

one‐sided matchmaking in Genomics4RD such that users can link out

to similar RD databases for the purposes of one‐sided matchmaking.

Despite the continued high research value of the coding portion

of the genome, the genetic mechanism of disease for some patients

will be intractable to the methods described above. A number of new

technologies have shown potential utility in identifying a small por-

tion of additional diagnoses. Consequently, it was important that

broad data types be captured by Genomics4RD. By harmonizing and

storing these data, and making them available to researchers, we aim

to enable new computational approaches to identify novel genetic

mechanisms. Different data types may be examined individually or in

combination, either manually or eventually using automated com-

putation. These analyses can provide additional functional evidence

for known genetic mechanisms (e.g., examining splicing effects for an

intronic variant), or, in contrast, can be used to explore new genetic

mechanisms (e.g., transcriptomic data can be looked at in combina-

tion with genomic data to identify noncoding RNA or regulatory DNA

disease‐causing variation).

Ultimately, the goal for any research focused on delineating the

diagnostic potential of a new technology is to inform the appropriate

translation of such technology into the health‐care system. To that

end, we felt it was important to ensure that Genomics4RD could

facilitate the data collection necessary to support the clinical trans-

lation of the next wave of genetic technologies. As such, Geno-

mics4RD has been set up to collect health services data that can be

used to build evidence for reimbursement by funders of healthcare.

These customizations are actively being used to collect clinical utility
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and cost‐effectiveness data related to exome and genome sequen-

cing in collaboration with two health‐care funders in Canada. Simi-

larly, Genomics4RD is set up to collect the necessary health services

data for the evaluation of transcriptome sequencing when the time

comes to capture the cost‐effectiveness, value‐for‐money, and im-

pact on patient care in a real‐world setting. Such data will prove

useful in supporting health technology assessments and the devel-

opment of best‐practice guidelines.

Finally, we have positioned Genomics4RD to capture the data

from clinical GWS in Canada for secondary use. The pace of GWS for

RD diagnosis within the health‐care system is now outpacing re-

search. It is our intention that every patient that receives GWS in

Canada will have the opportunity to contribute their data to this

platform. Recently, Canadian clinical laboratories have begun offering

provincially performed GWS and we are working nationally to build a

recontact registry to facilitate secondary use of this clinically gener-

ated data within Genomics4RD.

4 | CONCLUSIONS

Despite recent advances in multiomic sequencing technologies, there

are still a considerable number of RD patients who remain without a

known molecular etiology for their disease. The future of RD gene

discovery and diagnosis will thus rely on broad‐scale sharing of both

clinical and research generated data of diverse types. With this in mind,

we designed Genomics4RD to harmonize and colocate multiomic and

phenotypic data from all consented Canadian RD patients for the pur-

pose of disease‐gene discovery. Genomics4RD users can capitalize on

various matchmaking approaches available through the database, to

gain additional evidence of molecular RD mechanisms and increase

confidence in RD diagnoses. With its internal tools and external con-

nections to international databases, Genomics4RD will help to facilitate

often long‐awaited diagnoses for RD patients around the world.
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