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Summary
The past decade has witnessed a rapid evolution in rare disease (RD) research, fueled by the availability of genome-wide (exome and

genome) sequencing. In 2011, as this transformative technology was introduced to the research community, the Care4Rare CanadaCon-

sortiumwas launched: initially as FORGE, followed by Care4Rare, and Care4Rare SOLVE. Over what amounted to three eras of diagnosis

and discovery, the Care4Rare Consortium used exome sequencing and, more recently, genome and other ’omic technologies to identify

the molecular cause of unsolved RDs. We achieved a diagnostic yield of 34% (623/1,806 of participating families), including the discov-

ery of deleterious variants in 121 genes not previously associated with disease, and we continue to study candidate variants in novel

genes for 145 families. The Consortium has made significant contributions to RD research, including development of platforms for

data collection and sharing and instigating a Canadian network to catalyze functional characterization research of novel genes. The Con-

sortium was instrumental to implementing genome-wide sequencing as a publicly funded test for RD diagnosis in Canada. Despite the

successes of the past decade, the challenge of solving all RDs remains enormous, and the work is far from over. Wemust leverage clinical

and ’omic data for secondary use, develop tools and policies to support safe data sharing, continue to explore the utility of new and

emerging technologies, and optimize research protocols to delineate complex disease mechanisms. Successful approaches in each of

these realms is required to offer diagnostic clarity to all families with RDs.
Introduction

With the genomic insights provided by the Human

Genome Project and advances in high-throughput

sequencing, we can now readily detect almost all DNA vari-

ation in a genome. One of the first areas of medicine to

benefit from these developments was rare genetic disease

(RD).1 Given their rarity and often profound impact

on reproductive fitness, thousands of RDs were largely

intractable to the conventional discovery approaches

used until a decade ago. The development of genome-

wide sequencing (GWS) approaches, particularly exome

sequencing, has nowmade the highly penetrant DNA-cod-

ing variants underpinning many RDs readily discoverable.

Over the last decade, these developments have facilitated

the identification of molecular causes of RD in the clinic,

established new variant-disease associations in known

genes (genes where deleterious variants are known to cause

disease), and identified disease-causing variants in novel

genes (genes with no previously known disease associa-

tion) for these often devastating conditions.1

During this period, as the potential of GWS to identify

new molecular causes of (or ‘‘solve’’) RDs became obvious,

national and multinational gene-discovery projects

emerged, including the UK Deciphering Developmental

Disorders study (Health Innovation Challenge Fund and

theWellcomeTrust Sanger Institute, 2011), theU.S.Centers
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for Mendelian Genomics (National Institutes of Health,

2012), and the EUNeurOmics and EURenOmics (European

Commission, 2012). InCanada,we launched theCare4Rare

Canada program, initially as Finding of Rare Disease Genes

in Canada (FORGE), funded byGenome Canada and Cana-

dian Institutes for Health Research (CIHR) in 2011. The suc-

cess of these large-scale initiatives emphasized the impor-

tance of team science and relied on openness and

willingness to share.2–5 These approaches are particularly

important given the nature of RDs; an individual clinician,

researcher, or institution will not have sufficient experi-

ence, data, or resources to effectively identify disease-

causing variants in novel genes on their own. After a decade

of collaborativenetwork science inCanada and three eras of

RD gene discovery, the Care4Rare Canada Consortium

recognized it was time to reflect on the lessons learned

from our successes to best meet the challenges of RD diag-

nosis and discovery in the decade to come.
Care4Rare canada consortium

The Care4Rare Canada Consortium was launched in 2010

with a commitment to team science and open science as

essential for the study of RD. Canada’s geography and

health system create challenges for studying RD: 38million

people spread across the world’s second largest country

receiving healthcare from 10 distinct provincial and 3 terri-

torial publicly funded systems. Despite this, the tightly knit
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Figure 1. A decade of rare disease (RD) gene discovery and diagnosis via the Care4Rare Canada Consortium
RD gene discoveries and diagnoses span three eras of the Care4Rare Canada program: FORGE, Care4Rare, and Care4Rare-SOLVE were a
continuous series of large-scale pan-Canadian RD sequencing projects. For each era (colored boxes), the time frame, types of RDs studied,
and number of families agreeing to participate is summarized. The outcomes, to date, from each era (gray box) display the diagnostic
yield (in known and novel genes), compelling VUSs and GUSs, and novel genes published. Note that the outcomes (diagnosis or discov-
ery) may have occurred at any point during the 10-year Care4Rare Canada program. A list of our candidate GUSs can be found in the
Open Access Data webpage of the Genomics4RD website (https://www.genomics4rd.ca/openaccess). Families whose RD remains un-
solved following clinical exome sequencing are eligible to participate in our research protocol for unsolved RDs. VUS, variant of uncer-
tain significance; GUS, gene of uncertain significance.
Canadian genetics community (�120 clinical geneticists

working from21 clinical genetic centers across the country)

quickly came togetherwhenGenomeCanada launched the

Advancing Technology Innovation throughDiscovery Pro-

gram in partnership with CIHR. The first of Care4Rare pro-

gram’s phases, FORGE,was funded through this program to

test the utility of exome sequencing for identifying the ge-

netic causes of childhood diseases and operated from

2011 to 2013. The success of this pilot led to the second

phase, Enhanced CARE for RARE Genetic Diseases in Can-

ada (Care4Rare; 2013–2018), and third phase, Care4Rare

Canada: Harnessing Multi-omics to Deliver Innovative

Diagnostic Care for Rare Genetic Diseases in Canada

(Care4Rare-SOLVE; 2018–2023), with funding from

Genome Canada, CIHR, and other partners. Each of these

studies was designed to address the challenges of the previ-

ous phase, and participating families remain in the

Care4Rare program until their RD is solved.

The Care4Rare Canada Consortium’s six informal guid-

ing principles—support meaningful work, empower and

engage front-line clinicians, build capacity at all levels, fos-

ter respectful collaborations, share generously, and partner

with the RD patient community—worked particularly well

for RD inCanada given the familiarity and shared history of

our clinical, scientific, and RD communities. To date, the

Care4Rare Canada Consortium has studied 1,806 families

with suspected RD (see Figure 1 and eligibility criteria out-

lined in Table S1). Our program has provided molecular di-

agnoses to 623 families (34%) who had completed stan-

dard-of-care genetic investigation prior to enrollment. Of
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these diagnoses, 420 (23% of participating families) were

in genes where deleterious variants are known to cause dis-

ease, and 203 (11% of participating families) were in genes

where deleterious variants had not yet been associatedwith

disease, with 121 novel gene discoveries published to date

(Table S2); the remainder are in various stages of confirma-

tion studies and manuscript preparation. We have also

identified compelling candidates for 310 families (17%):

165 variants of uncertain significance (VUSs) and 145 genes

of uncertain significance (GUSs) that are undergoing

further study (Figure 1). In this perspective, we describe a

decade of Canadian experience with RD diagnosis and

gene discovery. For each era (FORGE, Care4Rare, and

Care4Rare-SOLVE), we describe our program outcomes

(Figure S1), challenges we encountered and tools we devel-

oped to address them, clinical impacts arising from our

Consortium (Figure S1), and key lessons learned.
The three eras of the Care4Rare canada

consortium

FORGE era (2011–2013): A golden age of exome-based

gene discovery for recognizable syndromes

The FORGE Canada project was launched as a two-year pi-

lot in April 2011 to rapidly identify molecular diagnoses

associated with a wide spectrum of rare pediatric-onset sin-

gle-gene disorders for which at least one Canadian patient

was known.2 As a starting point, our GE3LS (Genomics and

its Ethical, Environmental, Economic, Legal, and Social
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Aspects) team developed study documents, a model con-

sent form based on best practices related to GWS for RD

families (including the necessary disclosure of research re-

sults back to families and their care teams), and protocols

for the sharing of data and biological samples within

Canada and internationally.3 These materials received

research ethics approval at each of the 21 participating Ca-

nadian sites, which effectively harmonized Canada’s com-

munity and collaborative process for RD genomic research.

Following a national call, clinical geneticists across Can-

ada submitted hundreds of proposals for RDs to be studied

during FORGE, which were reviewed by our pan-Canadian

steering committee. The committee selected 264 RDs,

which were rapidly assembled for study through samples

contributed by the Consortium and collaborations with cli-

nicians from 17 different countries and which represented

375 unique families (1,000 participants from Canada and

300 international participants). The FORGE project used

exome sequencing and employed Sanger sequencing and

functional assays on human cell lines for secondary valida-

tion purposes. RDs studied were highly enriched for a sin-

gle-gene etiology: e.g., two-thirds of disorders studied were

either cohorts of highly recognizable syndromes, or they ex-

hibited significant family histories with recurrence of a dis-

order and/or known consanguinity or were from isolated

communities likely to have founder mutations.

The FORGE era was significant for the number of discov-

eries made related to recognizable syndromes, including

causative genes identified for Hajdu-Cheney (MIM:

102500),6 Nager (MIM: 154400),7 Floating-Harbor (MIM:

136140),8 Weaver (MIM: 277590),9 megalencephaly capil-

lary malformation (MIM: 602501),10 Chudley-McCullough

(MIM: 604213),11 mandibulofacial dysostosis with micro-

cephaly (MIM: 610536),12 SHORT (MIM: 269880),13 two

types of French Canadian Joubert syndrome (MIM:

614615, 614970),14,15 and microcephaly-capillary malfor-

mation syndrome (MIM: 614261).16 At the time of publica-

tion, we have identified one or more molecular diagnoses

for 54% (204 of 375) of the original FORGE families

(Figure 1). This includes 93 families with molecular diagno-

ses in novel genes, from which 63 publications have been

the primary studies describing disease-causing variants in

the novel gene (Table S2). In addition, we have identified

compelling candidates in 21 (6%) of 375 FORGE families,

including 3 VUSs and 18 GUSs.

Care4Rare era (2013–2018): Solving N-of-1 RDs

The Care4Rare Canada era was a 5-year RD diagnosis and

discovery project built on the success of FORGE, which

continued to leverage the Consortium membership and

our pan-Canadian Research Ethics Board (REB)-approved

GWS research protocol. Care4Rare went beyond FORGE

to study a wider range of pediatric and adult-onset un-

solved RDs. An additional 830 families agreed to partici-

pate, and more than 2,000 participant samples were ob-

tained during this era. Care4Rare primarily used exome

sequencing but also conducted small pilots of genome
The American Jour
sequencing and RNA sequencing to gain experience with

the emerging technologies of this era.

From the Care4Rare era, we identified one ormore molec-

ular diagnoses for 334 of the 830 (40%) families (Figure 1).

Like during FORGE, GWS was not part of the clinical stan-

dard-of-care for this cohort, and thus there was a high pro-

portion of families with molecular diagnoses in known

genes (263 of 830, 32%). Another 71 families (9%) received

molecular diagnoses representing novel gene discoveries,

including 40 for which we led or contributed significantly

to the discovery publication (Table S2). We continue to

study the 152 families (18%) for whom we identified

compelling candidates, including 88 VUSs and 64 GUSs.

This high proportion of GUSs representsmostly N-of-1 find-

ings (only one family with a particular GUS in the cohort)

and reflects the challenges of a large number of single, small

families from this era for which we have insufficient evi-

dence for disease causality. In this era, we discovered only

a handful of disease-causing variants in novel genes causa-

tive for highly recognizable syndromes, such as cerebro-

costo-mandibular syndrome (MIM: 117650)17 and ence-

phalocraniocutaneous lipomatosis (MIM: 613001),18 and

deleterious variants in novel genes associated with geneti-

cally heterogeneous RDs like French Canadian Joubert syn-

drome (MIM: 616781).19 This low number reflects the rela-

tive rarity of recognizable syndromes that remained

unsolvedwith sufficient samples available for study. In addi-

tion, Care4Rare’s research mandate extended beyond dis-

covery to delineate the genotypic and phenotypic spectrum

of recognizable RDs that we previously discovered, such as

Floating-Harbor syndrome and mandibulofacial dysostosis

with microcephaly.20,21 We also described functional in-

sights into disease mechanisms and delineated the diag-

nostic utility of GWS in different RD cohorts,22–24 including

the presence of multiple genetic diagnoses in 3.5% of pro-

bands studied (Box S1).23

SOLVE era (2018–2023): Maximizing the exome to

prioritize families for multi-omics

The Care4Rare-SOLVE project is a five-year project focused

on providing a diagnosis for families with suspected RD

following uninformative exome sequencing (clinical or

research) and facilitating access to clinical GWS for all Ca-

nadians. SOLVE uses a stepwise approach that incorporates

data-sharing to diagnose RDs: first using reanalysis to

maximize the discovery potential of the exome, followed

by a discovery pipeline of other ‘omic technologies and

approaches (genome sequencing, RNA sequencing,

deep sequencing; see ‘‘A research protocol for unsolved

RD’’).25,26 The SOLVE cohort includes 667 families from

the FORGE and Care4Rare projects whose RD remained

unsolved at the start of SOLVE (April 2018), as well as an

additional 1,104 families (representing 3,254 participants)

who have consented to participate during SOLVE

following non-diagnostic exome sequencing.

The final results of the SOLVE project remain to be deter-

mined, as we continue to analyze data and invite families
nal of Human Genetics 109, 1947–1959, November 3, 2022 1949



to participate. As of the end of 2021, we have completed

the exome reanalysis for 601 of the 1,104 new families

enrolled during SOLVE and identified one or more molec-

ular diagnoses for 85 (14%) (Figure 1). Unsurprisingly,

given that most of these families already had clinical

exome sequencing testing, there were fewer diagnoses in

known genes (46 of 601, 8%), although this remains a sig-

nificant yield, and disease-causing variants in novel genes

reported since the clinical analysis was the predominant

contributor. Another 39 families (6%) have receivedmolec-

ular diagnoses in novel genes, including 18 for which we

led or contributed significantly to the discovery publica-

tion (Table S2). Compelling candidates were identified for

137 families (23%), including 74 VUSs and 63 GUSs.

SOLVE has also focused on a few of the remaining un-

solved yet recognizable syndromes (e.g., PHACES [MIM:

606519], Aicardi syndrome [MIM: 304050], Hallermann-

Streiff syndrome [MIM: 234100], and Dubowitz syndrome

[MIM: 223370]), of which only Dubowitz syndrome has

been resolved to be secondary to extensive locus heteroge-

neity,27 which resulted in removal of this condition from

the most recent edition of Smith’s Recognizable Patterns

of Human Malformations.28

Many families without a compelling candidate variant

over the past decade were selected for short- or long-read

genome sequencing, RNA sequencing, and/or deep

sequencing, and analyses are ongoing (Figure 1); our

research protocol for unsolved RDs is described under Stra-

tegies. Thus far, this approach has been triggered for 235

families, including 31 families recruited originally in the

FORGE era, 50 families recruited in the Care4Rare era,

and 154 families recruited in the SOLVE era.
Strategies to address challenges across the decade

The pace of our discoveries and types of RDs we solved

evolved over the decade andwere influenced by the families

we studied, advances in genome and information technol-

ogy, and available data-sharing solutions. As comprehensive

gene panels and exome sequencing were integrated in the

clinical diagnostic pathway for RD, molecular diagnoses

made in known disease genes decreased by two-thirds: ac-

counting for only 8% of SOLVE diagnoses compared to

30% for FORGE. Our pace of novel gene discovery slowed

as RDs become more challenging to solve: our FORGE dis-

coveries were from large cohorts with recognizable syn-

dromes and a single causative gene, whereas we now tackle

N-of-1 RDs with complex genetic mechanisms outside the

reach of the exome (Figure 2). Through a decade of RD dis-

covery, we approached key bottlenecks and challenges with

the infrastructure needed to address them.
Standardizing the capture of phenotype

During FORGE, a clinical diagnosis was sufficient for study

eligibility and GWS interpretation; however, as we began

to study less-recognizable diseases or diseases without a
1950 The American Journal of Human Genetics 109, 1947–1959, Nov
name, the need for standardized capture of phenotypic

descriptions became apparent. Thus, toward the end of

FORGE, we developed the PhenoTips software to support

the routine collection of computer-readable phenotypic

data using human-phenotype ontology (HPO) terms.29

PhenoTips continues to be used by the Consortium to this

day and is the first step to entry into theCare4Rare discovery

pipeline. PhenoTips has been integrated into the Epic elec-

tronic health record at several Canadian institutions and

embedded into clinical genetics workflows for GWS-based

diagnostic testing, facilitating the transfer of phenotypic

data from affected individuals who provide informed con-

sent for research.

Matchmaking candidate genes with the international

community

The next central challenge we faced was how to efficiently

generate evidence for causality of a GUS linked to a N-of-1

RD, which were not clinically recognizable and often

didn’t have a name.While traditional networking (i.e., per-

sonal contact via email or conferences) continues to be

helpful (Figure 2), it is not scalable. Care4Rare applied

two approaches to address this challenge: global data-

sharing to identify affected individuals with an overlap-

ping phenotype and compelling variants in the same

gene, and catalyzing connections with the Canadian

model organism community (see below). We launched

PhenomeCentral in 2014 as a data-sharing solution that

acts as a centralized repository for unsolved RDs30,31 and

contains the complete set of phenotypic, genotypic, and

candidate gene data from a decade of the Care4Rare pro-

gram, as well as data from Undiagnosed Diseases Network

in the U.S. and other groups from around the world. How-

ever, early into the Care4Rare project, we realized that

there were several other RD datasets containing data to

similar PhenomeCentral that existed in siloes. Thus, in

collaboration with the International Rare Disease Research

Consortium (IRDRIC) and the Global Alliance for Geno-

mics and Health (GA4GH), we engaged with key stake-

holders to collectively launch the Matchmaker Exchange

(MME) in 2015 (Figure 2).32

MME facilitates two-sided matchmaking, where two or

more parties try to identify others with the same novel

candidate gene where disease-causing variants have not

yet been reported.32 Operating as a federated network con-

necting databases of candidate genes and/or genotypes

and rare phenotypes using a common application pro-

gramming interface,32 MME currently connects eight

databases including, among others, PhenomeCentral,31

GeneMatcher,33 DECIPHER,34 RD-Connect GPAP,35 and

seqr.36 With more than 120,000 submissions and 13,000

unique genes shared across MME from over 12,000 submit-

ters from 98 countries, matchmaking via MME has become

central to gene discovery,37 providing diagnostic clarity for

families around the world. Care4Rare credits MME for facil-

itating the discovery and publication of disease-causing

variants in 26 novel genes during the last seven years
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Figure 2. Novel genes published by
Care4Rare Canada, by year of publication
and primary approach to support of dis-
ease causality
Gene discoveries in the early days of
Care4Rare Canada relied on analyzing sin-
gle-RD cohorts (orange) or identifying
similarly affected individuals through
traditional networking via email or confer-
ences (gray). Starting in 2014, following
the launch of the Canadian Rare Diseases:
Models and Mechanisms (RDMM)
Network, functional assays and model or-
ganisms (yellow) became an important
approach to providing supporting evi-
dence for disease causality. PhenoTips to
capture clinical data as HPO terms came
online in 2013 and facilitated the develop-
ment of PhenomeCentral, a matchmaking
data platform, in 2014. Following the
launch of Matchmaker Exchange (MME)
in 2015, with PhenomeCentral as one of

the original three nodes connected, traditional networking was replaced with automated global matchmaking (blue) with researchers
beyond our usual collaborations. MME-fueled gene discoveries continue to be the dominant discovery approach. While Care4Rare
discovered disease-causing variants in 121 novel genes (listed in Table S2), Figure 2 includes only the 109 novel genes that represent
the primary discovery using the described approaches. Of the 12 novel genes not included, seven were the second publication, two
used a pilot matchmaking algorithm not yet released, and three were case reports with compelling genetic evidence.
(see references for examples38–47) (Figure 2 and Box S1) and

have shown that the MME facilitates collaborations that

lead to evidence for pathogenicity and publication for

15% of novel candidate genes submitted.48 Our analyses

have highlighted both the success as well as the labor-

intensive nature of the MME, leading to publication of rec-

ommendations for improving the specificity and efficiency

of the MME.37

Collaborating with the model organism community

Model organisms can provide important evidence to sup-

port the pathogenicity of deleterious-appearing variants

in novel gene candidates. However, early into the

Care4Rare era we realized that it was difficult for clinician-

investigators studying RDs to do this work: the model or-

ganism community was largely unknown to them and

there was limited funding for such research. In response,

we co-launched the Canadian Rare Diseases: Models and

Mechanisms (RDMM) Network in October 2014. RDMM

is a Canadian consortium that connects clinicians discov-

ering the molecular mechanisms of RDs with more than

680 Canadian model organism scientists with expertise in

more than 8,800 genes.49 RDMM uses a committee process

to identify and evaluate collaborations between clinicians

and Canadian model-organism scientists and provides

25,000 Canadian dollars in catalyst funding for projects to

evaluate pathogenicity and begin to elucidate the molecu-

lar mechanisms of RD. For example, matchmaking via

MMEwasunsuccessful forCEP55 (MIM:610000), forwhich

a homozygous truncating variant was identified in a single

family with three affected individuals with MARCH syn-

drome (multinucleated neurons, anhydramnios, renal

dysplasia, cerebellar hypoplasia, and hydranencephaly;

MIM: 236500). CRISPR-Cas9-mediated ablation of CEP55
The American Jour
in zebrafish embryos recapitulated the phenotypic features

of MARCH syndrome and provided functional evidence of

the pathogenicity of the homozygous loss-of-function

variant.50 This subsequently led to several families being

identified with this RD.51 RDMM continues to catalyze

and support early work on novel genes discovered by

Care4Rare, with funding in place until 2027. This approach

was subsequentlymodelled in Europe, Japan, andAustralia,

who are all co-founding partners of RDMM International

along with the Canadian RDMM.

A RD data lake for Canada

While matchmaking via MME revealed the importance of

global data sharing to address the N-of-1 challenge, solving

RD requires additional solutions that can share different

levels and types of data. Thus, we made significant invest-

ments during the SOLVE era to facilitate the safe and

responsible sharing of diverse sets of data from Canadian

research participants with RD. In February 2021, we

launched Genomics4RD to centralize and harmonize, in a

retrospective and prospective manner, deep phenotypic

and multi-omic Canadian RD data, as well as the results of

diverse investigations and patient and health system out-

comes.52 Genomics4RD is a web-accessible platform de-

signed to share data nationally and internationally for RD

gene discovery, diagnosis, and other related research.52

Data-use restrictions or conditions are attributed to datasets

using the GA4GH’s Automatable Discovery and Access Ma-

trix (ADA-M) codes to ensure data are used according to its

informed consent.53 Genomics4RD provides three levels of

data access: open (e.g., public access to lists of candidate

genes), registered (RD researchers outside of Canada for spe-

cific use cases), and controlled (researcher with an REB-

approved protocol with full access to specific data).
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To support analyses across theConsortium,Genomics4RD

offers a ‘‘variant store’’: a user interface toefficientlyquery for

variants by genomic position, gene name, and predicted

pathogenicity, as well as frequency in population and con-

trol datasets and our own cohort.52 Data depositors can ac-

cess the larger Genomics4RD dataset to explore genes of in-

terest within the platform and identify participants that

have the same RD (Box S2). We retrospectively harmonized

and transferred the complete dataset from the FORGE and

Care4Rare projects to Genomics4RD, while all SOLVE data

are prospectively captured. Genomics4RD has been inte-

grated with PhenomeCentral for two-sided matchmaking

via MME. In addition, we are piloting a one-sided match-

making platform for registered access users: this feature al-

lows users to query a gene of interest, and Genomics4RD re-

turns a list of variants associated with the gene, along with

variant- and case-specific details, and provides the ability to

contact associated data depositors. We will continue to

develop additional tools and data-sharing strategies for the

diverse data types available in Genomics4RD to facilitate

RD discovery and, ultimately, diagnoses for individuals

affected with RD and their families.
A research protocol for unsolved RD

While our early discovery pipeline was successful, RDs re-

mainingunsolved are increasingly complex and challenging

to resolve. SOLVE is tackling discovery beyond the nondiag-

nostic exome and begins with reanalysis of existing

exome sequencing data as the entry into the protocol.

With SOLVE, we are exploring the diagnostic utility of

genome sequencing (short- and long-read), transcriptome

sequencing, deep sequencing, metabolomics, lipidomics,

and epigenomics. To support this work, we developed a

research protocol that matches a family with an unsolved

RD to the most informative set of technologies based on

our hypothesis as to why their RD remains unsolved.26 We

are evaluating this protocol starting with 235 families who

remain without a diagnosis, selected from the three eras of

our program. Using this protocol, we categorize each family

into one of four groups based on their clinical presentation

(Group 1: limited genetic heterogeneity, Group 2: unsolved

recognizable RD, Group 3: high degree of genetic heteroge-

neity, Group 4: RD without a name) and then begin a

group-specific research pipeline of technologies that address

the reason(s) their RD likely remains unsolved (Table S3).26

Our preliminary data for Groups 3 and 4 shows us that

40%and25%, respectively, of these families are being solved

by the technologies used thus far, but additional analysis is

ongoing, and the goal will be the development of best

research practices for these groups of individuals.
Impact of the Care4Rare program

Building new clinical genomic knowledge

Definitively establishing the pathogenicity of a variant, or

set of variants, for an RD requires robust evidence, as does
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associating deleterious variants in that gene with an RD for

the first time. These evidence standards evolved over the

decade, with new guidelines published for variant interpre-

tation and thresholds for evidence for novel gene discov-

ery.54,55 The Care4Rare Consortium is committed to the

timely translation of our robust discoveries to clinical

care and patient benefits. Over three eras of diagnosis

and discovery, we have shared hundreds of variants in

known disease genes with the international community

through publication or deposition in knowledge bases

(e.g., ClinVar56 and LOVD57). Thus far, Care4Rare has

contributed 121 publications describing disease-causing

variants in novel genes, with another 28 in preparation.

We have also identified 145 compelling GUSs: they are be-

ing shared via MME (to identify additional affected indi-

viduals), and a subset are being studied using patient cell

lines or via the RDMMnetwork. The list of candidate genes

is available for viewing on the Genomics4RD website.

Facilitating access to clinical GWS for Canadians

affected with a RD

The vision of many health research programs is to imple-

ment their innovation into the healthcare system to

improve patient care. FORGE demonstrated, for Canada,

that exome sequencing could be used to discover new ge-

netic causes of RDs as well as provide a molecular diagnosis

for affected individuals with a known but undiagnosed RD

(30%; Figure 1). The results called for a proposal, from the

Canadian College of Medical Geneticists (CCMG), for Ca-

nadian recommendations regarding the use of GWS for

RD diagnosis in clinical practice.58 It also contributed to

the international debate at the time regarding how best

to manage incidental findings, highlighting parents’

enthusiasm for returning such results from genetic

research to children.59 During Care4Rare, we demon-

strated that GWS could provide a molecular diagnosis in

known genes for 29% of individuals who completed stan-

dard genetic investigation, highlighting the utility of this

approach at the end of the diagnostic odyssey.24 We led

the development of the CCMG position statement on

the clinical application of GWS for monogenic disease,60

which paved the way for clinical adoption across Canada.

The implementation of GWS was further supported by our

workmeasuring the impact and value of a diagnosis for the

well-being of families with unsolved RD.61,62

Our experiences during the FORGE and Care4Rare pro-

jects led us to the realization that deeper engagement with

healthcare was needed. For SOLVE, we co-designed with

the ministries of health in Alberta and Ontario an evalua-

tion of the diagnostic utility, clinical utility, and value for

money of publicly funded exome sequencing for unsolved

RD. Informed by our preliminary data from 250 partici-

pants, we co-designed with policymakers a clinical imple-

mentation pathway for new ‘omic technologies. As a result,

pilot implementation of clinical GWS for RD diagnosis,

with GWS performed in public diagnostic laboratories (for

example see Hayeems et al., 202263) is now happening
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across the country. Collectively, the provinces are working

to build a Canadian data ecosystem that will support

high-quality clinical GWS and provide research opportu-

nities for families with RD. Further, as GWS has become

standard-of-care for the diagnosis of RD in children and

adults, there is interest in performing this test in the prena-

tal setting. Analogous to our work in the postnatal setting,

we co-led the development of a CCMG position statement

on the clinical application of fetal GWS for the investigation

of multiple fetal anomalies.64 We will continue to use our

clinical implementation pathway to integrate other ‘omic

technologies into the healthcare system.

Understanding RDs in some of Canada’s unique

populations

Canada’s population of approximately 38 million includes

diverse ethnicities and cultures and includes a number of

founder populations. Over the past ten years, we have

had the privilege to collaborate with several uniquely Ca-

nadian populations, providing those communities with in-

formation about RDs caused by a founder effect. In some

instances, we identified a founder pathogenic variant in a

known disease gene (e.g., SLC34A3 [MIM: 609826] and hy-

pophosphatemic rickets with calcinuria in the Hutterite

population [MIM: 241530]65) or a phenotypic expansion

of a known disease (e.g., PRUNE1 [MIM: 617413] and a

childhood neurodegenerative disease in Manitoba Cree

families [MIM: 617481]66). Such discoveries provided

important data for early diagnosis and, in some instances,

led to newborn- and carrier-screening programs. We also

delineated the significant contribution of some genes in

causing a genetically heterogeneous disease presentation

in a population, for example, the spectrum of SPG7

(MIM: 602783) mutations in French-Canadian spastic

ataxia (MIM: 607259).67 In other instances, we discovered

a novel gene that is now recognized to cause RD in affected

individuals around the world, for example GPSM2 (MIM:

609245) causing Chudley-McCullough syndrome and

CEP55 causing MARCH syndrome in the Mennonite pop-

ulation,11,50 SGPL1 (MIM: 603729) causing steroid-resis-

tant nephrotic syndrome in the Hutterite population

(MIM: 617575),68 and multiple genes causing Joubert syn-

drome in the French Canadian population (C5ORF42

[MIM: 614571],14 TMEM231 [MIM: 614949],15 and

CEP104 [MIM: 616690]19). Finally, there is that rare gene

discovery that provides insight into therapy: the identifica-

tion of a homozygous pathogenic variant in SLC39A8

(MIM: 608732) causing a neurodegenerative syndrome

secondary to manganese deficiency in the Hutterite popu-

lation led to early manganese supplementation for affected

infants (MIM: 616721).69

Education

Alongside RD discovery and diagnosis, the Care4Rare pro-

gram supports a multi-pronged approach to clinical transla-

tion. Thus, we have invested in training and education to

build clinical capacity for interpreting ‘omic data and further
The American Jour
support clinical implementation. To build capacity in RDge-

nomics, we developed a ‘‘Genomics Technologies for Patient

Care’’ program forCCMG laboratory trainees across Canada.

This program consists of four modules (Technical Aspects,

Ethical Issues, Clinical Reporting, andClinical Cases),which

hasbeen incorporated into theCCMG’s routine trainingpro-

gram. We also worked with the Royal College of Physicians

and Surgeons of Canada to build capacity in their specialty

training program (residency) inMedical Genetics andGeno-

mics. In someCanadian provinces, residents in this program

spend a mandatory month with their local Care4Rare team

to interpret GWS for discovery. We developed a clinical

fellowship program, ‘‘GenomicMedicine for Rare Diseases,’’

which is offered yearly.We also offer 2- to 6-week electives to

residents, fellows, genetic counseling students, and staff

acrossCanada toworkwith theCare4Rare teamtogainexpe-

rience in the interpretation of ‘omic data. Finally, we deliv-

ered workshops for trainees and faculty to provide hands-

on training in analyzing and interpreting exome sequencing

data. The training of the next generation of providers and

upskilling the current generation are important approaches

towards providing a diagnosis for all families with RD.
Advocacy and engagement

The Care4Rare program has benefited greatly from our part-

nership with the Canadian Organization for Rare Disorders

(CORD).With their support, we conducted a discrete-choice

experiment survey among parents of children with RD to

measure the value of diagnostic testing; parents were willing

to pay CAD$6,590 for exome sequencing,62 and these data

supported advocacy with provincial ministries of health to

fund GWS programs. Importantly, we engaged with CORD

to contribute to Canada’s first rare disease strategy: "Now is

the Time: A Strategy for Rare Diseases is a Strategy for all Ca-

nadians."70To shinea lighton thecostsassociatedwithRDin

Canada, we performed a retrospective cohort study using

population-based provincial health administrative data for

childrenwith RD inOntario.Wemeasured direct healthcare

costs and resource use 5 years after a diagnosis.71 Costs were

4.5–19.8 times higher for the RD cohort compared to the

general (control) population or to asthma or diabetes co-

horts. This work sparked considerable interest in the socio-

economic burden of RD in Canada and led to additional

funding opportunities from CIHR. Continued partnership

with community stakeholders will ensure the impact of our

work going forward.
Lessons learned

Identify a productive team and establish a supportive

environment

Owing to thousands of individually rare diseases, RD

research demands team and interdisciplinary approaches

to discovery. Expertise in clinical and molecular genetics,

informatics, computer science, biology, health systems,

health economics, ethics, and policy, to name just a few,
nal of Human Genetics 109, 1947–1959, November 3, 2022 1953



are necessary. Care4Rare has always represented a coalition

of the willing. Understanding the team and how they work

and recognizing that the team’s membership will be dy-

namic have been key to our success. Essential for broad

participation is a strong, supportive, and responsive coor-

dinating center to meet the needs of the network and do

the heavy lifting. Recognition of contributions and pro-

moting and supporting the leaders of each discovery has

ensured engagement across the country. Finally, and

most importantly, keeping participating families at the

center of everything we do ensures that any issues that

might rarely arise within a discovery team are put in the

appropriate context and resolved as quickly as possible.

Clear eligibility criteria are needed when resources are

limited

Over the past decade, Care4Rare has spent a great deal of

time ensuring that the families studied in our discovery

pipelines are quite likely to have a RD with a genetic etiol-

ogy. At times, this has meant we have had to make tough

choices and establish clear eligibility criteria regarding se-

lection of participants. Though not as significant of a chal-

lenge in Canada, we also had to ensure that the healthcare

that the participating family underwent in the system met

standard-of-care to minimize research dollars being spent

on investigations that should have funded by the relevant

ministry of health. Deeply phenotyped participants, along

with family members, that meet tight clinical criteria

ensure that our research dollars are spent in the best

possible fashion.

Broad data sharing is critical

We realized early that traditional networking and func-

tional studies would not compensate for the lack of large

cohorts of similarly affected individuals. Global data

sharing is critical to identify RD cohorts and establish

causation. Global matchmaking, via MME, was developed

to address the N-of-1 challenge, and this has been essential

for gene discovery over the past 7 years, particularly for

programs the size of Care4Rare. We recognize that MME

has been a critical tool and a leading source of RD gene dis-

coveries since 2019 (Figure 2), but it is resource intensive.48

Upon reflection, the mandatory contribution of pheno-

type and inheritance pattern for all databases connected

via MME would have made global matchmaking much

more efficient. The need for even larger cohorts, enabled

by efficient global matchmaking, has become evident as

we begin to analyze more complex ‘omic data for families

that remain without a compelling coding variant after

exome sequencing.

Engage policymakers early

As the Care4Rare Consortium began to recognize the diag-

nostic potential of GWS for families with suspected RD,

implementing exome sequencing into clinical practice

became a priority. In the Care4Rare project, we set out to

generate the evidence that we thought policymakers and
1954 The American Journal of Human Genetics 109, 1947–1959, Nov
payers needed. We realized the error with this approach

as we began working alongside policymakers and payers

in unrelated projects. Rather than starting with the devel-

opment of researcher-driven evidence, policymakers

should be actively engaged at the outset so research is co-

designed with them to meet their needs. As such, as part

of the SOLVE project, we collaborated with ministries of

health to co-design a study evaluating the utility and value

of GWS for RD diagnosis. As a result, we were able to inte-

grate GWS into the clinic while developing an evaluation

framework to inform future decisions about the public

funding of ‘omic technologies for RD diagnosis.
It is only going to get tougher to make novel discoveries

In our reflection on the last decade, we would be remiss if

we did not remark on the increasing effort required for dis-

coveries in each era. In the initial FORGE era, exome dis-

coveries often leapt from our spreadsheets, to the excite-

ment of our team. The following N-of-1 era brought a

mix of projects with incredibly compelling exome candi-

dates and others that, despite convincing phenotypes

and/or family history, did not have any interesting find-

ings. Herein the effort required for each discovery began

to increase: projects with compelling candidates required

laboratory functional studies and matchmaking, both of

which are highly effective in providing necessary evidence

for causality, but are time consuming. In our current multi-

omics era, each project has required a further and substan-

tial increase in analysis time, taking weeks to sift through

data and often ending in disappointment. Deciphering

the complexity of multi-omic data to identify RD disease

mechanisms is an ongoing work in progress and requires

large amounts of time and resources, which is unlikely to

change in the near future.
The next era

Through the efforts of the Care4Rare Canada Consortium

and similar initiatives around the world, GWS has become

standard-of-care for the diagnosis of RD in many jurisdic-

tions. GWS has lived up to the promise of a transforma-

tive technology, with an outstanding diagnostic yield of

approximately 30%, depending on the inclusion/exclu-

sion criteria used. As GWS is integrated into the diag-

nostic care pathway for RD, research programs will need

to shift from generating GWS data to accessing it.

Leveraging clinical GWS data from families with solved

and unsolved RDs will be critical to RD research, sustain-

ing the gene discoveries that fuel clinical diagnosis. To do

so, we must develop systematic approaches for secondary

use of data generated in the diagnostic setting. However,

clinical data are under the protection of a variety of

healthcare administrations, and datasets are siloed within

a variety of data custodians. We have found that health

systems have not kept pace with families’ desire to share

their data, and access to RD research is not equitable
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across different jurisdictions. Thus, with funding from

Genome Canada’s All for One precision health program,

we launched an 18-month project to define a Canadian

health data ecosystem for RDs. We are exploring a two-

pronged data solution: Knowledge Network is a pan-Ca-

nadian variant database that will facilitate high-quality

clinical GWS, while Connect is a patient research registry

that will provide equitable access to precision health

research for Canadians with RD. Incorporating consent-

to-recontact language, initially as part of all GWS testing

but expanding to any genetic testing in Canada, would

provide a route to sharing data and providing equitable

research opportunities for all Canadians with RD.

Care4Rare, along with many international groups, has

demonstrated the strengths and opportunities for further

efficiencies of the current global genomic matchmaking

platform, MME.37 The next era will see advances in

genomic matchmaking approaches, using more auto-

mated protocols alongside better algorithms, required

for matchmaking on a global scale. Initiatives like the

GA4GH,72 the IRDiRC,73 and the World Economic Fo-

rum’s Breaking Barriers to Health Data project74 will

continue to promote and support data-sharing initiatives

for genomic and RD research. Data-sharing solutions

that accommodate a variety of ‘omic data are emerging,

but mechanisms and policies for sharing this type of

data between databases must be developed. Furthermore,

data sharing will need to expand beyond ‘omic data and

HPO terms to capture deeper quantitative and unstruc-

tured clinical data.

The next era of RD diagnosis and discovery will focus on

very-difficult-to-solve RDs, those for which the cause likely

lies outside or is difficult to detect within the coding

genome, is oligo or polygenic in nature, or is secondary

to more complex epigenetic or gene/environment interac-

tions. The biological basis of penetrance and expressivity

will need to be explored. The remaining recognizable dis-

eases that have not yet been solved bring their own set

of data-sharing challenges.75 It is likely that different types

of samples will be required (e.g., affected tissue or tissue

during specific developmental time point) to solve these

RDs, and sharing these important resources will be essen-

tial. Best practices on the research approaches to these un-

solved diseases will ultimately need to be developed and

shared.

Finally, it is important that the stakeholders (e.g., health-

care systems, policymakers, and funders) not lose focus on

the goal to understand the molecular mechanism of all

RDs, as there is still much they have to teach us about

both biology and health. Prioritizing funding, open sci-

ence, and data sharing will ultimately benefit the individ-

uals and families living with RD.

Conclusion

Over the last decade, the Care4Rare Canada Consortium

has investigated the molecular cause of RD for 1,806

families. Although we have provided a diagnosis for
The American Jour
many of these families, we continue to study the most

challenging RDs for those that remain unsolved after

exome sequencing. Over this period, we have adapted

and expanded our approaches as the landscape of un-

solved RDs has changed: moving beyond recruitment

of recognizable diseases, sequencing, and analysis to

global data sharing and utilization of multiple different

‘omics to tackle complex disease mechanisms. The chal-

lenge of solving all RDs remains enormous, and the work

is far from over. We must leverage clinical genomic and

other ‘omic data for secondary use, continue to develop

tools and policies to support safe data sharing, and opti-

mize research protocols to delineate complex disease

mechanisms. Successful approaches in each of these

realms are required to offer diagnostic clarity for all fam-

ilies with RD.
Supplemental information

Supplemental information can be found online at https://doi.org/
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Web resources

CanadianRDMMNetwork, http://rare-diseases-catalyst-network.ca/

Care4Rare Canada, http://www.care4rare.ca/

DECIPHER, https://www.deciphergenomics.org/

PhenomeCentral, www.phenomecentral.org/

GeneMatcher, https://genematcher.org/

Genome-wide Sequencing Ontario, https://gsontario.ca/

Genomics4RD, https://www.genomics4rd.ca/

Global Alliance for Genomics and Health, https://www.ga4gh.org/

InternationalRareDiseaseResearchConsortium,https://irdirc.org/

Matchmaker Exchange, https://www.matchmakerexchange.org/

RD-Connect GPAP, https://rd-connect.eu/what-we-do/omics/gpap/

RDMM International, https://rdmminternational.org/

seqr, https://seqr.broadinstitute.org/

World Economic Forum, https://www.weforum.org/
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