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Abstract

Accurate diagnosis is the cornerstone of medicine; it is essential for informed
care and promoting patient and family well-being. However, families with a
rare genetic disease (RGD) often spend more than five years on a diagnos-
tic odyssey of specialist visits and invasive testing that is lengthy, costly, and
often futile, as 50% of patients do not receive a molecular diagnosis. The
current diagnostic paradigm is not well designed for RGDs, especially for
patients who remain undiagnosed after the initial set of investigations, and
thus requires an expansion of approaches in the clinic. Leveraging oppor-
tunities to participate in research programs that utilize new technologies to
understand RGDs is an important path forward for patients seeking a di-
agnosis. Given recent advancements in such technologies and international
initiatives, the prospect of identifying a molecular diagnosis for all patients
with RGDs has never been so attainable, but achieving this goal will require
global cooperation at an unprecedented scale.
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1. INTRODUCTION: THE REALITY OF RARE GENETIC DISEASES

Although rare by definition (average global prevalence of 1 in 2,500), collectively the more than
9,000 rare diseases (RDs) recognized to date (84) affect at least 1 in 16 people (36). RDs represent
an enormous societal burden, with devastating impacts on patients, their families, and the health-
care system (36). RDs are often life limiting: 57–67% of RDs lead to a reduced life expectancy (27,
56). It is widely cited that 80% of all RDs have a genetic cause, but the basis of this number is not
well understood; recent review of Orphadata shows that at least 39% of RDs have an identified
genetic etiology (36) and would be considered a rare genetic disease (RGD). This genetic subset
of RDs often comprises serious multisystem diseases that consume a disproportionate amount
of health-care resources. Even when compared with common chronic childhood diseases such as
asthma and diabetes, genetic conditions incur significantly higher direct health-care costs (3.5–
8.3 times higher per patient) and resource use (73); the reality of RGDs is a sobering one.

Receiving an early and accurate diagnosis is imperative for informed care in medicine, and yet
patients and families living with suspected RGDs will often spend more than five years on a diag-
nostic odyssey.These odysseys typically consist of multiple specialist visits and invasive testing and
can carry significant societal and personal costs (42). Sadly, despite a variety of available diagnostic
tests, for many this odyssey will ultimately be futile: 50% of RGD patients do not receive a molec-
ular diagnosis (105). Although fewer than 3% of RGDs have a therapy approved by the US Food
andDrug Administration (36), accurate genetic diagnosis remains essential for informed care (e.g.,
genetic counseling, surveillance, coordinated clinical care, and family planning) and patient and
family well-being (psychological closure, emotional relief, and access to resources and support)
(34). For RGD patients who remain undiagnosed following all available clinical tests, we assert
that there is a path forward to identify novel pathogenic mechanisms. Here, we highlight new ap-
proaches to RGDs that will hopefully enable diagnoses for all such patients in the coming decade.

2. DIAGNOSTIC CHALLENGES FOR RARE GENETIC DISEASES

Over the past 60 years, our understanding of the genetic mechanisms that can cause RGDs has
increased dramatically (Figure 1). In 1956, it was determined that humans have 23 pairs of chro-
mosomes, and shortly afterward the cause of Down syndrome was identified (67). Since then,
our knowledge of genetic mechanisms of disease has expanded significantly to include chromo-
somal rearrangements, copy-number variants (CNVs, comprising microdeletions and microdu-
plications), trinucleotide repeats, small insertions or deletions, DNA single-nucleotide variants,
mitochondrial DNA mutations, and epigenetic alterations. Diagnostic tools have followed these
research insights: Karyotyping and SangerDNA sequencing have been routinely used for 40 years.
The development and clinical implementation of chromosomal microarrays in the early 2000s fa-
cilitated the study of chromosomes at a higher resolution and expanded our understanding of
the role of CNVs in RGDs. The emergence of next-generation DNA sequencing (NGS) ap-
proaches in the same decade allowed high-throughput approaches to DNA sequencing, enabling
multiple genes to be sequenced in parallel, saving time and resources. NGS expanded to facilitate
genome-wide sequencing (GWS) technologies such as exome sequencing (ES), which targets the
protein-coding part of the genome, and whole-genome sequencing (WGS).The application of ES
to neurodevelopmental disorders brought to light new disease mechanistic paradigms, including
the high frequency of de novo mutations (30). The broader introduction of ES into the clinic has
demonstrated that it can provide a diagnosis for 29–57% of RD patients, depending on the indi-
cation, technology, timing in the diagnostic pathway, and whether the DNA sequencing was done
in a hospital-based or reference laboratory (26). Overall, ES has been instrumental in ushering in
a new phase of RGD discovery (7).

9.2 Hartley et al.
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Figure 1

The past 60 years has taken us from the identification of chromosomes and the cause of Down syndrome to an understanding of the
cause of more than 5,000 rare genetic diseases (RGDs). Major discovery milestones are denoted along the top of the time line, and the
technological advances that enabled these discoveries are shown below it. Multiomic technologies and novel computational approaches
are expected to play a significant role in RGD discoveries in the years to come. Abbreviations: FISH, fluorescence in situ hybridization;
MLPA, multiplex ligation-dependent probe amplification; PCR, polymerase chain reaction; SNV, single-nucleotide variant.

Despite our increased understanding of the mechanisms of RGDs, the majority of patients
remain undiagnosed because they do not have access to appropriate expertise and testing. In ad-
dition, for patients living in countries with more developed health-care systems, the current di-
agnostic paradigm for RGDs is not designed for those who remain undiagnosed after initial in-
vestigations because of several challenges, including interpretation of test results and limitations
inherent to the paradigm.

2.1. Challenges with Access

The majority of the world’s population lacks access to appropriate genetic testing, and this rep-
resents the greatest challenge for patients with an undiagnosed RGD. Many countries have rec-
ognized that people with RGDs systematically experience barriers to accessing health care (82).
Whether the patient lives in a country with a seemingly advanced health-care system or in a
developing country, patients with an RGD face both unique and common challenges. Many of
these challenges stem from the rarity of their disease, which complicates diagnosis and appropri-
ate care; these challenges include a lack of general awareness about RGDs, difficulty in recognizing
RGDs in patients with seemingly unrelated symptoms, lack of standard criteria for diagnosis, and
minimal physician training in RGDs (42). System challenges also contribute, including shortages
of appropriate specialists (including clinical geneticists), uncoordinated health-care systems that
make communication between physicians difficult, and limited access to diagnostic tools in certain
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jurisdictions.The clinical translation of genomic technologies, in particular, has beenwidely hyped
in the RGD community as an opportunity for diagnosis. Nonetheless, GWS is still accessible as
a diagnostic test to only a fraction of RGD patients worldwide.

2.2. Challenges with Interpretation of Diagnostic Testing Results

For RGD patients who do receive appropriate testing, the results for a particular patient are often
challenging to interpret, which delays diagnostic clarity.Contributing factors include the presence
of one or multiple genomic variants of uncertain significance (VUSs), results that explain part
but not all of a patient’s clinical presentation, and the ongoing discovery of new disease–gene
associations.

2.2.1. Variants of uncertain significance. Despite our increased knowledge of genetic mech-
anisms, we still do not understand the vast majority of genomic variation. The American College
of Medical Genetics and Genomics defines a VUS as a genomic variant that has a probability of
pathogenicity between 10% and 90% (94). The number of VUSs identified per analysis varies
greatly depending on the clinical indication, the number and size of the genes analyzed, current
understanding of how genomic variation influences a particular protein’s function, and the avail-
ability of functional assays. For example, 10–15% of patients being evaluated with a RASopathy
gene panel (which has a specific clinical indication and a small number of well-established genes)
have a VUS identified (112), whereas 42% of patients being evaluated with a cardiomyopathy
gene panel (which has a high rate of phenocopies and a large number of genes) have a VUS iden-
tified (85). The growing number of VUSs leads to ambiguous results for patients and represents
a significant challenge in RGD diagnosis.

2.2.2. Establishing clinical validity. The clinical validity of genetic testing results is difficult to
establish when some of the patient’s clinical symptoms are not readily explained by the identified
variants. In some cases, this may be the result of phenotypic expansion of a known disease–gene
association. As more individuals undergo NGS testing, the identification of atypical presentations
of known RGDs increases, broadening the phenotypic variability to better delineate the mild and
severe ends of the phenotypic spectrum. For some patients, complex clinical presentations may
be secondary to multiple genetic diagnoses in a single family, a phenomenon that occurs at least
5–7% of the time (6, 90).

2.2.3. New disease–gene associations. Our knowledge of disease–gene associations changes
daily, with approximately 300 new discoveries reported every year (7). These new associations
can be the result of genes identified that have never been previously associated with an RGD (a
novel disease gene discovery) or those that have been previously associated with a distinct and
different Mendelian disease (a new mechanism of disease). Several clinical laboratories will report
compelling variants in genes of uncertain significance (GUSs), which then require identification
of additional families with variants in the sameGUS and overlapping phenotypes to support novel
gene discovery and, ultimately, a diagnosis. A framework for assessing the strength of evidence for
disease–gene associations has been published (111) to provide standardization and prevent the
assertion of a new disease–gene association that is subsequently proven to be incorrect (32). At
least one clinical laboratory has reported candidate GUSs in more than 24% of patients receiving
GWS results (93). Indeed, recent estimates suggest that approximately 6,000–13,000 Mendelian
conditions are yet to be defined (7). Although this suggests an enormous potential for continued
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discovery of new disease–gene associations, these associations cannot be found using the current
diagnostic paradigm.

2.3. Challenges with the Current Diagnostic Paradigm

For the past 30 years, a patient suspected of having an RGD has experienced a typical diagnostic
testing approach that begins with an initial clinical consultation (medical and family history and
physical examination), the output of which is a differential diagnosis and, increasingly, a genetic
testing strategy. In general, this workflow is quite successful: Almost 50% of patients suspected to
have an RGD receive a diagnosis within the first few tests (105). Patients who remain undiagnosed
after the current diagnostic paradigmmay bemissed due to technological limitations of the testing
used, insufficient understanding of the coding genome due to limited genomic data sharing, and
pathological genetic mechanisms of RGD that are not evaluated using current methodologies.

2.3.1. Technological limitations. A wide variety of diagnostic tools are available, and all of
them have technological limitations. Clinicians should therefore recognize that, despite having
completed the most appropriate genetic test for their patient, one cannot truly rule out a given
RGD; one can only reduce its likelihood. For example, althoughmicroarrays have vastly improved
our ability to identify CNVs, their limited resolution and reliance on predefined DNA sequences
and hybridization means that they can still miss some CNVs. Similarly, NGS technologies have
increased our DNA-sequencing capacity, but they, like Sanger DNA sequencing, struggle with
GC-rich regions, and any NGS methods that target specific regions of the genome using capture
reagents (e.g., capture kits) will struggle with evenness of coverage. Furthermore, various techno-
logical limitations of NGS are inherent to the bioinformatic pipelines used to align the genomic
data to a reference sequence, and approaches to annotation and filtration can impact the variants
that are subsequently identified for analysis. Therefore, the diagnostic testing approach for a pa-
tient with an undiagnosed RGD needs to be carefully examined to understand the likelihood that
the current methodology will miss a disease mechanism.

2.3.2. Data sharing. Millions of individuals with a suspected RGD have undergone targeted
genetic testing, and more than 100,000 individuals have now had GWS (primarily ES) as part of
clinical care. It is estimated that by 2025, more than 60 million patients will have had genomic
sequencing in the health-care context (13). Yet most of these data sets are difficult, if not impos-
sible, to access because health care is a highly regulated landscape due to the security and privacy
issues surrounding data sharing, and possible solutions are both challenging and expensive. Even
in the research setting, where patients have agreed to share their data for research, access is often
a highly managed process to ensure compliance with the original consent. Strategies to de-silo
existing and future data must be developed to fully realize the potential of the collective data to
help interpret genomic variation for the benefit of patients.

2.3.3. Disease mechanisms associated with non-Mendelian inheritance. CurrentNGS and
associated informatic analyses either were not designed for or are not capable of detecting ge-
netic variation associated with non-Mendelian inheritance, such as tissue-specific somatic mo-
saicism, epigenetic alterations, oligogenic inheritance, or gene–environment interactions (16). For
example, current informatic approaches may not readily identify mosaicism of a pathogenic vari-
ant, and detection is further challenged by tissue specificity and low-level mosaicism. Epigenetic
alterations, including methylation defects, uniparental disomy, and altered parent-of-origin ex-
pression patterns at an imprinted locus, require specific technological approaches for detection.
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Furthermore, there are currently no approaches by which to reliably identify oligogenic or com-
plex inheritance,where the cumulative effect of different common and rare variants, in conjunction
with environmental triggers in the context of complex disease, causes the clinical presentation of
a particular patient. The study of RGDs caused by these mechanisms is currently limited and will
require focus and resources in the future.

3. CLINICAL APPROACHES TO UNDIAGNOSED RARE
GENETIC DISEASES

Because the current clinical paradigm is not optimally designed for patients with an undiagnosed
RGD, it is necessary to expand our approach to diagnostic care. Successfully identifying the ma-
jority of genes and variants associated with RGDs will require efficient data sharing in the clin-
ical setting and, importantly, enabling and empowering patients to participate in data sharing an
engaged stakeholders in their diagnostic journeys. We propose that patients should be offered
a clinical assessment designed for undiagnosed RGDs. Integral to this assessment is recurrent
reanalysis of NGS data and sharing of data to increase the likelihood of identifying a genetic
diagnosis (Figure 2).

3.1. Deep Phenotyping Is Critical for Diagnosing Rare Genetic Diseases

Deep phenotyping of patients with an undiagnosed RGD, and family members if relevant, is crit-
ical for the diagnostic approaches that follow. Deep phenotyping in this context refers to the pre-
cise and comprehensive annotation of phenotypic abnormalities in a computer-readable format,
such as the Human Phenotype Ontology (HPO) (60), a resource recognized by the International
Rare Diseases Research Consortium (IRDiRC) (68). Natural history data are not captured using
HPO but are available as a separate field in some phenotyping software. Environmental expo-
sures can cause or contribute to disease, but the study of this area is still emerging, and our ability
to systematically capture these data is still immature (109). In addition, deep-phenotypic assess-
ment of family members (e.g., siblings, parents, or extended family, as appropriate) can be helpful
in some instances. Based on this detailed clinical assessment of the patient and family, clinicians
should examine all possible known diseases that may explain the patient’s clinical presentation.
It is important that the team’s diagnostic approach considers atypical presentations, phenotype
expansions, conflation of more than one RGD, and recently discovered disease–gene associations.

3.2. Reanalysis of Existing Test Results in Known Disease Genes

Once a patient’s phenotype has been documented and analyzed, the next step is to review the
testing strategy that did not yield a diagnosis. Reports from previous testing should be collected
and examined to determine whether a comprehensive approach was used with regard to genes
and disease mechanisms. For patients who have a compelling VUS, one would begin by looking
for new evidence of pathogenicity [e.g., in the literature or databases such as ClinVar (46)] or of
benign variation [e.g., a high frequency in population databases such as gnomAD (57)]. Additional
evidence can come from segregation studies in the family and occasionally functional studies,
though the latter are more difficult to ascertain and standardize. Reclassifying a compelling VUS
as pathogenic or benign is critical for determining whether updated testing would be useful.

3.3. Reanalysis of Genome-Wide Sequencing Data

In several jurisdictions, clinical ES has become available as a funded test for themost diagnostically
complex patients, but it is successful only 36% of the time despite a high index of suspicion of an
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Figure 2

Opportunities for patients with a suspected but undiagnosed rare genetic disease (RGD) exist in both the clinical and research realms.
The gray portion of the workflow represents an enhanced clinical assessment for undiagnosed RGD patients, and the green portion
shows research approaches that could be considered for broad categories of undiagnosed RGDs. Abbreviations: GUS, gene of uncertain
significance; GWS, genome-wide sequencing; LP, likely pathogenic; P, pathogenic; RNA-seq, RNA sequencing; VUS, variant of
uncertain significance; WGS, whole-genome sequencing.

RGD (26). While it is not yet clear what proportion of patients harbor mutations in the protein-
coding portion of their genome, it is likely far greater than this diagnostic yield. In one study that
first mapped Mendelian diseases to genetic loci, more than 95% of families whose disease was
correlated to a single locus harbored genic (as opposed to intergenic) variants that were potentially
identifiable by ES, and reanalysis of negative clinical ES data identified likely causal variants in
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88% of these families (104). We and others therefore argue that a negative clinical ES result is a
significant starting point for a patient who remains undiagnosed, as there is a high likelihood that
reanalysis will identify diagnoses in known and novel genes (7).

The systematic reanalysis of GWS data can yield additional diagnoses for several reasons. First,
the immediate reanalysis of GWSdata in collaboration with the referring clinician has been shown
to boost diagnostic yield in known disease genes by 10%, based primarily on the clinician’s un-
derstanding of the clinical features (96). Second, in a similar fashion to how new disease–variant
information can aid in the reassessment of VUSs in known genes, the approximately 300 new
disease–gene associations that are curated each year (7) may identify variants that were not consid-
ered at the time of clinical testing. Third, clinicians may, in fact, identify these novel disease–gene
associations themselves. Indeed, it was eloquently shown that novel gene discovery via systematic
reanalysis of clinical exome data can essentially double the diagnostic yield (33). Fourth, reanalysis
in collaboration with a different laboratory using a distinct bioinformatics pipeline may occasion-
ally identify variants that weremissed due to technical limitations of the original laboratory.Lastly,
reanalysis can allow the clinician to relax various thresholds (e.g., rarity or quality) and analyze the
data using different bioinformatics tools to enable exploration of additional hypotheses (118). For
example, unaffected or mildly affected parents may pass on mosaic mutations that are also present
in germline cells to classically affected children,mimicking autosomal recessive inheritance,which
would be easily missed in analysis. For patients who have had GWS, regardless of whether it was
analyzed as a large gene panel or all 22,000 genes, the greatest opportunity for a molecular diag-
nosis likely comes from reanalyzing their existing data, followed by appropriate data sharing.

3.4. Data Sharing as Part of Clinical Care for Undiagnosed Rare
Genetic Diseases

To aid in the interpretation of both VUSs and GUSs, significantly more data sharing is needed,
and several professional organizations have highlighted the importance of this approach to im-
proving clinical care, including the American College of Medical Genetics and Genomics (1) and
the Canadian College of Medical Genetics (15). While data sharing is often considered in the
context of enabling exploratory research, we advocate for data sharing to also be considered as a
clinical tool to assist with RGD diagnosis. Accordingly, responsible sharing should be considered
in the context of providing direct benefit to patients and viewed as an extension of clinical care in
certain situations, which would therefore not require explicit research consent (31).

The sharing of genomic variants in known disease genes has been facilitated by the use of pub-
lic databases such as ClinVar (46) and DECIPHER (17), and initiatives such as ClinGen (92) have
worked on reconciling differences in variant interpretation.Many clinical laboratories are actively
contributing to these efforts (103), and, in the best interest of patient care, laboratories that do not
participate in the global understanding of RGDs should be avoided. For the 15–20% of patients
with a compelling GUS following GWS, the reality is that a significant proportion will ultimately
be diagnosed by finding additional unrelated cases with variants in the same gene, the same inher-
itance pattern, and an overlapping phenotype. Multiple projects have addressed this n-of-1 chal-
lenge by developing platforms to identify cases with overlapping phenotypes and candidate genes
through a process referred to as two-sided matchmaking (e.g., two or more individuals are looking
for a match in the same gene) (Figure 3). Currently, seven matchmakers worldwide are connected
to one another by the Matchmaker Exchange (https://www.matchmakerexchange.org), a fed-
erated platform that facilitates matchmaking through a standardized application programming
interface (20) and connects data from more than 70,000 patients (for a review, see Reference 88).
While many of these databases can accept detailed phenotypic and genotypic information that
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Matchmaker
Exchange

a  Two‐sided matchmaking

b  One‐sided matchmaking

c  Zero‐sided matchmaking

Figure 3

Different types of patient matchmaking for rare diseases. (a) Two-sided matchmaking, in which undiagnosed
patients with the same candidate gene are identified by matchmaking platforms such as the Matchmaker
Exchange. (b) One-sided matchmaking, in which the candidate gene identified in an undiagnosed patient is
used to query a database housing genome-wide sequencing data from other undiagnosed patients.
(c) Zero-sided matchmaking, in which computer algorithms are used to identify potentially matching
undiagnosed patients with rare variants in the same gene and overlapping phenotypes.

requires explicit research consent,matchmaking via theMatchmaker Exchange is most often done
using only gene names and, occasionally, high-level HPO terms and inheritance patterns. The
sharing of this type of data via the Matchmaker Exchange is viewed as having minimal risk for rei-
dentification of patients and is widely considered to be part of providing optimal care for patients
(31).

3.5. Empowering Patients to Share Their Data

While clinically driven data sharing is a major goal, the reality is that such data sharing is time
intensive and, unfortunately, not reimbursed. In addition, there are only approximately two geneti-
cists per million people in the United States (71), highlighting the challenges around the availabil-
ity of appropriate expertise for patients with a suspected RGD.Therefore, to reach the theoretical
maximal diagnostic yield of GWS, every patient with a suspected RGD should have the oppor-
tunity to share his or her data. In fact, families with undiagnosed RGDs are often eager to share
their data, as this sharing has the potential to provide direct benefit in terms of finding answers
and improving their care as well as the care of other families with the same condition.

When patients and families directly share their clinical and genomic data online, they bypass
associated privacy restrictions on health-related data. Current data-sharing initiatives such as the
Matchmaker Exchange do not support patient-directed sharing, and families have started using so-
cial media with some remarkable successes. However, most of these patient-led efforts fail largely
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because of the lack of suitable infrastructure and guidance on how to prioritize and share standard-
ized information.Newer initiatives, such as MyGene2 (https://mygene2.org), provide a solution
for many of these challenges, enabling families to share health and genetic data directly with other
families, clinicians, and researchers, in the spirit of the citizen scientist (24). These types of ap-
proaches are critical for patients and families in cases where their data would otherwise not be
shared by their clinician due to privacy challenges and/or time constraints.

3.6. Increasing Interdisciplinary Collaboration

There have been only a few truly integrated, interdisciplinary, translational programs for undiag-
nosed RGDs, but one success has been the Undiagnosed Diseases Network (91). Established in
2014, theUndiagnosedDiseasesNetwork is a network of seven clinical sites, twoDNA sequencing
cores, a coordinating center, and, most recently, a central biorepository, metabolomics core, and
model organisms screening center. Potential study participants apply via a web portal. Applications
require a supporting summary from a health-care provider. Most or all expenses associated with
study clinical work are covered by a combination of insurance reimbursement, philanthropy, and
research funds. Building upon the Undiagnosed Diseases Network, the International Network for
Undiagnosed Diseases brings together international and expert clinical and research centers and
now includes 16 countries that agree to a set of principles, governance, and best practices (113).
The Initiative on Rare and Undiagnosed Diseases in Japan is another example of a clinical RGD
network (2). In England, the 100,000 Genomes Project is a dynamic national initiative established
in 2013 that aims to sequence 100,000 genomes from patients with RDs and cancer (114). Such
initiatives highlight the importance of interdisciplinary expertise and translational infrastructure
to advance diagnostic opportunities for patients.

4. RESEARCH APPROACHES TO UNDIAGNOSED RARE
GENETIC DISEASES

For patients who remain undiagnosed following a clinical assessment that includes reanalysis of
existing data and appropriate data sharing within their clinical context, research brings the next
opportunities. The first of these is deeper sharing of existing GWS data (primarily exome data) for
discovery of new disease–gene relationships—an important approach, given the high likelihood
that new pathogenic coding variants and novel disease genes are present in these data sets (7).
Nonetheless, there certainly exists an undefined subset of patients whose disease mechanism re-
mains intractable to clinically available diagnostic approaches. New approaches and technologies
will be essential to provide answers for RD patients without a compelling candidate VUS or GUS
from previous clinical testing. Here, we highlight emerging research approaches that are showing
great promise for these patients.

4.1. Deep-Phenotypic and Genotypic Data Sharing for Discovery Purposes

The discovery potential within an undiagnosed RGD patient’s ES data is significant as we con-
tinue to optimize our knowledge base and analytical processes. Disease-causing variants can go
unnoticed in these data sets for several reasons, including being obscured within a large num-
ber of rare variants (due to a lack of appropriate control-population cohorts or lack of DNA-
sequence data from a sufficient number of affected or unaffected familymembers) or within a novel
gene or unannotated exon or gene. Broad sharing of deep-phenotypic (using HPO terms) and
exome-sequence data tomake those data discoverable by the greater RGD community provides an
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excellent opportunity for diagnosis. Because these data are potentially more sensitive and carry a
risk (albeit small) of identifiability, this level of data sharing requires consent for research (31).

In contrast to the two-sided matchmaking highlighted in Section 3.4, in which both clini-
cians have a compelling candidate GUS, sharing deep-phenotypic and genotypic data can enable
one-sided matchmaking (in which only the querier has a GUS and is looking to find a matching
patient) (Figure 3). One example of a database that enables such one-sided matching is Phenome-
Central (https://www.phenomecentral.org), a restricted-access web portal used by the
Care4Rare Canada Consortium, Undiagnosed Diseases Network, and International Network
for Undiagnosed Diseases (19). The Genome-Phenome Analysis Platform (https://platform.
rd-connect.eu) works in a similar manner to make matches for the European RD-Connect
project.Another example isGenotype toMendelian Phenotype (Geno2MP;https://geno2mp.gs.
washington.edu/Geno2MP), a publicly accessible web-based query tool that searches a database
of rare variants generated from ES data linked to high-level phenotypic information from a va-
riety of Mendelian gene discovery projects, including the Centers for Mendelian Genomics in
the United States. Unfortunately, all of these tools are siloed by their lack of interoperability due
to both technical and governance limitations. As part of the Breaking Barriers to Health Data
project, led by the World Economic Forum, four large genomics programs—Genomics England,
Genomics4RD (part of the Care4Rare Canada Consortium), the Australian Genomics Health
Alliance, and Intermountain Healthcare—are working toward building a governance framework
that would allow for cross-border one-sided queries of each other’s data sets (117).

Ultimately, the community should work toward zero-sided matchmaking, where computer al-
gorithms are developed and optimized to identify cases with overlapping phenotypes and rare
variants in the same gene (Figure 3). Such matching would be possible in databases such as
PhenomeCentral and the Genome-Phenome Analysis Platform based on semantic similarity be-
tween clinical features and automatically prioritized genes from ES data, although no bona fide
zero-sided matches have yet been confirmed. Given the daily increase in data sets related to pa-
tients with an undiagnosed RGD following clinical ES, this approach will be critically important
to ensure that we can analyze such unsolved data sets at scale.

4.2. Emerging Technologies

For a subset of patients, the disease mechanism is not readily captured (if it is captured at all) by
clinical testing. The literature contains multiple examples of new technologies that show great
promise for RD diagnostics. Notably, all of them will require significant efforts to define their
diagnostic utility and optimize their analytical validity before they are available clinically. While
it is outside the scope of this review to provide significant details for each of these exciting new
technologies, we present a brief overview here in the context of their promise for patients with
undiagnosed RGDs.

4.2.1. DeepDNA sequencing. Mosaicism, defined as the presence of genetically different cells
in an individual, has long been recognized to play a significant role in a subset of RGDs (12, 74);
for example, 30% of patients with Cornelia de Lange syndrome (49, 62) and more than 85% of
patients with PIK3CA-associated segmental overgrowth (76) carry mosaic variants as the cause of
their disease. Mosaicism is technically and analytically challenging to detect. Mosaic variants will
be identified by Sanger DNA sequencing only if they have a relatively high allelic fraction in the
analyzed tissue (e.g., greater than approximately 10%). With NGS, sensitivity scales with depth,
but in these cases it can be difficult to distinguish between technical artifacts and low-fraction
mosaic variants, both of which are often filtered out by analysis pipelines due to low confidence.
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The sequencing depth needed to reliably detect mosaic variants has not yet been established.
Detection is further complicated by tissue-specific mosaicism, and thus the DNA source used for
sequencing may not have a sufficient allelic fraction for identification.

Undetected mosaicism is likely a disease mechanism for a subset of patients with RGD. A ret-
rospective analysis determined that mosaic variants were reported in approximately 2% of molec-
ular diagnoses from approximately 12,000 clinically performed ES tests; 1.5% were mosaic in the
proband, and an additional 0.3% exhibited parental mosaicism (22). Similarly, the Deciphering
Developmental Disorders group looked at trio exome data from 4,293 probands with severe de-
velopmental disability and seemingly unaffected parents and identified mosaic de novo mutations
for approximately 1% of patients (119). Both of these studies were retrospective, second-tier anal-
yses to assess the contribution of mosaicism to RGD. Targeted mosaicism studies, as a first-tier
approach, will need to utilize deep DNA sequencing, through either a targeted panel or ES, and
consider using multiple tissue types to truly define the contribution of this genetic mechanism to
undiagnosed RGDs.

4.2.2. Whole-genome sequencing. ES assesses the protein-coding portion of the genome
(approximately 1% of the sequence); however, the noncoding portion contains regions vital for
genome regulation and thus human health, the majority of which remain to be defined.Compared
with ES, short-read WGS does not suffer from the same capture limitations and therefore more
reliably covers the exome, sequences noncoding regions, and provides the ability to identify small
and large CNVs and chromosomal abnormalities. With the ever-decreasing cost of NGS, short-
read WGS has now become more accessible, but challenges persist with data analysis (e.g., a lack
of extensive control cohorts to use as references for sequencing data; algorithms for reliably de-
tecting structural variation, including CNVs; and in silico tools to predict the impact of noncoding
variation) and data storage (e.g., cost). In addition, the lower coverage (30 reads per nucleotide,
compared with more than 100 reads per nucleotide with exomes) can result in lower sensitivity
for difficult-to-assess regions and mosaic variants. The reality, thus far, is that the added diagnos-
tic utility of WGS has been underwhelming; the majority of diagnoses using WGS would have
been made with better-quality ES. However, there have been some important successes, such as
the identification of pathogenic variants in deep splice sites [e.g., IGHMBP2 (23)] and regulatory
regions [e.g., congenital intractable diarrhea (86)], which would have been inaccessible by ES.

To address some of the shortcomings of short-read WGS, which can sequence up to 150 base
pairs per read, there are several long-readWGS technologies that can sequence more than 10,000
base pairs per read and show promise for haplotype calling; detection of genomic repeats, struc-
tural rearrangements, and CNVs; sequencing of loci with known pseudogenes; and interrogation
of complex regions of the genome. Challenges for long-read WGS include a lower accuracy per
DNA base compared with short-readWGS, that analytical tools and reference control cohorts are
still being developed, and the prohibitive cost. The emerging approaches to combine data from
short- and long-read WGS will address some of these issues. Long-read WGS has already been
used successfully to identify structural variants (75, 77) and novel repeat expansions that cause neu-
rological diseases (38, 52) and are showing significant promise for the diagnosis of RGD patients.

4.2.3. RNA sequencing. While DNA-based NGS applications are common for genetic diag-
nostics, RNA-based applications have yet to be leveraged in a clinical setting. RNA sequencing
requires the conversion of RNA to cDNA, followed by NGS (commonly using the same Illumina
short-read technology as for ES and WGS) and analysis to interrogate mRNA transcript levels,
mRNA splicing, and noncoding RNA sequences. Genomic protein-coding variants can also be
identified using RNA-sequencing data (89).Most genes generate multiple transcripts via complex
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regulation of alternative mRNA splicing. Mutations that affect mRNA splicing are estimated to
account for 15–60% of genetic diseases (61, 69), and regulatory mutations that affect gene expres-
sion are likely equally prevalent, yet these variants are difficult to identify from DNA sequence
due to algorithm limitations. As many genes have tissue-specific regulation and expression, key
challenges include the accessibility of relevant tissues for mRNA extraction, the large amount of
sequencing required to detect changes among the thousands of other mRNA transcripts, and the
necessity of tissue-specific large control cohorts to control for the natural variation in expression
and mRNA composition observed in healthy individuals.

RNA sequencing holds promise as part of a multiomic approach with WGS to identify
causative DNA variants in the vicinity of abnormal transcripts. Several studies have successfully
used RNA sequencing for RGD diagnosis, predominantly in patients with well-characterized con-
ditions in the absence of one or more pathogenic variants [e.g., neuromuscular (29, 43) and mito-
chondrial disorders (64)] or recessive conditions for which one mutation has been identified but
the second is elusive (58), and data on its diagnostic utility are emerging (40, 66). As RNA sequenc-
ing, analysis algorithms, and control cohorts improve, the optimal positioning of this technology
in the diagnostic care pathway for RGDs will become clear.

4.2.4. Methylation profiling. Aberrant methylation has been associated with several RGDs,
including imprinting disorders such as Angelman syndrome, trinucleotide repeat expansion dis-
orders such as fragile X syndrome, and a growing number of RGDs associated with germline
mutations in epigenetic machinery (for a review, see Reference 14). Several methods are available
for assessing genome-wide DNA methylation. These methods begin with bisulfite DNA conver-
sion, in which unmethylated cytosine bases are deaminated to uracil. The treated DNA sequence
is then assessed by either microarray (targeting specific methylation sites) or sequencing (known
as bisulfite sequencing, which can be assessed genome-wide using NGS) and compared with large
numbers of age- and tissue-matched control samples.

The greatest immediate potential of these methods is to diagnose patients for whom there is
clinical suspicion of an imprinting disorder (4) or a germline mutation in an epigenetic regulator
for which there is a defined epi-signature (3). These epi-signatures are an emerging diagnostic
tool and have been defined for some classic RGDs, including CHARGE (coloboma, heart defects,
atresia choanae, growth retardation, genital abnormalities, and ear abnormalities) and Kabuki syn-
dromes (21), alpha-thalassemia mental retardation (ATRX) syndrome (99), and Sotos syndrome
(25). For undiagnosed patients with a VUS in a known methylation gene, the identification (or
not) of a specific methylation signature can provide functional evidence to reclassify the variant as
pathogenic or benign.

For patients without a candidate DNA variant, the identification of a specific methylation pro-
file can suggest a genetic mechanism, due to either a mutation that has been intractable to current
testing approaches or a mutation affecting an epigenetic regulator that has yet to be associated
with disease. In a recent study, rare epigenetic variations (also termed epivariations) were identi-
fied in 20% of patients with neurodevelopmental delay with or without congenital anomalies (8);
for 24% of these patients, the authors were able to identify corresponding rare DNA-sequence
variants in the differentially methylated regions. Studies of larger cohorts of patients with known
as well as undiagnosed RGDs, along with appropriate controls, will demonstrate how best to use
this technology as part of a multiomic approach and will ultimately identify the subset of the
undiagnosed population with postzygotic epigenetic alterations as the cause of their RGD.

4.2.5. Metabolomics. Metabolomics is the study of all chemical processes within an organ-
ism, including small-molecule substrates, intermediates, and products of metabolism (18); like
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RNA sequencing and methylation profiling, it can provide insight into the consequences of ge-
nomic variants. Metabolomics involves the separation of molecules by techniques such as gas or
liquid chromatography, followed by nuclear magnetic resonance and mass spectrometry; subse-
quent analysis can be either targeted [to assess only particular compounds, e.g., rapid and sen-
sitive newborn screening (83)] or untargeted. Notably, the analysis of untargeted metabolomics
is incredibly complicated, requiring large cohorts to control for natural human variation, and the
corresponding analytical methods are under constant development (44, 53, 102). As a result, untar-
geted metabolomics is only now emerging as a research tool (102), but it holds significant promise
for patients with suspected inborn errors of metabolism by highlighting altered biochemical func-
tions to facilitate prioritization of GWS variants (10, 44). Adding further utility is the linkage of
this approach to biomarker identification, to ultimately facilitate diagnosis and future therapeu-
tic studies (28). Overall, it is clear that metabolomics will hold significant diagnostic utility for
patients with one of the more than 1,000 inborn errors of metabolism (37), but significant work
remains to reach the full potential of this technology.

4.3. Supporting New Computational Approaches

New computational approaches to better analyze, combine, and interpret data generated from
patients with an undiagnosed RGD will be essential for the resolution of all RDs. This is partic-
ularly important as we work toward understanding the noncoding portion of the genome as well
as non-Mendelian genetic diseases. Consider enhancers as an example of a genomic regulatory
mechanism: There are more than 100,000 enhancers in the human genome (for 20,000 genes),
but their exact locations are poorly mapped, and their in vivo functions are poorly defined. We
need to greatly increase our understanding of these sequences to truly begin utilizing the full
breadth of data generated from WGS.

This same level of uncertainty and need for advancement exists for the other genomic reg-
ulatory mechanisms as well. Elucidation of diseases with non-Mendelian inheritance, such as
oligogenic inheritance and complex (gene–environment) diseases, will require significant im-
provements in understanding of the noncoding genome as well as computational and functional
approaches to additive risk. Development of computational approaches, including machine learn-
ing, will be limited by the availability of appropriate data. Accordingly, efforts should be made by
health-care providers, clinical laboratories, and other RGD stakeholders to enable mechanisms for
appropriate data sharing: All RD patients, whether diagnosed or not, should have the opportunity
to contribute to future knowledge in this fashion.

4.4. Matching Patients with an Undiagnosed Rare Genetic Disease
to Appropriate Approaches

Several approaches can be considered for a patient with an undiagnosedRGD.Although a diagnos-
tic approach has not yet been established for these patients, possible strategies include developing
approaches for the groups of undiagnosed patients defined by the IRDiRC Solving the Unsolved
Task Force (16) (Figure 2). As shown in Figure 2, group 1 includes patients who remain undi-
agnosed despite having clinical features of a highly recognizable disease for which there is a very
sensitive genetic test (e.g., cystic fibrosis or tuberous sclerosis). The primary hypothesis for this
group is that they remain undiagnosed because their mutation is undetectable using current tech-
nology. For these patients, the best chance for a molecular diagnosis would come from sharing
of biological samples (different tissues) and data with international efforts focused on using addi-
tional omic approaches (e.g.,WGS or RNA sequencing) to define the full mutational spectrum of
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the RGD.The collection of such cohorts represents a great opportunity for the RGD community
to demonstrate the power and utility of these emerging technologies.

Group 2 includes patients who have a recognizable RGDwhere the molecular etiology has not
yet been identified. These diseases have been well described in the genetics literature, and there
have been tens to hundreds of cases reported, but their genetic causes remain elusive despite being
the focus of many research programs [e.g., Dubowitz (51),Hallermann–Streiff (100), and PHACE
(posterior fossa brain malformations, hemangioma, arterial lesions, cardiac abnormalities, and eye
abnormalities) (108) syndromes]. Challenges in mechanistic delineation for these diseases may be
due to extreme genetic and phenotypic heterogeneity, mosaicism, genomic dysregulation, epige-
netics, gene–environment interactions, and other non-Mendelian contributions.The way forward
for this group of disorders will require global cooperation for sharing of biological samples (dif-
ferent tissues), sharing and reanalysis of existing data, documentation of environmental exposures,
and the comprehensive use of emerging and new technologies along with the development of new
computational approaches to analyze multiomic data sets.

Group 3 includes patients with a clinical presentation that is associated with significant genetic
heterogeneity. For example, 50–80% of nonsyndromic retinitis pigmentosa is associated with mu-
tations in more than 50 genes (35). For diseases like this, undiagnosed patients likely have mu-
tations in known genes that have not yet been identified by the testing methodology or in novel
genes that have not yet been linked to the specific disease. Similar to group 1, these patients would
be best served by the development of international cohorts of mutation-negative patients and the
sharing of biological samples (different tissues) and data with international efforts focused on using
additional omic approaches (e.g., WGS or RNA sequencing) to define the full mutational spec-
trum and identify all of the disease–gene relationships associated with the clinical presentation
(e.g., retinitis pigmentosa).

Finally, group 4 includes patients who do not fit a clinically recognizable syndrome in the liter-
ature. These patients often have a constellation of features that overlap with multiple conditions
and are sometimes described as having syndromes without a name (SWAN). Their RGD may be
due to phenotypic expansions of known disease genes or a novel disease–gene association. Given
that the number of novel genotype-driven disease–gene associations is now outpacing the number
of phenotype-driven discoveries (7), this group may represent the largest number of undiagnosed
RD patients. Patients in group 4 who have significant overlap with a particular disease may be
diagnosed by improved assessment of the relevant gene(s). This is highlighted by a study in which
three patients who remained undiagnosed followingES received diagnoses following SangerDNA
sequencing of specific genes; in one case, the variant-calling software had missed the pathogenic
variant; in another, the variant was in a noncoding exon; and in the third, a bioinformatics error
resulted in a frameshift variant failing to align (87). Overall, group 4, more than any other, will
benefit from the broadest type of data sharing and novel computational methods or strategies,
which will enable matchmaking among patients with overlapping phenotypes and ultrarare vari-
ants in the same gene. In addition, such data will facilitate the investigation of novel mechanisms
of RGD (including the contribution of noncoding mutations) and oligo- or polygenic inheritance.

If clinicians or patients are not certain how to access appropriate research studies, they might
consider starting with national and international research consortia that have been created to sup-
port RGD research and have studied thousands of patients usingmany of the approaches described
above. In Canada, the Finding of Rare Disease Genes (FORGE)/Care4Rare Gene Discovery pro-
gram (http://care4rare.ca/discovery) has connected 21 Canadian academic centers since 2011,
enabling collaboration among clinicians, researchers, scientists, and bioinformaticians to work on
developing approaches and tools to better evaluate patients with undiagnosed RGDs. In Europe,
the Solving the Unsolved Rare Diseases (Solve-RD) project (http://solve-rd.eu) connects 22
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academic centers and is fully integrated with the European Reference Networks for rare diseases.
In the United States, the Centers for Mendelian Genomics (http://mendelian.org) are working
with more than 2,000 investigators in 82 countries to identify novel disease-causing genes. These
and other clinical-research consortia are driven by common goals and are united by large support-
ive networks such as the IRDiRC, which was established in 2011 and now brings together almost
60 national and international funding agencies, companies, and patient advocacy groups as well as
hundreds of researchers and other organizations invested in RD research worldwide (5).

5. CONCLUSION

These are promising times for the RGD community; never before has the prospect of identifying
a molecular diagnosis for all RGD patients been so attainable. To overcome this grand challenge,
however, will require global cooperation at an unprecedented scale. We need to ensure that all
undiagnosed RGD patients are identified and seen by clinicians with expertise in RGD diagnosis,
have access to appropriate genetic testing, and are offered opportunities to share their phenotypic
data, genotypic data, and biological samples with researchers; only then will we be able to under-
stand the cause of each and every RGD. The IRDiRC’s goal over the next 10 years—for each RD
patient to receive a diagnosis within one year of coming to medical attention—will be achievable
if we put the well-being of the patients and their families at the center of everything that we do.
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