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Abstract

Since the first novel gene discovery for a Mendelian condition was made via exome
sequencing (ES), the rapid increase in the number of genes known to underlie Mendelian
conditions coupled with the adoption of exome (and more recently, genome) sequencing by
diagnostic testing labs has changed the landscape of genomic testing for rare disease.
Specifically, many individuals suspected to have a Mendelian condition are now routinely
offered clinical ES. This commonly results in a precise genetic diagnosis but frequently
overlooks the identification of novel candidate genes. Such candidates are also less likely to be
identified in the absence of large-scale gene discovery research programs. Accordingly, clinical
laboratories have both the opportunity, and some might argue a responsibility, to contribute to
novel gene discovery which should in turn increase the diagnostic yield for many conditions.
However, clinical diagnostic laboratories must necessarily balance priorities for throughput,
turnaround time, cost efficiency, clinician preferences, and regulatory constraints, and often do
not have the infrastructure or resources to effectively participate in either clinical translational or
basic genome science research efforts. For these and other reasons, many laboratories have
historically refrained from broadly sharing potentially pathogenic variants in novel genes via
networks like Matchmaker Exchange, much less reporting such results to ordering providers.
Efforts to report such results are further complicated by a lack of guidelines for clinical reporting
and interpretation of variants in novel candidate genes. Nevertheless, there are myriad benefits
for many stakeholders, including patients/families, clinicians, researchers, if clinical laboratories
systematically and routinely identify, share, and report novel candidate genes. To facilitate this
change in practice, we developed criteria for triaging, sharing, and reporting novel candidate
genes that are most likely to be promptly validated as underlying a Mendelian condition and

translated to use in clinical settings.
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Introduction

Over the past decade, phenotype-driven exome and genome sequencing (ES, GS), has
demonstrated utility as a first-line test for clinical diagnostic testing in individuals with suspected
Mendelian conditions.' Nevertheless, a large fraction (~30%-80%, depending on prior testing,
categorical phenotype, analytical approach, and other factors) of persons tested by ES/GS

remain without a precise genetic diagnosis,®®™**

and a substantial proportion of these individuals
may harbor variants in novel candidate genes that explain their clinical findings. While

increasingly widespread application of newer technologies such as short-read genome

17,18 19,20

sequencing,**** long-read sequencing,’*® RNA-seq,'"'® and methylation analysis'®* and

accompanying analytical approaches/tools**

are facilitating new gene discoveries, most novel
gene discoveries continue to be accessible with ES/GS.* Furthermore, re-analysis of existing
ES/GS data moderately improves diagnostic yield, with novel gene discoveries—i.e. newly-
reported gene-disease relationships, of which an estimated ~100-200 are published per year®*
%__ accounting for the majority of new precise genetic diagnoses.?*?* These findings
highlight the value of incorporating recently described gene discoveries in the clinical analysis of
ES/GS data, and suggest that even greater benefits may be leveraged by systematically sharing
knowledge about candidate gene discoveries.

In contrast to single gene and multi-gene panel testing, ES/GS agnostically detects
variants throughout the genome, including variants in genes that have been found to underlie a
Mendelian condition (i.e., known genes) and genes that have not been implicated but for which
varying sources of evidence may support a role in a Mendelian condition (i.e. novel candidate
genes). As a result, if an individual’s clinical findings remain partially or completely unexplained
after assessment of variants in known genes, assessing variants in novel candidate genes could

result in a molecular diagnosis.®?"~*° Moreover, the increased cost (e.g., labor, time) to assess

variants in novel candidate genes can be modest when implemented using computable criteria
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and added to an existing computational pipeline, suggesting a substantially increased return on
the investment of generating the ES/GS data.

While extensive guidelines exist for assessing and reporting the pathogenicity of variants
in known genes, including variants for which the clinical effect includes degrees of

uncertainty,>*>’

guidance is lacking for clinical interpretation and reporting of variants in novel
candidate genes. We describe criteria to select novel candidate genes supported by sufficient
evidence as to be of high clinical value, yet small enough in number so that routine inclusion in

clinical ES/GS reporting at this time is manageable. Further, we provide guidance for reporting

and sharing variants in novel candidate genes.

Methods

Drafting recommendations

We formed a working group within the GREGoR (Genomics Research to Elucidate the

Genetics of Rare Diseases) Consortium comprising clinicians and research scientists with

expertise in gene discovery, assessment of genotype-phenotype relationships, diagnostic
genome analysis, variant classification, and clinical result reporting. A series of biweekly online
calls were conducted over six months to draft, discuss, and refine the guidance. The group
reviewed novel candidate variant/gene criteria used by several large-scale gene

38-41

discovery/diagnostic efforts as well as descriptions from diagnostic laboratories about their

evaluation and clinical reporting practices for novel candidate genes.*?™

Terminology
The terms below are used as follows:
e Clinical gene-disease validity — an evidence-based assessment that evaluates the role of

a disrupted or dysregulated gene in causing a particular Mendelian condition.*’
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Evaluating the validity of a gene’s asserted role in disease is not a binary assessment
and instead, validity ranges in evidence strength. ClinGen developed a semi-quantitative
framework®’ to define evidence levels and after a delphi-survey process from the Gene
Curation Coalition (GenCC)*®, this framework was endorsed by all major gene-disease
databases with harmonized assessments available in the GenCC Database
(search.thegenecc.org), except for OMIM and Orphanet which use a binary inclusion or
exclusion approach. While seven levels of evidence are articulated in the framework
(Definitive, Strong, Moderate, Limited, No Human Disease Evidence (+/- Non-human
animal model), Disputed, and Refuted), the American College of Medical Genetics
(ACMG) standards indicate that the levels of Moderate to Definitive are sufficient to
include in a panel clinical genetic test and that genes with Limited or less evidence
should only be examined in genome-wide assessments such as ES and Gs.*®

e Known gene — a gene with at least a Moderate score of gene-disease validity according
to the ClinGen framework (scored genes are available through GenCC*®
(https://search.thegencc.org)

¢ Novel candidate gene — a gene in a newly-proposed gene-disease relationship. The
gene either has not yet been implicated in any Mendelian condition or, more broadly,
has already been implicated in a Mendelian condition but is being proposed to underlie a
novel phenotype, expand the known phenotype (phenotypic expansion), or lead to a
disease through a novel mechanism (e.g. different than the known mode of inheritance).
These genes are a type of Gene of Uncertain Significance (GUS), which is a broader
category of genes that also includes published gene-disease relationships with Limited
gene-disease validity and genes that have never been implicated in disease.

e Novel gene discovery - the process by which variant(s) in a novel candidate gene are
first identified in an affected individual, subsequently confirmed by a combination of
identification of additional unrelated affected individuals with variant(s) in the same novel

6
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candidate gene and experimental studies, and finally cumulative knowledge of the new

gene-disease relationship is shared with the broader community, typically via peer-

reviewed publication. Additional unrelated affected individuals are most commonly
identified via "matchmaking" using data sharing and networks like the Matchmaker

Exchange.>®**

e Candidate variant — a variant being evaluated in the context of a novel gene-disease
relationship for a causal role in a Mendelian condition. Such variants typically have a
higher level of supporting evidence for functional disruption or are more rare
observations (e.g. de novo) than variants considered in known disease genes.

e Variant of uncertain significance - a broad category of variation that includes variants of
uncertain clinical significance found in known disease genes as well as candidate
variants in novel disease genes

e Reporting novel candidate genes — inclusion of candidate variants in a novel candidate
gene in a clinical test report provided to a patient and their clinician

e Sharing novel candidate genes — submission of candidate variants and phenotype data
for a novel candidate gene to a repository (e.g. ClinVar) or network (e.g., Matchmaker
Exchange) for purposes including facilitating future identification or “matchmaking” of

additional individuals with variants in the same novel candidate gene or connection to

functional investigations of the gene’s potential biological role in disease

Results

Criteria for novel candidate gene inclusion in clinical ES/GS
We first reviewed scoring and prioritization systems previously described by diagnostic

laboratories and others*~**8°2 for use in assessing the strength and types of evidence for
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novel candidate genes and to determine whether to share and/or report variants in the
corresponding genes with the patient/provider. From this review, it was clear that evaluation of
the types and strengths of evidence for novel candidate genes is just as complex, if not more
so, than evaluation of evidence of variant pathogenicity. Indeed, some laboratories have
developed extensive scoring and weighting systems for the evaluation of novel candidate

42,45,46

genes, while others have more streamlined criteria or lean more heavily on statistical

analysis and/or internal and external matchmaking.*>**

To reduce barriers to more widespread implementation of novel candidate gene
identification and reporting, we focused on considering a limited set of criteria, optimized for
currently computable attributes, to identify candidate genes that are most likely to become
established as known disease genes in the near future. For example, 95% (150 out of 158) of
new gene-disease relationships reported in 2021 and 95% (104 of 110) new gene-disease

2533 of discoveries described in OMIM as

relationships reported in 2022 according to our analysis
of May 3, 2024 satisfy at least one of these criteria (Supplementary Table 1). The 14 genes that
did not satisfy any of these criteria underlie conditions that are adult-onset, have relatively mild
health implications, exhibit wide variability in severity, and/or underlie an autosomal dominant
condition caused only by dominant negative or biallelic variants (see footnote®). We recommend
that variants in all novel candidate genes meeting at least one of these criteria be shared with
the community by submission to the Matchmaker Exchange (MME) and ClinVar as well as

considered for appropriate reporting and return to patients/providers by way of inclusion on

clinical reports, as summarized in Figure 1.

Recommended criteria to identify novel candidate genes to be assessed, reported, and
shared.
1. A gene in which predicted loss of function (pLOF) (nonsense, frameshift, essential splice

site, whole or partial gene deletion or other structural variant that disrupts the coding
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region of the gene) or missense variant is observed to be de novo in a proband and the
gene is strongly constrained for pLOF and/or missense variation. For proband-only
analyses, strongly constrained genes with heterozygous pLOF variants absent from
population databases™ should be considered as well. See footnote? and Table 1 for

further discussion of constraint.

% Gene constraint is a measure of the degree of deficit of a type of variant (e.g. pLOF, missense) among
individuals in a population database, where a greater deficit is suggestive of a gene with little tolerance for
the variant type. In gnomAD, the observed/expected ratios>* for pLOF (LOEUF), missense (MOEUF), and
synonymous variants are provided along with other measures of constraint (pLI,79 Z scores). GeneBayes
Shet (DiORXiv d0i:10.1101/2023.05.19.541520) and UNEECON-g80 are two other estimates of gene-level
strength of selection against LOF variants and missense variants, respectively, that use machine learning
to enable more sensitive predictions of constraint.® Fine-grained measures of constraint can detect
subgenic/regional [Gnocchi®!, Constrained Coding Regions (CCR)®] or even single amino acid [MPC

(bioRxiv d0i:10.1101/148353), HMC (medRxiv doi:10.1101/2022.02.16.22271023)] constraint.

Constraint metrics are most sensitive for genes when the pathogenic mechanism is LOF, the condition is
early-onset, and the condition has at least moderate effects on reproductive fitness. In contrast, these
metrics have reduced sensitivity when the pathogenic mechanism is typically dominant negative (DN) or

gain-of-function (GOF) effects,?*3*

which are often due to missense variants but can also be caused by
variants that appear to be pLOF but escape nonsense-mediated decay.85‘86 Such genes (e.g. HRAS,
TRPC6, POLR3B, PRSS1, HSPB1) often do not exhibit constraint for pLOF or missense variation
according to some or even all currently-available metrics as listed in criteria 1, and GOF and DN variants
are also often not predicted as damaging by computational variant effect predictors. pLOF variants in
novel candidate genes should be examined carefully as such variants are more likely to not result in true
LOF.#” For example, the variant may be found in an exon that is alternatively transcribed and not required

54,88

for function. Genes that underlie conditions with modest or low effect on reproductive fitness (e.qg.
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2. A gene in which biallelic variants were identified in an individual/family with a condition
seemingly inherited in an autosomal recessive pattern, and there are few or no
individuals in population databases with similarly rare, predicted deleterious variants in
trans (or phase unknown) in the gene. One resource for assessing the frequency of such

D,*®*® which uses in-silico

individuals is the “variant co-occurrence” table in gnomA
phasing to predict total counts of individuals with pairs of rare missense or pLOF variants
that are in cis, in trans, or with undetermined phase. Requiring at least one of the
variants in the individual/family being tested to be pLOF or requiring a minimum REVEL
cutoff score when the variants are missense would increase stringency of this criteria to
further select only the most promising candidate genes. See Supplementary Table 1 for
an example implementation.

3. A gene in which a heterozygous pLOF (including structural variant that disrupts the
coding region) or missense variant was observed in a multiplex family with inheritance
pattern consistent with a dominant inheritance, for which the number of segregations
would reach a strong threshold of evidence,®” and the gene exhibits extreme constraint
and is supported by functional evidence (e.g. animal model or known biological function
consistent with phenotype).> See footnote® and Table 1 for further discussion of
constraint.

4. Variant(s) in a novel candidate gene for which evidence has been gathered through
collection of other cases, with or without functional studies, but the data have not yet

been published. Alternatively, variant(s) in a novel candidate gene for which a

convincing animal model with matching zygosity exists. A laboratory may become aware

C90RF72 underlying amyotrophic lateral sclerosis and TYR underlying oculocutaneous albinism are not

constrained for pLOF or missense variation) also exhibit less constraint.

10
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of such evidence through collection of and comparison to their internal cohort of
previously tested individuals, through involvement in ongoing collaborations with
researchers working on the gene, and/or other methods of scientific communication such
as conference posters, talks, or preprints.

5. Variants in a known gene for which the known disease phenotype does not overlap with
a proband’s clinical findings, but for which the variant-phenotype combination could
represent a phenotypic expansion or novel gene-disease relationship.”® We recognize
that such a judgement is difficult in the absence of corroborating evidence (e.g., animal
model with a similar phenotype), so we recommend that such genes be reported and

shared if they meet at least one of criteria 1-4.

Rationale for sharing and reporting of variants in novel candidate genes

There are myriad benefits to reporting variants in novel candidate genes to clinicians and
patients (and research participants) and to sharing these genes with the community despite the
uncertainty of dealing with a novel candidate gene. Indeed, in terms of clinical decision-making,
there may be little difference in the range of uncertainty between reporting a VUS in a known
disease gene versus a candidate variant in a novel candidate gene. In both scenarios,
uncertainty exists and reporting the result enables the clinician and family to collect evidence for
or against a causal relationship between the variant and the patient’'s phenotype. For example,
reasons to routinely report VUS in known disease genes include the existence of established
functional tests (e.g. metabolic assays) that can confirm or exclude the VUS as partially or fully
explanatory of a patient’s clinical findings or consideration of management approaches (e.g.,
drug therapies, tumor surveillance, etc.) that may be low risk but of potential impact even if the

VUS turns out to be benign. Similarly, routinely reporting candidate variants in novel candidate
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genes can encourage providers to request reanalysis from the diagnostic laboratory in the future
to obtain updated information for the patient’s medical record, and in particular, if publications
since the initial report have confirmed the novel candidate gene, the provider is empowered to

%960 5nd

request that the candidate variant be reclassified. It is also worth noting that both VU
variants in novel candidate genes identified in underserved populations® are less likely to have
been previously reported let alone had evidence helpful for adjudication of pathogenicity
generated. Failing to report these results risks further missed opportunities to build equity in rare
disease diagnosis. Reporting a variant in a novel candidate gene also enables the provider
and/or family to participate in research efforts to establish a novel gene-disease relationship
through robust platforms like the Matchmaker Exchange (MME) and ClinVar that facilitate global
data sharing and the ability to rapidly collect evidence in support of a candidate variant or gene
via the process of "matchmaking” or "matching".>*°"

The speed and frequency with which connections to gene discovery research efforts can
be made and the potential clinical impact to individual families of being connected with such
research efforts should not be underestimated. Members of our group have been involved in
multiple cases in which entry of the gene into MME resulted in an immediate match with a
cohort described in a draft manuscript describing a novel gene discovery. Such matches enable
providers and families to take advantage of results prior to publication and become engaged in
research (see Box 1). These are not rare occurrences: recently, a research group described
matching immediately upon submission to MME to an existing cohort with phenotypic and
genetic similarities for almost ~10% of their novel candidate genes® and 15% of their
submissions led to publication, with more in progress at the time of publication. Some families
who received reports and were returned information about their novel candidate gene prior to
publication have even launched support groups, fundraising efforts, and research into

therapeutic options concurrently with researcher efforts to formally publish their novel gene

discovery (e.g. FAM177AL1 [https://www.fam177al.org]; MAST2 and MAST4

12
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[https://mastgenes.org]). Thus, the benefits of identifying, reporting, and returning novel

candidate variants and genes can be meaningful and immediate.

return of results.

Box 1. Examples in which sharing of variants in novel candidate genes enabled reporting and

A family with pontocerebellar hypoplasia and
microcephaly underwent exome sequencing which
identified compound heterozygosity for a missense

The variants were prioritized because they were in
trans and one was pLOF and the gene was
prioritized because no individuals in gnomAD have
rare biallelic variants with at least one being pLOF.
The variants and gene were submitted to MME,
yielding >5 matches, including connection to
investigators with a manuscript asserting a novel
gene-disease relationship already under review.®*
This quickly led to return of the novel candidate
gene to the family.

and pLOF variant in PPIL1, a novel candidate gene.

A family with developmental delay and Kabuki
syndrome-like facial features underwent exome
sequencing which identified a de novo missense
variant in KDM1A, a novel candidate gene. The
KDM1A variant was prioritized because it was
predicted pathogenic by multiple algorithms, the
gene exhibits both missense and pLOF constraint,
and because variants in other genes in the same
pathway lead to similar phenotypes. Return of the
candidate variant as a VUS to the family enabled
them to create a website and engage in
matchmaking themselves, followed by collaboration
with researchers to publish the novel gene-disease
relationship.&_”66

In addition to benefiting individual families, efforts by laboratories to share and report

novel candidate genes facilitate the process of novel gene discovery by alerting the broader

community of the existence of an individual with a novel candidate gene. Such alerts are

important because current gene discovery approaches are highly dependent upon matchmaking

to build evidence for a candidate gene. Consequently, laboratories cannot rely upon reanalysis

of past cases to trigger identification of variants in newly-published known genes, because if

such genes and the variants they harbor are never shared, the gene-disease relationships may

never become known.

As the number of individuals with suspected rare genetic diseases who undergo clinical

testing increasingly dwarfs the number of individuals sequenced through gene discovery

studies, there is a risk that the process of establishing new gene-disease relationships will slow

unless novel candidate genes identified via clinical testing can be incorporated into research

discovery efforts. Ultimately, facilitating gene discovery and the subsequent establishment of a
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new gene-disease relationship should improve diagnostic rates. For example, one clinical-
research group recently reported®’ that among 33 candidate genes/variants identified by their
program, 16 were established as pathogenic and explanatory in an average of under three
years, 15/33 continued to be candidates, and only 2/33 were ultimately excluded from
consideration, suggesting that the yield of “real” diagnoses from novel candidate genes is high.
Finally, many large-scale clinical and hybrid clinical-research genomic testing efforts are already
identifying, sharing, and reporting results in novel candidate genes and have described
substantial benefits in identifying a genetic diagnosis for their patients.?**#*4%3% Thys we
strongly encourage clinical laboratories and research programs to proactively identify, share,

and report variants in novel candidate genes.

Guidance for sharing and reporting of variants in novel candidate genes

We encourage laboratories to adopt a tiered approach to the reporting and sharing of
novel candidate genes. While we recommend that all novel candidate genes meeting at least
one of the criteria described above be shared and reported, laboratories and research groups
with sufficient resources®® and motivation may consider applying a more lenient threshold to
identify and share additional variants in novel candidate genes via MME and ClinVar compared
to what might be reported to an ordering provider. These genes could then be offered for return
to families once further supporting evidence was available. Examples of novel candidate
genes/variants that meet such a lower threshold include variants with low pathogenicity
predictor scores® and/or variants in genes with moderate or low pLOF/missense constraint
scores’® in genes with known pathway/animal model evidence. Laboratories should also
consider sharing genes with a recently-established gene-disease relationship as if the gene was
still a novel candidate gene. Sharing knowledge that the laboratory has identified a case with a
gene with only Limited or Moderate evidence for the gene-disease relationship or for which

limited phenotypic information was provided in the initial gene discovery publication assists
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investigators seeking to build secondary cohorts to further delineate the expected phenotype
and add to functional understanding.

Multiple resources support sharing of novel candidate genes (Table 2). Laboratories
should at minimum share all of the following information, where supported, via each resource to
facilitate efficient communication and use of the shared data for future research: gene, variant(s)
(transcript ID with cDNA and amino acid change and/or genomic coordinates with genome
build), zygosity (when providing case-level data), medium-to-high level structured phenotype
information, and suspected mode(s) of inheritance. These data are considered minimal risk for
re-identification of individuals and do not require explicit patient consent for sharing.”"®
Detailed rationale for the lack of direct consent requirements for sharing in ClinvVar and MME
are described in these referenced publications; nevertheless, these policies do encourage
transparency in noting how data is shared and the importance of ongoing reanalysis and
reinterpretation. Example text from clinical laboratories that can be included in test requisition
forms and consent materials is included in the supplement. It is especially critical to note that
when submitting to Matchmaker Exchange, the amount of effort needed to manage matching
correspondence balloons enormously for all parties involved if only a gene name is shared
without these additional, critical details.®® Similarly, one of the biggest challenges to use of
ClinVar is the absence of supporting evidence and we encourage laboratories to supply the
aggregate evidence directly in their submissions. Detailed guidance on what level of detail can
be included in ClinVar entries without explicit consent as well as resources to support clinical
laboratory data sharing can be found on the ClinGen website (https://clinicalgenome.org/share-

your-data/laboratories/).

Guidance for choosing which platform to share candidate genes
When considering which platform to use to share candidate gene-disease relationship, several

factors should be considered, as outlined here:
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Matchmaker Exchange (MME). The Matchmaker Exchange is a federated network of sites,
or so-called "nodes," run by research and clinical institutions with the goal of facilitating novel
gene discovery through gene-level matching. A similar federated platform is also being
developed for variant-level matching.”* MME nodes each support "matching" between cases
based on a shared candidate gene, at minimum. Some nodes are institution-specific or have
formal criteria limiting who may join to deposit case data, while three nodes (i.e. GeneMatcher,
MyGene2, PhenomeCentral) are open to all self-declared clinicians and researchers. Two of
these encourage (MyGene2) or allow (GeneMatcher) individuals with rare diseases or their
families to join as well. We strongly encourage laboratories not yet submitting candidate genes
to MME to join one of these nodes, which all have APl implementations available for authorized
users to facilitate integration with laboratory management systems. Use of MME is non-
redundant with use of ClinVar as the users of MME are enriched for groups engaged in gene
discovery and MME will alert them to the existence of each new case with a matching candidate
gene.

There are two main limitations of the current MME network. First, submissions to most
MME nodes are not publicly-accessible, with exceptions as described above, so other users of
MME are unable to learn about interest in a candidate gene unless they have also specifically
submitted that gene (i.e. if two independent submitters individually submit one of the two genes
that encode binding partners in an essential protein complex, they will not be notified of the
others’ submission). Second, while matching and notification of submitters is automated, follow-
up to evaluate the strength and validity of matches is manual (i.e. via email) and can be time-
consuming.®® We provide some specific recommendations to decrease the amount of

communication required for engaging productively with MME (Box 2).

Box 2. Recommendations for productive engagement with Matchmaker Exchange
1. Case submission:
a. Laboratories should submit their case including all of the following data elements:
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gene, variant(s) (transcript ID with cDNA and amino acid change and/or genomic
coordinates with genome build), zygosity, and suspected mode(s) of inheritance. It
is essential that medium-to-high level structured phenotype information (e.g.
“intellectual disability”) is also included during submission as providing this
information up front greatly reduces the number of follow-up emails that will be
required to evaluate the validity of a match. Including non-identifying phenotype
information in this manner does not compromise patient confidentiality"?

b. Use a case-level identifier that is not identifiable but will also be recognizable to
the submitter (and ideally the ordering clinician) in the future

c. Consider using a node such as DECIPHER or MyGene2 that allows submitters to
make candidate genes and submission information public to increase visibility of
the candidate gene-disease relationship. If submissions are not public, then the
knowledge that the candidate gene has been identified will be unavailable to
stakeholders not using MME to match on that exact gene (e.g. experimentalists
studying the gene, geneticists with other cases due to disruptive variants in the
same pathway/gene family). Other considerations may apply in choosing a node.
For more guidance, see the MME website:
https://www.matchmakerexchange.org/i_am_a_clinician_laboratory.html

2. Match management:

a. Submit cases to MME using a single email address/account representing the
entire entity, e.g. matchmaker@laboratory.com. This helps to ensure continuity as
matches may not occur for years after the initial submitter may have moved on
and to facilitate management of communications.

b. If responses may be delayed or conditional, the laboratory's MME email address
should have an auto-reply that details expectations about response time and the
company's policy/approach/preferences for handling inquiries about prospective
matches (e.g. query submitters must provide phenotype/variant/mode of
inheritance about their case up front to receive a response or query submitters
must intend to participate in or collect a cohort of cases for publication, not just
intend to adjudicate variants in a single case).

c. Consider notifying physicians of case submission to MME, of promising matches,
and/or at minimum, note in laboratory documentation that a laboratory submits
candidate genes to MME. If the node enables sharing a case with a clinician (e.g.
MyGene?2), doing so can circumvent having to establish a workflow for notifying
clinicians.

d. Laboratories should consider modifying their test requisition forms to inform
providers that if providers do not respond about promising matches within a
reasonable time frame, the laboratory may reach out directly to the patient if
contact info is available as facilitating establishment of their candidate gene in a
novel gene-disease relationship is in the patient's best interests.

e. If neither the patient nor clinician responds about a match that could be described
in a future publication, the laboratory may consider providing a limited amount of
detail (i.e. similar granularity of information that the laboratory typically submits to
ClinVar) to facilitate establishment of the novel gene-disease relationship via
publication.

ClinVar. Clinvar® is a widely used public database managed by the NCBI that collects and

reports variant and their phenotype associations. It is free, web accessible, and easily
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implemented as an attribute in variant annotation pipelines. Clinical laboratories, researchers,
clinicians, and patients all use ClinVar to gather information about variants and genes, which
makes it an ideal location to share variants in novel candidate genes. Its nearly ubiquitous use
across clinical genomics ensures that anyone who has additional cases or information about a
candidate gene would be able to make a connection or discover evidence, even if not using
MME. Additionally, ClinVar features, such as providing contact information for submitters and
the ability to “follow” a variant of interest further facilitating rapid data sharing and evidence
building. It also has the advantage that information can more easily be exchanged without
requiring additional communication through the submitter, such as occurs in MME, and
therefore may be a preferred method of sharing data for low resourced laboratories.

All variants in candidate genes with limited or lower evidence should be classified and
submitted to ClinVar as uncertain significance (VUS), which includes novel candidate genes,
while variants in genes with moderate evidence can be classified no higher than Likely
Pathogenic. To improve candidate gene variant submissions to ClinVar, we propose providing a
brief summary, as follows, stating that the gene is currently a candidate for the phenotype,
providing the relevant phenotypic features, noting any other relevant variants observed (e.qg.

those in trans) and noting the zygosity of any variant observed in the case.

Example language for evidence summaries when sharing a novel candidate gene in ClinVar:

The {zygosity} {AminoAcidChange} variant in {Gene} was identified by our
study/laboratory in [#] individual(s) with {Phenotype description}. Evidence of variant
disruption includes {X}. While this gene is still lacking sufficient evidence to establish a
gene-disease relationship, evidence suggests this is a possible novel gene candidate for
{Disease Name/Phenotype description}. Given the limited information about this gene-
disease relationship, the significance of the {AminoAcidChange} variant is uncertain. If
you have any additional variant evidence or have observed other individuals with this
phenotype that also have variants in {Gene} we encourage you to reach out to us.
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Laboratories are encouraged to be maximally inclusive towards submitting candidate
genes to MME and ClinVar to increase the chances of building more evidence supporting or

refuting a candidate gene, even if the gene is not included on the corresponding clinical report.

Test report. Generating a clinical report describing the identification of a novel candidate gene
ensures that a patient has the opportunity to benefit from the information and therefore reporting
the novel candidate gene empowers them and their clinical team. The report endures as part of
the medical record even if the laboratory closes, the laboratory does not proactively issue
updated reports, and/or the patient's record/data (e.g. in MME or ClinVar) are no longer
maintained by the laboratory. We suggest these findings be reported in the same location of the
report as other VUS but be described with language that marks them as distinct from VUS in

genes with known disease relationships per the example templates below.

Example language for including a novel candidate gene on a report:

e This variant was not identified in either of the biological parents of this individual and
therefore occurred de novo. Other de novo variants in {Gene} have been identified in [#]
individuals with {Disease Name/Phenotype description} identified through the
Matchmaker Exchange (publication pending). However, this knowledgebase is still
emerging and is insufficient to definitively establish the association between {Gene} and
{Disease Name/Phenotype description}. In summary, additional evidence is needed to
determine if {variant} may play a role in this individual's phenotypic presentation.

e This variant was not identified in either of the biological parents of this individual and
therefore occurred de novo. The variant is predicted to result in loss-of-function (LOF)
and was identified in {Gene}, which is highly constrained for loss-of-function variants
(o/e=0.1 in gnomAD), suggesting that loss-of-function variants are likely to lead to a
Mendelian condition. However, no other individuals have been publicly reported with
LOF variants in this gene and therefore additional evidence is needed to establish the
association between {Gene} and {Disease Name/Phenotype description}. In summary,
this variant occurs in a candidate gene with an uncertain role in this individual’s
phenotypic presentation.

Discussion
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To date, ~3,400 genes have at least one Moderate, Strong or Definitive gene-disease
relationship in GenCC*® with an additional ~1,400 listed in OMIM with at least one report of a
gene-disease relationship. Additionally, twice as many (~10,500) genes have been predicted to
be novel candidate genes but currently lack a publicly asserted gene-disease relationship.?
However, the low prevalence of the vast majority of Mendelian conditions’® and increasingly
widespread availability of clinical genetic testing means that many, if not most, individuals with
pathogenic variants in novel candidate genes are sequenced by diagnostic laboratories alone.
Together, this underscores the imperative and opportunity for diagnostic laboratories to facilitate
gene discovery by assessing, sharing, and reporting novel candidate genes to clinicians,
families, and researchers.

The approaches we outlined for identifying and sharing novel candidate genes, and the
variants within, are conservative as we recognize that handling novel candidate genes will be
new terrain for many clinical laboratories. We envision these criteria will, and should, expand
over time to cover additional sets of genes and variants, as new tools and approaches for
prioritizing novel candidate genes and non-coding regions and the variants within are
developed. Moreover, we support laboratories with the capacity to implement more expansive
criteria to do so now as we recognize that our proposed criteria prioritize stringency and ease of
implementation over sensitivity to all novel candidate genes. We also encourage all groups to

continue to explore emerging™"*"®"’

and as-yet-undeveloped approaches to efficiently share
data and validate candidate genes/variants,’® to accelerate the process of implicating variants in
new gene-disease relationships. Such engagement will increase the opportunities for even

greater number of individuals with Mendelian condition to benefit from a precise genetic

diagnosis.
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Figure 1. Overview of recommended venues through which laboratories can share and
report novel candidate genes. Each venue (Matchmaker Exchange, ClinVar, and clinical test
reports) has a different design, intended audience, and purpose, so it is not redundant to share
variants in a novel candidate gene across all three. In fact, sharing across all three venues is
necessary to maximize the likelihood that a novel candidate gene will be confirmed quickly.

Table 1. Suggested constraint metrics cutoffs for selecting novel candidate genes for
criteria 1 and 3. We recommend labs apply the 20% cutoff for criteria 1 to detect strongly
constrained genes and the 10% cutoff for criteria 3 to detect extremely constrained genes.
However, laboratories are encouraged to consider alternative cutoffs (e.g. 25% or 30%) that
would identify more candidate genes as many known genes, and therefore many novel
candidate genes, are expected to fall in these ranges. In addition, note that gnomAD constraint
values for LOEUF and MOEUF are not comparable across different releases (i.e. gnomAD
v2.1.1 vs v4.0). We provide only gnomAD v2.0 values as the interpretation of v4.0 values is still
under evaluation. See footnote® for further details for interpreting constraint values.

cutoffs to identify the top X% most constrained
genes
metric (Sutort 10% 20% 25% 30%
irection
gnomAD v2.0 LOEUF < 0.26 0.41 0.48 0.55
GeneBayes Spet > 0.147 0.073 0.054 0.039
gnomAD v2.0 MOEUF < 0.58 0.70 0.73 0.77
UNEECON-g > 0.426 0.317 0.278 0.245
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Table 2. Overview of platforms that facilitate sharing of novel candidate genes. MOI =
mode of inheritance.

Structured data supported for sharing Data
availa
bility

Resource Description Gene Variant Zygosity MOI Phenotype
Clinvar Clinically-oriented Y Y if Y Y public
https://www.nc database archiving reports submittin
bi.nIm.nih.gov/ of relationships between g case-
clinvar/ variants and human level data
phenotypes.
GenCC Clinically-oriented Y N N Y Y public
https://thegenc database archiving reports
c.org of laboratory assessments
of the strength and validity
of gene-disease
relationships
Matchmaker Research-oriented Y Y Y Y Y mixed
Exchange federated network of
(MME) independently-run
https://www.m databases designed to
atchmakerexch | facilitate gene discovery
ange.org and genotype-phenotype
relationship studies by
matching submitters with
the same gene/variant of
interest
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