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Summary

Clinical validity assessments of gene-disease associations underpin analysis and reporting in diagnostic genomics, and yet wide vari-
ability exists in practice, particularly in use of these assessments for virtual gene panel design and maintenance. Harmonization efforts
are hampered by the lack of agreed terminology, agreed gene curation standards, and platforms that can be used to identify and resolve
discrepancies at scale. We undertook a systematic comparison of the content of 80 virtual gene panels used in two healthcare systems by
multiple diagnostic providers in the United Kingdom and Australia. The process was enabled by a shared curation platform, PanelApp,
and resulted in the identification and review of 2,144 discordant gene ratings, demonstrating the utility of sharing structured gene-dis-

ease validity assessments and collaborative discordance resolution in establishing national and international consensus.

Introduction

Robust gene-disease validity assessments are the founda-
tion of accurate variant interpretation in diagnostic geno-
mics. Reporting variants in genes lacking clinical validity
poses risks to patient care through the potential for misin-
terpretation and erroneous diagnosis. Conversely, the rapid
growth in new gene-disease relationships resulting from the
deployment of genomic sequencing in research and clinical
care presents the risk of missed diagnoses if new knowledge
is not continuously integrated into diagnostic systems.
Gene knowledge databases commonly used in diagnostic
systems have traditionally been curated for other primary
purposes such as cataloguing Mendelian gene-disease asso-
ciations (Orphanet, OMIM) or facilitating diagnosis in spe-
cific phenotypic groups (Gene2Phenotype).' The develop-
ment of the ClinGen framework significantly advanced
evidence-based approaches to gene-disease curation by pro-
posing a scheme for objectively scoring genetic and experi-
mental data.” The application of this framework by expert
groups has resulted in the curation of over 900 gene-disease
pairs to date,”® including the systematic identification of

genes with disputed or refuted relationships to disease.’
However, with over 3,000 genes reported in association
with Mendelian disease,'” and many of these linked to mul-
tiple phenotypes, there is a significant unmet need for evi-
dence-based curated gene resources that can be applied in
diagnostic practice today.

Adding further complexity, a common strategy used to
increase diagnostic efficiency is the collation of gene-dis-
ease validity assessments into “virtual” gene panels for spe-
cific testing indications such as intellectual disability. This
approach targets genomic analysis to variants that are
most likely to be clinically relevant while reducing second-
ary findings."' However, it necessitates appropriate panel
design, maintenance, and application to mitigate the risk
of missing diagnoses, particularly for patients with com-
plex, poorly defined, still evolving, or blended phenotypes.
The wide variability in panel content between diagnostic
providers is well recognized and raises significant concerns
about impact on diagnostic and patient outcomes.'*"*
Although guidance on panel design and maintenance
has been recently provided by the American College of
Medical Genetics and Genomics (ACMG),'® there are few,
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if any, efforts to systematically harmonize these processes
across healthcare systems,"” which results in variability
in practice and duplication of effort.

Here, we describe our experience of using PanelApp, an
open-access gene and panel curation platform, across two
healthcare systems and multiple diagnostic providers
with the aim of harmonizing gene panel content through
systematic discordance resolution.

PanelApp background

PanelApp is an open-access platform developed to support
virtual gene panel curation and incorporate crowd-sourced
reviews from multiple experts worldwide.'® The application
programming interface (API) can be integrated into
sequencing analysis pipelines or variant curation platforms
to assist in variant prioritization, and all panel content
is downloadable. Gene-disease validity assessments are
captured through structured reviews, including disease asso-
ciation, mode of inheritance, and supporting publications.
The platform also enables curation of recurrent copy num-
ber variant sites (CNVs) and known short tandem repeat
sites (STRs). PanelApp curators evaluate the reviews and cur-
rent evidence to designate an overall rating to the gene-dis-
ease assessment. Three thresholds based on a trafficlight sys-
tem determine which genes have sufficient evidence to be
analyzed for a clinical indication. The “green” rating denotes
genesused in diagnostic reporting and requires case-level ev-
idence from three unrelated families or two unrelated fam-
ilies with convincing functional data. The green PanelApp
rating was developed from G2P and ClinGen guidelines spe-
cifically to be relevant for a wide range of rare diseases.
“Amber” and “red” ratings reflect gene-disease associations
with moderate or low levels of evidence, respectively. The
PanelApp infrastructure is an open-source Python applica-
tion under the Apache 2 license and is freely available with
deployment support for commercial cloud vendors and
alocal environment for development and testing. The cloud
version utilizes managed services wherever possible,
reducing maintenance requirements and simplifying inte-
gration with existing computational infrastructure.

The platform was designed by Genomics England for the
174 rare disease and cancer susceptibility panels used in
the 100,000 Genomes Project.'? Building upon this, the
National Health Service (England) (NHSE) Genomic Medi-
cine Service (GMS) is poised to deliver genomic testing
through a network of genomic laboratory hubs (GLHs)
for clinical indications defined in the National Genomic
Test Directory. The Genomics England PanelApp instance
has transitioned to support the GMS by harnessing clinical
and laboratory knowledge from GLHs to enable expert cu-
ration of 173 panels for diagnostic use. Clinical validity as-
sessments are currently available for 5,859 genes, 63 CNVs,
and 21 STRs (Figure 1A).

PanelApp Australia was deployed in 2019 by the Austra-
lian Genomics Health Alliance, a national collaborative

research partnership piloting approaches and developing
evidence to inform national integration of genomics into
mainstream care.”’ It currently hosts 255 virtual gene
panels developed by Australian genomics rare disease and
cancer cohort studies, as well as panels created by diag-
nostic laboratories and clinical services. Clinical validity
assessments are available for 5,105 genes, 62 CNVs, and
30 STRs. The Australian instance has been used for consol-
idation of virtual panels between Australian diagnostic ser-
vices with the aim of national harmonization.

Maintaining separate PanelApp instances allows sepa-
rate governance in relation to panel repertoire, which is
influenced by local factors such as genomic test funding
for specific clinical indications. It also supports autono-
mous decision-making and facilitates local accreditation
and integration into diagnostic pipelines. For example,
gene panel versions used for diagnosis in the NHSE are
overseen by the NHSE Genomics Clinical Reference Group
and reviewed by test evaluation working groups, while in-
dividual Australian diagnostic laboratories retain oversight
of the panels they use. On the other hand, the use of the
same underlying software enables technical co-develop-
ment and pooling of curated data and expertise to drive
quality improvements.

Panel comparison and discordance resolution

Comparing genetic variant pathogenicity classifications
by different laboratories to identify discordance is a
powerful tool for improving the quality of variant cura-
tion. It has been facilitated at scale by platforms such as
ClinVar, where variant assessments are deposited by
multiple providers via a structured format.”""** The publi-
cation of widely adopted standardized criteria for assess-
ing variant pathogenicity,”* and quality improvement
schemes measuring concordance, such as those initiated
by the Clinical Sequencing Evidence-Generating Research
(CSER) Consortium,”*?> the European Molecular Ge-
netics Quality Network (EMQN), and Genomics Quality
Assessment (GenQA), which is part of the UK National
External Quality Assessment Service (NEQAS) Con-
sortium, have improved consistency between diagnostic
providers. Similar efforts in gene curation are hampered
by the lack of agreed terminology, agreed curation stan-
dards, and platforms that can be used to identify and
resolve discrepancies at scale. The use of a common plat-
form including a shared data model and gene curation
scheme enabled us to undertake rapid systematic compar-
ison between gene panels used in the UK and Australia
with the aim of harmonizing content and identifying
areas for process improvement.

Comparing approaches to panel design

First, we performed mapping to identify comparable gene
panels (panel pairs) between the two PanelApp instances,
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1080 Green genes

1316 Green genes

392 discrepancies reviewed

| 1137 Green genes (74 added, 17 demoted)

1225 Green genes (51 added, 142 demoted)

Virtual gene panel comparison and harmonization via PanelApp

(A) The PanelApp instances deployed in the UK and Australia use a common data model and curation guidelines but maintain separate

governance and panel repertoires.

(B) The “compare panels” feature in PanelApp can be used to visualize discrepancies between gene panels, as displayed here for a section
of the mitochondrial disease panels. The comparison tool highlighted gene rating agreement (i) as well as discrepancies requiring review,
including diagnostic-grade genes included in one panel but not the other (ii) and genes with different ratings (iii). Red genes on one
panel but missing on the other (iv) were not reviewed because of low level of evidence for inclusion.

(C) Improved alignment between the two intellectual disability panels following exchange of reviews. The green bars represent number
of genes rated “green” on each panel. The gray, amber, and red bars represent genes that were rated “green” on one panel but were either

absent (gray) or discordantly rated on the other.

which presented several immediate challenges. Gene panel
names do not utilize disease ontologies but are named on
the basis of common clinical indications for testing.
Although the names are usually a good guide to content,
panel comparability is also determined by the rules applied
in panel design and by clinical context. For example, the
two “photosensitivity disorders” panels had non-overlap-
ping content: one contained genes primarily related to
porphyrias and the other contained genes primarily related
to DNA repair disorders. The “hearing loss” and “deafness”
panels only partially overlapped in content because of the
inclusion of syndromic disorders in one panel but not the
other, and a similar issue was identified between the
two “genetic epilepsy” panels: metabolic disorders were
included in one panel but not the other. We also encoun-
tered significant differences in how panels are subdivided
within disease categories. For example, PanelApp Australia
contains 17 panels covering primary immunological disor-
ders, whereas Genomics England PanelApp has a single
panel. To enable comparison, we used the PanelApp
“superpanels” functionality, which groups panels together,
such as within a disease category (i.e., immunological
disorders).

The mapping exercise highlighted common tensions in
panel design in relation to limiting or broadening panel
scope'* on the basis of factors such as age of presentation
(e.g., adult-onset ataxia) or absence of syndromic features
(e.g., non-syndromic hearing loss). Smaller panels can
widen access to genomic testing by enabling sub-specialists
to order genomic tests within their area of expertise. From
a laboratory perspective, smaller panels increase clinical
specificity while limiting the number of variants of uncer-
tain significance. However, this approach carries diag-
nostic risks if limited panels are applied to investigate pa-
tients with complex, evolving, and blended phenotypes.
Further, smaller panels can add complexity to test requisi-
tion and can act as a barrier for mainstream clinicians. The
two PanelApp instances increasingly support overarching
panels or superpanels within and across disease categories
(“kidneyome,” “pediatric disorders,” “Mendeliome”) to
facilitate comprehensive analysis for complex patients
and aid the transition of genomic testing toward a first-
tier mainstream test used early in the diagnostic trajectory.
These shifts need to be coupled with education, training,
and decision support tools to promote best practice as
part of test requisition, analysis, and reporting. Mapping
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Box 1. Key recommendations for the development, use, and maintenance of virtual gene panels

Use a standardized gene curation framework during panel development and set clear evidence thresholds for
diagnostic use

Use standard ontologies and record case-level and functional evidence for each gene-disease association and pro-
posed mode of inheritance

Provide clear panel descriptions to guide clinicians and laboratories in panel application, explaining the clinical
indication and listing any significant clinical or technical exclusions

Encourage application of multiple panels (co-application) and the use of larger panels within and across disease
categories to mitigate the risks of restricted analysis

Make your gene-disease and virtual gene panel data openly available and promote collaboration and harmoni-
zation nationally and internationally to reduce duplication of effort and improve diagnostic outcomes

Focus expert gene curation effort on resolving discrepancies and on continuous surveillance and assessment of
new evidence for gene-disease associations to enable rapid gains in evidence-based practice

Use version-controlled panels and provide easy access to previous versions to ensure a clear understanding of the
analysis performed and guide future re-analysis

Develop specific training and competencies in gene and virtual panel curation across the genomic workforce and

enable wide participation in the curation effort

of panel clinical indications to disease ontologies such as
the Monarch Disease Ontology (MONDO)>® will assist in
both harmonization and automation efforts. Most impor-
tantly, the rules governing panel design and use need to
be articulated clearly to guide clinicians and diagnostic lab-
oratories, particularly because open resources like Pane-
IApp have a wide range of international users (Box 1, key
recommendations).

Comparing and harmonizing panel content

We identified 80 comparable panel pairs and, allowing for
differences arising from panel scope definition, reviewed
their content to identify discrepancies arising from differ-
ences in gene-disease validity assessment and relevance
to panel indication. We uploaded panels from the Geno-
mics England instance to the Australian instance in order
for the panels to be compared side-by-side with the
“compare panels” functionality in PanelApp; visualizing
panels side-by-side readily identifies discrepant gene pairs.
This includes genes that are present on one panel but ab-
sent from the other and genes with discrepant ratings,
for example, “green-red” (Figure 1B). Genes rated red in
one instance but absent from the other were not assessed.
All discrepant gene pairs were reviewed initially by the
Australian curation team, assessing the evidence provided
by the Genomics England curation team. Where the
Australian team disagreed, a review with the additional ev-
idence was provided on the Genomics England PanelApp
instance. These reviews were assessed independently by
the Genomics England PanelApp curation team, resulting
in further discrepancy resolution.

Of the 80 panel pairs compared, only three relatively
small panels covering highly specific clinical indications

were completely concordant (hematuria, osteopetrosis,
and chondrodysplasia punctata). A total of 2,144
discrepant gene ratings and inclusions were identified in
the remaining 77 panel pairs. The evidence for gene-dis-
ease association and relevance to panel clinical indication
was assessed for each discrepancy, and structured reviews
were exchanged between the two curation teams via the
PanelApp platforms for the promotion of discordance res-
olution. Of the reviews exchanged, 1,008 reviews (47%)
indicated that there was sufficient evidence for diagnostic
use (green rating) and 1,139 reviews (53%) indicated mod-
erate or limited evidence for gene-disease association or
panel inclusion (425 amber and 714 red). Common sour-
ces of discordance are presented in Table S1, and all reviews
exchanged and curator assessments are publicly available
on the PanelApp instances.

As an example, the largest panel, intellectual disability
(ID), had the largest number of discrepancies, 595,
including 392 affecting diagnostic-grade (green) genes.
Of these, 39 were due to a difference in panel design and
were not reviewed further: the Genomics England Pane-
IApp panel contains genes associated with moderate to
profound ID, and complex disorders are included if ID is
a presenting feature. Individuals presenting predomi-
nantly with other clinical features can access testing
through alternative pathways and their associated virtual
panels (e.g., inborn errors of metabolism) because genomic
testing is funded through the healthcare system for a range
of indications. By contrast, funding of genomic testing in
Australia is more variable; federal funding is currently
only available for syndromic and non-syndromic ID,
necessitating more inclusive panel design. Following re-
evaluation of the evidence for each of the remaining 353
discordances involving diagnostic-grade (green) genes,
298 (84%) were resolved (Figure 1C). Fifty-five (16%)
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remained discordant; all were rated green in PanelApp
Australia and amber/red in Genomics England PanelApp.
The most common reasons for remaining discrepant rat-
ings were variability in the level of ID reported (22), insuf-
ficient cases to determine whether ID is a key presenting
feature (17), and differential weighing of functional evi-
dence where only two unrelated families are reported in
the literature (9).

Building the evidence base for gene-disease
associations

The pace of rare disease gene discovery continues un-
abated,”” presenting a constant challenge for curated data-
bases of gene-disease associations to maintain currency
with flow-on effects on diagnostic outcomes both for anal-
ysis of new data and reanalysis of existing data.”®*’ The
ACMG recommends regular monitoring and revision of
diagnostic panels and at least a 6-monthly review cycle
incorporating consultation with disease experts, literature
surveys, and monitoring of curated databases.'® We com-
bined the curator resources across the two PanelApp in-
stances to conduct a monthly literature review of 20 ge-
netics and other subspecialty journals (Table S2) to
augment crowdsourced expert reviews and monitoring of
other curated databases. Over the first 6 months, this pro-
cess resulted in 219 new gene curations. This included 157
novel gene-disease associations and 62 changes to existing
gene curations incorporating reports of novel allelic disor-
ders, phenotype expansions, new modes of inheritance, or
additional case reports or functional data altering evidence
ratings.

A total of 107 new gene-disease associations with
enough evidence for diagnostic use were identified be-
tween June and November 2020. Of these, 41 (38%) are
yet to be included in OMIM, highlighting the importance
and value of a proactive approach to the identification
and curation of new evidence for diagnostic benefit. We
found frequent, regular searches for new evidence easier
to integrate with existing workflows, while the pooling
of curator resources on an open platform reduced individ-
ual curation burden. However, the optimal frequency of
panel updates needs to take governance and other labora-
tory requirements into consideration; some diagnostic
providers may elect to integrate new information into
diagnostic pipelines at less frequent intervals, for example
quarterly or 6-monthly, by utilizing panel version control
features.

Gene curation and panel harmonization: Future
directions

The harmonization effort described here has several,
chiefly technical, limitations highlighting the need for
ongoing platform development.’” Our approach relied
on manual transfer of reviews, which is laborious; auto-

mating key notifications between PanelApp instances, for
example when genes are promoted to or demoted from a
diagnostic rating (green), would increase efficiency and
benefit the wider community. The use of literature mining
tools to identify reports of gene-disease associations would
make the new gene identification effort more comprehen-
sive while allowing gene curators to focus on critical
appraisal. Most of the work undertaken to date relates to
genes implicated in rare Mendelian disorders, and further
co-development should address the broader applications
of diagnostic and research genomics, including somatic
cancer testing and complex polygenic disorders.

In conclusion, maintaining curated gene-disease associ-
ation databases for diagnostic use is a complex task
and benefits from pooling expertise across multiple
professional groups, including diagnostic scientists, bio-
informaticians, clinicians, and researchers. The necessity
for broad input has to be coupled with expertise in gene cu-
ration, and we need to develop resources, provide training,
and establish competencies across the genomic workforce.
Sharing interpretation knowledge and diagnostic experi-
ence across multiple providers, including internationally,
is key to accelerating the implementation of genomics in
healthcare.”!

We have demonstrated the utility of a collaborative
approach to identifying and resolving discrepancies in
gene and virtual gene panel curation facilitated by the
use of a common data platform. The PanelApp software
is open source and available for other healthcare systems
to implement and participate in data sharing. Harmoniza-
tion of gene-disease validity assessments between gene cu-
ration initiatives will be facilitated by the development of
agreed terminology, federated platforms for sharing knowl-
edge via standardized formats, and a focused curation
effort to resolve discrepancies. We anticipate that the
establishment of the Gene Curation Coalition, of which
both Genomics England PanelApp and PanelApp Australia
are members, will serve as a focal point for international
harmonization efforts. The large number of discrepancies
resolved here highlights the scale of the challenge but
also provides a blueprint for extending this effort in the
future.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2021.06.020.
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Table S1. Common sources of discordant gene inclusion or rating on diagnostic panels and
further recommendations for practice.

Gene-disease validity assessments

New evidence since
original assessment

HARS?Z2 rating upgraded to diagnostic on Hearing Loss panel due
to publication of 6 unrelated families in 2019." 2

Mode of inheritance for SCN8A changed from mono-allelic to
both mono-allelic and bi-allelic due to reports of families with bi-
allelic variants and more severe phenotype in 2019.3

Recommendation: new evidence for gene-disease relationships
should be sought proactively on a regular basis.

Reappraisal of
historical gene-
disease associations

Association between HOXA11 and radioulnar synostosis with
amegakaryocytic thrombocytopenia downgraded to Amber as two
families reported in 2000, and none since.

Association between KIRREL3 and intellectual disability (ID)
downgraded to Red as the genetic variants originally reported are
present at a high frequency in population datasets.

Association between TUBA8 and cortical malformations
downgraded to Red as publication reporting alternative diagnosis
in original families identified.*

Recommendation: evidence for gene-disease associations
should be critically appraised, especially those predating
genome-wide approaches to gene discovery and the existence of
large reference population datasets. Academic publishers should
encourage an evidence-based approach to asserting gene-
disease associations, particularly in subject reviews.

Gene-disease
associations reported
in isolated populations

PET100 promoted to Green on ID panel: initially founder variant
in eight Lebanese individuals reported, but one further family in
different population identified, as well as functional data.

Recommendation: caution should be exercised when gene-
disease associations rest on evidence solely derived in isolated
populations as the reported variant could be in linkage
disequilibrium with the true causative variant which affects a
different gene.

Use of unpublished
evidence from
diagnostic

Association between FAM20C and craniosynostosis rated as
Green due to personal communication with research group
reporting unpublished cases.




laboratories and
research groups

Recommendation: unpublished evidence should be used
judiciously when provenance can be established, and ideally the
primary data supporting variant classification reviewed. Decisions
based upon unpublished or private data should be explained in
as much detail as is possible (the PanelApp software enables
comments to be made which are publicly available).

Differential weighting
of functional evidence

HOMER?Z2 rating unresolved: two families reported with mono-
allelic variants and deafness. Bi-allelic mouse model has
deafness, but mice with mono-allelic variants have normal
hearing.

Recommendation: detailed gene curation schemes such as the
ClinGen framework are particularly well suited to objectively
resolving edge cases.

Quality of evidence

GRIA1 rating unresolved: multiple reports of de novo variants in
large intellectual disability cohort studies, but paucity of
phenotypic, segregation, or functional data.

Recommendation: higher thresholds should be applied where
novel gene-disease associations are reported without robust
supporting evidence. Publishers should encourage the inclusion
of case-level data where possible.

Panel inclusion decisi

ons

Inclusion due to
phenotypic overlap

ALMS1 included in ciliopathy panels, despite Alstrom syndrome
not being considered a ciliopathy.

Recommendation: careful consideration should be given to
genes that need to be included in panels due to phenotypic
overlap and to providing guidance that promotes panel co-
application or more extended analysis.

Inclusion of gene
family members

Inclusion of PEX genes in disorders of cortical malformation
unresolved: only some have published evidence documenting
cortical malformations.

Recommendation: a consistent approach should be adopted to
this scenario and clear guidance and explanation provided to
clinical and diagnostic users (e.g. co-application of other panels
such as Peroxisomal Disorders encouraged if all genes are not
included).

Tractability of variant
types by different Next

Inclusion of PRDM13 remains unresolved: the only variant types
reported are non-coding variants upstream of the gene which




Generation may not be tractable by all assays (e.g., exome sequencing).
Sequencing (NGS)
assays and sample Recommendation: a consistent approach should be adopted to
types this scenario and clear guidance provided to clinical and
diagnostic users (e.g., the gene is included in the panel but
analysis and reporting are dependent on technical factors).

Proportion of Inclusion of Fanconi anemia (FA) genes on the ID panel remains
individuals with the unresolved: ~20% of individuals with FA have ID.

disorder who have a
particular phenotypic | Recommendation: clinical guidance is required for this decision,
manifestation and consideration of the scope of the panel, established clinical
pathways for testing as well as risk of incidental findings.
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Table S2. Journals reviewed as part of the PanelApp rare disease updates

Journal name

1 American Journal of Human Genetics
2 American Journal of Medical Genetics
3 Annals of Clinical and Translational Neurology
4 Annals of Neurology

5 Brain

6 Cell

7 Clinical Genetics

8 European Journal of Human Genetics
9 Genetics in Medicine

10 Human Molecular Genetics

11 Human Mutation

12 Journal of Clinical Investigation

13 Journal of Medical Genetics

14 Nature

15 Nature Communications

16 Nature Genetics

17 Neurology

18 Neurology Genetics

19 PLOS Genetics

20 Science
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