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Purpose: Clinically relevant variants exhibit a wide range of
penetrance. Medical practice has traditionally focused on highly
penetrant variants with large effect sizes and, consequently,
classification and clinical reporting frameworks are tailored to that
variant type. At the other end of the penetrance spectrum, where
variants are often referred to as “risk alleles,” traditional frame-
works are no longer appropriate. This has led to inconsistency in
how such variants are interpreted and classified. Here, we describe a
conceptual framework to begin addressing this gap.

Methods: We used a set of risk alleles to define data elements that
can characterize the validity of reported disease associations. We
assigned weight to these data elements and established classification
categories expressing confidence levels. This framework was then
expanded to develop criteria for inclusion of risk alleles on clinical
reports.

Results: Foundational data elements include cohort size, quality of
phenotyping, statistical significance, and replication of results.
Criteria for determining inclusion of risk alleles on clinical reports
include presence of clinical management guidelines, effect size,
severity of the associated phenotype, and effectiveness of interven-
tion.

Conclusion: This framework represents an approach for classify-
ing risk alleles and can serve as a foundation to catalyze community
efforts for refinement.
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INTRODUCTION
Genetic variants that contribute to disease lie on a spectrum
from rare alleles with large effect sizes to more common
alleles with small effect sizes.1–3 Genetic diseases have
historically been categorized as either Mendelian (i.e., caused
by variants at a single locus that segregate with a recognizable
pattern within families) or complex (i.e., caused by a
combination of multiple variants and environmental factors
with some degree of heritability that does not follow a clear
inheritance pattern).4 Accordingly, Mendelian variants are
identified by studying affected families, whereas variants
associated with common and complex disease are identified
through association studies involving large populations of
unrelated individuals.4 This traditional, binary classification
of disease was appropriate when the field focused on the most
penetrant and severe heritable conditions but does not

adequately describe the known landscape of heritable
conditions today. It has long been known that many
pathogenic variants do not always lead to disease when
present in an individual (i.e., show reduced penetrance), but
we are only now determining the enormous gradient of
penetrance associated with variants that cause or contribute to
genetic disease.
While the extreme ends of the penetrance and effect size

spectrums are well described, clinically relevant variants in the
“gray zone” between Mendelian and complex inheritance are
ill-defined with regard to terminology, classification, and
clinical reportability. These variants are found in the
population more commonly than classic Mendelian alleles
and can be inherited in sometimes recognizable familial
patterns. Such variants are identified by both Mendelian case
studies and population-based association studies and tend to
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be described using terminology depending on which study
initially identified them. Mendelian frameworks refer to these
variants as “low-penetrance variants” and complex disease
studies describe them as “risk variants” or “risk alleles.” For
simplicity, we will use the term “risk allele” throughout
this paper.
Some clinically significant risk alleles are well characterized

and have long been included on clinical reports, but the lack
of consensus terminology and interpretation criteria for this
variant type has led to inconsistent classification.5 Additional
confusion occurs when risk alleles have frequencies in
population databases that meet Mendelian classification
standards to be classified as “benign.”6,7 A well-known
example is the F5 p.Arg534Gln variant (factor V Leiden),
which is present in 3% of European alleles in gnomAD
(https://gnomad.broadinstitute.org/variant/1-169519049-T-C,
accessed 19 Ocotber 18) and has been submitted to ClinVar
by 9 laboratories as “pathogenic” (n= 4), “benign” (n= 1),
and “risk variant” (n= 4) (ClinVar ID 642, accessed 19
October 2018). Such divergent classifications can create
confusion for patients and clinical practitioners.
With costs of genomic sequencing rapidly decreasing, large

population-based studies are increasingly identifying such risk
alleles.8,9 Additionally, genomic testing is beginning to be
offered to healthy individuals10,11 and there is increasing interest
in returning these variants on clinical reports. As such, it is
critical that the community defines frameworks for evaluating
the validity of evidence supporting the role of risk alleles in
disease and develops terminology to clearly distinguish these
from variants that cause highly penetrant, Mendelian disease.
Furthermore, consensus is needed regarding what level of

evidence warrants inclusion of risk alleles on clinical reports.
While the scientific validity of the associated risk has to be the
foundation, additional factors need to be considered to balance
clinical utility and possible risks for unnecessary medical
action. Some risk alleles have clear actionability, including
those recognized by specific recommendations from profes-
sional societies. For example, the p.Ile1307Lys variant in the
APC gene is associated with increased risk for developing
colorectal cancer, especially in the Ashkenazi Jewish popula-
tion. The 2018 National Comprehensive Cancer Network
(NCCN) guidelines recommend that unaffected individuals
with this variant who are lacking family history of colorectal
cancer begin colonoscopy screening at age 40, 10 years earlier
than the general population (NCCN Genetic/Familial High-
Risk Assessment: Colorectal Version 1.2018, https://www.
nccn.org/professionals/physician_gls/pdf/genetics_screening.
pdf; accessed 1 October 2018). In contrast, reporting a variant
that confers risk for a rare condition for which no effective
preventive measures exist may require different consenting
and counseling procedures, as the probability of developing
disease and the severity of the impact may be difficult to
convey and comprehend.
We compiled a set of representative risk alleles to define

data elements that can be used to express the varying degrees
of confidence in their ability to contribute to genetic disease.

We propose a classification framework that is conceptually
similar to the widely used American College of Medical
Genetics and Genomics/Association for Molecular Pathology
(ACMG/AMP) classification system for germline Mendelian
disease7 and discuss which criteria may influence inclusion of
such variants on clinical genetic reports. This work is
intended to catalyze discussion in the genetics community
and serve as a basis for refinement and standardization.

MATERIALS AND METHODS
Inclusion criteria
Variants were required to have at least one statistically
significant association with a clinically relevant phenotype, as
opposed to physical traits such as eye color and height.

Variant set
Variants were selected from internal databases of two clinical
testing laboratories (Laboratory for Molecular Medicine and
Veritas Genetics) as well as public databases such as ClinVar.
Selected variants for review ranged from single variants,
multiple variants forming a haplotype, variants conferring
risk through compound heterozygosity, and digenic risk
variant combinations.

Curation process and classification criteria
Evidence was gathered systematically using structured data
collections forms (Supplementary Figure 1). The proposed
framework was applied to the variant set and refined to arrive
at a final version (Fig. 1). Variant classifications were
performed by two independent curators, reviewed by
ABMGG-certified clinical molecular geneticists, and finalized
after reaching consensus with the entire group.

Metrics for establishing reportability
We identified criteria for guiding decision-making on report-
ability of risk alleles based on the final classification level of the
variant–disease association and clinical information about the
disease that is associated with the variant in question, such as
disease prevalence and severity, as well as effectiveness and risk
of intervention. We extracted the information from PubMed
literature searches, Genetics Home Reference (https://ghr.nlm.
nih.gov/), the Centers for Disease Control and Prevention
(https://www.cdc.gov/), ACMG Technical Standards and Guide-
lines (http://www.acmg.net/ACMG/Medical-Genetics-Practice-
Resources/Technical_Standards_and_Guidelines.aspx), Clinical
Genome Resource Actionability Work Group documents
(https://www.clinicalgenome.org/curation-activities/clinical-
actionability/the-process/), disease-specific databases (e.g.,
https://www.nccn.org/professionals/physician_gls/recently_
updated.aspx,) and other relevant publications.12–14

RESULTS
Classification framework
Classifying any type of variant in a clinical setting requires
careful evaluation of the quality of the associated data,
aggregation of available evidence, and application of criteria
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to establish the likelihood with which this evidence predicts
the outcome. The following sections describe a proposed
framework for assessing and classifying risk alleles using the
terminology initially suggested by the ACMG/AMP guidelines
for interpretation of germline variants.7 We focused on
general steps and concepts (Fig. 1 and sections below) to
provide a basis for community iteration and refinement.

Step 1: assessment of study design and data quality
Characteristics of well-designed and reliable association
studies have been published15–17 and include large, race-
matched and well-phenotyped case and control cohorts,
application of statistical correction for multiple hypothesis
testing, application of a rigorous threshold for statistical
significance, and calculation of odds ratios or relative risks as
a measure of effect size. We considered any study that
reported statistically significant results (p < 0.05) and excluded
those reporting effect sizes where the confidence interval
included 1.

Step 2: considerations surrounding associated phenotypes
Medical literature often reports association of a variant across
a range of phenotypes. While some represent distinct clinical
entities, others represent endophenotypes and deciding

which studies should be combined can be challenging. This
is now a well-recognized phenomenon and early guidance
is available to train clinical variant curation professionals
(https://www.clinicalgenome.org/site/assets/files/9703/
lumping_and_splitting_guidelines_gene_curation_final.pdf;
accessed 1 October 2018). While this problem affects variants
across the full range of the genetic penetrance spectrum, it is
particularly common among genetic association studies.18

We intentionally took a very conservative approach to avoid
overclassification of variants. Generally, only studies report-
ing an association with the full disease or its predominant
clinical features were included. For example, for the APOE e4
allele we included studies that demonstrated an association
with Alzheimer disease but not association with aggression or
depression in Alzheimer patients nor with disease progres-
sion once an Alzheimer diagnosis was made.
There can be significant ambiguity as to what defines the

disease state. This is particularly pronounced for disorders
whose primary defect is a biochemical imbalance, which
results in clinical features only when exceeding a threshold.
For these disorders, we only considered studies reporting an
association with clinically evident phenotypes. For example,
hereditary hemochromatosis caused by variants in the HFE
gene leads to elevated transferrin levels, which can manifest

Step 3: Data elements and classification criteria

Established risk allele Likely risk allele Uncertain risk allele

• Replicated across multiple
   independent association studies OR

• Determined through robust meta-
  analysis

• Replicated across at least two
  independent studies OR

• One large study of high-quality
  demonstrating the association OR

• Multiple studies with near complete
  (but < 100%) concordance OR

• Novel LoF where LoF is established
  risk mechanism

• Study not replicated OR

• Multiple (≥2) studies performed by
  same laboratory OR

• Multiple (≥2) studies with high
  degree of discordance OR

• Association is determined by meta-
  analysis but not statistically
  significant

• Variant-specific strong functional data may be used to upgrade the classification.

Step 4: Report Inclusion Criteria

• Classification
• Presence of clinical guideline

• Effect size
• Effectiveness of intervention

• Severity of the phenotype
• Prevalence

• Risk of intervention
• Patient preference

• Testing scenario (diagnostic versus preventative)

Step 1: Assessment of study design/data quality

• Adequate sample size
• Correction

• Statistical significance
• Odds ratio/relative risk/confidence interval

• Quality of phenotyping

Step 2: Considerations surrounding associated phenotypes

• Association studies performed for full disease or predominant clinical features
• Disorders caused by metabolic defects: Association is with clinical endpoint

Fig. 1 Decision-making framework for the classification of risk alleles. LoF loss of function.
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with symptoms of end-stage organ damage secondary to iron
storage. Because elevated serum transferrin alone can have
different causes,19 we considered only studies reporting an
association with the clinical endpoint (e.g., liver disease).

Step 3: data elements and classification criteria
The strength of a variant–disease association was assigned one
of three categories using terminology akin to those commonly
used for Mendelian disease and suggested in the ACMG/AMP
interpretation guidelines:7 “established risk allele,” “likely risk
allele,” or “uncertain risk allele.” Because a large number of
association studies fail to replicate,20 highest emphasis was
placed on meta-analyses and multiple, independent studies
confirming the originally reported association. Additional
data elements (such as functional data) were given modifying
weight.

Number and types of studies reporting an association
To classify a variant as an “established risk allele” for a
condition, we suggest a minimum of one robust meta-analysis
or multiple independent case–control studies that each
meet all criteria for well-designed studies outlined above. A
“likely risk allele” classification requires less evidence and we
suggest at least two independent case–control studies showing
a statistically significant association with the phenotype of
interest. When multiple studies report conflicting results, a
“likely risk allele” classification can still be reached when the
clear majority are concordant with regard to significance and
effect size. Another scenario qualifying for a “likely risk allele”
classification is a single, large study of high quality with data
from multiple sites.
All other scenarios result in an “uncertain risk allele”

classification as a baseline, which can be modified when other
supporting evidence, such as functional data, is available.
Common examples for “uncertain risk allele” classifications
include a single, unreplicated case–control study or replicated
associations derived from overlapping cohorts or solely from
very small studies. Case–control studies that have already
been included in meta-analyses are not individually reviewed
and double counted as replication.

Functional data
Evidence demonstrating a direct effect on protein function was
given supporting weight, allowing for adjustment of the
classification category. Validity, relevance, and reproducibility
of the functional data were taken into consideration as
recommended by ACMG/AMP guidelines.7 Only strong
functional data was allowed to be used in this fashion.7,21

Generally, this included only data from variant-specific in vivo
models recapitulating the associated human phenotype or
reliable enzymatic assays performed in relevant in vitro systems.
Functional evidence of an effect on protein function can provide
confidence in disease association and a distinct causal role for
the variant, rather than an indirect effect through genetic
linkage. In contrast, functional data showing no effect on
protein/gene function was not used to downgrade the

classification when association study results clearly support a
“likely” or “established” risk allele classification as the signal can
always be due to another variant that is in linkage disequili-
brium. For example, even though in vitro functional studies
demonstrated no effect on protein function, the p.Asn34Ser
variant in SPINK1 was classified as an “established risk allele”
based on evidence from two meta-analyses and one large
case–control study (Table 1).

Loss-of-function variant considerations
Most risk alleles are common in the general population, which
provides enough statistical power to establish an association
with disease. In some instances, it may be possible to assign
risk to a class of variants regardless of whether additional
published evidence exists. For example, the ACMG/AMP
Mendelian classification framework allows assigning substan-
tial weight to a novel loss-of-function (LOF) variant provided
that LOF is an established mechanism of disease for the gene.
This concept can be extended to genes that are overall
associated with lower penetrance. An example is the CHEK2
gene, where LOF appears to be associated with a level of risk
for developing of cancer that may be more adequately
expressed using the risk framework.22 The most prominent
cancer susceptibility variant in this gene is a LOF variant
(c.1100delC) that leads to a 37% lifetime risk of cancer, which
reaches a level where use of the Mendelian “pathogenic”
classification under an autosomal dominant cancer suscept-
ibility framework may be more appropriate.23 However,
because the CHEK2 gene is not as well studied as other
cancer susceptibility genes, it may be more prudent to
describe novel LOF variants using the risk framework and
elevate them to a Mendelian classification when data is
available that conveys more certainty about the clinical
outcome.

Application of the framework
We applied this framework to a set of 33 variants in 22 genes
that met characteristics to potentially be classified as risk
alleles. Variants and alleles were assessed individually for
disease associations across all zygosity states. Data was
available to make classifications for 19 heterozygous variants,
9 homozygous variants, and 5 compound or double hetero-
zygous variants. A summary of the criteria met and resulting
classifications are listed in Table 1 with additional detail on
each classification provided in Supplementary Table 1.

Reporting considerations
Deciding whether or not to return risk alleles in clinical
genetic testing can be challenging as the absolute risk and the
clinical utility of disease associations are often not as clear as
they are for Mendelian disease variants. We defined criteria
we believe should be taken into consideration for reporting
decisions.
The base criterion for clinical reporting is the scientific

validity of the associated risk, which is expressed by the
classification category. In our opinion, the clinical utility of
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returning variants with reported but unconfirmed disease
associations (i.e., “uncertain risk alleles”) is low and we
propose restricting reporting to “established” and “likely” risk
alleles. This is similar to common practice for Mendelian
testing, where predictive reports (secondary findings) are
restricted to “likely pathogenic” and “pathogenic” variants.9,24

However, while a likely or established risk allele classification
constitutes a necessary criterion, it is not sufficient. Below and
in Fig. 2 we describe additional criteria that should be
considered.
A major consideration for reporting is availability of clinical

management guidelines issued by expert groups or professional
societies. Variants classified as established or likely risk allele
with such guidelines were considered candidates to include on
clinical reports. For other risk alleles, we discuss five additional
criteria that could be combined into an “impact score” reflecting
their overall clinical importance: (1) effect size, (2) disease
prevalence, (3) disease severity, (4) effectiveness of intervention,
and (5) risk associated with action/intervention. The scores for
(3)–(5) were based upon the semiquantitative metrics put forth
by the ClinGen Actionability Working Group.13

To arrive at this impact score, we assigned a numerical value
from 0 to 3 to each criterion (3 having the greatest weight). We
calculated combined scores for three illustrative risk alleles (p.
Asp85Asn [KCNE1], p.Glu318Lys [MITF], and p.Val210Ile
[PRNP]) (Table 2, Fig. 3). Further consideration by the broader
community will be needed to refine this approach and
determine a universal threshold for reportability.
As genomic testing is increasingly administered in an

elective fashion, personal utility and testing scenario (diag-
nostic versus predictive) should also be considered.Ta
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ARTICLE SENOL-COSAR et al

2770 Volume 21 | Number 12 | December 2019 | GENETICS in MEDICINE



Indication-based testing may include risk alleles related to the
phenotype depending upon the benefits and hazards of
reporting, such as overinterpretation of the risk. Predefining
this criterion allows for risk alleles to be evaluated during the
test design stage. Additionally, reporting risk alleles as
secondary findings from genomic screening may require a
higher bar for inclusion due to the added uncertainty of
interpreting such findings in individuals who do not present
with features of the associated disease. This is similar to
current practice for Mendelian disease testing, where variants
of unknown significance (VUS) are commonly reported in a
diagnostic setting but are typically not returned in predictive
testing scenarios.

Considerations for communicating the significance of risk
on a clinical report
Similar to what is customary for reporting Mendelian disease
variants, risk alleles should be accompanied by a summary of all
evidence supporting a classification. If an association study
reports a statistically significant odds ratio or other statistical
measure, these values along with confidence intervals and p

values should be stated or summarized. In addition, as statistical
measures derived from this framework do not represent
absolute risks, care needs to be taken to communicate this
clearly and avoid overinterpretation by the recipient. Further-
more, the absolute risk increase attributable to the presence of a
risk allele is a function of both the effect size of the risk allele as
well as the prevalence of the associated disease. When reporting
risk alleles associated with rare diseases, one must consider that
the absolute risk increase may be small and clinically
insignificant despite a large effect size. In contrast, when
reporting risk alleles in common disease, absolute risk increases
resulting from risk alleles with modest effect sizes, as expressed
in odds ratios, may be large and clinically significant.
Additionally, it is important to indicate when studies are

limited to populations of a specific ancestry, as many risk
variants are identified within specific populations, typically
Caucasian. Since the risk variant may only be in linkage
disequilibrium with the causative variant, the associated risk
may not translate to a population with different linkage
disequilibrium architecture. Furthermore, when conveying
absolute risk, there may be marked differences in different

Table 2 Scoring system used to assess the strength of the criteria for reportability
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Effect size OR= 1 OR 1–2 OR 2–4 OR > 4

Effectiveness of
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populations due to differences in baseline risk for the disease.
It is, therefore, prudent to consider the reported or computed
ancestry of the individual when conveying risk on the report.
For risk alleles that are classified as “likely” or “established”

but for which contradictory (i.e., negative) functional data
exists, a clarifying statement is important to avoid misinter-
pretation and dismissal of risk by the recipient of the report.
Included in the evidence should be language that mentions
the possibility that the variant may not be the causal variant
but may be linked to another, unidentified variant or that the
function that was assessed by the assay may not reflect the
protein function that is relevant for disease expression.
A step-by-step application of the framework and inter-

pretive summary for one risk variant are provided in
Supplementary Document 1.

DISCUSSION
The medical community has long been aware of variants that
fall into the gray zone between rare, highly penetrant variants
and variants contributing to common or complex disease.
While the extreme ends of this penetrance gradient are clinically
well defined, little guidance exists for variants with significantly
reduced penetrance but effect sizes that warrant consideration
in a clinical setting. As was the case for Mendelian variants, the
lack of standards has led to discordance in how these variants
are evaluated and labeled, which may ultimately have negative
consequences if they are classified as “benign” and not reported
to the patient. As genomic testing is shifting toward exome and
genome sequencing, large studies are increasingly revealing risk
alleles associated with medically relevant conditions. Simulta-
neously, the rise of elective genome screening in healthy
individuals is increasing the demand to return such variants on
clinical reports.
To address the emerging need for guidance, we developed a

proposed first framework to systematically evaluate the scientific
validity of reported risk allele associations. We define the data
elements that should be evaluated and suggest a method to
assign clinical classifications. The utility of such frameworks is
well established and is known to lead to harmonization between
clinical laboratories. This is most recently evidenced by the
enormous impact of the ACMG/AMP variant classification
framework for Mendelian variants,7 which has led to an
impressive amount of community harmonization.5,25,26 Addi-
tionally, we raise the question as to which factors should guide
inclusion of risk alleles on clinical reports. Scientific validity is
the minimum requirement, but even more than for Mendelian
disorders, the risk for overinterpretation by the recipient and
the resultant possibility for causing harm and anxiety has to be
carefully considered for risk alleles.
Our approach was deliberately conservative and designed to

raise concepts rather than suggest prescriptive guidance. The
framework will require iteration via community input and
ultimately professional society recommendations. Whether or
not to return risk alleles will also be impacted by the testing
scenario. We predict that the “bar” for including risk alleles in a
healthy/elective testing scenario may be more stringent than in a

diagnostic setting where one may include uncertain risk alleles
relevant to the indication, similar to what is common practice in
traditional, Mendelian testing.9 Finally, the framework we
present here can be extended to protective alleles, which have
been largely ignored in a traditional clinical testing setting but
are expected to increase in demand as genomic testing is further
expanded to the prediction of disease risk.
Further thought will also be needed in a number of

important areas:

(1) It is not trivial to decide how to construct clinical reports
that contain variants across the risk/penetrance spec-
trum. Separating risk alleles from highly penetrant,
Mendelian variants is an option but in complex reports
actionability considerations that are associated with
some risk alleles may be then ignored. An example is p.
Ile1307Lys in APC for which NCCN management
guidelines recommend a modified colorectal cancer
screening protocol. Such variants may need to be
grouped with other actionable variants.

(2) Consensus is needed on how to accurately communicate
the uncertainty surrounding any quantitative risk
estimate. It will be important to avoid large discrepan-
cies in risk estimates between clinical laboratories, which
have previously plagued the direct-to-consumer testing
space.27 Consensus lists of reportable risk alleles would
further help harmonize clinical reporting practices
between laboratories.

(3) The penetrance threshold separating variants that
should be classified by the Mendelian framework from
risk alleles will need to established and this may differ
between disease areas within clinical genetics. For
example, cancer predisposition testing, which includes
the CHEK2 c.1100delC variant, has a longstanding
history of classifying variants within the Mendelian
framework despite incomplete penetrance for many
variant–cancer type associations. In our opinion, as a
general rule when penetrance data is unavailable,
variants whose disease association has been demon-
strated through only segregation analysis within affected
families should be classified within the Mendelian
framework whereas variants identified in association
studies or case–control cohorts of unrelated individuals
should be classified as risk alleles.

While the set of variants examined was small, we collected
initial impressions regarding the amount of time laboratories
will need to budget for classifying risk alleles. In our
experience, the relative simplicity of the risk framework is
counterbalanced by the need to evaluate many publications,
leading to an overall time that is similar to what is typically
budgeted for Mendelian variants with publications (2–3
hours). It is worth noting that risk alleles can often be assessed
during product development and then do not impact
postlaunch clinical operations.
Future challenges in developing clinically relevant quanti-

tative risk estimates include (1) calculating the patient’s
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pretest risk based on demographic, clinical, environmental,
and other genetic variables; (2) selecting and integrating the
published data used to calculate the updated risk estimate; (3)
incorporating the effects of environmental variables; (4)
updating the risk model in an accurate and transparent
manner; and (5) appropriately expressing uncertainty sur-
rounding the calculated risk estimate in the clinical report.
Our work serves as a starting point for the structured

classification and reporting of risk alleles in clinical genetic
testing reports. We believe that the framework is generalizable
as it relies on concepts that have been established in ranking
the quality and replicability of association studies. However,
we acknowledge that it has thus far only been tested on a very
small number of variants, making it likely that rules will need
to be refined and expanded over time. We look forward to
continued advancement and harmonization on this subject
within the broader clinical genetics community. A first step
toward community engagement is now underway via a
working group assembled by the Clinical Genome Resource
(ClinGen) with the goal of producing a classification
methodology with broad community input.
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