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Abstract

Clinical guidelines consider expanded carrier screening (ECS) to be an acceptable

method of carrier screening. However, broader guideline support and payer adop-

tion require evidence for associations between the genes on ECS panels and the

conditions for which they aim to identify carriers. We applied a standardized fra-

mework for evaluation of gene‐disease association to assess the clinical validity of

conditions screened by ECS panels. The Clinical Genome Resource (ClinGen) gene

curation framework was used to assess genetic and experimental evidence of as-

sociations between 208 genes and conditions screened on two commercial ECS

panels. Twenty‐one conditions were previously classified by ClinGen, and the re-

maining 187 were evaluated by curation teams at two laboratories. To ensure

consistent application of the framework across the laboratories, concordance was

evaluated on a subset of conditions. All 208 evaluated conditions met the evidence

threshold for supporting a gene‐disease association. Furthermore, 203 of 208 (98%)

achieved the strongest (“Definitive”) level of gene‐disease association. All conditions

evaluated by both commercial laboratories were similarly classified. Assessment

using the ClinGen standardized framework revealed strong evidence of gene‐disease
association for conditions on two ECS panels. This result establishes the disease‐
level clinical validity of the panels considered herein.
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1 | INTRODUCTION

A genetic test has clinical validity if it accurately detects genetic

variations associated with clinical outcomes of interest. For screening

panels comprised of tens to hundreds of single‐gene disorders, clin-

ical validity is demonstrated, in part, by evidence of association

between each gene and its ostensibly associated condition. Clinicians

offering testing to their patients must have confidence that the role

of a gene in disease causation is well established so that accurate

diagnoses can be made and appropriate management undertaken

based on the test result. Evidence demonstrating clinical validity is

often a foundational requirement for clinical guidelines to support
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genetic testing (Grody et al., 2013; National Academies of Sciences

Engineering & Medicine, 2017). Similarly, insurers cite the lack of

clinical validity evidence as a reason for noncoverage of some genetic

tests (Chambers et al., 2017).

The purpose of carrier screening is to determine whether cou-

ples are at high risk of having children affected with serious genetic

conditions, allowing for informed reproductive decision‐making and

pregnancy management. The number of gene‐disease pairs currently

available for carrier screening varies across laboratories, with some

offering screening for only a few conditions and others offering

screening for hundreds (termed expanded carrier screening or ECS).

Many factors influence laboratories’ selection of conditions that are

included on ECS panels, such as the severity of the condition and its

prevalence in the population, as well as the screen's clinical sensi-

tivity for pathogenic variants (Beauchamp et al., 2018; Ben‐Shachar,
Svenson, Goldberg, & Muzzey 2019; Kaseniit et al., 2019). The

American College of Obstetricians and Gynecologists (ACOG) sug-

gests that conditions selected for panel inclusion meet several cri-

teria, including a carrier frequency of 1 in 100 or greater, a

detrimental effect on quality of life, and a well‐defined phenotype

(American College of Obstetricians & Gynecologists Committee on

Genetics, 2017). This latter criterion can by quantifed by evaluating

gene‐disease association. Established clinical validity at the level of

gene‐disease association is necessary because important re-

productive and pregnancy management decisions are made based on

results. To our knowledge, no systematic evaluations of gene‐disease
associations on ECS panels have been undertaken.

The Clinical Genome Resource (ClinGen) (Rehm et al., 2015) has

developed a framework to classify gene‐disease relationships by the

quantity and quality of the evidence supporting such a relationship

(Strande et al., 2017). The framework provides a system by which

supporting and contradictory gene‐disease association evidence can

be organized and then categorized by strength, resulting in a quan-

tification of clinical validity for the gene‐disease relationship being

interrogated. Evidence classifications that are supportive of an as-

sociation include “Definitive,” “Strong,” “Moderate,” and “Limited.”

Contradictory classifications include “Disputed” and “Refuted.” A

classification of “No reported evidence” indicates no reported pa-

thogenic or likely pathogenic variants in humans.

The ClinGen gene‐disease association framework has been ap-

plied in a number of disease‐specific areas to determine the clinical

validity of genes included on panels (DiStefano et al., 2019; Hosseini

et al., 2018; Ingles et al., 2019; Lee et al., 2019; McGlaughon

et al., 2019; Renard et al., 2018; Seifert et al., 2019). For example, of

21 genes included on panels assessing single‐gene causes of Brugada

syndrome, an arrhythmia condition that increases risk for sudden

cardiac death, only one gene (SCN5A) was classified as having Defi-

nitive evidence of clinical validity, while the remaining 20 were

classified as Disputed (Hosseini et al., 2018). The study concluded

that more evidence was needed before genes other than SCN5A are

tested as the cause of Brugada syndrome (Hosseini et al., 2018).

Another study applied the framework to 31 genes associated with

hereditary cancer syndromes (Lee et al., 2019). The study classified

the evidence as supportive for 25 genes (Definitive for 18, Moderate

for 1, and Limited for 6), and as contradictory (Disputed) for three

genes; it found no reported evidence for two genes. The authors

suggested that their results could be used to optimize the design of

hereditary cancer panels (Lee et al., 2019).

In this study, we have used the ClinGen framework to assess the

clinical validity of the gene‐disease relationship for more than 200

autosomal recessive and X‐linked conditions included on commer-

cially available ECS panels.

2 | METHODS

2.1 | Editorial policies and ethical considerations

This study did not involve human participants and, therefore, was

not subject to ethical review or institutional review board

approval.

2.2 | Gene curation framework

The ClinGen gene curation framework provides a method to evaluate

the strength of a gene‐disease association (Strande et al., 2017).

According to this framework, papers published in peer‐reviewed

journals are curated for different evidence types, specifically genetic

and experimental evidence. Genetic evidence includes case‐level data
(e.g., studies describing individuals with variants in the gene of in-

terest and segregation analysis) and case‐control data. Experimental

evidence is grouped into three main categories: functional evidence

(e.g., biochemical, protein interactions, expression), functional al-

teration evidence (e.g., the gene or gene product function is altered in

patient or nonpatient cells with candidate mutations), and models/

rescue evidence (e.g., replication of the disease in a model organism

or model system, and rescue of the disease phenotype with wild‐type
gene or gene product). Curated genetic and experimental evidence

from the literature is gathered and assigned points; higher point

values reflect stronger support for the association (see Gene Cura-

tion below). For example, model/rescue experiments are assigned

higher default points (1–2 points) than function experiments (0.5

points). The maximum number of points obtainable for genetic and

experimental evidence is 12 and 6 points, respectively. Following

data collection, annotation, and summing the evidence points, one of

seven possible clinical validity classifications is assigned to each

gene‐disease pair. Supportive classifications are based on the total

point sum and qualify the level of support for the association:

“Definitive” (12–18 points plus replication over time, i.e., three or

more independent publications with convincing evidence over a time

frame greater than 3 years), “Strong” (12–18 points without re-

plication over time), “Moderate” (7–11 points), and “Limited”

(1–6 points). Further, a classification of “No Reported Evidence” is

applied to gene‐disease pairs for which there are no reports of pa-

tients with the disease having pathogenic or likely pathogenic
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variants in the gene. Two classifications exist within the framework

for gene‐disease associations with contradictory evidence: “Dis-

puted” is applied when valid contradictory evidence has arisen since

the initial gene‐disease association claim, and “Refuted” is applied

when the gene‐disease association has been fully refuted by valid

contradictory evidence since the time of the original claim.

2.3 | Gene curation

The ClinGen framework was applied to 208 gene‐disease pairs included

in commercially available ECS panels by Myriad Women's Health

(Foresight) and Baylor Genetics (GeneAware). The 208 gene‐disease
pairs were curated independently at Myriad and/or Baylor as described

below and as listed in Table S1. Each gene curation team consisted of

gene curators and a laboratory director. Gene curators (who are spe-

cially trained scientists with Masters and/or Ph.D. degrees) followed the

ClinGen Gene Curation Standard Operation Procedure, Version 5

(ClinGen SOP) (The Clinical Genome Resource Gene Curation Working

Group, 2017). Curation could be discontinued once a “Definitive” clas-

sification was reached: that is, once ≥12 points of genetic evidence had

been amassed and at least two pieces of experimental evidence had

been curated from two or more independent papers (nonoverlapping

clinical studies produced by different groups), and the “replication over

time” criteria had been met (The Clinical Genome Resource Gene

Curation Working Group, 2017). Each gene‐disease pair was curated by

a single curator, and then laboratory directors reviewed all gene cura-

tions for appropriate application of the framework and point assign-

ments; evaluated contradictory evidence, if any; assessed consistency;

recommended changes when needed; and approved gene curations that

met review criteria. In cases of very rare or founder variants, we fol-

lowed guidance outlined in the ClinGen SOP. Further, for founder

variants, we applied additional rigor by counting cases with the same

genotype only once.

A set of 21 gene‐disease pairs were curated independently by both

Myriad and Baylor to determine the level of classification concordance

between the two institutions. These gene‐disease pairs were chosen to

represent both average difficulty curations (those with clear case and

experimental data or clear mechanism of action, e.g.) and challenging

curations (those with few cases or experimental studies, e.g.). When

conflicting classifications occurred, laboratory directors from the two

laboratories worked through the ClinGen framework together, ensuring

strict adherence to the ClinGen SOP. During this process, evidence was

re‐reviewed, combined where applicable, and the appropriate assignment

of points agreed upon by both laboratory directors to reach a classifi-

cation. ClinGen gene curation expert panels had previously curated and

assigned clinical validity classifications to an additional 21 gene‐disease
pairs that were included in the ECS panels evaluated in this study

(DiStefano et al., 2019; McGlaughon et al., 2019; The Clinical Genome

Resource); we did not reapply the framework to these 21 genes

(Table S1). In addition to the 208 conditions included on Myriad's and

Baylor's ECS panels, Myriad also evaluated nine rare recessive conditions

not typically screened during ECS (Table S2). All classifications have been

submitted to ClinGen for public availability, and all evidence reviewed is

included in Table S3.

3 | RESULTS

The gene‐disease relationship of each of 208 conditions included on

two commercially available ECS panels was evaluated using the

ClinGen framework. In total, more than 2,000 pieces of evidence

were included in the final classifications, with each gene‐disease pair

having a median of 11 pieces of evidence (Figure 1 and Table S3). Of

the 208 conditions, 203 (98%) were found to have a Definitive as-

sociation, the strongest level of evidence for clinical validity (Figure 1

and Table 1; Table S1). Of the remaining five conditions, four were

classified as having Moderate evidence and one was classified as

having Limited evidence (Figure 1 and Table 1; Table S1). Notably, all

evaluated conditions were classified into categories in the supportive

clinical validity range, that is, no conditions had Refuted, Disputed, or

No reported evidence. We also evaluated nine rare recessive con-

ditions not routinely screened in a general population, but sometimes

screened only in select high‐risk groups, such as Ashkenazi Jewish

individuals. This was intended to provide a comparison of ClinGen

classification outputs for conditions that are more rare than those

commonly screened by ECS panels. In contrast to the commonly

screened conditions, the nine rare conditions predominantly showed

either Moderate or Limited evidence (Table 1 and Table S2); these

categories are still considered supportive of clinical validity.

Next, we examined the distribution of quantitative genetic and

experimental scores (Figure 1a shows close‐up examples of the 196

scores shown in Figure 1b). With replication over time, these scores

were used to determine the ClinGen classification of each gene‐
disease relationship. Most gene‐disease pairs had the maximum

possible genetic score of 12 (Figure 1, pink; Table S3). Experimental

scores were more uniformly distributed across the possible range

(i.e., the green‐shaded bars in Figure 1 range from 0.5 to 6); this likely

occurs because upon reaching the highest classification status (De-

finitive), a curator may discontinue the experimental literature

search. Finally, as a check of concordance across curating labora-

tories, we compared total scores for the 21 conditions that were

jointly curated. Nineteen of the 21 conditions were classified con-

cordantly as Definitive. The other two gene‐disease pairs (SLC35A3—

autism spectrum disorder/epilepsy/arthrogryposis and TMEM216—

Joubert syndrome 2/Meckel syndrome Type 2) were classified dis-

cordantly, with Myriad classifying both as Moderate and Baylor

classifying both as Definitive (notably, both were in the Supportive

evidence category). After discussion between the two teams, con-

sensus was reached on Moderate classifications for both (Table S1).

4 | DISCUSSION

An ECS panel has clinical validity if it correctly discovers pathogenic

variants in the panel's genes that determine carrier status for the
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screened conditions. Accordingly, evidence of the following demon-

strates clinical validity: (a) the ECS accurately identifies variants in

genes of interest, (b) the ECS correctly classifies the discovered

variants as pathogenic or not, and (c) pathogenic variants in the

genes of interest are associated with carrier status of the panel's

conditions. The first has been demonstrated via analytical validation

of a large ECS panel (Hogan et al., 2018), where sensitivity and

specificity were both >99% for single nucleotide variants and indels.

The second was demonstrated by the comparison of variant classi-

fication concordance between a commercial ECS offering and the

consensus in ClinVar (Kaseniit et al., 2019); notably, classifications

were 99% concordant, with fewer than 1 in 500 of those tested

expected to carry a variant with disputed classification. The third is

addressed in this study, which used a widely accepted and standar-

dized framework to show that >97.5% of genes screened by the

superset of two large ECS panels are definitively associated with the

specified condition. Taken together, these three lines of evidence

strongly establish the clinical validity of ECS.

Importantly, by evaluating gene‐disease association via sys-

tematic application of the ClinGen framework, this study addresses

ACOG's criterion that conditions included on ECS panels have a well‐
defined phenotype (American College of Obstetricians & Gynecolo-

gists Committee on Genetics, 2017). All 208 genes evaluated showed

supportive gene‐disease association evidence. Applying a stringent

interpretation of this criterion would result in 203 of the 208 eval-

uated conditions being appropriate to consider for inclusion on ECS

panels, as these were classified at the highest level of evidence of

gene‐disease association (Definitive).

Several important considerations are prompted by our study.

First, many criteria should be assessed when implementing ECS, and

having clinical validity is not sufficient reason alone to include a

condition on an ECS panel (Henneman et al., 2016). For instance,

ACOG suggests that conditions meet several of the following criteria:

have a carrier frequency of 1 in 100 or greater, have a detrimental

effect on quality of life, cause cognitive or physical impairment, re-

quire surgical or medical intervention, and have the ability to be

diagnosed prenatally (American College of Obstetricians &

Gynecologists Committee on Genetics, 2017). Therefore, mild or

exceedingly rare conditions may not warrant inclusion, even if gene‐
disease association is clear, because they do not meet many of these

criteria. Second, although the 208 genes studied here were almost

entirely classified as having Definitive clinical validity evidence, such

F IGURE 1 Application of ClinGen framework to expanded carrier
screening conditions shows predominantly definitive gene‐disease
associations. (a) The evidence underlying four representative gene‐
disease pairs are shown, where each segment of the bar graph
indicates the type of evidence (color, see key) and score (width of the
segment). Classifications are indicated by the gray‐shaded regions.

(b) Bar graphs as in (a) are shown for the 196 gene‐disease pairs
classified by Myriad and/or Baylor (for the 21 gene‐disease pairs
classified by both, only the Myriad data is shown for visual clarity.)
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supportive classifications may not generalize to extremely large pa-

nels; thus, it is incumbent upon ECS laboratories to undertake clinical

validity evaluations when designing panels. Third, we anticipate that

larger panels that screen for very rare conditions may have un-

established clinical validity; eight of nine (89%) rare recessive con-

ditions analyzed in this study had less than Definitive gene‐disease
association, as compared to only 2.5% with non‐Definitive evidence

for conditions on the panels.

A number of different multigene panel tests, including those

assessing hereditary cancer syndrome risk, cardiac and thoracic

condition diagnosis, and underlying causes of hearing loss, have been

evaluated by application of the ClinGen clinical validity framework

(DiStefano et al., 2019; Ingles et al., 2019; Lee et al., 2019; Renard

et al., 2018; Seifert et al., 2019). The ability of the ClinGen framework

to be applied in an evidence‐based and systematic manner in many

different disease areas is a testament to its strength as a tool for

clinical validity assessment of monogenic conditions. Additionally,

rigorous application of its decisive scoring mechanism by curators

with clinical domain expertise controls for potential subjectivity

among curators as to the weight of different types of evidence. In-

deed, in this study, 19/21 (90%) classifications were concordant, and

all showed supportive evidence for a gene‐disease association.

As new evidence emerges, gene‐disease association classifica-

tions may change, particularly for those with lower point totals at

initial curation, such as Limited, No Reported Evidence, or Contra-

dictory Evidence categories. In this study, one gene, HYLS1, was

classified as having Limited evidence, the lowest of the supportive

categories. In several studies applying the ClinGen framework, dis-

cussion of genes classified as Limited has noted the need to regularly

revisit curations so that new evidence can be assessed (Grant

et al., 2018; McGlaughon et al., 2019; Renard et al., 2018).

McGlaughon,Goldstein, Thaxton, Hemphill, and Berg (2018) retro-

spectively analyzed classifications of 22 gene‐disease pairs curated

yearly, and found that gene‐disease associations at the low end of the

Limited point range (<2 points) are more likely to remain Limited or

become Disputed/Refuted than those initially scored in mid to upper

Limited point range (2–6 points) (McGlaughon et al., 2018). Notably,

HYLS1 was scored at 5.5 points (near the upper bound of the Limited

point range), suggesting that it will remain in the supportive clinical

validity category. ACMG recently published technical standards,

based on the ClinGen evidence categories, for laboratories designing

diagnostic sequencing panels (Bean et al., 2020). These technical

standards suggest that gene‐disease pairs that fall into the Limited

classification should be considered as “genes of uncertain sig-

nificance” rather than supportive of clinical validity (Bean

et al., 2020). Since the evidence bar for gene‐disease association is

generally considered higher for screening an unaffected population

than for diagnostic settings in which an individual is already symp-

tomatic, laboratories should evaluate the appropriateness of includ-

ing genes with a Limited classification on ECS panels. Importantly,

several other factors contribute to a laboratory's decision to include

genes on ECS panels, including whether they meet ACOG's severity

and prevalence criteria (American College of Obstetricians &

Gynecologists Committee on Genetics, 2017). For example, HYLS1‐
associated hydrolethalus syndrome has an extremely severe pheno-

type characterized by craniofacial abnormalities; malformations of

the limbs, heart, genitalia, and respiratory system; and hydrocephaly

with absent upper midline structures. Most affected individuals are

either stillborn or die shortly after birth (Honkala et al., 2009; Paetau

et al., 2008). In considering this gene for inclusion on an ECS panel,

laboratories must balance the imperative of identifying couples at

risk for this serious condition with gene‐disease association evidence,

carrier frequency, and clinical sensitivity for pathogenic variants.

Limitations to this study should be noted. First, though the

ClinGen framework should result in the same classification even

when applied by different curators, we cannot guarantee that other

curators would have categorized the conditions identically to this

study. Second, and related to the first, one curation team in-

dependently categorized more conditions than the other; if a bias

toward stronger or weaker classifications existed in the team that

completed more curations, it may have skewed the results. However,

we checked the consistency of curations between the two teams by

curating an overlapping set of 21 conditions, and found >90% initial

concordance (and eventual consensus on the remainder). And third,

the categorizations represent the state of the evidence at the time

that the curations were completed. As noted previously, additional

evidence may emerge over time, changing the classification; however,

due to the already rigorous evidence requirements for supportive

classifications, additional evidence is likely to increase the strength of

the association, rather than weaken it (McGlaughon et al., 2018).

Our study showed that the vast majority of conditions on the ECS

panels explored herein have definitive support for gene‐disease associa-

tion, a critical component of ECS clinical validity and ACOG‐
recommended criteria for condition inclusion on ECS panels. Established

clinical validity is necessary to provide clinicians with the confidence that

test results are accurate indicators of disease causation. This is especially

important in the carrier screening setting, in which results guide re-

productive and pregnancy management decisions.
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