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Abstract

Clinical interpretation of DNA sequence variants is a critical step in reporting clinical genetic 

testing results. Application of next-generation sequencing technology in molecular genetic testing 

has facilitated diagnoses of genetic disorders in clinical practice. However, the large number of 

DNA sequence variants detected in clinical specimens, many of which have never been seen 

before, make clinical interpretation challenging. Recommendations by the American College of 

Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG/AMP) 

have been widely adopted by clinical laboratories around the world to guide clinical interpretation 

of sequence variants. The ClinGen Sequence Variant Interpretation Working Group and various 

disease-specific variant curation expert panels have also developed specifications for the 

ACMG/AMP recommendations. Despite these efforts to standardize variant interpretation in 

clinical practice, different laboratories may subjectively use professional judgment to determine 

which criteria are applicable when classifying a variant. In addition, clinicians and researchers 

who are not familiar with the variant interpretation process may have difficulty understanding 

clinical genetic reports and communicating the clinical significance of genetic testing results. Here 

we provide a step-by-step protocol for clinical interpretation of sequence variants, including 

practical examples. By following this protocol, clinical laboratory geneticists can interpret the 

clinical significance of sequence variants according to the ACMG/AMP recommendations and 

ClinGen framework. Furthermore, this article will help clinicians and researchers to understand 

variant classification in clinical genetic testing reports and evaluate the quality of the reports.

Basic Protocol—Interpreting the clinical significance of sequence variants

Support Protocol—Reevaluating the clinical significance of sequence variants
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INTRODUCTION

Clinical use of next-generation sequencing (NGS) has improved the ability to diagnose rare 

genetic disorders and increased the number of sequence variants encountered in clinical 

settings. Typically, 200,000–400,000 or 3,900,000 sequence variants are identified per 

patient following whole-exome or whole-genome sequencing, respectively (Lionel et al., 

2018; Yang et al., 2013). Hundreds of clinical variants with possible clinical significance 

remain even after multistage filtering, and it is challenging to identify the disease-causing 

variants among them. Proper interpretation of the clinical significance of these variants is 

key to high-quality clinical genetic reporting (Current Protocols article Song, Duzkale, & 

Shen, 2018).

In 2015, the American College of Medical Genetics and Genomics (ACMG) and the 

Association for Molecular Pathology (AMP) published updated recommendations for 

standards and guidelines in sequence variant interpretation (Richards et al., 2015). These 

recommendations were intended to help clinical laboratories determine the clinical 

significance of a sequence variant and avoid associating variants with disease without 

sufficient evidence. They defined a five-tier framework for classifying variants as 

“pathogenic,” “likely pathogenic,” “uncertain significance,” “likely benign” or “benign” 

according to criteria that address levels of evidence for pathogenicity. Each criterion was 

assigned a code consisting of two to three letters and a number. The first letter indicates a 

direction, pathogenic (P) or benign (B); the following letter(s) denotes the level of strength: 

very strong (VS), strong (S), moderate (M), supporting (P), and stand-alone (A); the number 

acts as a serial number to distinguish criteria of the same strength. Combinations of different 

evidence are used to determine the classification of a sequence variant (Richards et al., 

2015).

Richards et al. (2015) recognized that further specifications are required to ensure that the 

guidelines are suitable for each particular disorder. The guidelines are being further 

developed through the ClinGen Sequence Variant Interpretation (SVI) Working Group 

(referred to as SVI) and various disease-specific Variant Curation Expert Panel (VCEP) 

Working Groups in the US. The SVI aims to support the refinement and evolution of the 

guidelines and develop quantitative approaches to variant interpretation. They have proposed 

general recommendations for ACMG/AMP criteria, including PVS1 (Abou Tayoun et al., 

2018), BA1 (Ghosh et al., 2018), PS3/BS3 (Brnich et al., 2019), PP5/BP6 (Biesecker, 

Harrison, & ClinGen SVI, 2018), PS2/PM6, and PM3, and have approved 26 disease-

specific VCEPs that are establishing disease/gene-specific guidelines (Current Protocols 

article Harrison, Biesecker, & Rehm, 2019; Gelb et al., 2018; Kelly et al., 2018; Lee et al., 

2018; Luo et al., 2019; Mester et al., 2018; Oza et al., 2018; Zastrow et al., 2018). Although 

standardized efforts are being made, the subjectivity of criterion selection can still lead to 

inconsistent classification of variants across clinical laboratories (Amendola et al., 2016; 

Balmana et al., 2016; Harrison et al., 2017; Pepin et al., 2016).

The ACMG/AMP recommendations have been widely adopted in clinical practice 

worldwide. In the UK, the Association for Clinical Genomic Science (ACGS) recommended 
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adoption of the ACMG/AMP recommendations in 2016 and has updated their specifications 

annually ever since (Ellard et al., 2020). In China, The ACMG/AMP recommendations were 

translated into Chinese by the Chinese Board of Genetic Counseling (CBGC) in 2017, but 

no detailed specifications have been released since publication of the translated 

recommendations.

New evidence emerges constantly over time. New cases with sequence variants are 

identified, relevant databases are updated, and new scientific discoveries about genes are 

published every day. It is therefore important to periodically reevaluate clinical significance 

and reclassify variants using updated information, especially for variants without a definitive 

classification. In this article, we provide two protocols. A Basic Protocol describes step-by-

step procedures for interpreting sequence variants in a clinical setting. Practical examples 

are provided using updated information according to the ACMG/AMP and ClinGen 

recommendations. A Support Protocol describes step-by-step procedures for reevaluating the 

clinical significance of sequence variants.

STRATEGIC PLANNING

Sequence variant interpretation is a complicated aspect of clinical genetic testing. Strategic 

planning is, therefore, essential. The workflow for sequence variant interpretation is divided 

into five sections: verification of variant nomenclature, evaluation of population data, 

evaluation of case data, variant-type-specific analysis, and computational predictions (Fig. 

1). An interpretation is made if the evidence is sufficient to classify the variant. It is not 

necessary to follow all steps in the workflow.

Basic Protocol: INTERPRETATING THE CLINICAL SIGNIFICANCE OF SEQUENCE 
VARIANTS

Proper variant interpretation is critical for generating an accurate genetic testing report, 

which guides the diagnosis and management of patients with a genetic disorder. The 

following protocol describes the step-by-step procedures for sequence variant interpretation 

according to the ACMG/AMP and ClinGen recommendations. Practical examples and notes 

are provided for better usage. Users should be able to interpret the clinical significance of 

sequence variants as practiced in clinical genetic testing laboratories by following this 

protocol.

Materials

• Hardware: Any internet-enabled computer.

• Software: Up-to-date web browsing software (e.g., Chrome, Safari, Internet 

Explorer).

• Files: variants to be interpreted and raw data from the laboratory (may be in 

various formats)

• Variant nomenclature verification tools:

○ Mutalyzer (https://mutalyzer.nl/) (Wildeman, van Ophuizen, den 

Dunnen, & Taschner, 2008)
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○ VariantValidator (https://variantvalidator.org/) (Freeman, Hart, Gretton, 

Brookes, & Dalgleish, 2018)

○ Human Genome Variation Society (HGVS) recommendations for 

sequence variant nomenclature (https://varnomen.hgvs.org/) (den 

Dunnen et al., 2016)

• Integrated databases:

○ VarSome (https://varsome.com/) (Kopanos et al., 2019)

○ VarCards (http://varcards.biols.ac.cn/) (Li et al., 2018)

○ Mastermind Genomic Search Engine (https://

mastermind.genomenon.com/)

○ wANNOVAR (http://wannovar.wglab.org/) (Yang & Wang, 2015)

• Population databases:

○ Genome Aggregation Database (gnomAD) (https://

gnomad.broadinstitute.org/)

○ Bravo (https://bravo.sph.umich.edu/)

○ Chinese Millionome Database (CMDB) (https://db.cngb.org/cmdb/)

• Variant databases:

○ ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/)

○ Human Gene Mutation Database (HGMD) (license required for 

professional version) (http://www.hgmd.org/) (Stenson et al., 2017)

○ Leiden Open Variation Database (LOVD) (https://www.lovd.nl/) 

(Fokkema et al., 2011)

○ ClinGen Evidence Repository (https://erepo.clinicalgenome.org/

evrepo/)

○ Simple ClinVar (http://simple-clinvar.broadinstitute.org/) (Perez-Palma, 

Gramm, Nurnberg, May, & Lal, 2019)

• Literature search tools:

○ PubMed (https://pubmed.ncbi.nlm.nih.gov/)

○ Google Scholar (https://scholar.google.com/)

○ LitVar (https://www.ncbi.nlm.nih.gov/CBBresearch/Lu/Demo/LitVar/)

○ variant2literature (https://variant2literature.taigenomics.com/) (Lin et 

al., 2019)

○ Variant Information Search Tool (VIST) (https://vist.informatik.hu-

berlin.de/) (Seva et al., 2019)

• Gene-disease association databases:
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○ ClinGen (https://www.clinicalgenome.org/)

○ OMIM (https://www.omim.org/)

○ GeneReviews (https://www.ncbi.nlm.nih.gov/books/NBK1116/)

○ ClinGen Dosage Sensitivity Map (https://dosage.clinicalgenome.org/)

○ DECIPHER (https://decipher.sanger.ac.uk/)

○ Monarch Disease Ontology (MONDO) (https://www.ebi.ac.uk/ols/

ontologies/mondo/) (Mungall et al., 2017)

○ Orphanet (https://www.orpha.net/)

• Genome browsers and sequence databases:

○ UCSC Genome Browser (https://genome.ucsc.edu/)

○ RefSeq (https://www.ncbi.nlm.nih.gov/refseq/)

○ Locus Reference Genomic (LRG) (https://www.lrg-sequence.org/)

○ Ensembl Genome Browser (https://www.ensembl.org/)

• Computational prediction tools:

○ Protein Variation Effect Analyzer (PROVEAN) (http://

provean.jcvi.org/) (Choi & Chan, 2015)

○ MutationTaster (http://mutationtaster.org/) (Schwarz, Cooper, 

Schuelke, & Seelow, 2014)

○ PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) (Current Protocols 

article Adzhubei, Jordan, & Sunyaev, 2013)

○ Human Splicing Finder (http://www.umd.be/HSF3/index.html/) 

(Desmet et al., 2009)

○ MaxEntScan (http://hollywood.mit.edu/burgelab/maxent/

Xmaxentscan_scoreseq.html) (Yeo & Burge, 2004)

○ NNSPLICE (http://www.fruitfly.org/seq_tools/splice.html) (Reese, 

Eeckman, Kulp, & Haussler, 1997)

○ SpliceAI (https://github.com/Illumina/SpliceAI) (Jaganathan et al., 

2019)

○ subRVIS (http://subrvis.org/) (Gussow, Petrovski, Wang, Allen, & 

Goldstein, 2016)

○ Pathogenic Variant Enriched Regions (PER) viewer (http://

per.broadinstitute.org/) (Perez-Palma et al., 2020)

○ Constrained Coding Regions (CCRs) Browser (http://www.rebrand.ly/

ccrregions/) (Havrilla, Pedersen, Layer, & Quinlan, 2019)

○ MISCAST (http://miscast.broadinstitute.org/) (Iqbal et al., 2020)
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○ Rare Exome Variant Ensembl Learner (REVEL) (https://

sites.google.com/site/revelgenomics/) (Ioannidis et al., 2016)

○ ClinPred (https://sites.google.com/site/clinpred/) (Alirezaie, Kernohan, 

Hartley, Majewski, & Hocking, 2018)

• Other useful tools:

○ alleleFrequencyApp (https://www.cardiodb.org/allelefrequencyapp/) 

(Whiffin et al., 2017)

○ Automatic PVS1 (AutoPVS1) interpretation tool (http://

autopvs1.genetics.bgi.com/) (Xiang, Peng, & Peng, 2019)

○ MedCalc (https://www.medcalc.org/calc/odds_ratio.php/)

○ InterVar (http://wintervar.wglab.org/) (Li & Wang, 2017)

• Sequence variant interpretation resources:

○ ACMG/AMP recommendations for standards and guidelines for 

sequence variant interpretation (Richards et al., 2015). A list of 
ACMG/AMP evidence criteria can be found in Table 3, and rules for 
combining criteria to classify variants are found in Table 5.

○ ClinGen General Sequence Variant Curation Process SOP (https://

clinicalgenome.org/docs/variant-curation-sop/)

○ SVI webpage (https://clinicalgenome.org/working-groups/sequence-

variant-interpretation/)

○ ACGS Best Practice Guidelines for Variant Classification in Rare 

Disease (https://www.acgs.uk.com/quality/best-practice-guidelines/

#VariantGuidelines)

Verify variant nomenclature

1. Obtain raw variant data.

Raw sequence variant data may be in various formats. The minimum requirement 

is the ability to uniquely define a sequence variant. This requires a human 

reference sequence, the position coordinate corresponding to the selected 

reference sequence, and the change in the sequence.

2. Check variant nomenclature. Go to Mutalyzer website and click the “Name 

Check” tool, or go to VarSome or VariantValidator and enter the variant.

Free user registration is required to use VarSome. VarSome uses a user-friendly 

search engine that can recognize variants in many different formats. A full list of 

acceptable formats can be found at https://varsome.com/about/examples/.

Outputs of the above tools include many different formats describing the same 

variant, including many forms of standard variant nomenclature according to 
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Human Genome Variation Society (HGVS) recommendations (den Dunnen et 

al., 2016).

It is important to make sure there are no errors. Errors often arise from typos, 

incorrect reference accession ID or version, or incorrect position coordinates. 

Correct any error(s) before proceeding to the next step.

3. Identify the clinically relevant transcript of the gene by checking ClinVar or 

HGMD. If a reference transcript for the gene is not defined in ClinVar or 

HGMD, it is necessary to curate clinically relevant transcripts.

Clinical interpretation of sequence variants depends on using consistent 

nomenclature that uniquely defines a sequence variant. There are often multiple 

transcripts of many genes. It is important to annotate variants using clinically 

relevant transcripts. Canonical transcripts, often defined as ones with the longest 

coding sequence, are commonly chosen for variant annotation; however, the 

“canonical” transcript is not always clinically relevant. The systematic strategy 

for curating clinically relevant transcripts of hearing loss genes (DiStefano et al., 

2018) can be used as a reference for other genes.

4. Optional : Use the “Position Converter” tool in Mutalyzer to convert variant 

nomenclature and select the correct nomenclature with clinically relevant 

transcript as the reference.

Example : The NM_001193495.1(ADAR):c.-615_-614del variant can be 

converted to NM_001111.4(ADAR):c.271_272del, 

NM_015840.3(ADAR):c.271_272del, 

NM_001025107.2(ADAR):c.-615_-614del, and so on by using the Mutalyzer 

“Position Converter” tool. NM_001111.4 is translated into the clinically relevant 

p150 isoform of ADAR causing dyschromatosis symmetrica hereditaria (Zhang 

et al., 2013). Therefore, NM_001111.4(ADAR):c.271_272del is the preferred 

choice for further interpretation.

Evaluate population data

5. Query variant population frequency. A simple way is to search gnomAD (https://

gnomad.broadinstitute.org/). Go to the website, select data set version v2.1.1, 

and search by gene, region, or variant. However, we recommend using VarSome, 

VarCards, Mastermind, or wANNOVAR to query multiple databases for a more 

comprehensive result.

Large population databases, such as gnomAD and Bravo, have been widely used 

to obtain population allele frequency information. These databases have also 

been integrated into many online tools, such as those listed in this step, so that 

multiple databases can be queried simultaneously.

Example : Input “NM_004004.6(GJB2):c.109G>A,” “GJB2 c.109G>A,” “GJB2 

Val37Ile,” “GJB2 V37I,” or “chr13-20763612-C-T” in the VarSome search box 

to query information about the variant of NM_004004.6(GJB2):c.109G>A, p.

(Val37Ile). On the variant page, click “Frequencies” on the right panel to view 
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the population frequencies of the variant in gnomAD, Kaviar, and Bravo. Click 

on “View this on gnomAD Browser” to access detailed variant information in 

gnomAD.

6. Apply one of the following criteria to the variant to be classified based on its 

population allele frequency according to the ACMG/AMP and ClinGen 

recommendations. Use ClinGen allele frequency thresholds specified by VCEPs 

whenever available. If specifications are not available, use the following four 

general ACMG/AMP criteria related to population data evaluation (Richards et 

al., 2015):

a. BA1 (allele frequency >5%): The updated statement proposed by the 

SVI is: “Allele frequency is >0.05 in any general continental 

population dataset of at least 2,000 observed alleles and found in a 

gene without a gene- or variant-specific BA1 modification” (Ghosh et 

al., 2018). It is important to note that some variants in continental 

populations with a frequency of >0.05 have also been found to be 

pathogenic. SVI provided an exception list for non-benign alleles with 

a frequency of >0.05 (Ghosh et al., 2018). Apply BA1 if the population 

allele frequency is >0.05 and the variant is not on the exception list.

The BA1 exception list and nomination form can be found on the SVI 

webpage (https://www.clinicalgenome.org/working-groups/sequence-

variant-interpretation/).

Example: The NM_004004.6(GJB2):c.109G>A variant has an allele 

frequency of 0.08345 in the East Asian population, but it is classified 

as pathogenic (Shen et al., 2019). This variant was on the BA1 

exception list (Ghosh et al., 2018).

b. BS1 (allele frequency higher than expected): An online 

alleleFrequencyApp (Whiffin et al., 2017) can be used to calculate the 

maximum credible population allele frequency by adjusting parameters 

that describe the genetic architecture of the disorder. It can also 

calculate the maximum tolerated allele count in a specific reference 

population (such as in gnomAD) based on the size of the population 

and at a user-specified confidence level. Apply BS1 if the population 

allele frequency is greater than the maximum credible population allele 

frequency without conflicting evidence.

c. BS2 (variant observed in healthy adult individuals): The evidence can 

be accessed from gnomAD, the literature, or in-house data. gnomAD 

shows the age distribution of heterozygous or homozygous variant 

carriers. Use caution if a low number of individuals is observed in 

gnomAD when the disease is adult-onset or has variable penetrance/

expressivity. Apply BS2 if it is reasonable to believe that individuals 

with the variant in large population databases are truly unaffected.
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d. PM2 (absent/rare in population databases): The threshold proposed for 

dominant disorders is “within pathogenic range” but not “absent.” The 

gnomAD population should be viewed as “the general population” 

rather than as “unaffected controls.” Although individuals with severe 

pediatric diseases have been excluded from the gnomAD dataset, 

particular disorders with adult onset or incomplete penetrance cannot 

be ruled out.

Query literature/database and in-house evidence

7. Search the literature to obtain cases with the variant to be interpreted. Variant 

databases such as ClinVar, HGMD, LOVD, and ClinGen Evidence Repository 

can be used to query previously reported cases with the variant. “Variants in 

Papers” tracks from the UCSC genome browser can be used to obtain variants 

extracted from full-text publications gathered by Mastermind and Automatic 

Variant evidence DAtabase (AVADA) (Birgmeier et al., 2020). Identify 

references associated with the cases and obtain the full-text articles.

ClinVar, HGMD, and LOVD variants have been linked to UCSC genome 

browser tracks for query. Protocols have been published for using ClinVar and 

HGMD (see Current Protocols articles Harrison et al., 2016; Stenson et al., 

2012). Certain variants in ClinVar are assigned review status with 3 or 4 stars, 

for which the interpretation can be adopted directly. Literature review is 

mandatory for other variants.

8. Perform a literature search using search engines if no publications have been 

found by searching databases. PubMed and Google Scholar are commonly used. 

Other useful tools, including variant2literature (Lin et al., 2019), LitVar, 

Mastermind Genomic Search Engine, and Variant Information Search Tool 

(VIST) (Seva et al., 2019) can extract information on a variant from text or 

images, thus allowing the search to be more efficient.

Consult the ClinGen General Sequence Variant Curation Process SOP (https://

clinicalgenome.org/docs/variant-curation-sop/) for detailed guidance regarding 

literature searches and curation.

9. Retrieve case information from public databases, publications, and in-house 

databases. Case information includes phenotype descriptions of affected 

individuals, number of affected probands, pedigree structures of affected 

probands, affected status and genotypes of proband family members, and ethnic 

origins.

Double-check the clinical information in publications from the same authors or 

institutions to avoid recounting the same probands or families.

Example : The NM_004523.4(KIF11):c.139C>T variant has been reported in 

three publications (Hazan et al., 2012; Jones et al., 2014; Robitaille et al., 2014), 

all of them described the same Turkish proband with microcephaly, 
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lymphedema, and chorioretinal dysplasia (Hazan et al., 2012). In this situation, 

duplicated counting of the proband should be avoided.

10. Apply PP4 to the variant to be classified if the phenotype or family history is 

specific to the condition. This criterion can be used when the patient’s 

phenotype is consistent with a highly specific genetic etiology. The usage of PP4 

should not be restricted to diseases with single genetic etiology. The criterion is 

applicable if a disorder has a limited number of genetic etiologies and all those 

genes have been tested. This strength has also been proposed to upgrade to a 

moderate or strong level in some VCEPs.

Example : PP4 can be applied to the PAH variant identified in a phenylketonuria 

patient with plasma Phe > 120 μM and normal BH4 cofactor metabolism, 

according to ClinGen PAH expert panel specifications (Zastrow et al., 2018).

11. Evaluate case-control data and previously reported rare cases.

a. Apply PS4 to the variant to be classified based on case-control 

statistics on variants that are relatively common. Count cases and 

controls based on genotypes and stratified by ethnic origins. Calculate 

odds ratios (OR), p values, 95% confidence intervals (CI), and z-

statistics using MedCalc or other statistical tools. Apply PS4 if OR > 

5.0 and CI does not include 1.0.

Although aggregated population data in gnomAD can be used as a 

control, individually determined genotype data from laboratories are 

more powerful. Statistical analyses on ethnicity-stratified 

subpopulations should be used to avoid different ethnic compositions 

of cases and controls as a confounding factor (Shen et al., 2019).

Example : The GJB2 p.(Val37Ile) variant was observed with the 

highest frequency in the East Asian population. Shen et al. (2019) 

compared frequencies of individuals with this variant between cases 

and controls. The homozygote of the variant is statistically enriched in 

cases with OR = 20 (95% CI 17–24, Z = 31, p < 0.0001). It was still 

significant when ethnicity-stratified subpopulation analysis was 

performed (OR = 12, 95% CI = 9.1–15, Z = 19, p < 0.0001). Therefore, 

the PS4 criterion can be applied.

b. Apply a modified strength of PS4 to the variant when it has been 

previously identified in unrelated affected individual(s) and is absent 

from large population databases (meeting PM2). Case-control analysis 

cannot be performed for rare variants associated with rare disorders due 

to small sample sizes that do not provide sufficient power to reach 

statistical significance. Based on the Bayesian approach to the 

ACMG/AMG recommendations, an exponential increase in thresholds 

as the strength level increases has been suggested (Tavtigian et al., 

2018). The threshold for “PS4_Supporting,” “PS4_Moderate,” “PS4,” 

and “PS4_Very Strong” has been specified as 1, 2, 4, and 16 previously 
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reported cases or scores, respectively (Lee et al., 2018; Mester et al., 

2018).

The modified strength of PS4 is most applicable to autosomal 

dominant or X-linked diseases. For autosomal recessive diseases, use 

adjusted PM3 instead.

12. Determine the segregation of a variant with disease phenotypes in pedigrees 

with affected patients. Apply PP1 with an appropriate strength level if a variant 

was found to co-segregate with multiple affected family members. Apply BS4 if 

there is a lack of segregation of a variant with affected members. The ClinGen 

Gene Curation Working Group and Hearing Loss Working Group have proposed 

recommendations for segregation evaluation and calculating a simplified 

estimated logarithm of the odds (LOD) score (Oza et al., 2018; Strande et al., 

2017). Although the Hearing Loss Working Group has referenced an SVI 

general recommendation, the formal SVI recommendation is still under 

development. Based on the recommendations from the Hearing Loss Working 

Group, the strength level for “PP1,” “PP1_Moderate,” and “PP1_Strong” may 

be 0.6, 1.2, and 1.5 of LOD scores, respectively (Oza et al., 2018).

a. Segregation counting: Generally, the number of affected segregations 

will be the number of affected individuals minus one, but there may be 

exceptions. For dominant or X-linked disorders, segregations from 

affected individuals (genotype+, phenotype+) and obligate carriers 

(regardless of phenotype) are counted. For recessive disorders, 

segregations from affected individuals and unaffected individuals 

(typically siblings who are at risk to inherit the two variants identified 

in the proband) are counted.

b. Calculate LOD scores: Use one of the following equations to calculate 

LOD scores for dominant/X-linked or recessive segregations. The LOD 

scores calculated in different families with the same variant can be 

added to assign a final score. The final LOD score is then used to 

determine the applicable level of strength of the evidence.

Equation for dominant/X-linked segregations:

Z LOD score = log10
1

0.5 # segregations

Equation for recessive segregations:

Z LOD score = log10
1

0.25# affected segregations × 0.75# unaffected segregations

It should be noted that the limit for counting segregations is different for gene curation and 

variant curation. For gene curation, families with <4 affected segregations for dominant/X-

linked disorders, or <3 affected individuals for recessive disorders, cannot be included in a 
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segregation analysis (https://clinicalgenome.org/working-groups/gene-curation/). For variant 

curation, two affected segregations for dominant/X-linked disorders, or one affected 

segregation for recessive disorders, are sufficient to apply PP1 according to the ClinGen 

Hearing Loss Working Group recommendations (Oza et al., 2018).

BS4 may be applied for an affected individual without the specific variant (genotype−, 

phenotype+), but not for unaffected individuals with the variant because of age-related 

penetrance and variable expression.

A simplified method for calculating N for segregation analysis has been proposed (Jarvik & 

Browning, 2016). The authors recommended that the N threshold should be smaller if the 

evidence of segregation comes from one family, instead of two or more families, simply 

because of the concern that evidence from one family can be generated by the physical 

linkage between the observed variant and an unobserved causal variant.

Example : The NM_001009944.3(PKD1):c.7288C>T, p.(Arg2430*) variant was detected in 

a family with polycystic kidney disease (Fig. 2). Although the genotypes of II-1 and II-3 are 

unknown, they are counted as obligate carriers because they connect two affected members 

with a positive genotype. There are five segregations in this family, as illustrated by colored 

lines. III-2 harbors the variant but is unaffected, and therefore it should not be considered as 

a segregation. The estimated LOD score for five segregations is 1.5, and thus “PP1_Strong” 

may be applied. III-2 does not count as a non-segregation, because the penetrance of the 

condition may be age-dependent and III-2 is still young.

13. Apply PS2 or PM6 to the variant to be classified based on de novo occurrence 

evaluation. The SVI has specified these criteria using a point-based system. The 

strength of these criteria is adjustable based on the following evidence: 

confirmed or assumed parental status, phenotypic consistency, and the number 

of de novo observations. The detailed SVI recommendation for de novo criteria 

(PS2 & PM6) can be found on the SVI webpage (https://

www.clinicalgenome.org/working-groups/sequence-variant-interpretation/).

Example: A patient with early-onset seizures has a de novo 
NM_003042.4(SLC6A1):c.1070C>A variant. Parental identities were 

confirmed. The variant is awarded one point, because it is confirmed de novo 
and the patient’s phenotype is consistent with the disease associated with 

SLC6A1. However, having seizures is not a highly specific phenotype. The 

variant has not been reported in the literature or patient databases. Therefore, 

PS2_Moderate is applied according to the SVI recommendation for de novo 
criteria.

14. Evaluate the cis/trans phase of the variants when multiple variants in the same 

gene are identified.

a. For recessive disorders, if a variant is detected in trans with a 

pathogenic or likely pathogenic variant in an affected individual, PM3 

may be applied. The strength may be adjusted depending on the 

number of cases with trans phase and the allele frequency of the 
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variant. If a variant is detected in cis with a pathogenic or likely 

pathogenic variant, apply BP2. The SVI specified the PM3 criterion 

using a comprehensive point-based system based on allele frequency, 

phasing, variant classification, and zygosity. The detailed SVI 

recommendation for in trans criteria (PM3) can be found on the SVI 

webpage (https://clinicalgenome.org/working-groups/sequence-variant-

interpretation/).

b. For dominant disorders, apply BP2 to the variant to be classified if it is 

observed in cis with a pathogenic or likely pathogenic variant, or in 
trans with a pathogenic or likely pathogenic variant with complete 

penetrance.

Example: The NM_00277.3(PAH):c.1197A>T, p.(Val399=) variant 

was confirmed to be in trans with the pathogenic variant p.(Arg408Trp) 

(award 1.0 point) in a proband, and with the likely pathogenic variant 

p.(Ala434Asp) in another proband (award 1.0 point) (Gu et al., 2014). 

In another study, the variant was reported as homozygous in five 

probands (award 1.0 point, as the maximum points allowed for 

homozygous occurrence is 1.0). The variant was detected with another 

pathogenic variant Tyr356* in 9 probands but the phase was unknown 

(4.5 points) (Liu et al., 2017). The population allele frequency is 

<0.0001 in gnomAD. Therefore, PM3_Very Strong is applied as the 

combined points (7.5 points) reach the Very Strong threshold.

15. Apply BP5 to the variant to be classified if an alternate molecular basis that can 

explain the patient’s phenotype has been identified. Generally, this criterion is 

more applicable to dominant disorders with an obvious alternate mechanism. For 

recessive disorders, incidental carriers can harbor pathogenic variants unrelated 

to the disease phenotype.

Use caution for multigenic disorders and disorders in which multiple variants 

can contribute to more severe phenotypes.

Example : In a Chinese family with hypertrophic cardiomyopathy (HCM), 

Zhang et al. (2017) reported that family members harboring the heterozygous 

NM_000256.3(MYBPC3):c.3624del variant presented less-severe phenotypes 

than those with this variant plus the heterozygous 

NM_201596.3(CACNB2):c.1598C>T variant. Because −15%-50% of familial 

HCM patients have been observed to harbor two heterozygous variants and this 

has been speculated to result in a more severe HCM phenotype (Emrahi, Tabrizi, 

Gharehsouran, Ardebili, & Estiar, 2016; Zhao et al., 2017), BP5 should not be 

applied in this case.

16. Evaluate experimental evidence in functional studies. Apply PS3 if well-

controlled reproducible functional assays prove a damaging effect. Apply BS3 if 

validated functional assays show no effect of the variant on the gene or gene 

product. The evidence strength may be adjusted based on the validity of the 
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assay and the effective size of the impact. Generally, in vivo studies provide 

stronger evidence than in vitro studies, and assays that rescue phenotypes 

provide stronger evidence than assays manipulating them. Current 

recommendations of VCEPs for functional assays were comparatively analyzed 

(Kanavy et al., 2019). A structured approach to evaluate functional assays for 

variant interpretation has been proposed by the SVI (Brnich et al., 2019) and 

should be consulted. The approach includes an assessment of the clinical 

validity of functional assays and a four-step decision tree for determining the 

strength of criteria to be applied.

PS3 should only be used to evaluate functional data that demonstrate effect 

caused by the variant to be classified.

Perform variant-type-specific analysis

17. Null variants : PVS1 is applicable if a variant is predicted to lead to a null 

protein product where loss-of-function (LoF) is the known disease mechanism. 

These include nonsense mutations, frameshifts, ±1 or 2 canonical splice sites, 

initiation codons, and large deletions. PVS1 is the only criterion with a very 

strong strength level in the ACMG/AMP recommendations (Richards et al., 

2015). Recommendations for applying PVS1 (Abou Tayoun et al., 2018) have 

been published by the SVI, which provides a framework for evaluating whether 

LoF is the cause of disease and whether a variant causes LoF.

For large copy-number loss or gain variant, the ACMG/ClinGen technical 

standards for copy-number variant (CNV) interpretation (Riggs et al., 2019) 

should be consulted.

a. Determine if LoF is the disease mechanism. For recessive disorders, 

LoF is generally the disease mechanism (thus, proceed to step 17b). 

For dominant disorders, use the following two methods: (i) Access the 

ClinGen Dosage Sensitivity Map (https://www.ncbi.nlm.nih.gov/

projects/dbvar/clingen/) to check the dosage-sensitivity of a curated 

gene. If the gene has been established to cause disease due to 

haploinsufficiency (ClinGen HI score: 3), proceed to step 17b. (ii) For 

unestablished genes, the gnomAD pLI score (Lek et al., 2016) and 

DECIPHER HI index (Huang, Lee, Marcotte, & Hurles, 2010) can be 

used as HI predictors. Genes with high pLI scores (pLI ≥ 0.9) and high 

HI index ranks (0%–10%) are more likely to exhibit HI and more 

intolerance to LoF variants. However, these scores are just a predictor 

and will not always be accurate. Generally, they are not applicable to 

late-onset diseases occurring after reproductive age.

Example: The ClinGen Haploinsufficiency Score for ZEB2 is 3. This 

score means there is sufficient evidence suggesting that dosage 

sensitivity is associated with the clinical phenotype.

Example : LoF variants in BRCA1 have been curated as the mechanism 

of disease, although the gnomAD pLI is 0. This is an example where 
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pLI is an inaccurate predictor, because BRCA1 is associated with 

breast/ovarian cancer, which has age-related penetrance, and patients 

usually develop BRCA1-related cancer after reproductive age.

b. Evaluate whether a variant causes LoF. The SVI suggested using a 

PVS1 decision tree to determine the LoF effect of a variant in the 

context of gene structure and molecular etiology, such as alternative 

splicing or nonsense-mediated mRNA decay (NMD) (Abou Tayoun et 

al., 2018). An online automatic PVS1 interpretation (AutoPVS1) tool 

(Xiang et al., 2019) has been developed to facilitate determination of 

the PVS1 strength level for null variants. The strength level should be 

adjusted based on the clinical validity classification of the gene (refer 

to Table 1 in Abou Tayoun et al., 2018).

Example : NM_000441.1(SLC26A4):c.1920G>A, p.(Trp640*) is a 

nonsense variant and predicted to undergo NMD because it is located 

in exon 17/21 far from the NMD-resistant region. Exon 17 is present in 

the biologically relevant transcript of SLC26A4. SLC26A4 is 

definitively associated with autosomal recessive Pendred syndrome 

(https://search.clinicalgenome.org/kb/genes/HGNC:8818). Therefore, 

PVS1 can be applied.

18. Missense variants : Evaluate pathogenic/benign variant spectrum.

a. Apply PP2 if missense variants are a common cause of the disease. Use 

the gnomAD browser to check whether a gene is intolerant to missense 

variants. The SVI suggests a gene with a missense gene constraint z-

score > 3.09 is more likely to be intolerant of missense changes. The z-

score is calculated by comparing the expected versus the observed 

number of missense variants. The higher the z-score, the higher the 

constraint or intolerance to variation.

Example : COL1A1 has a missense gene constraint z- score of 3.53 in 

gnomAD (https://gnomad.broadinstitute.org/gene/ENSG00000108821?

dataset=gnomad_r2_1). Therefore, missense variants identified in 

COL1A1 meet PP2.

b. Apply BP1 if a missense variant is identified in a gene where the 

disease is primarily caused by truncations. Use Simple ClinVar (Perez-

Palma et al., 2019) to estimate the primary types of variants causing a 

disease. BP1 was proposed to apply if all or nearly all (e.g., >90%) of 

the disease-causing variants are truncations (Amendola et al., 2016).

Example : There are 180 pathogenic/likely pathogenic variants in 

ASPM when choosing the corresponding “clinical significance filter” 

in the Simple ClinVar. Of these, only three are missense variants (date 

of access: March 8, 2020). Therefore, missense variants in ASPM meet 

BP1.
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19. Missense variant : Evaluate variants affecting the same amino acid residue. 

Apply PS1 if the same missense change at an amino acid residue has been 

previously determined as pathogenic or likely pathogenic. Apply PM5 if a 

different missense change at the same amino acid residue has been previously 

determined as pathogenic or likely pathogenic. This information can be obtained 

from variant databases (e.g., ClinVar, HGMD) or from a literature search. 

Notably, variant2literature (Lin et al., 2019) has a “Position offset” option, 

which allows users to search neighboring variants of the query. VarSome can 

automatically link this information to PS1/PM5 in the “ACMG Classification” 

tab.

The other variant affecting the amino acid residue should be classified as 

pathogenic (or likely pathogenic) without depending on PS1 or PM5. Do not 

apply the same variant being assessed because it is not yet classified as 

pathogenic. Analysis of previously reported cases should use PS4 with an 

appropriate level of strength (see Step 11 above).

Example:When querying the COMP p.(Arg718Trp) variant using VarSome, 

PM5 is automatically checked in the “ACMG Classification” tab. The other 

missense variant at this codon, p.(Arg718Pro), is listed in the PM5 tab. Because 

p.(Arg718Pro) is classified as likely pathogenic, PM5 can be applied.

20. In-frame insertions or deletions : Evaluate repetitive region for in-frame 

insertion or deletion. Apply PM4 if in-frame indels or a stop loss is present in 

the nonrepeat region of a gene, and BP3 if an in-frame indel is in the repetitive 

region of a gene. In-frame indels and surrounding sequences can be accessed 

through the “Region Browser” tab in VarSome. The RepeatMasker track from 

the UCSC genome browser can be used to evaluate repetitive elements. The 

protocol for using RepeatMasker has been published (see Current Protocols 

article Tarailo-Graovac & Chen, 2009).

Example : NM_001453.3(FOXC1):c.1136_1141dup, p.(Gly379_Gly380dup) is 

an in-frame insertion variant in FOXC1, but is in a repetitive region 

(chr6:1611803-1611852) (GRCh37/hg19) marked by RepeatMasker. Thus, it 

meets the criterion for BP3.

Perform computational predictions

21. Missense variants : Apply PP3 to the variant to be classified if the REVEL score 

of a missense variant is >0.75. The SVI recommended a meta-predictor REVEL 

that combines 13 individual tools with high sensitivity and specificity compared 

to any single tool or to other Ensembl methods (Ioannidis et al., 2016). Apply 

BP4 if the REVEL score is low. Note, however, that the threshold for BP4 has 

not yet been proposed by the SVI. Some VCEPs have specified thresholds for 

BP4. A REVEL score ≤0.15 was recommended by the ClinGen Hearing Loss 

Working Group as the threshold for BP4, given that 95% of pathogenic variants 

at this range are excluded (Oza et al., 2018). VarSome and VarCards (J. Li et al., 

2018) can be used to retrieve REVEL and other predictors’ scores.
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The predictions are not always accurate for all variants. Professional judgment 

should be used when considering the prediction evidence.

VarCards contains a “damaging score,” which shows the proportion of in silico 

predictors predicted to be deleterious. Another meta-predictor included in 

VarCards, ClinPred (Alirezaie et al., 2018), can also be considered for use.

It should be noted that missense variants may alter splicing. Evaluation of 

splicing may occasionally be necessary.

Example : The NM_000095.2(COMP):c.2153G>C variant has a REVEL score 

of 0.9419, and thus meets PP3. The NM_001009944.2(PKD1):c.10529C>T 

variant has a REVEL score of 0.103, and only 1/23 algorithms in VarCards 

predict a damaging impact, so BP4 can be applied.

22. Silent, intronic, or missense variants : Apply PP3 to the variant to be classified if 

a noncanonical splice site variant is predicted to impact splicing. Apply BP7 if a 

silent variant is not highly conserved and is not predicted to impact splicing. 

Human Splicing Finder, MaxEntScan, NNSPLICE, and SpliceAI can be useful 

for predicting splicing effects. The database dbscSNV (Jian, Boerwinkle, & Liu, 

2014) includes all potential human SNVs within splicing consensus regions (−3 

to +8 at the 5’ splice site and −12 to +2 at the 3’ splice site) and two Ensembl 

prediction scores for predicting their potential for alternative splicing. If the 

adaptive boosting and random forest scores of a variant from dbscSNV are <0.6, 

then BP7 may be applied. These scores can be accessed through VarSome. 

Conservation scores of the nucleotide across species can be easily accessed 

through VarSome, VarCards, or most genome browsers. If abnormal splicing/

protein-level function is shown in functional studies, an appropriate strength 

level of PS3 should be used instead (Brnich et al., 2019).

PP3 should not be applied to canonical +/−1 or 2 splice variants to prevent 

double-counting the same predictive evidence used to assign PVS1.

Example : LRG_1191t1(JAG1):c.2917-8C>A is predicted to activate an intronic 

cryptic acceptor site by Human Splicing Finder. Further, cDNA sequencing 

indicates that the variant destroyed the intron 23/exon 24 splice acceptor site and 

activated a new stronger acceptor site in intron 23 (position c.2917-7/c.2917-6). 

Consequently, the intron 23 sequence from positions c.2917-6 to c.2917-1 

(TTTTAG) was inserted into the mutant transcript 

(r.2916_2917ins2917-6_2917-1; p.Gly973Phefs*2) (Chen, Liu, Chen, Zhang, & 

Xu, 2019). In this situation, an appropriate strength level of PS3 can be applied 

instead of PP3.

Example : The NM_022124.6(CDH23):c.4842G>C, p.(Leu1614=) variant is not 

predicted to affect splicing, and the position is not conserved (GERP++ rejected 

substitutions = 3.06, which is <6.8). Thus, the BP7 criterion is met.

23. In-frame insertions or deletion s : Apply PP3 or BP4 to an in-frame insertion or 

deletion if the variant is predicted to be detrimental or benign. For example, the 

ClinGen lysosomal storage disorders expert panel has proposed using 
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PROVEAN (Choi & Chan, 2015) and MutationTaster (Schwarz et al., 2014) to 

determine the potential functional effect and usage of PP3/BP4 criteria.

Example : BP4 may be applied to the NM_000218.2(KCNQ1):c.160_168dup 

variant, as it is predicted as “neutral” and “polymorphism” by PROVEAN and 

MutationTaster, respectively.

24. Missense variants or in-frame indels : Apply PM1 if a variant occurs within a 

mutational hot spot and/or critical and well-established functional domain. The 

SVI proposed using a regional missense constraint o/e score (Samocha et al., 

2017) to obtain the critical domain by comparing observed versus expected 

missense variants for specific regions of a gene. The regional missense 

constraint score can be accessed by selecting the ExAC dataset in the gnomAD 

browser. It is shown only for genes that exhibit regional missense constraints. 

This score can also be accessed via DECIPHER. Currently, the threshold of the 

regional missense constraint score to be used for PM1 has not been set by SVI. 

Several online tools are available to help determine functional domains of a 

particular gene.

a. The constraint coding regions (CCRs) Browser (Havrilla et al., 2019) 

can be used to search CCRs in the human genome. Higher CCR 

percentiles indicate more significant predicted constraints.

b. subRVIS (Gussow et al., 2016) can be used to plot functional domains 

or exons with a subRVIS score, which indicates how tolerant or 

intolerant a region is to functional variation.

c. PER viewer (Perez-Palma et al., 2020) can be used to plot pathogenic 

enriched regions (PERs) across genes and gene families.

d. MISCAST (Iqbal et al., 2020) can interpret the effect of missense 

variants on protein 3D structure in 1330 genes and thus provide 

structure-based insights into their biological impact.

PM1 only applies to missense variants and in-frame indels. The ACGS 

recommended an upgrade to be strong for particular amino acid residues that are 

critical for protein structure or function (Ellard et al., 2020). For example, 

invariant cysteines in the EGF-like calcium-binding domain of FBN1, cysteine 

substitutions that result in an uneven number of cysteine residues within an 

EGF-like repeat of NOTCH3, glycine substitutions in the Gly-X-Y repeat of 

collagen genes, and cysteine or histidine substitutions in C2H4 zinc fingers such 

as GLI3.

Classify variant

25. Combine all applied criteria to reach a classification according to the scoring 

rules in Table 5 of the ACMG/AMP recommendations (Richards et al., 2015).
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Some VCEPs have revised the original ACMG/AMP rules, so they should be 

consulted for guidance. Expert judgment should be applied when considering 

the evidence and assigning a classification.

Support Protocol

REEVALUATING THE CLINICAL SIGNIFICANCE OF SEQUENCE VARIANTS—
The growing use of NGS technologies not only increases the diagnostic yield in certain 

genetic disorders, but also increases the report of variants of uncertain significance (VUS) 

(Turner, Rao, Morgan, Vnencak-Jones, & Wiesner, 2019). With information regarding 

variant pathogenicity accumulated over time, these variants have a high rate of 

reclassification (Bennett et al., 2019; Mersch et al., 2018; SoRelle et al., 2019), thus 

requiring reevaluation on a routine basis. Recent studies of variant reevaluation of patients 

with inherited cancer and cardiac disease have shown that variant reclassifications have the 

potential to improve clinical management and reproductive choices (Slavin et al., 2019; So 

et al., 2019; Turner et al., 2019; Wong et al., 2019). The ACMG has published a statement 

on variant-level reevaluation (Deignan et al., 2019). They proposed that clinical laboratories 

should develop protocols or policies regarding variant reevaluation, external request, and 

counseling, as well as establish an up-to-date in-house database for reported variants 

(Deignan et al., 2019). Variant reevaluation involves consideration of new information and 

reassessment of the whole body of evidence. This protocol describes the initiation and 

procedures for variant reevaluation.

Materials

1. Initiate variant reevaluation. The initiation typically comes from periodic 

reevaluation specified by the laboratory. Laboratories can set an internal 

timeframe for periodic reevaluation. In ClinGen, the VCEPs are expected to 

reevaluate all likely pathogenic and VUS classifications at least every 2 years. 

Likely benign classifications are reevaluated when new population datasets 

become available (Rivera-Munoz et al., 2018). However, reevaluation should be 

triggered as soon as possible in certain circumstances, such as:

a. Upon external request.

b. Upon observation of a previously unclassified variant in a new patient 

or the literature.

c. Upon updating of population database or guidelines.

d. Prior to clinical decision making.

2. Reclassify variants (following the Basic Protocol) by considering all updated 

databases, literature, and in-house findings. Frequently updated information 

includes:

a. New findings from pedigree analysis or additional phenotypic 

information/family history that has developed over time.

b. Updated population database or variant databases.
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c. Cases with the same variant reported in the literature.

d. Improved computational algorithms for variant pathogenicity 

prediction.

Variant-level functional study.

3. Release an updated report if variant reclassification leads to a clinically 

significant change (e.g., a change from pathogenic/likely pathogenic to VUS/

benign/likely benign or vice versa).

4. Update variant databases, including in-house database and public databases (e.g., 

ClinVar).

COMMENTARY

Background Information

Understanding the gene-disease relationship is essential for accurately interpreting variants. 

Prior to following this protocol, laboratories should first check the gene-disease relationship, 

which can be queried through the ClinGen webpage (https://www.clinicalgenome.org/) or 

curated using the published framework (Strande et al., 2017). Useful gene-disease databases 

are also listed in this protocol. ClinGen has developed a framework for evaluating gene-

disease associations (Strande et al., 2017) using a semiquantitative measurement for the 

gene-disease relationship defined as: “definitive,” “strong,” “moderate,” “limited,” “no 

reported evidence,” or “conflicting evidence.” As indicated in the ACMG/AMP 

recommendations, variants found in genes with uncertain significance should always be 

classified as VUS (Richards et al., 2015).

Laboratories should also check whether variant-related genes/disorders have been specified 

by the ClinGen VCEPs. If the VCEPs have specifications, the sequence variant 

interpretation process should follow those specifications with the highest priority. Otherwise, 

a general sequence variant curation SOP proposed by the SVI should be consulted. The 

VCEPs and curation status can be found in the ClinGen Clinical Domain Working Groups 

website (https://clinicalgenome.org/working-groups/clinical-domain/). The SVI general 

recommendations and VCEPs specified variant interpretation guidelines are located at the 

SVI webpage (https://www.clinicalgenome.org/working-groups/sequence-variant-

interpretation/).

It should be noted that the SVI proposed to remove PP5/BP6 criteria from the ACMG/AMP 

framework (Biesecker et al., 2018). Thus, these criteria are not involved in this protocol.

The SVI has recommended using the original criteria code followed by an underscore and a 

new modified level of strength for modifications of ACMG/AMP criteria code (refer to 

“Guidance on how to rename criteria codes when strength of evidence is modified” on the 

SVI webpage). For example, co-segregation with disease in multiple affected family 

members is a criterion for pathogenicity at supporting strength level (PP1); however, this 

criterion can be upgraded to moderate (PP1_Moderate) or strong (PP1_Strong) with 

increasing segregations.
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Critical Parameters

Published literature, population and variant databases, in-house data, recommendations for 

guidelines, and online tools are constantly being updated. It is important to keep all 

resources up to date. In addition, collaboration with other laboratories will increase case 

information and enhance the ability to make accurate interpretations. Contributing variant 

and associated clinical information to ClinVar will help the community improve the variant 

interpretation process.
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Figure 1. Strategic planning workflow for sequence variant interpretation.
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Figure 2. Pedigree of a family with polycystic kidney disease.
Black solid circles/squares represent affected members; positive signs indicate members 

who harbor an NM_001009944.3(PKD1):c.7288C>T heterozygous variant; negative signs 

indicate members who were genotyped and do not harbor the variant; colored lines indicate 

five segregations in this family.
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