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• Differences in 
variant 
classification: 
• Laboratories 

interpreting the 
same variants 

• Data sharing 
through ClinVar and 
other sources

Variant Interpretation

Concordant
75%

VUS vs LB/B
22%

P/LP vs VUS/LB/B
3%

ClinVar Variants with >= 2 submitters 
(164,226)





PAH - NM_000277.2:c.1147C>T (p.Gln383Ter)

PAH established causal gene for 
phenylketonuria (PKU)  

• Variant is loss-of-function and in a gene 
in which loss-of-function causes disease

• PVS1 applied

• Variant found in 1/16,254 (0.006%) in 
African chromosomes in gnomAD

• PM2 applied

• Variant observed in 1 proband with 
classic PKU who also carried variant 
p.Arg408Trp in trans (variant called 
Pathogenic by 18 labs in ClinVar)

• PM3 applied

• In total have PVS1, PM2, and PM3 
applied = 1 Pathogenic VeryStrong and 
2 Pathogenic Moderate



PAH - NM_000277.2:c.1147C>T (p.Gln383Ter)

• In total have PVS1, PM2, and PM3 
applied = 1 Pathogenic VeryStrong and 
2 Pathogenic Moderate



Outcome of Discrepancy Resolution

PMID: 28301460

• Implementation of ACMG/AMP 
guidelines has increased 
interpretation concordance 
between labs

• >1/3 discrepancies due to 
differences in classification 
algorithms

• Inconsistencies in application 
of ACMG/AMP criteria



The Clinical Genome Resource (ClinGen)
Purpose: Create an 
authoritative central 
resource that defines the 
clinical relevance of genes 
and variants for use in 
precision medicine and 
research.

• Funded by NIH/NHGRI
• >1400 people from 

>200 institutions 
worldwide



ACMG/AMP Rules

Gene and disease level 
specifications of the 

ACMG/AMP framework

ClinGen Sequence Variant Interpretation WG
● Support Variant Curation 

Expert Panel groups 
developing gene- and 
disease-specific 
refinements of the 
ACMG/AMP guidelines

● Develop general 
recommendations for using 
the ACMG/AMP guidelines 
to improve consistency in 
usage and transparency in 
classification rationale



Sequence Variant Interpretation (SVI) Approval of EPs

Criteria requiring 
gene/disease specification

Criteria with completed SVI 
recommendation

Criteria with SVI 
recommendation in 

progress



SVI Webpage – clinicalgenome.org/svi

• General SVI guidance

• All approved VCEP 
specifications

• Publications

• Membership
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To document strength-modified evidence, ClinGen 
recommends using the original criteria code followed 
by an underscore and new level of strength

Pathogenic

Supporting Moderate Strong
Segregation
Data

Co-segregation with 
disease in multiple 
affected family
members 
PP1



To document strength-modified evidence, ClinGen 
recommends using the original criteria code followed 
by an underscore and new level of strength

Pathogenic

Supporting Moderate Strong
Segregation
Data

Co-segregation with 
disease in multiple 
affected family
members 
PP1

# Co-segregation with 
disease in multiple 
affected family
members 
PP1_Moderate

## Co-segregation with 
disease in multiple 
affected family
members 
PP1_Strong



• Recommendations for 3 key areas:
• Allele frequency data
• Variant type and location
• Patient data

• Criteria combinations

Workshop Outline



Allele Frequency Data

• BA1 (Benign StandAlone) = Allele frequency is >5% in Exome 
Sequencing Project, 1000 Genomes Project, or Exome Aggregation 
Consortium

• BS1 (Benign Strong) = Allele frequency is greater than expected for 
disorder

• PM2 (Pathogenic Moderate) = Absent from controls (or at extremely low 
frequency if recessive) in Exome Sequencing Project, 1000 Genomes 
Project, or Exome Aggregation Consortium



Proposed BA1 (from ClinGen’s SVI WG): 
Allele frequency is >5% in any general continental 
population dataset of at least 2,000 alleles for a gene 
without a gene- or variant-specific recommendation



Proposed BA1: 
Allele frequency is >5% in any general continental 
population dataset of at least 2,000 alleles for a gene 
without a gene- or variant-specific recommendation

• Can compare to individual, continental 
populations (>2,000 alleles)

• Tested individual does not need to 
match ethnic origin of population 
dataset used
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Allele frequency is >5% in any general continental 
population dataset of at least 2,000 alleles for a gene 
without a gene- or variant-specific recommendation



Proposed BA1: 
Allele frequency is >5% in any general continental 
population dataset of at least 2,000 alleles for a gene 
without a gene- or variant-specific recommendation

 For most disorders, >5% is an order 
of magnitude higher than necessary

 Exception list for non-benign alleles 
>5% in continental populations



https://www.clinicalgenome.org/working-groups/sequence-variant-interpretation/



BA1 Exception List (variants >5% but not Benign)



https://www.clinicalgenome.org/working-groups/sequence-variant-interpretation/



Proposed BA1: 
Allele frequency is >5% in any general continental 
population dataset of at least 2,000 alleles for a gene 
without a gene- or variant-specific recommendation

 How to determine a gene-specific threshold??



Great tool to help determine AF thresholds:
https://cardiodb.org/allelefrequencyapp/

Whiffin et al 2017; PMID: 28518168

Prevalence X Heterogeneity
Penetrance

= MAXIMUM CREDIBLE POP FREQ FOR DISEASE

https://cardiodb.org/allelefrequencyapp/


https://cardiodb.org/allelefrequencyapp/

https://cardiodb.org/allelefrequencyapp/


Approach for conditions with genetic heterogeneity

Pick most common 
condition = threshold 
can be applied to all 

variants

Pick gene with highest 
contribution = threshold 

can be applied to all 
genes associated w/ 

condition



Hypertrophic Cardiomyopathy – Determination of BA1 threshold
Allele Frequency Data Collection

Prevalence

Most common estimate 
(individuals): 1/200

Least common estimate
(individuals): 1/500

Heterogeneity

Top gene contributor
to disease: MYH7

Gene accounts for X%: 12%
Top variant contributor to 

disease:
R502W 
(MYBPC3)

Variant accounts for X%: 2%
Penetrance

Highest estimate: 70%
Lowest estimate: 30%
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Hypertrophic Cardiomyopathy – Determination of BA1 threshold



• Exome Aggregation Consortium (ExAC) - http://exac.broadinstitute.org/
• 60,706 individuals (121,412 alleles)
• ~60% of ESP samples are in ExAC (3,936/6,503)
• ~74% of 1000G samples are in ExAC (1,851/2,504)

• Genome Aggregation Database (gnomAD) - http://gnomad.broadinstitute.org/
• 138,632 individuals (277,264 alleles) 

• 123,136 exomes (includes all of ExAC) 
• 15,496 genomes

Population Database Resources

http://exac.broadinstitute.org/
http://gnomad.broadinstitute.org/


Filtering Allele Frequency “FAF”



Filtering Allele Frequency “FAF”

FAF functions as equivalent to a 
lower bound estimate for the true 
allele frequency of an observed 
variant 

(i.e., the FAF for a given variant will 
always be lower than the calculated 
allele frequency)



Filtering Allele Frequency “FAF”

Compare FAF to calculated 
Maximum Credible Population AF

If the variant’s FAF is GREATER
than Max Credible Pop AF, the 
variant is too common to cause 
disease  



Allele Frequency Data

• PM2 (Pathogenic Moderate) = Absent from controls (or at 
extremely low frequency if recessive) in Exome Sequencing 
Project, 1000 Genomes Project, or Exome Aggregation Consortium

• For dominant disorders – “absent” or “within pathogenic range”?



“We have made every effort to exclude individuals with severe 
pediatric diseases from the gnomAD data set, and certainly do not 
expect our data set to be enriched for such individuals, but we typically 
cannot rule out the possibility that some of our participants do actually 
suffer from your disease of interest.”

-gnomAD & ExAC FAQ page

ExAC individual age range:
• >70% of individuals between the ages of 40-79 
• <10% below the age of 40

ExAC/gnomAD Data



Allele Frequency Data

• PM2 (Pathogenic Moderate) = Absent from controls (or at 
extremely low frequency if recessive) in Exome Sequencing 
Project, 1000 Genomes Project, or Exome Aggregation Consortium

• For dominant disorders – “absent” or “within pathogenic range”?

• Adult-onset disorders, ExAC/gnomAD individuals could be viewed 
as “general population” instead of “controls”



Allele Frequency Data

ClinGen WG specifications of PM2 threshold:
RASopathy - AD Absent

CDH1 (gastric cancer / lobular breast cancer) - AD <0.00001 (0.001%)

PTEN (PTEN hamartoma tumor syndrome) - AD <0.00001 (0.001%)

Hearing loss - AD <0.00002 (0.002%)

Cardiomyopathy - AD <0.00004 (0.004%)

Hearing loss - AR <0.00007 (0.007%)

PAH (Phenylketonuria) - AR <0.0002 (0.02%)



Allele Frequency Data



• Recommendations for 3 key areas:
• Allele frequency data
• Variant type and location
• Patient data

• Criteria combinations

Workshop Outline





1.For this gene, do loss-of-function variants cause disease?
2.Does the variant actually cause loss-of-function?



SVI Guidance - https://www.clinicalgenome.org/svi/

Recommendations:
Is LoF is a mechanism?
Is variant truly LoF?



Is LoF a mechanism of disease??



Scores Haplioinsufficienty and Triplosensitively on 0-3 pt scale:
• 3:Sufficient evidence suggesting dosage sensitivity is associated with clinical phenotype
• 2:Emerging evidence suggesting dosage sensitivity is associated with clinical phenotype
• 1:Little evidence suggesting dosage sensitivity is associated with clinical phenotype
• 0:No evidence to suggest that dosage sensitivity is associated with clinical phenotype



https://www.clinicalgenome.org





• pLI score = probability that a given gene is extremely intolerant of  
heterozygous loss-of-function variation

• Closer to 1.0 – more LOF intolerant the gene appears to be
• pLI > 0.9 are extremely LOF intolerant

• Observed/expected (oe) ratio (0-1):
• Expected number of LOF variants
• Observed number of LOF variants
• Lower oe values (i.e., closer to 0) are indicative of strong LoF intolerance
• Threshold of <0.35 for the upper bound of the oe confidence interval was 

suggested as a measure of significant LoF depletion

• However, pLI and oe are predictors – will not always be accurate
• Applicable for DOMINANT disorders
• Selection is largely blind to phenotypes emerging after reproductive age

Tolerant of Loss of Function Variants – Population Data











NM_000256.3(MYBPC3):c.3297dup (p.Tyr1100Valfs*49)



NM_000256.3(MYBPC3):c.3297dup (p.Tyr1100Valfs*49)



NM_000256.3(MYBPC3):c.3297dup (p.Tyr1100Valfs*49)





NM_000256.3(MYBPC3):c.3297dup (p.Tyr1100Valfs*49)



NM_000256.3(MYBPC3):c.3297dup (p.Tyr1100Valfs*49)



Gene Missense z-score
Calculated by comparing 

the expected versus 
observed number of 
missense variants

Regional constraint score
Compares expected versus 
observed for specific regions 

of a gene

Missense Variants (PP2 and PM1)



Suggests GENE
is missense 
constrained 
(z > 3.09)

MYH7 – Gene Constraint



MYH7 – Regional Constraint (only in ExAC)



MYH7 – Regional Constraint (only in ExAC)



MYH7 – Regional Constraint (only in ExAC)



Gene Missense z-score
Calculated by comparing 

the expected versus 
observed number of 
missense variants

DRAFT PROPOSAL:
Applicable if Z score > 3.00

Regional constraint score
Compares expected versus 
observed for specific regions 

of a gene

CAUTION: Missense constraint z-score could be high simply because one region of the 
gene is highly constrained



• Recommendations for 3 key areas:
• Allele frequency data
• Variant type and location
• Patient data

• Criteria combinations

Workshop Outline



How to account for multiple probands with consistent phenotypes?



How to account for multiple probands with consistent phenotypes?

Application of case-level evidence does not need to be met by 
case currently in front of you
ANY case that meets criteria can be used



De novo
(without 
paternity & 
maternity 
confirmed) 
PM6

De novo
(paternity & 
maternity 
confirmed)
PS2

Strong Strong Very StrongModerateSupporting Supporting

Benign Pathogenic

De Novo Data





SVI Guidance - https://www.clinicalgenome.org/svi/





A de novo NIPBL variant in 3 probands….

• Confirmed de novo in one patient with 
Cornelia de Lange syndrome (2 pt)

• Assumed de novo in one patient with 
Cornelia de Lange syndrome (1 pt)

• Assumed de novo in another patient 
with Cornelia de Lange syndrome (1 pt)

Total of 4 points (2+1+1) = 
VeryStrong



Recessive Disorders – PM3

SVI revision to PM3: For recessive disorders, detected in trans with a 
pathogenic or likely pathogenic variant in an affected patient



Recessive Disorders – Elevate PM3 strength

Amendola et al; Table 1 



Recessive Disorders – Elevate PM3 strength

PM3_Supporting PM3 PM3_Strong PM3_VeryStrong

0.5 points 1.0 points 2.0 points 4.0 points



Variant found 5 
probands:

2 homozygous 
occurrences (0.5 pts 
each; 1 pt)

3 probands with 
confirmed pathogenic 
variant in trans (1.0 pts 
each; 3 pts)

TOTAL: 4.0 pts
PM3_VeryStrong



Dominant Disorders – Modify Strength of PS4



Dominant Disorders – Modify Strength of PS4

Variant identified in # probands 
with consistent phenotypes
PS4_Supporting

Absent in population databases
PM2

Variant identified in ## probands 
with consistent phenotypes
PS4_Moderate

Prevalence in affecteds statistically 
increased over controls  (OR 
method)

Variant identified in ### probands 
with consistent phenotypes
PS4

StrongModerateSupporting

PS4 could be used for typical case-control studies with an OR
OR

PS4 could be used for multiple unrelated probands with 
consistent phenotypes



PS4 Specification PM2 
SpecificationSupporting Moderate Strong

RASopathy 1 proband 3 probands 5 probands Strictly absent

PTEN 1 proband 2 probands 4 probands <0.001%

CDH1 1 proband 2 probands 4 probands <0.001%

Hearing Loss 2 probands 6 probands 15 probands <0.002%

Cardiomyopathy 2 probands 6 probands 15 probands <0.004%

Comparison of PS4 specification across disease areas



Found in case with 
an alternative cause
BP5

Patient’s phenotype 
or FH highly 
specific for gene 
PP4

Strong Strong Very StrongModerateSupporting Supporting

Benign Pathogenic

Patient phenotype highly specific - PP4



Found in case with 
an alternative cause
BP5

Patient’s phenotype 
or FH highly 
specific for gene 
PP4

Strong Strong Very StrongModerateSupporting Supporting

Benign Pathogenic

Patient phenotype highly specific - PP4

PP4 – applicable for non-genetic confirmation testing
• PAH group:

• Plasma phenylalanine > 120 umol/L
• Mitochondrial:

• Reduction in electron transport chain activity in patient cells



How to account for multiple probands with consistent phenotypes?



How to account for multiple probands with consistent phenotypes?

PS4 spectrum –
count probands 
(dominant)

PM3 spectrum –
count probands 
(recessive)



How to account for multiple probands with consistent phenotypes?

PS4 spectrum –
count probands 
(dominant)

PM3 spectrum –
count probands 
(recessive)

PM6/PS2 spectrum –
≥1 de novo 
occurrence



How to account for multiple probands with consistent phenotypes?

PS4 spectrum –
count probands 
(dominant)

PM3 spectrum –
count probands 
(recessive)

PM6/PS2 spectrum –
≥1 de novo 
occurrence

PP4 – ≥1 proband 
meeting criteria
(should NOT be used 
to count probands)



• Recommendations for 3 key areas:
• Allele frequency data
• Variant type and location
• Patient data

• Criteria combinations

Workshop Outline



Bayes formulation of ACMG/AMP guidelines

-18.7Odds Path: -2.08 2.08 4.33 18.7 350

Tavtigian et al 2018

• Help determine the relative weight of a piece of evidence
• Is “absence” (PM2) really 4.33:1 odds of pathogenicity?
• For PP3, at what threshold does a REVEL score reach 2.08:1 odds of 

pathogenicity?



Bayes formulation of ACMG/AMP guidelines

-18.7Odds Path: -2.08 2.08 4.33 18.7 350

-4Odds Path: -1 1 2 4 8

≤ -7 -1 to -6 0 to 5 6 to 9 ≥ 10

ACMG/AMP – compatible point system

Tavtigian et al 2018

Tavtigian et al 2020



● Better understanding of variants with conflicting evidence

● PS4 + PM1 + PM6 + PP1_Moderate = Pathogenic (10 pts)
● PS4 + PM1 + PM6 + PP1_Moderate + BP2 = Likely pathogenic (9 pts)
● PS4 + PM1 + PM6 + PP1_Moderate + BP2 + BS3 = Uncertain significance (5 pts)

<-6 -6 to -1 0-5 6-9 ≥10

Advantages of point approach to ACMG/AMP guidelines



Advantages of point approach to ACMG/AMP guidelines
● Allows for criteria combinations not listed in the 2015 ACMG guidelines

○ LoF variant (PVS1; 8 pts) + absent from controls (PM2_Supporting; 1 pt) = 
Likely pathogenic (9 pts)

● Differentiation of VUS category (0-5 pts)
○ In silico damaging impact (PP3) = Uncertain significance (1 pt)
○ In silico damaging impact (PP3) + in critical function domain (PM1) + found in 

trans with pathogenic variant (PM3) = Uncertain significance (5 pts)

<-6 -6 to -1 0-5 6-9 ≥10
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