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ENIGMA: ClinGen Expert Panel for 
BRCA1 and BRCA2



Motivation for BRCA

● Lifetime risk of developing breast or 
ovarian with pathogenic BRCA 
mutation

● Men with pathogenic BRCA mutations 
are also at risk for prostate cancer

● Drug treatment: PARP inhibitors show 
effectiveness for BRCA1/2 patients

Familial 
Breast 
Cancer

No Familial 
Breast 
Cancer

General
Population 

BRCA variation is relatively common 
with well known medical implications



ENIGMA

BRCA Exchange
RESEARCH

ClinVar
submissions

ClinGen
Expert Panels

BRCA1/2

Data > ClinVar & BRCA 
Exchange;  Steering 

Committee Research projects

Algorithms for 
variant 

classification

Data integration:
ClinVar/BIC/LOVD

ExAC…..

BRCA EXCHANGE: BRCA DATA 
AGGREGATION AND ANALYSIS  
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Classification categories
Five-tier systems most used for germline disease risk variants
• ACMG – American College of Medical Genetics

• Richards et al Genet Med, 2015, 17: 405
• IARC – International Agency for Research into Cancer

• Plon et al Hum Mutat 2008, 29:1282
• also promotes research to classify variants where necessary

Variant Class
Predictive 
Testing of 
relatives

Surveillance 
for Relatives

Research 
Testing of 
Relatives

Pathogenic Yes Yes – high-risk No

Likely pathogenic Yes Yes- high-risk Yes

Uncertain No Based on family history & 
other risk factors Yes

Likely not pathogenic 
or Likely Benign No Treat as “no pathogenic 

variant detected” Yes

Not pathogenic or 
Benign No Treat as “no pathogenic 

variant detected” No
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Multifactorial Likelihood Analysis
Prior 

Probability of 
Pathogenicity

Likelihood 
Ratios or 

Odds Ratios 

Posterior 
Probability of 
Pathogenicity

Sequence
Variant

Quantitative 
classification

Amino acid 
conservation & 

physicochemistry

Bioinformatics

Splicing predictions

Clinical or 
experimental 

data

Functional data

Tumour features

Segregation

Family History

Co-occurrence with a 
pathogenic variant

Case-control data

• Find features that 
predict pathogenicity

•ER-neg high grade 
BRCA1 status

• Express differences 
between carriers & 
non-carriers as a ratio
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ENIGMA BRCA Classification 

• CI Domains disrupted*
• No predicted splicing

CI domains 
disrupted*

Lab evidence CI 
domain disrupted*

Check  against multiple datasets:
• Frequency >1% in an outbred sub-
population (1000 g ++, other)
• Multifactorial likelihood posterior
• Clinically important domains
• List of classified missense variants
• Prior probability of pathogenicity
• Curated Splicing dataset
• Functional assay data

Class 5 Pathogenic

Assess against criteria and assign class
Class 1 or 5 >> public databases

Class 2,3,4
Prioritise collection of further information

Possible intermediate? 
>>>> Further research

BRCA Sequence Variant

Review literature
Seek/review additional clinical evidence:
segregation, pathology, co-occurrence

All  other variants:
including

* exonic silent/missense/in-frame in-del 
* splice site, other intronic

*UTR

Predicted 
truncating

Large 
deletion

Large 
Duplication

Confirm HGVS Nomenclature 

* CI= Clinically Important
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Posterior Probability 
>0.99

Posterior Probability 
0.95-0.99

Posterior Probability 
0.05-0.949

Posterior Probability 
0.001-0.049

Posterior Probability 
<0.001

Nonsense/frameshift
disrupting clinically 
important domain(s)

Variant allele producing 
only mRNA transcript(s) 

that disrupt clinically 
important domains 

Large deletion of 
exon(s) that disrupts 
clinically important 

domain(s) OR is 
proven to lead to a 

frameshift

Large duplication 
confirmed to encode a 

frameshift

Canonical splice site,  
untested for allele-
specific splicing 

AND not predicted to 
produce in-frame RNA 

isoforms

Same amino acid 
change as known 

pathogenic missense
AND no splicing 

aberration 
AND not in controls 

In-frame deletion of 
codon for which a 

pathogenic missense
has been described

AND low prediction to 
alter splicing

AND not in controls 

Insufficient evidence 
to classify

Canonical splice site 
predicted to produce 

in-frame RNA 
isoforms,

OR
Allele leads to 

transcripts that 
encode (partially) 
functional protein
AND no additional 

evidence to classify

Potential intermediate 
risk  

as indicated by 
multiple apparently 
conflicting points of 
evidence regarding 

variant pathogenicity

Synonymous 
substitution 

AND low prediction to 
alter splicing

Same amino acid 
change as  class 1 

missense
AND low prediction to 

alter splicing

Allele frequency ≥1% 
in reference controls

Exonic
substitution/ins-

del/synonymous with 
prior probability ≤0.02 

OR intronic
AND low prediction to 
alter splicing OR no 

splicing effect proven
AND co-occurrence

in trans with 
pathogenic and no 

Fanconi-like features 
OR Allele frequency 
≥0.001 and <0.01 in 
reference controls

More to come soon:
For deep intronic & 

promoter/UTR

Class 5 
Pathogenic:

Class 4 Likely 
pathogenic:

Class 3 
Uncertain:

Class 2 Likely 
not pathogenic:

Class 1 Not 
pathogenic:

Variant alters initiation 
methionine site

Same amino acid 
change as  class 1 

missense
AND no splicing 

effect proven
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Posterior Probability 
>0.99

Posterior Probability 
0.95-0.99

Posterior Probability 
0.05-0.949

Posterior Probability 
0.001-0.049

Posterior Probability 
<0.001

Nonsense/frameshift
disrupting clinically 
important domain(s)

Variant allele producing 
only mRNA transcript(s) 

that disrupt clinically 
important domains 

Large deletion of 
exon(s) that disrupts 
clinically important 

domain(s) OR is 
proven to lead to a 

frameshift

Large duplication 
confirmed to encode a 

frameshift

Canonical splice site,  
untested for allele-
specific splicing 

AND not predicted to 
produce in-frame RNA 

isoforms

Same amino acid 
change as known 

pathogenic missense
AND no splicing 

aberration 
AND not in controls 

In-frame deletion of 
codon for which a 

pathogenic missense
has been described

AND low prediction to 
alter splicing

AND not in controls 

Insufficient evidence 
to classify

Canonical splice site 
predicted to produce 

in-frame RNA 
isoforms,

OR
Allele leads to 

transcripts that 
encode (partially) 
functional protein
AND no additional 

evidence to classify

Potential intermediate 
risk  

as indicated by 
multiple apparently 
conflicting points of 
evidence regarding 

variant pathogenicity

Synonymous 
substitution 

AND low prediction to 
alter splicing

Same amino acid 
change as  class 1 

missense
AND low prediction to 

alter splicing

Allele frequency ≥1% 
in reference controls

Exonic
substitution/ins-

del/synonymous with 
prior probability ≤0.02 

OR intronic
AND low prediction to 
alter splicing OR no 

splicing effect proven
AND co-occurrence

in trans with 
pathogenic and no 

Fanconi-like features 
OR Allele frequency 
≥0.001 and <0.01 in 
reference controls

More to come soon:
For deep intronic & 

promoter/UTR

Class 5 
Pathogenic:

Class 4 Likely 
pathogenic:

Class 3 
Uncertain:

Class 2 Likely 
not pathogenic:

Class 1 Not 
pathogenic:

Variant alters initiation 
methionine site

Same amino acid 
change as  class 1 

missense
AND no splicing 

effect proven

Created for CAGI 2018 Melissa Clinegenomeinterpretation.org

Class 5
Pathogenic

Class 4
Likely 

Pathogenic

Class 3
Uncertain

Class 2
Likely 
Benign

Class 1
Benign

> 0.99 0.95 – 0.99 0.05 – 0.949 0.001 – 0.049 < 0.001



CAGI Prediction Targets
.

• Mostly missense 
substitutions

• A few in-frame 
deletions

• Some insertions, not 
predicted on

• Skewed for Class 2
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Many of the intronic targets 
were pathogenic splice region 

variants
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Prediction methods
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Team Methods

Lichtarge hEAt: Evolutionary Action method, with and without normalization 
for fraction of affected transcripts

Mooney 
Radivojac

MutPred2

TCS_IN_02 1. Predicted splicing impact + neural network protein impact 
prediction

2. Predicted splicing impact + functional assay result prediction
3. Neural network protein impact prediction
4. MLR prediction of functional assay scores

Bologna
Biocomputing

1. SNP&Go
2. Disease Index Matrix

AIBI MutPred2 features, linear regression loss function trained on 
clinical significance classes.

Color 
Genomics

Logistic regression and random forest estimation, with and 
without family history observations



Qualitative results for Lichtarge, 
MutPred2, BiolognaBio, AIBI
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Qualitative results for TCS_IN_02 
and Color Genomics
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Quantitative Assessment Process
Statistics:
• Multi-class and two-class AUC (Benign, vs. Pathogenic), 
• RMSD, Pearson and Kendall Correlation
• Sensitivity, Specificity, Accuracy, F1 at empirically-

derived thresholds with best F1
Confidence intervals:

– For N random bootstrap permutations, add 
Gaussian noise N(0,SD2)

– Re-sample all statistics
– Estimate confidence intervals from the standard 

deviation of the statistics
Ranking: by multi-class AUC
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Quantitative Results
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Observed no radical difference between 
different performance measures
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Overall Observations

No single variant confounded all predictors
• There is opportunity for meta-prediction
• We can learn by comparing and contrasting methods
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Comparing and Contrasting 
TCS team methods
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Splicing Prediction No Splicing Prediction
Neural Network
• Trained against variant 

interpretations
• Additional inputs on 

functional role of 
position, amino acid 
properties

Multiple Linear 
Regression
• Trained against 

functional assay 
results



Compare and Contrast: 
MutPred2 vs. AIBI (MutPred2)
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Hard Benign Variants: Conserved 
positions near surface of 3D structure

BRCA1 c.5312C>G
Pro -> Arg

BRCA2 c.7994A>G
Gly -> Asp 

BRCA1:c.5068A>C
Lys -> Gln
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Hard pathogenic variants: splice 
regions
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Observation: methods have trouble 
distinguishing benign from likely benign, 

pathogenic from likely pathogenic
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Posterior Probability 
>0.99

Posterior Probability 
0.95-0.99

Nonsense/frameshift
disrupting clinically 
important domain(s)

Variant allele producing 
only mRNA transcript(s) 

that disrupt clinically 
important domains 

Large deletion of 
exon(s) that disrupts 
clinically important 

domain(s) OR is 
proven to lead to a 

frameshift

Large duplication 
confirmed to encode a 

frameshift

Canonical splice site,  
untested for allele-
specific splicing 

AND not predicted to 
produce in-frame RNA 

isoforms

Same amino acid 
change as known 

pathogenic missense
AND no splicing 

aberration 
AND not in controls 

In-frame deletion of 
codon for which a 

pathogenic missense
has been described

AND low prediction to 
alter splicing

AND not in controls 

Class 5 
Pathogenic:

Class 4 Likely 
pathogenic:

Variant alters initiation 
methionine site
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Variant alters 
initiation 

methionine site

Nonsense/frameshift
disrupting clinically 
important domain(s)

Variant allele producing 
only mRNA transcript(s) 

that disrupt clinically 
important domains 

Same amino acid 
change as known 

pathogenic 
missense

AND no splicing 
aberration 

AND not in controls 

Rules for clinical 
significance are different 
from deleteriousness



Posterior Probability 
0.001-0.049

Posterior Probability 
<0.001

Synonymous 
substitution 

AND low prediction to 
alter splicing

Same amino acid 
change as  class 1 

missense
AND low prediction to 

alter splicing

Allele frequency ≥1% 
in reference controls

Exonic
substitution/ins-

del/synonymous with 
prior probability ≤0.02 

OR intronic
AND low prediction to 
alter splicing OR no 

splicing effect proven
AND co-occurrence

in trans with 
pathogenic and no 

Fanconi-like features 
OR Allele frequency 
≥0.001 and <0.01 in 
reference controls

More to come soon:
For deep intronic & 

promoter/UTR

Class 2 Likely 
not pathogenic:

Class 1 Not 
pathogenic:

Same amino acid 
change as  class 1 

missense
AND no splicing 

effect proven
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Same amino acid 
change as  class 1 

missense
AND low prediction 

to alter splicing

Synonymous 
substitution 

AND low prediction 
to alter splicing

Allele frequency 
≥1% in reference 

controls

Same amino acid 
change as  class 1 

missense
AND no splicing 

effect proven

Rules for clinical 
significance are different 
from deleteriousness



What value do we get from 
clinical significance?

• Clinical significance is not deleteriousness
• Deleteriousness is not penetrance
• For methods development, three-class 

(Benign, VUS, Pathogenic) clinical 
significance is valuable, but further 
granularity might not be useful.
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