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Developmental Epileptic Encephalopathies (DEEs)

Incidence: ~1:6.000Incidence: ~1:6.000

Severe & complexSevere & complex

MonogenicMonogenic
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Developmental Epileptic Encephalopathies (DEEs)

McTague A. et al, 2015

Incidence: ~1:6.000Incidence: ~1:6.000

Severe & complexSevere & complex

MonogenicMonogenic
Not all variants within these genes will lead to disease. 

We need expert genetic counseling to perform variant interpretation.

Gene similarity can help. 

Not all variants within these genes will lead to disease. 

We need expert genetic counseling to perform variant interpretation.

Gene similarity can help. 
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SCN1A HumanSCN1A Human

Scn1a MiceScn1a Mice

scn1a Zebrafishscn1a Zebrafish

SCN1A HumanSCN1A Human

SCN2A HumanSCN2A Human

SCN3A HumanSCN3A Human

Measuring gene similarity

Across species 
(Orthologs)

Across human related genes
(Paralogs-families)
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Ortholog similarity facilitates disease model generation

Across species 
(Orthologs)

SCN1A HumanSCN1A Human

Scn1a MiceScn1a Mice

scn1a Zebrafishscn1a Zebrafish
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Paralog similarity facilitates variant interpretation  

Across human related genes 
(Paralogs-families)

SCN1A HumanSCN1A Human

SCN2A HumanSCN2A Human

SCN3A HumanSCN3A Human
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List of epilepsy associated and “potentially associated” genes

Many DEEs associated genes are related and belong to gene families

EpiPM Consortium 201511
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Gene family definition in this 
presentation 

Only paralogs within humans

Genes of the same gene family have the same ancestral gene
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Paralogs have high sequence similarity

SCN1A

SCN2A

SCN5A

SCN8A

Omasits U. et al, 201413



Paralog conservation is very different than Ortholog conservation

Alignment of Homo Sapiens, Mus Musculus
and Bos Taurus SCN1A sequence 

Alignment of Homo Sapiens 
SCN1A-SCN11A sequences 
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Paralogs have higher structural similarity

SCN2A

SCN4A

Bruenger T.

Structure gnomAD Pathogenic
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Using gene similarity within families to facilitate variant interpretation

Aligment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Paralog 1 N L P F V I T L D - G - N L P K N - G V
Paralog 2 D G P F V I T L T L G - D Q A - N L G V
Paralog 3 G S - F V I T L T L G - D Q A - N L G V
Paralog 4 I D - F V I T S N L G D N L P K N L G V
Paralog 5 D Q A F V I T C N G G D D G P K N G G V
Paralog 6 N L P F V I T L D L G D G S - K N L G V
Paralog 7 D G P F V V T L T L G D D G P K N L G V
Paralog 8 G S - F V I T L T L G - G S - K N L G V
Paralog 9 I D - F V V T S N L G - I D - Q N L G V
Paralog 10 D Q A F V I T C N L G - I D - Q N L G V

Gene family alignment
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Using gene similarity within families to facilitate variant interpretation

Aligment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Paralog 1 N L P F V I T L D - G - N L P K N - G V
Paralog 2 D G P F V I T L T L G - D Q A - N L G V
Paralog 3 G S - F V I T L T L G - D Q A - N L G V
Paralog 4 I D - F V I T S N L G D N L P K N L G V
Paralog 5 D Q A F V I T C N G G D D G P K N G G V
Paralog 6 N L P F V I T L D L G D G S - K N L G V
Paralog 7 D G P F V V T L T L G D D G P K N L G V
Paralog 8 G S - F V I T L T L G - G S - K N L G V
Paralog 9 I D - F V V T S N L G - I D - Q N L G V
Paralog 10 D Q A F V I T C N L G - I D - Q N L G V

Gene family alignment

Conserved regions are more 
likely to hold key functional 

features

Non conserved regions are 
less biologically relevant
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We developed score for every amino acid of gene-family members

More conserved

Less conserved
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SCN1A protein sequence

Paralog conservation scores are available for ~9,000 and ~2,800 gene families.Paralog conservation scores are available for ~9,000 and ~2,800 gene families.
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Paralog conservation vs patient variants

19



Outline

• Gene similarity and paralog conservation

• Leveraging gene similarity for variant interpretation:

- Paralog z-score

- Identification of Pathogenic Enriched Regions (PERs)

- User-friendly web application

• Summary

20



Where would patient and gnomAD variants fall?

Aligment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Paralog 1 N L P F V I T L D - G - N L P K N - G V
Paralog 2 D G P F V I T L T L G - D Q A - N L G V
Paralog 3 G S - F V I T L T L G - D Q A - N L G V
Paralog 4 I D - F V I T S N L G D N L P K N L G V
Paralog 5 D Q A F V I T C N G G D D G P K N G G V
Paralog 6 N L P F V I T L D L G D G S - K N L G V
Paralog 7 D G P F V V T L T L G D D G P K N L G V
Paralog 8 G S - F V I T L T L G - G S - K N L G V
Paralog 9 I D - F V V T S N L G - I D - Q N L G V
Paralog 10 D Q A F V I T C N L G - I D - Q N L G V Conserved regions are more 

likely to hold key functional 
features

Gene family alignment
Non conserved regions are 

less biologically relevant
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Hypothesis

Aligment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Paralog 1 N L P F V I T L D - G - N L P K N - G V
Paralog 2 D G P F V I T L T L G - D Q A - N L G V
Paralog 3 G S - F V I T L T L G - D Q A - N L G V
Paralog 4 I D - F V I T S N L G D N L P K N L G V
Paralog 5 D Q A F V I T C N G G D D G P K N G G V
Paralog 6 N L P F V I T L D L G D G S - K N L G V
Paralog 7 D G P F V V T L T L G D D G P K N L G V
Paralog 8 G S - F V I T L T L G - G S - K N L G V
Paralog 9 I D - F V V T S N L G - I D - Q N L G V
Paralog 10 D Q A F V I T C N L G - I D - Q N L G V Conserved regions are more 

likely to hold key functional 
features

Gene family alignment
Non conserved regions are 

less biologically relevant

gnomAD

ClinVar/HGMD
Patients

missense variants
Population

missense variants
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Missense variant mapping: binary annotation

gnomAD

ClinVar/HGMD

Aligment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Paralog 1 N L P F V I T L D - G - N L P K N - G V
Paralog 2 D G P F V I T L T L G - D Q A - N L G V
Paralog 3 G S - F V I T L T L G - D Q A - N L G V
Paralog 4 I D - F V I T S N L G D N L P K N L G V
Paralog 5 D Q A F V I T C N G G D D G P K N G G V
Paralog 6 N L P F V I T L D L G D G S - K N L G V
Paralog 7 D G P F V V T L T L G D D G P K N L G V
Paralog 8 G S - F V I T L T L G - G S - K N L G V
Paralog 9 I D - F V V T S N L G - I D - Q N L G V
Paralog 10 D Q A F V I T C N L G - I D - Q N L G V

Is the aminoacid site
mutated at least once?

YES=1 
NO=0

Patients
missense variants

Population
missense variants
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Missense variant mapping: binary annotation

Patients
missense variants

4.3 4.2 4 3.8 3.1 2.4 1.7 1.6 1.7 2.2 3.1 3.8 4 4.2 4.3 4.3
Paralog 1 1 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1
Paralog 2 1 1 1 1 1 1 1 0 0 0 0 1 1 0 1 1 1 1 0 1
Paralog 3 1 1 1 1 0 1 1 1 0 0 0 1 0 1 0 1 1 1 1 1
Paralog 4 0 1 1 1 1 1 1 0 0 0 0 0 1 1 1 0 1 1 1 1
Paralog 5 1 1 1 1 1 1 0 1 0 0 0 0 1 0 1 1 1 1 1 1
Paralog 6 1 0 1 0 1 0 1 1 0 0 0 1 1 1 1 1 0 1 1 1
Paralog 7 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 0 1 1 1
Paralog 8 1 1 0 1 1 0 1 0 0 0 0 0 1 1 1 0 1 1 1 1
Paralog 9 1 1 1 1 0 1 1 1 0 0 0 0 1 0 1 1 1 1 0 1
Paralog 10 1 1 1 1 0 1 0 1 1 0 1 1 0 1 1 1 1 1 1 0

0.1 0.1 0.1 0.3 0.5 1 1.4 1.6 1.4 1.1 0.7 0.3 0.1 0.1 0.2 0.1
Paralog 1 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 0
Paralog 2 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0
Paralog 3 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0
Paralog 4 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Paralog 5 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Paralog 6 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0
Paralog 7 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0
Paralog 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Paralog 9 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0
Paralog 10 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0

Patient burden

Population burden
gnomAD

ClinVar/HGMD

Aligment 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Paralog 1 N L P F V I T L D - G - N L P K N - G V
Paralog 2 D G P F V I T L T L G - D Q A - N L G V
Paralog 3 G S - F V I T L T L G - D Q A - N L G V
Paralog 4 I D - F V I T S N L G D N L P K N L G V
Paralog 5 D Q A F V I T C N G G D D G P K N G G V
Paralog 6 N L P F V I T L D L G D G S - K N L G V
Paralog 7 D G P F V V T L T L G D D G P K N L G V
Paralog 8 G S - F V I T L T L G - G S - K N L G V
Paralog 9 I D - F V V T S N L G - I D - Q N L G V
Paralog 10 D Q A F V I T C N L G - I D - Q N L G V

Population
missense variants
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Missense burden analysis

4.3 4.2 4 3.8 3.1 2.4 1.7 1.6 1.7 2.2 3.1 3.8 4 4.2 4.3 4.3
Paralog 1 1 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1
Paralog 2 1 1 1 1 1 1 1 0 0 0 0 1 1 0 1 1 1 1 0 1
Paralog 3 1 1 1 1 0 1 1 1 0 0 0 1 0 1 0 1 1 1 1 1
Paralog 4 0 1 1 1 1 1 1 0 0 0 0 0 1 1 1 0 1 1 1 1
Paralog 5 1 1 1 1 1 1 0 1 0 0 0 0 1 0 1 1 1 1 1 1
Paralog 6 1 0 1 0 1 0 1 1 0 0 0 1 1 1 1 1 0 1 1 1
Paralog 7 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 0 1 1 1
Paralog 8 1 1 0 1 1 0 1 0 0 0 0 0 1 1 1 0 1 1 1 1
Paralog 9 1 1 1 1 0 1 1 1 0 0 0 0 1 0 1 1 1 1 0 1
Paralog 10 1 1 1 1 0 1 0 1 1 0 1 1 0 1 1 1 1 1 1 0

0.1 0.1 0.1 0.3 0.5 1 1.4 1.6 1.4 1.1 0.7 0.3 0.1 0.1 0.2 0.1
Paralog 1 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 0
Paralog 2 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0
Paralog 3 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0
Paralog 4 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Paralog 5 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Paralog 6 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0
Paralog 7 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0
Paralog 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Paralog 9 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0
Paralog 10 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0

Patient burden

Population burden

Burden analysis
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Missense burden analysis: Identification of PERs

4.3 4.2 4 3.8 3.1 2.4 1.7 1.6 1.7 2.2 3.1 3.8 4 4.2 4.3 4.3
Paralog 1 1 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1
Paralog 2 1 1 1 1 1 1 1 0 0 0 0 1 1 0 1 1 1 1 0 1
Paralog 3 1 1 1 1 0 1 1 1 0 0 0 1 0 1 0 1 1 1 1 1
Paralog 4 0 1 1 1 1 1 1 0 0 0 0 0 1 1 1 0 1 1 1 1
Paralog 5 1 1 1 1 1 1 0 1 0 0 0 0 1 0 1 1 1 1 1 1
Paralog 6 1 0 1 0 1 0 1 1 0 0 0 1 1 1 1 1 0 1 1 1
Paralog 7 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 0 1 1 1
Paralog 8 1 1 0 1 1 0 1 0 0 0 0 0 1 1 1 0 1 1 1 1
Paralog 9 1 1 1 1 0 1 1 1 0 0 0 0 1 0 1 1 1 1 0 1
Paralog 10 1 1 1 1 0 1 0 1 1 0 1 1 0 1 1 1 1 1 1 0

0.1 0.1 0.1 0.3 0.5 1 1.4 1.6 1.4 1.1 0.7 0.3 0.1 0.1 0.2 0.1
Paralog 1 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 0
Paralog 2 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0
Paralog 3 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0
Paralog 4 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
Paralog 5 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
Paralog 6 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0
Paralog 7 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0
Paralog 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Paralog 9 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0
Paralog 10 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0

Patient burden

Population burden

PER

PER: Pathogenic variant Enriched Regions
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Example: The voltage gate sodium Family
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Example: The voltage gate sodium Family (Zoom to PER 2)

Align SCN1A SCN2A SCN3A SCN9A SCN8A SCN4A SCN5A SCN10A SCN7A SCN11A PER Gene:Disease

455 I_415 I_417 V_416 I_394 V_403 I_439 V_405 V_389 A_386 I_392 Neutral N/A

456 N_416 N_418 N_417 N_395 N_404 N_440 N_406 N_390 S_387 N_393 PER2
SCN9A:Erythermalgia primary,Erythermalgia primary,Primary erythromelalgia,not 
provided;SCN4A:Myotonia,Hyperkalemic Periodic Paralysis Type 1;SCN5A:Long QT 
syndrome,Long QT syndrome,Brugada syndrome,Congenital long QT syndrome|not provided

457 L_417 L_419 L_418 L_396 L_405 L_441 L_407 L_391 L_388 L_394 PER2 N/A

458 I_418 I_420 I_419 I_397 I_406 I_442 I_408 I_392 F_389 T_395 PER2 N/A

459 L_419 L_421 L_420 L_398 L_407 L_443 L_409 L_393 L_390 L_396 PER2
SCN8A:Intellectual disability and epilepsy,not provided,Early infantile epileptic 
encephalopathy 13;SCN5A:Long QT syndrome,Long QT syndrome;SCN11A:Neuropathy, 
hereditary sensory and autonomic, type VII|not provided

• Gene-family sequence alignment shows for all members the sequence and mutations

• Pathogenic enriched regions (PERs) significantly accumulates patients' mutations

• PERs sites can help the interpretation of variants in related genes 
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Align SCN1A SCN2A SCN3A SCN9A SCN8A SCN4A SCN5A SCN10A SCN7A SCN11A PER Gene:Disease

455 I_415 I_417 V_416 I_394 V_403 I_439 V_405 V_389 A_386 I_392 Neutral N/A

456 N_416 N_418 N_417 N_395 N_404 N_440 N_406 N_390 S_387 N_393 PER2
SCN9A:Erythermalgia primary,Erythermalgia primary,Primary erythromelalgia,not 
provided;SCN4A:Myotonia,Hyperkalemic Periodic Paralysis Type 1;SCN5A:Long QT 
syndrome,Long QT syndrome,Brugada syndrome,Congenital long QT syndrome|not provided

457 L_417 L_419 L_418 L_396 L_405 L_441 L_407 L_391 L_388 L_394 PER2 N/A

458 I_418 I_420 I_419 I_397 I_406 I_442 I_408 I_392 F_389 T_395 PER2 N/A

459 L_419 L_421 L_420 L_398 L_407 L_443 L_409 L_393 L_390 L_396 PER2
SCN8A:Intellectual disability and epilepsy,not provided,Early infantile epileptic 
encephalopathy 13;SCN5A:Long QT syndrome,Long QT syndrome;SCN11A:Neuropathy, 
hereditary sensory and autonomic, type VII|not provided

• Gene-family sequence alignment shows for all members the sequence and mutations

• Pathogenic enriched regions (PERs) significantly accumulates patients mutations

• PERs sites can help the interpretation of variants in related genes 

• PERs capture sites never observed in patients surrounded by pathogenic variants

Example: The voltage gate sodium Family
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The PER viewer:  http://per.broadinstitute.org

BioMart

Gene families: 2,871

MUSCLE

Alignments: 9,991

Missense variants: 2,219,811

Missense variants: 97,931

Interactive Platform
gnomAD

ClinVar/HGMD

We deployed our all our results into a user-friendly online tool
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The PER viewer:  http://per.broadinstitute.org

• Input any Gene

• If the gene belongs to a 
family, results will be 
displayed for the family 

• Main Plot shows Burden 
analysis results and PER 
identified. 
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The PER viewer:  http://per.broadinstitute.org

• The user can swicht
between family wise and 
gene wise analysis 

• Paralog conservation is 
also provide alongside 
PERs

• The user can Zoom in 
regions of interest 
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The PER viewer:  http://per.broadinstitute.org

 Below main plot, table mode 
shows family and mutation  
aligments

 The user can explore the 
sequence and mutations 
observed

 Sites without known patient 
variants can be observed 
surrounded by pathogenic 
mutations. 
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Integration of gene similarity to the ACMG guidelines for 
variant interpretation

SIFT CADD

GERP++ Polyphen ParalogGrantham

PERs

ETC…
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More information



The collective study of similar genes can help us increase our 
understanding of individually rare DEEs

The collective study of similar genes can help us increase our 
understanding of individually rare DEEs
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The collective study of related genes may help us increase our 
understanding of individually rare DEEs

The collective study of related genes may help us increase our 
understanding of individually rare DEEs
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