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Gene discovery timeline in dystonia and DYT nomenclature OMIM® DYT1-DYT37
https://omim.org/
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MDSGene database
https://www.mdsgene.org/

Thomsen et al. Annu Rev Pathol 2024

Gene discovery timeline in dystonia and DYT nomenclature OMIM® DYT1-DYT37
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Thomsen et al. Annu Rev Pathol 2024

First generation sequencing Next generation sequencing (NGS)

Targeted single gene testing Short-read sequencing

Panels – whole-exome – whole-genome 

Long-read genome

sequencing

Gene discovery timeline in dystonia and DYT nomenclature OMIM® DYT1-DYT37
https://omim.org/
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Sanger Panel Exome Genome

Gene 1

adapted from Gorcenco Park Rel Disord. 2020

Gene 2 Gene 1 Gene 2 Gene 1 Gene 2

~1 variant

~20 variants

A priori probability of 

pathogenicity

Long-read

genome

de novo assembly

+ ~ 400,000 variants

~25,000 variants ~3,000,000 variants

Development of genetics analysis technologies

Genetic basis of dystonia
MDS Bridging Theory and Hands-On Expertise – Istanbul, September 5-6, 2025



Sanger Panel Exome Genome

Gene 1

adapted from Gorcenco Park Rel Disord. 2020

Gene 2 Gene 1 Gene 2 Gene 1 Gene 2

~1 variant

~20 variants

A priori probability of 

pathogenicity
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Example of a collaborative dystonia research cohort

>1,800 index patients, dystonia and dystonia plus other movement disorders and/or

developmental features

2012-14 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
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Example of a collaborative dystonia research cohort

>1,800 index patients, dystonia and dystonia plus other movement disorders and/or

developmental features

2012-14 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Single gene

testing

Pilot WES

Systematic

WES

High-

resolution 

melting

Sanger 

sequencing

Illumina

HiSeq 2500

WES – CNV

Illumina

HiSeq 4000

Zech et al. Lancet Neurol 2020
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WES – CNV

Illumina

HiSeq 4000

Systematic

WGS
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expansions

Illumina

NovaSeq

6000
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Illumina

EpicArray

Mass
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Pilot nanopore long-

read sequencing

ONT 

PromethION

Zech et al. Lancet Neurol 2020 Zech et al. Brain 2025
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Which patients should be tested by unbiased genetic

diagnostics?

55%

14%

31%

708 index cases with various types of dystonia studied by WES

Zech et al. Lancet Neurol 2020
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Zech et al. Lancet Neurol 2020

• Overall diagnostic rate: 19% (135/708)

• 78 distinct molecular diagnoses

Which patients should be tested by unbiased genetic

diagnostics?
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Zech et al. Lancet Neurol 2020

• Overall diagnostic rate: 19% (135/708)

• 78 distinct molecular diagnoses

• Most frequent diagnosis: KMT2B-related dystonia

Which patients should be tested by unbiased genetic

diagnostics?
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Zech et al. Lancet Neurol 2020

Diagnostic rates differ substantially between dystonia subgroups:

• Early-onset dystonia > late-onset dystonia

• Generalized dystonia > focal dystonia

• Complex dystonia > isolated dystonia

Which patients should be tested by unbiased genetic

diagnostics?
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Zech et al. Lancet Neurol 2020

Clinical score for prediction of positive 

genetic finding from WES

Which patients should be tested by unbiased genetic

diagnostics?
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Clinical heterogeneity

Albanese et al. Mov Disord 2025
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Isolated generalized dystonia with variable onset

Steel et al. Ann Neurol 2020

Example VPS16-related dystonia

New genetic causes are being identified continously
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Isolated generalized dystonia with variable onset

Steel et al. Ann Neurol 2020

Cases Controls

138 index patients

with early-onset

generalized dystonia

65,000 European-

descent population

controls from gnomAD

Burden testing with WES data

Autosomal-dominant model

• All ~20,000 protein-coding genes

• Loss-of-function variants

• MAF < 0.0005

• Exome-wide significance

New genetic causes are being identified continously
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VPS16-related dystonia

• Inherited mutations associated with variable penetrance

• Adolescence-onset generalized dystonia

• Mostly isolated dystonia, mild neurodevelepmental comorbidity

• Among most common monogenic causes in isolated dystonia

• DBS response in 75% of patients (GPi DBS), approx. 50% have

improvement over 50% in BFMDRS 

(Svorenova et al. Ann Neurol 2025)

Steel et al. Ann Neurol 2020

New genetic causes are being identified continously
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Genetic overlap of dystonias with other neurological

disorders
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n = 1,100 index cases

20% diagnostic yield

124 distinct genes
Dzinovic et al. Park Rel Disord 2022
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Wirth et al. Park Rel Disord 2020

Exome

34% (11/32) diagnosed patients

Mostly complex dystonia

Zech et al. Lancet Neurol 2020

Exome

19% (135/708) diagnosed patients

Different dystonia types

Ahn et al. Park Rel Disord 2023

Exome

21% (9/43) diagnosed patients

Different dystonia types

Dhar et al. Park Rel Disord 2024

Exome

23% (15/65) diagnosed patients

Different dystonia types

Atasu et al. J Med Genet 2024

Exome

36% (15/42) diagnosed patients

Different dystonia types

Too many patients remain genetically unresolved
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Second-line whole-genome sequencing (WGS) to find unexplored and unidentified variant types

80% WES-negative families

High ongoing suspicion of

monogenic etiology

N = 305 families
564 total individuals

305 index patients, 259 relatives

Short read-whole genome sequencing
>100 Gb sequencing data per sample

Average coverage >40x across genome

Comprehensive bioinformatic

annotation & variant analyses
3 – 4 million variants per sample

Coding & non-coding regions

Copy number variants

Structural variants

Repeat expansions

Mitochondrial DNA mutations

Zech et al. Brain 2025
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Second-line whole-genome sequencing (WGS) increases the diagnostic yield

Variants not captured by

exome analysis:
non-covered coding regions, 

intronic mutations, RNA gene

variants

Copy number variants

Structural variants

Mitochondrial DNA 

mutations
Repeat expansions

14 additional diagnoses

7 additional diagnoses4 additional diagnoses

4 additional diagnoses

Σ 10%  

Zech et al. Brain 2025
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Second-line whole-genome sequencing (WGS) increases the diagnostic yield

Coding mutation not covered by exome Difficult-to-detect copy number variant

Diagnosis of KMT2B-related dystonia

c.17_23dup (p.Ser9Argfs*109)

BCL11B Exon 4

chr14:99,642,203 chr14:99,642,420

Patient

Sister II-2

Diagnosis of BCL11B-related dystonia

218 bp deletion in exon 4

Zech et al. Brain 2025
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Etiological heterogeneity

Albanese et al. Mov Disord 2025

Insights into pathogenesis
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n = 1,825 index cases

21.7% diagnostic yield

205 distinct genes

AARS1, ACTB, ADAR, ADCY5, AFG3L2, ALS2, ANK2, ANO3, AOPEP,

ARHGEF9, ARSA, ASXL3, ATL1, ATM, ATP1A3, ATP2B2, ATP5F1A, ATP5F1B,

ATP5MC3, ATP7B, ATP8A2, AUTS2, BCL11B, BRAF, BRPF1, C19orf12,

CACNA1A, CACNA1E, CAMK4, CAMTA1, CASK, CD40LG, CHD3, CHD4, CHD8,

CNTNAP1, COQ8A, CP, CSDE1, CTNNB1, CUL3, CUX1, CWF19L1, DCAF17,

DDC, DHCR24, DHDDS, DLG4, DLL1, DNAJC6, DNM1L, DNMT1, EBF3, ECHS1,

EEF1A2, EFTUD2, EIF2AK2, EIF4A2, ERCC4, ERCC8, FA2H, FBXO31, FGF14,

FITM2, FOXG1, FOXP2, FRMD5, FRYL, FTL, GABBR2, GABRA1, GAD1, GCH1,

GJA1, GJC2, GNAL, GNAO1, GNB1, GRIA2, GRIA3, GRID2, GRIN1, GRIN2A,

HECW2, HEXA, HIBCH, IFIH1, IMPDH2, INTS11, IRF2BPL, KCNA2, KCNB1,

KCNJ10, KCNMA1, KCTD17, KIF1A, KIF5A, KMT2B, LIG4, LRRK2, MAG,

MATR3, MECP2, MECR, MED23, MICU1, MMAA, MORC2, MRE11, MSL3,

NAA15, NARS2, NAV3, NEFL, NFIX, NGLY1, NKX2-1, NPC1, NR4A2, NUP54,

OPA1, PAK1, PANK2, PARK7, PCDH12, PDE10A, PDHA1, PINK1, PLA2G6,

PNKD, PNPLA6, POGZ, POLG, POLR1A, POLR3A, PPP2R5D, PPT1, PRKCG,

PRKN, PRRT2, PSEN1, PTS, PURA, RALA, RARB, RERE, RHOBTB2, SATB1,

SCN2A, SCO2, SCP2, SERAC1, SETX, SGCE, SHANK3, SHQ1, SLC16A2,

SLC19A3, SLC20A2, SLC2A1, SLC6A1, SLC6A3, SLC9A6, SNAP25, SNX14,

SON, SOX2, SOX6, SPAST, SPG11, SPG7, SPR, SPTBN1, SRRM2, SUCLG1,

SUOX, SYNE1, TBC1D24, TBCD, TBX1, TCF20, TECPR2, TFE3, TH, THAP1,

TMEM240, TOR1A, TTPA, TUBB4A, UBE3A, UBTF, VLDLR, VPS16, WAC,

WARS2, WASHC5, WDR45, WDR73, WFS1, YY1, ZC4H2, ZEB2, ZMYND11,
ZNF142, ZNF335

Zech et al. Brain 2025

Insights into pathogenesis
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ATP5MC3, ATP7B, ATP8A2, AUTS2, BCL11B, BRAF, BRPF1, C19orf12,

CACNA1A, CACNA1E, CAMK4, CAMTA1, CASK, CD40LG, CHD3, CHD4,

CHD8, CNTNAP1, COQ8A, CP, CSDE1, CTNNB1, CUL3, CUX1, CWF19L1,

DCAF17, DDC, DHCR24, DHDDS, DLG4, DLL1, DNAJC6, DNM1L, DNMT1,

EBF3, ECHS1, EEF1A2, EFTUD2, EIF2AK2, EIF4A2, ERCC4, ERCC8, FA2H,

FBXO31, FGF14, FITM2, FOXG1, FOXP2, FRMD5, FRYL, FTL, GABBR2,

GABRA1, GAD1, GCH1, GJA1, GJC2, GNAL, GNAO1, GNB1, GRIA2, GRIA3,

GRID2, GRIN1, GRIN2A, HECW2, HEXA, HIBCH, IFIH1, IMPDH2, INTS11,

IRF2BPL, KCNA2, KCNB1, KCNJ10, KCNMA1, KCTD17, KIF1A, KIF5A,

KMT2B, LIG4, LRRK2, MAG, MATR3, MECP2, MECR, MED23, MICU1, MMAA,

MORC2, MRE11, MSL3, NAA15, NARS2, NAV3, NEFL, NFIX, NGLY1, NKX2-1,

NPC1, NR4A2, NUP54, OPA1, PAK1, PANK2, PARK7, PCDH12, PDE10A,

PDHA1, PINK1, PLA2G6, PNKD, PNPLA6, POGZ, POLG, POLR1A, POLR3A,

PPP2R5D, PPT1, PRKCG, PRKN, PRRT2, PSEN1, PTS, PURA, RALA, RARB,

RERE, RHOBTB2, SATB1, SCN2A, SCO2, SCP2, SERAC1, SETX, SGCE,

SHANK3, SHQ1, SLC16A2, SLC19A3, SLC20A2, SLC2A1, SLC6A1, SLC6A3,

SLC9A6, SNAP25, SNX14, SON, SOX2, SOX6, SPAST, SPG11, SPG7, SPR,

SPTBN1, SRRM2, SUCLG1, SUOX, SYNE1, TBC1D24, TBCD, TBX1, TCF20,

TECPR2, TFE3, TH, THAP1, TMEM240, TOR1A, TTPA, TUBB4A, UBE3A,

UBTF, VLDLR, VPS16, WAC, WARS2, WASHC5, WDR45, WDR73, WFS1, YY1,
ZC4H2, ZEB2, ZMYND11, ZNF142, ZNF335

73.2% (150/205) involved in brain development

https://sysndd.dbmr.unibe.ch/

Kochinke et al. Am J Hum Genet 2016

Curated list of ~2,000 

neurodevelopmental disorder

genes 

Insights into pathogenesis
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‘‘Autism“ gene – CHD8

Villa et al. Cell Rep 2022

Genetic basis of dystonia
MDS Bridging Theory and Hands-On Expertise – Istanbul, September 5-6, 2025



‘‘Autism“ gene – CHD8

Villa et al. Cell Rep 2022

CHD8-related generalized dystonia

Doummar et al. Ann Clin Trans Neurol 2021, Sorrentino et al. J Neurol 2024
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Study cutoff year

AARS1, ACTB, ADAR, ADCY5, AFG3L2, ALS2, ANK2, ANO3, AOPEP, ARHGEF9, ARSA, ASXL3, ATL1, ATM,

ATP1A3, ATP2B2, ATP5F1A, ATP5F1B, ATP5MC3, ATP7B, ATP8A2, AUTS2, BCL11B, BRAF, BRPF1, C19orf12,

CACNA1A, CACNA1E, CAMK4, CAMTA1, CASK, CD40LG, CHD3, CHD4, CHD8, CNTNAP1, COQ8A, CP, CSDE1,

CSTB, CTNNB1, CUL3, CUX1, CWF19L1, DCAF17, DDC, DHCR24, DHDDS, DLG4, DLL1, DNAJC6, DNM1L,

DNMT1, EBF3, ECHS1, EEF1A2, EFTUD2, EIF2AK2, EIF4A2, ERCC4, ERCC8, FA2H, FBXO31, FGF14, FITM2,

FOXG1, FOXP2, FRMD5, FRYL, FTL, GABBR2, GABRA1, GAD1, GCH1, GJA1, GJC2, GLS, GNAL, GNAO1,

GNB1, GRIA2, GRIA3, GRID2, GRIN1, GRIN2A, HECW2, HEXA, HIBCH, HTT, IFIH1, INTS11, IRF2BPL,

KCNA2, KCNB1, KCNJ10, KCNMA1, KCTD17, KIF1A, KIF5A, KMT2B, LIG4, LRRK2, MAG, MATR3, MECP2,

MECR, MED23, MICU1, MMAA, MORC2, MRE11, MSL3, MT-ATP6, MT-ND3, MT-ND6, MT-TL1, NAA15, NARS2,

NAV3, NEFL, NFIX, NGLY1, NKX2-1, NPC1, NR4A2, NUP54, OPA1, PAK1, PANK2, PABPN1, PARK7, PCDH12,

PDE10A, PDHA1, PINK1, PLA2G6, PNKD, PNPLA6, POGZ, POLG, POLR1A, POLR3A, PPP2R5D, PPT1,

PRKCG, PRKN, PRKRA, PRRT2, PSEN1, PTS, PURA, RALA, RARB, RERE, RHOBTB2, SATB1, SCN2A, SCO2,

SCP2, SERAC1, SETX, SGCE, SHANK3, SHQ1, SLC16A2, SLC19A3, SLC20A2, SLC2A1, SLC6A1, SLC6A3,

SLC9A6, SNAP25, SNORD118, SNX14, SON, SOX2, SOX6, SPAST, SPG11, SPG7, SPR, SPTBN1, SRRM2,

SUCLG1, SUOX, SYNE1, TBC1D24, TBCD, TBX1, TCF20, TECPR2, TFE3, TH, THAP1, TMEM240, TOR1A,

TTPA, TUBB4A, UBE3A, UBTF, VLDLR, VPS13D, VPS16, WAC, WARS2, WASHC5, WDR45, WDR73, WFS1,

YY1, ZC4H2, ZEB2, ZMYND11, ZNF142, ZNF335

No. of

identified

genes

Functionally converging genes unveil causative pathways

Insights into pathogenesis
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Impaired autophagy and lysosomal dysfunction

Steel et al. Ann Neurol 2020

Sanderson et al. Brain 2021

Monfrini et al. Brain 2021

Calakos & Zech Mov Disord 2024

Autophagy

induction

Mitophagy

Autophagosome

formation

Autophagosome-

lysosome fusion

Lysosomal

degradation

WDR45

TECPR2

PINK1

PRKN

IRF2BPL

HEXA

NPC1

SPG11

VPS16
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Impaired autophagy and lysosomal dysfunction

Steel et al. Ann Neurol 2020

Sanderson et al. Brain 2021

Monfrini et al. Brain 2021

Calakos & Zech under review

Autophagy

induction

Mitophagy

Autophagosome

formation

Autophagosome-

lysosome fusion

Lysosomal

degradation

WDR45

TECPR2

PINK1

PRKN

IRF2BPL

HEXA

NPC1

SPG11

VPS16

HOPS complex

• Impaired

autophagosome/endosome –

lysosome fusion

• HOPS complex dysfunction

as converging mechanism for

dystonia (VPS16, VPS41, 

VPS11)
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Lessons from WES and WGS – identified pathways and their druggable potential
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Conclusions – Genetic basis of dystonia

• Genetics informs on heterogeneous causes of dystonia

• Exome/genome testing in dystonia especially useful for patients with early onset, 

more complex forms of the disease

• Genetic overlap with other disorders (ataxia, epilepsy …)

• Neurodevelopmental etiology

• Transition from WES to even more comprehensive methods (WGS, Omics, long-

reads …)

• Gene findings translate into pathophysiology and potential targets for therapy

• More genetic studies need to be done in dystonia in different populations

• Call for collaboration, research exome/genome analysis for dystonia patients

MDS Bridging Theory and Hands-On Expertise – Istanbul, September 5-6, 2025
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