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Heterozygous mutations in KMT2B are associated with an early-onset, progressive and often complex dystonia (DYT28). Key
characteristics of typical disease include focal motor features at disease presentation, evolving through a caudocranial pattern into
generalized dystonia, with prominent oromandibular, laryngeal and cervical involvement. Although KMT2B-related disease is
emerging as one of the most common causes of early-onset genetic dystonia, much remains to be understood about the full spec-
trum of the disease. We describe a cohort of 53 patients with KMT2B mutations, with detailed delineation of their clinical pheno-
type and molecular genetic features. We report new disease presentations, including atypical patterns of dystonia evolution and a
subgroup of patients with a non-dystonic neurodevelopmental phenotype. In addition to the previously reported systemic features,
our study has identified co-morbidities, including the risk of status dystonicus, intrauterine growth retardation, and endocrinopa-
thies. Analysis of this study cohort (#z = 53) in tandem with published cases (nz = 80) revealed that patients with chromosomal dele-
tions and protein truncating variants had a significantly higher burden of systemic disease (with earlier onset of dystonia) than
those with missense variants. Fighteen individuals had detailed longitudinal data available after insertion of deep brain stimulation
for medically refractory dystonia. Median age at deep brain stimulation was 11.5 years (range: 4.5-37.0 years). Follow-up after
deep brain stimulation ranged from 0.25 to 22 years. Significant improvement of motor function and disability (as assessed by the
Burke Fahn Marsden’s Dystonia Rating Scales, BFMDRS-M and BFMDRS-D) was evident at 6 months, 1 year and last follow-up
(motor, P = 0.001, P = 0.004, and P = 0.012; disability, P = 0.009, P = 0.002 and P = 0.012). At 1 year post-deep brain stimula-
tion, >50% of subjects showed BFMDRS-M and BFMDRS-D improvements of >30%. In the long-term deep brain stimulation
cohort (deep brain stimulation inserted for >5 years, n = 8), improvement of >30% was maintained in 5/8 and 3/8 subjects for
the BEMDRS-M and BFMDRS-D, respectively. The greatest BFMDRS-M improvements were observed for trunk (53.2%) and cer-
vical (50.5%) dystonia, with less clinical impact on laryngeal dystonia. Improvements in gait dystonia decreased from 20.9% at 1
year to 16.2% at last assessment; no patient maintained a fully independent gait. Reduction of BFMDRS-D was maintained for
swallowing (52.9%). Five patients developed mild parkinsonism following deep brain stimulation. KMT2B-related disease com-
prises an expanding continuum from infancy to adulthood, with early evidence of genotype-phenotype correlations. Except for la-
ryngeal dysphonia, deep brain stimulation provides a significant improvement in quality of life and function with sustained clinical
benefit depending on symptoms distribution.

1 Département de Neurochirurgie, Unité des Pathologies Cérébrales Résistantes, Unité de Recherche sur les Comportements et
Mouvements Anormaux, Hopital Gui de Chauliac, Centre Hospitalier Régional Montpellier, Montpellier, France
Faculté de médecine, Université de Montpellier, France
3 Complex Motor Disorder Service, Children’s Neurosciences Department, Evelina London Children’s Hospital, Guy’s and St
Thomas’ NHS Foundation Trust, London, UK
4 Children’s Neuromodulation Group, Women and Children’s Health Institute, Faculty of life Sciences and Medicine (FOLSM),
King’s Health Partners, London, UK
5 Molecular Neurosciences, Developmental Neurosciences, UCL Great Ormond Street Institute of Child Health, London, UK
6 Institute of Structural and Molecular Biology, Department of Biological Sciences, Birkbeck College, University of London, London,
UK
7 Developmental Imaging and Biophysics, UCL Great Ormond Street Institute of Child Health, London, UK
8 Department of Neurology, Great Ormond Street Hospital, London, UK
9 NIHR BioResource, Cambridge University Hospitals NHS Foundation Trust, Cambridge, UK
10 Department of Haematology, NHS Blood and Transplant Centre, University of Cambridge, Cambridge, UK
11 European IBM Systems Center, Montpellier, France
12 Clinical Genetics, Royal Devon and Exeter NHS Foundation Trust, Exeter, UK
13 Division of Medical Genetics, Department of Pediatrics, Stanford University, Palo Alto, CA, USA
14 McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins University School of Medicine, Baltimore, MD, USA
15 Human Motor Control Section, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda,
MD, USA
16 Unité de Soins Intensifs et Réanimation Pédiatrique et Néonatale, Hopital Universitaire de Montpellier, Montpellier, France
17 Department of Clinical and Movement Neurosciences, UCL Queen Square Institute of Neurology, London, UK
18 Department of Neurology, University Hospital Heidelberg, Heidelberg, Germany
19 Division of Medical Genetics, Department of Pediatrics, Weill Cornell Medical College, New York, NY, USA
20 Institute of Biomedical and Clinical Science RILD Wellcome Wolfson Centre, University of Exeter Medical School, Royal Devon
and Exeter NHS Foundation Trust, Exeter, UK
21 Département d’Oto-Rhino-Laryngologie et Chirurgie Cervico-Faciale, Hopital Universitaire de Montpellier, Montpellier, France
22 Département de génétique médicale, APHP Hopital Armand Trousseau, Paris, France
23 Unité Dyspa, Neurochirurgie Pédiatrique, Hopital Fondation Rothschild, Paris, France
24 Département de Génétique médicale, Maladies rares et médecine personnalisée, CHU Montpellier, Montpellier, France
25 DDD Study, Wellcome Trust Sanger Institute, Hinxton, Cambridge, UK
26 Division of Neurology, Children’s Hospital of Eastern Ontario, Ottawa, ON, Canada

[\S]



3244 | BRAIN 2020: 143; 3242-326| L. Cif et al.

27

28
29
30
31

32
33
34
35
36
37
38
39
40
41
42
43
44

45
46

47
48
49
50

51
52
53
54
55

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

Neuropédiatrie, Centre de référence neurogénétique mouvement anormaux de lenfant, Hopital Armand Trousseau, AP-HP,
Sorbonne Université, France

Department of Neurology, Massachusetts General Hospital, Boston, MA, USA

Department of Neurology, Harvard Medical School, Boston, MA, USA

Department of Pediatrics, Lucile Packard Children’s Hospital at Stanford, CA, USA

Human Genetics Unit, Medical and Developmental Genetics, University of Edinburgh Western General Hospital, Edinburgh,
Scotland, UK

Department of Neurology, The Dublin Neurological Institute at the Mater Misericordiae University Hospital, Dublin, Ireland
Division of Genetics, Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA
Department of Neurology, David Geffen School of Medicine, University of California, Los Angeles, CA, USA

Department of Human Genetics, David Geffen School of Medicine, University of California, Los Angeles, CA, USA

Department of Paediatric Neurology and Clinical Neurophysiology, Children’s Health Ireland at Temple Street, Dublin, Ireland
Department of Molecular and Medical Genetics, Oregon Health and Science University, Portland, OR, USA

Genomics England, London, UK

Undiagnosed Diseases Program, National Human Genome Research Institute, National Institutes of Health, Bethesda, MD, USA
Department of Human Neuroscience, Sapienza University of Rome, Rome, Italy

Department of Neurology, Hinchingbrooke Hospital, North West Anglia NHS Foundation Trust, Huntingdon, UK

Department of Paediatrics, Oregon Health and Science University, Portland, OR, USA

Département de Neurologie, APHP-Necker-Enfants Malades, Paris, France

Department of Human Genetics, Donders Institute for Brain, Cognition and Behaviour, Radboud University Medical Center,
Nijmegen, The Netherlands

Département de Neuroradiologie, Hopital Fondation Rothschild, Paris

Translational Genomics Group, Kinghorn Centre for Clinical Genomics, Garvan Institute of Medical Research, Darlinghurst, NSW,
Australia

Department of Neurogenetics, Kolling Institute, University of Sydney and Royal North Shore Hospital, St Leonards, NSW, Australia
Molecular Medicine Laboratory, Concord Hospital, Sydney, NSW, Australia

Département de Neurologie, Hopital Neurologique Pierre Wertheimer, Lyon, France

Department of Pathology and Laboratory Medicine, David Geffen School of Medicine, University of California, Los Angeles, CA,
USA

Département de Génétique, Hopital Universitaire de Lyon, Lyon, France

Département de Pédiatrie, Hopital Lyon-Sud, Pierre-Bénite, France

UCD School of Medicine and Medical Science, University College Dublin, Dublin, Ireland

Movement Disorders Unit, Department of Neurology, Westmead Hospital, Westmead, NSW, Australia

Division of Medical Genetics, Department of Pediatrics, David Geffen School of Medicine, University of California, Los Angeles,
CA, USA

Department of Neurology, Johns Hopkins University School of Medicine, Baltimore, MD, USA

Sydney Medical School, University of Sydney, Sydney, NSW, Australia

Centre for Rare Diseases, Aarhus University Hospital, Aarhus, Denmark

Institute of Genetics and Genomics, Sir Ganga Ram Hospital, Rajender Nagar, New Delhi, India

Département d’Anesthésie-Réanimation Gui de Chauliac, Centre Hospitalier Universitaire de Montpellier, Montpellier, France
Randall Children’s Hospital, Portland, OR, USA

Département de Neurochirurgie Fonctionnelle, Hopital Neurologique et Neurochirurgical, Pierre Wertheimer, Lyon, France
Département de Neuropédiatrie, Hopital Universitaire de Montpellier, Montpellier, France

INSERM U1051, Institut des Neurosciences de Montpellier, Montpellier, France

Division of Neurology, Rady Children’s Hospital San Diego, CA, USA

Department of Neuroscience, University of California San Diego, CA, USA

Medical Genetics, Hopitaux Universitaires de Strasbourg, Strasbourg, France

Cairo University Children Hospital, Pediatric Neurology and Metabolic division, Cairo, Egypt

Department of Neurosurgery, King’s College Hospital, London, UK

Department of Neurology, Brigham and Women’s Hospital, Boston, MA, USA

Department of Genetic Medicine, Belfast Health and Social Care Trust, Belfast, UK

Department of Genetics, Westmead Hospital, Westmead, NSW, Australia

Division of Pediatric Neurology, Department of Pediatrics, Oregon Health and Science University, Portland, OR, USA

Department of Paediatrics, Neurology Division, Ain Shams University Hospital, Cairo, Egypt

Department of Paediatric Neurology, The Children’s Hospital at Westmead, NSW, Australia

Faculty of Medicine and Health, Sydney Medical School, University of Sydney, Sydney NSW, Australia

Department of Neurology, Boston Children’s Hospital, Boston, MA, USA

Departments of Paediatrics, University of California, San Diego, CA, USA

Rady Children’s Institute for Genomic Medicine, San Diego, CA, USA

Division of Medical Genetics, Department of Pediatrics, San Antonio Military Medical Center, San Antonio, TX, USA

Department of Pediatrics, Long School of Medicine, UT Health, San Antonio, TX, USA



KMT2B spectrum and evolution with DBS

BRAIN 2020: 143; 3242-3261 | 3245

82 Division of Pediatric Neurology, Department of Pediatrics, University of Texas Southwestern, Dallas, TX, USA
83 Department of Medical Genetics, Cambridge Institute for Medical Research, University of Cambridge, Cambridge, UK

Correspondence to: Professor Manju Kurian
UCL Professor of Neurogenetics and NIHR Research Professor

Room 111, Level 1, UCL Great Ormond Street Institute of Child Health

30 Guilford Street, London, WC1N 1EH, UK
E-mail: manju.kurian@ucl.ac.uk

Correspondence may also be addressed to: Dr Laura Cif, MD, PhD

Département de Neurochirurgie, Hopital Gui de Chauliac, Centre Hospitalier Universitaire
Montpellier, Unité de Recherche sur les Comportements et Mouvements Anormaux

80 Avenue Augustin Fliche, 34000 Montpellier, France
E-mail: a-cif@chu-montpellier.fr

Keywords: KMT2B; dystonia; neurodevelopment; genetics; deep brain stimulation (DBS)
Abbreviations: BEMDRS = Burke-Fahn-Marsden Dystonia Rating Scale; DBS = deep brain stimulation; GP(i) = globus pallidus

(internus); WES = whole-exome sequencing

Introduction

Dystonia is defined as a hyperkinetic motor disorder charac-
terized by involuntary and sustained muscle contractions
causing abnormal, twisted and often painful movements and
postures (Albanese et al., 2013). With the advent of next-gen-
eration sequencing, the landscape of genetic dystonia has
been revolutionized by the discovery of novel dystonia genes
and new gene-associated phenotypes (Lohmann and Klein,
2017). It is increasingly recognized that most genetically-
determined dystonias, particularly those of childhood-onset,
are characterized by additional neurological, neuropsychiatric
and systemic features. These ‘complex dystonia’ phenotypes
can often pose a significant diagnostic challenge for clinicians.

Recently, mutations in the lysine-specific histone methyl-
transferase 2B gene, KMT2B, (hg38: chr19:35717817-
35738879, OMIM 606834) were identified in individuals
with early-onset dystonia (DYT28, DYT-KMT2B) (Zech
et al., 2016; Meyer et al., 2017). Typically, affected patients
initially present with a focal, often lower-limb dystonia that
subsequently evolves into generalized dystonia with promin-
ent cranial, cervical and laryngeal involvement. In many
patients, additional clinical features have also been reported,
including dysmorphism, short stature, intellectual disability,
eye movement abnormalities and psychiatric comorbidities.
Although KMT2B was only recently identified, more than
80 patients are already published (Zech et al., 2016,
2017a, b; Lange et al., 2017; Meyer et al., 2017; Reuter
et al., 2017; Baizabal-Carvallo and Alonso-Juarez, 2018;
Faundes et al., 2018; Hackenberg et al., 2018; Kawarai
et al., 2018; Zhao et al., 2018; Bras et al., 2019; Carecchio
et al., 2019; Dafsari et al., 2019; Dai et al., 2019a, b; Klein
et al., 2019; Kumar et al., 2019; Ma et al., 2019; Zhou
et al., 2019; Cao et al., 2020; Miyata et al., 2020; Mun
et al., 2020) rendering KMT2B-dystonia an emerging key
player in childhood-onset genetic dystonia, accounting for
an estimated 21.5% of cases (Carecchio et al., 2019).

Since 1996, deep brain stimulation (DBS) has been pro-
posed as a treatment of severe childhood-onset dystonia,
with clinical outcome dependent on a number of factors,
including underlying aetiology, patient age and disease sever-
ity at the time of surgery (Coubes et al., 1999, 2000; Cif
et al., 2010; Gruber et al., 2010; Panov et al., 2012, 2013;
Lumsden et al., 2013; Krause et al., 2015; Koy et al., 2018).
Despite extensive investigations, a significant number of dys-
tonia cases remain undiagnosed, though symptomatic treat-
ment with DBS is nevertheless employed (Jinnah et al.,
2017). With the advance of next generation sequencing tech-
nologies and the identification of distinct genetic dystonia
syndromes, accurate DBS prognostication is increasingly
possible based on underlying aetiology (Coubes et al., 2000;
Cif et al., 2010; Gruber et al., 2010; Timmermann et al.,
2010; Panov et al., 2012; Krause et al., 2015; Koy et al.,
2018). However, little is known about the long-term out-
come with DBS in KMT2B-dystonia, though short-term
benefit has been reported (Zech et al., 2016, 2017a; Meyer
et al., 2017; Kawarai et al., 2018; Carecchio et al., 2019;
Dafsari et al., 2019; Kumar et al., 2019; Cao et al., 2020;
Miyata et al., 2020; Mun et al., 2020).

In this study, we report 53 individuals (study cohort) with
either KMT2B intragenic variants or chromosomal microde-
letions encompassing this gene. This report provides a
deeper understanding of the spectrum of the KMT2B-related
phenotype, identifying new clinical features and a distinct
group of KMT2B patients presenting with a neurodevelop-
mental disorder in the absence of dystonia, a likely under-
reported KMT2B phenotype. Furthermore, we have ana-
lysed the features of our study cohort (7 = 53) together with
previously published cases (7 = 80). Review of this extended
cohort (n = 133) has enabled us to better delineate the spec-
trum of clinical symptoms, determine the incidence of dys-
tonia-associated phenotypes, and further understand the
types of mutations observed in KMT2B-related disease. In
addition, where sufficient data were available, we report on
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the outcome (up to 22 years) with DBS in 18 patients (DBS
subcohort); this is the largest DBS cohort reported to date,
and the data will aid clinicians in counselling patients and
families.

Materials and methods

Ethical approvals

This study was approved by the National Research Ethics
Services in the UK (IRAS project ID: 248447), Great Ormond
Street Hospital Research Management and Governance Team
(18NM21) and Internal Review Board of Montpellier
University Hospital (Ethics Board number 2018_IRB-MTP_11-
11). Written informed consent was obtained for all participants
in whom research genetic testing was undertaken and for publi-
cation of photographs and videos (Supplementary Table 1).

Patient ascertainment and review of
clinical features

Through collaboration with 23  international centres
(Supplementary Table 1), 53 patients with disease-associated
mutations in KMT2B and chromosomal microdeletions includ-
ing KMT2B were ascertained for inclusion in this study (study
cohort). For each confirmed case, each study centre completed a
case note review and returned anonymized data through a
standardized study proforma. Neuroimaging was performed as
part of routine clinical care in 48 patients; imaging was avail-
able for review in 21 cases, undertaken by a paediatric neuro-
radiologist (W.K.C.).

DBS data were collected for 18 subjects who underwent DBS
(DBS subcohort) to the globus pallidus pars interna (GPi) for se-
vere and medically refractory dystonia. Twelve patients (Patients
1, 9, 10, 17, 19-21, 26, 31-33 and 37; Table 1 and
Supplementary material) are in the study cohort and six patients
(Patients 53-58; Supplementary Table 7) were previously
reported but either before DBS or without detailed information
about DBS setting and long-term outcome (Meyer et al., 2017).
Three individuals were described previously before genetic diag-
nosis (Patients 9, 10 and 32) (Coubes et al, 1999; Nerrant
et al., 2018). For the DBS subcohort, each study centre com-
pleted a case note review and returned anonymized data
through a second standardized proforma. Long-term follow-up
group with DBS was defined as follow-up of at least 5 years
(Volkmann et al., 2012; Cif et al., 2013). Dystonia severity and
related disability at baseline and during follow-up with DBS
was assessed by the motor and disability sections of the Burke-
Fahn-Marsden Dystonia Rating Scale (BFMDRS) (Burke et al.,
1985). Suboptimal response to DBS was defined as less than
30% reduction in the BEMDRS-M compared to baseline (Pauls
etal., 2017).

Molecular genetic investigations and
in silico modelling

Mutations were identified through a variety of different meth-
ods, including microarray (n=2) research Sanger sequencing
(n =10), diagnostic gene panels for dystonia (1 = 7), diagnostic
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exome/genome analysis (7 =22) and research exome/genome
sequencing (n = 12) (Tables 1, 3 and Supplementary material).

Research Sanger sequencing confirmation

For Patients 8-10, 17, 20, 21, 32, 37, 39 and 46, direct Sanger
sequencing was carried out to (i) screen the entire coding region
of the KMT2B gene from the study cohort; (ii) confirm KMT2B
variants identified by research whole-exome or whole-genome
sequencing; and (iii) to establish familial segregation. KMT2B
wild-type  sequence  was  obtained from  Ensembl
(ENSG00000272333, transcript ENST00000222270) and pri-
mers were designed for all 37 exon—intron boundaries using on-
line Primer3Plus software. Purification of PCR products was
undertaken using MicroCLEAN (Clent Life Science) and
sequencing with the BigDye™ Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems'™). Sequencing reactions
were run on an ABI PRISM 3730 DNA Analyzer (Applied
Biosystems'™) and analysed using Mutation Surveyor®

software.

Research whole-exome and whole-genome
sequencing

A summary of the different methods used for research whole-
exome and genome sequencing performed in different laborato-
ries is provided in the Supplementary material.

Determination of mutation pathogenicity

Identified KMT2B variants were analysed to determine whether
they were previously described in other patients, reported on
mutation databases (ClinVar) or novel. Protein-truncating var-
iants included nonsense variants, intragenic deletions and dupli-
cations (which are predicted to truncate the C-terminus of the
protein), one in-frame deletion (that, although is not predicted
to truncate the C-terminus of the protein, does shorten the pro-
tein), and splice site changes predicted to cause aberrant splicing
(Supplementary Table 2), classified pathogenic as per American
College of Medical Genetics and Genomics (ACMG) guidelines
(Richards et al., 2015). Missense substitutions were suggested to
be disease-causing if the Combined Annotation Dependent
Depletion (CADD) was >20 (v 1.4), absent in Genome
Aggregation Database (gnomAD) and the variant was predicted
to be disease-causing by at least two in silico prediction pro-
grams (PolyPhen-2, SIFT, Provean and MutationTaster) with
confirmation of pathogenicity likelihood, as defined by ACMG
guidelines (Richards ez al., 2015) (Supplementary Table 3).

Missense constraint analysis
Constraint analysis was performed on all reported pathogenic
variants in the extended cohort (study cohort and published

cases) and compared to reported variants in gnomAD
(Karczewski et al., 2020).

Protein structure-function in silico modelling
Homology modelling was undertaken as previously (Meyer
et al., 2017) for the PHD-like and SET-binding domains of
KMT2B (NP_055542.1). Variants were analysed for a change
in free energy using SDM2 and mCSM (Pires et al., 2014,
Pandurangan et al., 2017).The predicted negative ddG values
imply that the mutation destabilises the protein structure where-
as the positive ddG predicts stabilization of protein structure
upon mutation.


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data

3247

3242-3261

)

BRAIN 2020: 143

KMT2B spectrum and evolution with DBS

'9|qe|IeAR B.e BIep Sg-IdD [BUIPNIBUOT, ‘D' MAA 3siSojoipeloanaN Aq PIMBIARY 'S|1eIDP 32Ny 10} {, B|qR] 93S 340YOd S9Q dY3 Ul Papn|pul,

'sak = A ‘Buipusanbas swoual-ajoym = SOAA ‘8ul

-2uanbas awoxa-3|oym = SIAA ‘21e0ud|eA WNIpos = WA ‘qui| 4addn = N Buipluezn = 7|] ‘ApiusydAxayli = AH] ‘duizeuaqe.nal = 7g] ‘uduanbas ua8ues = gg ajodiuidod = dOY “usned = 14 ‘papJodad 1ou = YN ‘padojaAsp Jsadu = N
‘ou = N ‘Ofew = |4 ‘quil| Joamo| = 77 ‘edopiqued/edopoad) = V4O Q- {Usjojoeq [eaaya-eul = N4gL| ‘AsusnulodAy = ‘odAy ‘sewsy = 4 ‘wedszelp = |4 ‘wedszeuo) = 4D Bulpluop = 07D ‘euldezewequed = 7gD ‘suidszelpozuaq = gzg
‘uIxol wnuinog = X g ‘Usjojpeq = N4g ‘9jozeddidiie = Yy ‘swoidwAs Jolow Jo 19suo 1e 33e = Jorow OOV (6] 1Y) 8EUDYD ‘TLTUF 0 WN ‘[eusrew Aeauswa|ddng aya ul papiAo.d aue i—¢ SIUSIIEY IO} S|IBISP (UMOYS dJ. g—| siusned

eluolsAp Sujuado
-mef ‘sij|odn.o)
s91|N2IYIP SUIMO|

SS Yoaeasay

-[ems ‘eluoydsAp Qe
1jousq ou A Jipowseds ‘eriyy 61:531y0LENDd
ON ‘dOY ‘&3 vdOQg- SLSI ~JBUE —elIesAQ 0l1/51/8 0l1/8 ©IUCISAP T [eJa3e|iun) 14 W 9T 2dnpzo| 1 8
BIUOISAP padnpul BIUCISAP T Ioueg apsouseiq
351249X3 Ul UONINP [eaa3ej1un Aq pamoy oAoU 3p
-4 %0701 :ZdD A 21 Ajuo -|o} ‘ssau|1 3]14qa} «8ruod
ON yausq ou ydOg-T 0l elyLIEsAQ aN/9rel [el22g|lUn/q°9 UM BIUOISAP [e2IAIDD) 9 4:€l 1 <2058 L
SIAA 21soudeiq
0AOU 3p
A sa13jnoup Sul BlIYIesAp 19:8181v€£TA1Dd
ON AN I -MO|[eMs ‘eliyIesAq AN/AN/S'S 6/L—9 ‘e1uoIsAp 7 9-S 4:6L°Tl Ddnpg|g 9
¥3d Jo umi +
SOM 2isoudeiq
yoUaq e sI||021240) {sa1) Qe
8l -o1UI 11 g aysuaq A -[N211p Sulmo|ems Ayagnd snop 9:5404d0pelyd
SSA OU 4V ‘AHL ‘N49 €1l Buljooup teliyiesiqg 8-L/8-L/8L i imdVid -023.d teliypesiq 8L W6l olep8g| > S
G3djo umi +
S1]|0213403 ‘BlUO)
yauaq [ed1ul)d -sAp Suiuado-mel {Imous SOM dnsouselq
X199V 9ususq {sa13|NDIYIP SUIMO| JO uoneIsRd Qe
8l Ou:AHl ‘Z9l A -[ems ‘3uljooup ‘e -op tA11aqnd snopd 9:5J04d0pelv-d
SIA ‘WdD ‘01D ‘N4g 8191°CI -lyareue—eLIyIEsAQ 8-L/€1/8—L i imdVid -023.d teliynresiQ 8L W6l ol°p8g| 2 4
yousq €l
[e2IUIP 7|1 2yausq 01 paJedwod /| SOM YoJeasay
OUAHL 'VdOd paBe 3uapina 5521 10pL 'sijj0d onou 3p
[44 -1‘N4491l ‘Wda A -o.a19. ‘eiSeydsAp ‘e 111589 e495d
SSA ‘WdD ‘Z8D ‘N49 LI'EI'11'6'8 -lyeuR—BLIYIESAQ 81/L1/S1 /9 IUCISAP T [eJa3ejIun) ) 4T €1dnppTTI €
Keaueoudl|
umow|un
sl||o203 S60889€
N Aserol pjiw e —800955€-6 1442
°N AN 4 -lypreue—eLLIEsAQ AN/IN/SL'S SLYISTE elu0ISAp T {[elae|ig € W9 :uonaRg C
Aeaueoudl|
orou 3Qg
SanNdYIp €L1618¢€
Sy yauaq ou A Suimoyems —29% 1 TSHE6 1442
BN ‘AHL ‘VvdOQ-1‘dzg 4 ‘eluoydsAp ‘eiyaiesiqg STY/AN/AN UN/SE eluoIsAp 7 [eJa3e)IUN SC S :uohsRQg el
sa.Jnjeay K ‘o8e
A ‘o8¢ [euonippy eluojsAp eas [ea8ukae> A ‘o8e A x3g pasoudeip MoH
sdada asuodsau ‘odAy -ufue] ‘[esiAlad ‘jelu | [ed1A49D 1N J9SU0 Je saunjesy “ojow 5 CRIATRETTIT|
-1d© :suonedIpajy 1d9A ‘@8 [y -ead jo swojdwihg | reuead esajepg 43430 pue Jojoly ooV ‘a8y JjueLIBA d

(b = u) e1uO0ISAp pae|aa-gzL WD YIM 3404od Apnis 3Y3 uiyjim syuaijed ul 49p.osip JUSLWISAOW 3Y3 JO soNIsIId)dedeyd didAjouayd | a|qeL


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data

3248 | BRAIN 2020: 143; 3242-3261

Literature review and statistical
analysis

A comprehensive search of the medical literature (PubMed,
Medline) was conducted to identify all English-language papers
reporting  patients  with ~ KMT2B-related  disorders
(Supplementary Table 4). All papers were reviewed to create a
published cohort of cases. The study cohort and published co-
hort of cases were amalgamated into the extended cohort for
further review and statistical analysis (Supplementary Tables 5
and 6). Missense variants not meeting the criteria described
above were not included in the analysis. Statistical analysis was
performed using SPSS v24 with significance set at P-value <
0.05. Parametric tests were performed where the data were nor-
mally distributed, and non-parametric tests were used if the data
were not normally distributed. To compare the evolution of
motor and disability scores with DBS, the Wilcoxon signed-rank
test was used. Correlations between age at dystonia onset, time
to generalization and dystonia severity preoperatively were
studied using non-parametric Spearman’s rho test. ANOVA was
used to study relationships between the type of mutation, dys-
tonia severity at baseline and response to DBS. The XgBoost
tree predictor importance model was used to define features im-
portant to predict the type of mutation. We used F-score: the
higher the F-score, more important the feature in predicting the
type of variant. Variants were grouped as protein-truncating
variants, chromosomal microdeletions or missense variants.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and its Supplementary
material.

Results

KMT2B molecular genetic features

We identified 53 individuals (35 females) with mutations in
KMT2B (Tables 1-3 and Supplementary material). A variety
of mutations were identified, including protein-truncating
variants (z =40), missense variants (z=11) and chromo-
somal microdeletions (n=2) (Fig. 1). Three patients
(Patients 18, 23 and 47) were previously reported briefly as
part of a cohort whole-genome sequencing (WGS) study
(Kumar et al., 2019). Although parental testing to establish
inheritance patterns was not possible for all cases, where it
had been undertaken for both parents, it was clear that the
majority (36/38, 94.7%) had occurred de novo (Tables 1, 3
and Supplementary material). Patient 29 inherited the
c.4960T > C variant from her symptomatic mother (Patient
30) who was initially thought to have a neuromuscular dis-
order. Patient 17 inherited the ¢.3147_3160del from his
mother (Patient 46) with no dystonia but short stature, dys-
morphism and intellectual disability. Patients 18 and 47 are
siblings; their father died before genetic diagnosis was
achieved and therefore segregation studies were not possible.

L. Cif et al.

Of note, he was also reported to have clinical symptoms sug-
gestive of dystonia.

All identified mutations were novel apart from
c.1656dupC  (Patient 9), ¢.2428C>T (Patient 13),
c.4789C>T (Patients 25, 50) and c.4847C>T (Patient 27)
(Zech et al., 2016, 2017b; Hackenberg et al., 2018; Kawarai
et al., 2018; Carecchio et al., 2019; Dai et al., 2019a; Zhou
et al, 2019; Cao et al, 2020). The same variant
(c.4789C>T), was identified in two unrelated patients, one
with typical KMT2B-related dystonia (Patient 25) and an-
other aged 12 years (Patient 50), who had a neurodevelop-
mental phenotype without dystonia. The ¢.3325delC was
identified in siblings, one with typical KMT2B-dystonia and
(Patient 18) and his sister with intellectual disability and
short stature (Patient 47) (Kumar et al, 2019). The
¢.188delG variant was identified in a pair of monozygotic
twins (Patients 4 and 35).

Missense constraint analysis

Constraint analysis was performed on all reported pathogen-
ic variants and compared to reported variants in gnomAD
(Fig. 1). Although protein-truncating variants are distributed
throughout the protein coding sequence, all missense var-
iants deemed likely to be pathogenic lie within constrained
regions for missense variation, which are close to key protein
domains such as the SET-binding domain, and PHD, PHD-
like and FYR regions.

Protein structure-function in silico modelling

To predict the effects of sequence variants on the structure—
function properties of KMT2B (NP_055542.1), the site-
directed mutant protein models were generated using the
swapaa command in UCSF Chimera (Pettersen et al., 2004)
(with Dunbrack backbone-dependent rotamer library and
choosing rotamer based on the lowest clash score, highest
number of H-bonds and highest rotamer probability) for all
the mutants that fall into the region which could be mod-
elled using homology modelling. Evaluation of the impact of
mutations for the modelled variants using SDM2 and
mCSM suggests a change in the free energy, with a predicted
structure destabilizing effect (Supplementary Table 9). The
modelled  variants (p.Arg1597Trp,  p.Alal616Val,
p.Cys1644Phe, p.Cys1654Arg, p.Arg2649Cys) show disrup-
tion of key domains with loss of critical interactions/bonds
and effect on protein stability (Fig. 2).

Clinical features of the study cohort

Overall, 44 patients were identified with a dystonia pheno-
type, and nine patients with a non-dystonia phenotype.

Dystonia group

We identified 44 individuals (28 females) with dystonia, with
a current median age of 16.0 years (range: 344 years). The
median age of symptom onset was 5.0 years (range: 1.5-29.0
years), with progression to generalized dystonia, over a me-
dian period of 2.0 years (range: 0-10.5 years). Generalization
occurred within 6 months of first symptoms in 10 patients.
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Figure | KMT2B missense constraint analysis. (A) Missense allele counts for all KMT2B missense variants were obtained from gnomAD

v2.1 (Karczewski et al., 2020). All missense amino acid substitutions are represented in grey (top section). Exons by constraint ranges were
obtained from Decipher v.9.29 (Firth et al.,, 2009). Schematic representation of the coding exons of KMT2B shows the gene regions by predicted
intolerance to missense changes, ranging from grey (relatively tolerant) through yellow, orange and red with increasing intolerance (track for
exons are coloured by constraint values, obtained from Decipher). Highly constrained regions encompass exons encoding key protein domains,
including the CxxC, PHD, PHD-like, FYR and SET-binding domain. All variants reported in the extended cohort are represented. While patho-
genic protein truncating variants (red circles) are distributed throughout the protein coding sequence, disease-associated missense variants (blue
triangles) appear to localize in regions of missense constraint, which represent key protein domains. Coordinates for the protein domains were
obtained from Pfam 32.0 (El-Gebali et al., 2019). (B) Schematic representation of KMT2B (NM_014727.2) indicating the positions of 22 frameshift
insertions and deletions (red squares), |0 stop-gain mutations (red circles), four splice-site variants (red three quarter circles) and nine missense
changes (blue inverted triangles) of the study cohort. Mutations associated with dystonic phenotypes are depicted in black and those associated
with non-dystonia phenotypes in green. The functional domain architecture of KMT2B is located above the gene diagram.

The majority presented initially with lower limbs symptoms
(29/44); foot posturing, new-onset toe-walking or gait diffi-
culties (Table 1 and Supplementary material). Atypical first
disease presentations included isolated upper limb dystonia or
oromandibular dystonia without limb features.

The median age of development of bilateral lower limb
dystonia was 6.0 years (range: 1.5-20.0 years), with caudoc-
ranial progression of dystonia and bilateral upper limb in-
volvement by a median age of 8.0 years (range: 2.0-18.0
years). Cranial features were evident by a median age of 7.5
years (range: 2.0-23.0 years), laryngeal symptoms by a

median age of 9.0 years (range: 3.5-19.0 years) and cervical
dystonia from a median age of 9.0 years (range: 2.0-17.0
years). Laryngeal, oromandibular and cervical involvement
became a prominent feature of the disease in the majority,
often very disabling, requiring enteral feeding to maintain
nutrition, assistive technology for communication and
adapted seating. Status dystonicus occurred in 11.4% (n =5)
of the study cohort. The majority of patients trialled many
different anti-dystonia medications with either no clinical
benefit or minimal sustained improvement (Table 1 and
Supplementary material). In the study cohort, 23 patients


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data

3250 |

BRAIN 2020: 143; 3242-3261

E z9
=
c-rs'u+_|):
G e
a .
N |
- L |

L. Cif et al.

Mo

Figure 2 Predicted effect of KMT2B variants on structure-function properties. (A—F) Structural modelling for PHD-like domain of
KMT2B (residues 1574-1688). (A) The wild-type residue Argl597 (yellow) lies on the exposed flexible loop, which is involved in the salt bridge
with Asp1591. (B) Substitution of the arginine with a tryptophan is predicted to remove this salt bridge interaction by placing a bulkier hydropho-
bic side chain in this position. (C) The wild-type residue Alal616 (yellow) is close to the residue Arglé35, which is involved in salt bridge with
Glulé617. (D) Alal616Val may result in a steric clash with Argl 635 and disrupt the salt bridge between Argl 635 and Glul617. (E) This PHD-like
domain is known to have three zinc fingers (zinc ions shown in orange). Cys|644 is involved in formation of one of the zinc-fingers (top).
Substitution with a phenylalanine will result in loss of coordination of zinc ion in a zinc finger and a detrimental effect on the protein function (bot-
tom). (F) Cys 1654 is present adjacent to Cys 1653 which is involved in coordinating zinc ion in another zinc finger motif (bottom left). Substitution
of a cysteine with an arginine might cause a steric clash and repulsion with Lys|1679 present in its vicinity, hence impacting on protein structure
(bottom right). (G) Structural modelling for SET domain of KMT2B (residues 2539-2715). The side chain of Arg2649 forms an H-bond with the
backbone of Ala2641 (top). Substitution at amino acid 2649 of the arginine with a cysteine will disrupt this bond (bottom) and impact the stability

of the domain.

had DBS inserted: results are reported in the focused DBS
cohort for 12 subjects, for whom longitudinal data of clinic-
al evolution with DBS was available.

In our cohort, additional features were present in all (44/
44), including short stature (height <2nd centile) (71.1%),
microcephaly with occipitofrontal circumference (OFC)
<2nd centile (68.6%) and dysmorphism (52.4%) (Table 2,
Supplementary Fig. 1 and Supplementary material).
Developmental delay preceding the onset of dystonia was
reported in 14 children (34.1%). Subsequent cognitive diffi-
culties were noted in 47.6%, ranging from mild to severe in-
tellectual disability. Autism spectrum disorder was reported
in six individuals (14.3%). Psychiatric features such as atten-
tion deficit hyperactivity disorder and anxiety were identified
in 18 (42.9%) cases. Dysmorphic features such as an elon-
gated face, bulbous nasal tip and clinodactyly were present
in 22 individuals (52.4%). Endocrinopathies, including
hypothyroidism and precocious puberty, were reported in
10 cases (23.3%). Ophthalmological defects (18 cases,
42.9% including refractive errors, end-gaze nystagmus and
slow saccades), skin features (three cases, 7.1%) and other

systemic features such as cyclical neutropenia, autoimmune
hepatitis or IgG deficiency (13 cases, 30.2%) were also
reported (Table 2 and Supplementary material).
Neuroimaging was available for review for 21 patients
and systematically reviewed by a single neurologist
(W.K.C.). Bilateral symmetrical hypointensity of the globus
pallidus (GP) with a distinct hypointense lateral streak of GP
externa was evident for 17/21 patients (mean age of imaging
11.0 years, range: 4.0-25.0 years) (Supplementary Fig. 3).
This was most obvious in susceptibility-weighted images
(SWI) and BO images, with concomitant T, images normal
in some instances (Patients 20 and 32). Those without GP
changes on MRI tended to be older, with a mean age 23.6
years at neuroimaging (range: 8.0-36.0 years). Serial scans
were available in six cases, showing changes in GP hypoin-
tensity over time. For Patient 39, MRI brain scan at 11.8
years showed greater GP hypointensity than at 9 years. For
Patient 3, MRI brain scan at 17 years showed a reduction in
GP hypointensity compared to neuroimaging at 13 years
(Supplementary Fig. 3). Other radiological features identified
included non-specific white matter changes (Patients 25 and
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40), previous left middle cerebral artery infarct (Patient 30)
and cerebellar vermis hypoplasia (Patient 41) (Table 1 and
Supplementary material).

Non-dystonic neurodevelopmental group

Within the cohort, we identified nine patients (seven females)
with pathogenic mutations in KMT2B, in whom there has
been no evolution of dystonia. Current median age is 11.8
years (range: 2.2-57.0 years). All presented with neurodeve-
lopmental delay, with ensuing intellectual disability, micro-
cephaly, short stature, and dysmorphic
(clinodactyly, syndactyly, facial dysmorphism) (Table 3).
Additional systemic features include early feeding issues and
intrauterine growth restriction. MRI brain was reported as
normal in all patients in whom neuroimaging was performed
(n = 5) with no evidence of GP hypointensity.

features

Deep brain stimulation cohort

Clinical features

Focused data on DBS outcome in KTM2B-dystonia was
available for 18 patients (15 females), DBS was inserted for
the management of medically refractory generalized dys-
tonia. Median age at the time of the reporting was 14.5
years (range: 5.0-44.0 years), median age of onset of dys-
tonia was 3.25 years (range: 2.0-10.0 years), and median
time to generalization in this group was 2.75 years (range:
0.5-9.0 years). Evolution of dystonia culminating in status
dystonicus before DBS surgery occurred in 4/18 subjects
(22.5%). Lower limb dystonia was the presenting symptom
in 16/18 subjects and laryngeal dystonia was a consistent
finding with aphonia in 14. In 16/18 feeding was impaired,
severely in six, requiring enteral nutrition. All patients devel-
oped independent ambulation prior to dystonia onset with
progressive deterioration over time (Supplementary Fig. 2).
Brain FDG-PET scan was performed in 12 patients; on vis-
ual reading, it was deemed normal in eight patients, with
reduced basal ganglia uptake in three and heterogeneous
cortical uptake in a single case (Patient 37). DaTSCAN per-
formed in four patients did not provide evidence of dopa-
minergic neurodegeneration.

DBS insertion and outcome

All patients received DBS to the GPi (Supplementary Table
10). Median age at DBS implant was 11.5 years (range: 4.5—
37.0 years) and median duration from dystonia onset to sur-
gery was 5.5 years (range: 2.0-35.0 years). Median postop-
erative follow-up was 2.0 years (range: 0.25-22.0 years)
(Table 4). There were significant differences in BEMDRS-M
scores between the preoperative, 6 months (P =0.001) and
12 months (P =0.004) groups. Significant changes were
measured in BFMDRS-D between the preoperative, 6
months (P =0.009) and 12 months (P = 0.002) assessments.
Comparisons of the BFMDRS scores at later stages of fol-
low-up (long-term subgroup, >5 years post-DBS, 7 =38)
confirmed maintenance of improvement for both compared
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to preoperative assessment, BFMDRS-M (P =0.012) and
BFMDRS-D scores (P = 0.012) (Table 4 and Fig. 3).

At 1 year, 8/15 cases assessed with the BEMDRS-M ful-
filled criteria for an optimal response (>30%). In the long-
term subgroup, 5/8 cases sustained this improvement. For
the BEMDRS-D scores, 7/15 showed improvement >30%
at 1 year, maintained in 3/8 in the long-term subgroup. At
the last assessment (median time 7.5 years, range: 5.0-22.0
years), dystonia improvement was maintained for the trunk
(53.2%), neck (50.5%) and oro-mandibular (35.7%)
regions. Improvement of dystonia in the lower limbs
(16.3%) was inferior to the threshold set for responsiveness
(Fig. 3E). At the last assessment, BEMDRS-D scores were
variable, improvement maintained for swallowing (52.9%),
dressing (40.0%) and writing (40.0%), whilst benefit on gait
(16.2%) and speech (3.4%) were suboptimal (Fig. 3F).
None of the eight subjects from the long-term subgroup
maintained a fully autonomous gait; however, at initial
stages of the therapy, three patients were able to ambulate
without assistance (Supplementary Video 1, sequences 1 and
2). Freezing of gait during follow-up with DBS was docu-
mented in 5/8 patients, present in one before DBS (Patient
26) and during the DBS follow-up for the others
(Supplementary Video 1, sequences 3 and 4). Four patients
received DBS for status dystonicus (Supplementary Video 1,
sequence 1). Patient 32 received initial GPi DBS with reso-
lution of prolonged status dystonicus which had necessitated
ICU management for 93 days. Six years after the first sur-
gery additional leads to the subthalamic nucleus were
implanted for a second episode of status dystonicus with a
laryngeal component.

Eight hardware-related complications (five patients) were
recorded. Patient 10 underwent surgical scar revision and bi-
lateral extension cable replacement, electrode replacement
occurred in two cases (Patients 9 and 21) due to worsening
dystonia and high impedance and two cases had electrode
revision due to a migrated electrode (Patients 20 and 55).

Effect of genotype and severity of dystonia on
response to DBS

Protein-truncating variants were identified in 11 subjects and
chromosomal microdeletions in six. A single missense variant
was identified and therefore not included in analysis (Table 1,
Supplementary Table 7 and Supplementary material). No cor-
relation was found between disease duration and dystonia se-
verity preoperatively (P =0.257). Evolution of BFMDRS-M
scores as mutation type are presented in Fig. 4A. Similar pre-
operative BEMDRS-M scores were measured for protein-trun-
cating variants (84.7) and chromosomal microdeletions (79)
(Fig. 4B). Clinical response recorded at 1-year follow-up was
superior for protein-truncating variants compared to chromo-
somal microdeletions (mean BFMDRS-M 50.4 versus 62.2).
The XgBoost tree predictor importance model was used to
define features important to predict mutation type. The most
important features were the BEMDRS-M score preoperative
(F-score, 38), 1 year (F-score, 21) followed by 6 months (F-
score, 13) (Fig. 4C). No correlation was observed between


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
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Figure 3 Evolution of BFMDRS for the DBS cohort (n = 18) and evolution of dystonia and motor function with DBS for
patients followed >5 years with DBS (n = 8). (A) Mean score of BFMDRS-M (range: 0—120). (B) Mean score of BFMDRS-D (range: 0-30).
(C) Spaghetti plots displaying individual dystonia evolution with DBS, as assessed by the BFMDRS-M. (D) Spaghetti plots displaying individual dys-
tonia evolution with DBS, as assessed by the BFMDRS-D. (E) Evolution of motor function as assessed by the motor section of the BFMDRS fol-
lowed for >5 years with DBS. (F) Evolution of motor function as assessed by the disability section of the BFMDRS followed for >5 years with

DBS.

DBS settings, disability score and at the last follow-up scores,
for the long-term subgroup.

Extended KMT2B cohort analysis

Overall, we identified 142 patients with KMT2B-related dis-
ease. Two patients with missense variants of uncertain sig-
nificance in KMT2B were not included in analysis
(Carecchio et al., 2019; Ma et al., 2019). Two individuals
were duplicated in published papers (Lange et al., 2017,

Meyer et al., 2017; Reuter et al., 2017; Dafsari et al., 2019).
One paper was in Chinese and only the abstract was avail-
able in English for review (Dai et al., 2019b). Three individ-
uals included in our study cohort were also briefly reported
in a cohort WGS study (Kumar et al., 2019). Overall, 133
patients were included for analysis in the extended cohort.
This comprises the patients reported in this study (7 =53,
study cohort), and a further 80 KMT2B mutation-positive
cases reported in the literature (published cohort)
(Supplementary Tables 4-6).


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
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Figure 4 Relationship between genotype, dystonia severity and DBS (n = 18). (A) Dystonia BFMDRS-M scores evolution with DBS
according to the class of mutation. Eleven protein-truncating variants (blue), six microdeletions (orange) and a single missense variant (grey). (B)
Relationship between genotype and dystonia severity at baseline (BFMDRS-M). (C) XgBoost Tree Predictor Importance model was used to pre-
dict the type of mutation class according to the evolution of the motor scores. The BFMDRS-M scores preoperative (F-score, 38), |-year post

operative (F-score, 21) and 6 months (F-score, |13) were able to predict the type of mutation with 94.4% accuracy.

Within the extended cohort, 100 different intragenic muta-
tions and 18 chromosomal microdeletions have been
reported in 133 patients. Overall, protein-truncating variants
are most frequently reported, accounting for 80 cases
(60.2%), while chromosomal microdeletions (18 cases,
13.5%) and missense changes (35 cases, 26.3%) are less fre-
quently described. Where segregation studies have been pos-
sible, the majority of mutations have either occurred
apparently de novo (88.0%) or inherited from symptomatic
parents (7.4%). Only five (4.6%) of reported cases harbour
mutations that are inherited from an asymptomatic parent.

Of the 133 cases analysed, 123 (92.5%) cases present
with a KTM2B-related dystonia phenotype (Supplementary
Tables 5 and 6) (Zech et al., 2016, 2017a, b; Lange et al.,
2017; Meyer et al., 2017; Reuter et al., 2017; Baizabal-
Carvallo and Alonso-Juarez, 2018; Faundes et al., 2018;
Hackenberg et al., 2018; Kawarai et al., 2018; Zhao et al.,
2018; Bras et al., 2019; Carecchio et al., 2019; Dafsari
et al., 2019; Dai et al., 2019a; Klein et al., 2019; Kumar
et al., 2019; Ma et al., 2019; Zhou et al., 2019; Cao et al.,
2020; Mun et al., 2020) The median age of dystonia onset is
5.0 years (range: 0.20-43.0 years), significantly lower in
chromosomal microdeletions and protein-truncating variants
(5.0£3.8 years), compared to those with missense variants
(6.0+£4.0 years, P-value = 0.0204) (Supplementary Fig. 4).

Systemic features (microcephaly, pre-existing developmen-
tal delay, intellectual disability) and hypointensity of GP on
neuroimaging are more commonly described in patients with
chromosomal microdeletions and protein-truncating variants
than those with missense variants.

Within the published cohort, eight publications reported a
total of 31 subjects treated with DBS for KMT2B-dystonia
(Zech et al., 2016, 2017a; Meyer et al., 2017; Kawarai
et al., 2018; Carecchio et al., 2019; Kumar et al., 2019; Cao
et al., 2020; Miyata et al., 2020; Mun et al., 2020) Overall,

results were expressed mostly as ‘good or very good
responses’ and BFMDRS-M score changes were reported in
13 cases (Supplementary Table 8).

Discussion

In this study, we describe the clinical and genetic features of
the largest cohort of patients reported to date with KMT2B
mutations, thereby elucidating a number of new and import-
ant concepts for this recently identified genetic disorder.
Through detailed clinical delineation, we report subgroups
of individuals with atypical dystonia presentations and non-
dystonic phenotypes. In addition, we report the long-term
outcome with DBS in 18 patients with KMT2B-dystonia,
the largest cohort reported to date. This work has also iden-
tified clinically relevant genotype-phenotype correlations and
provided deeper insight into the mutation spectrum of
KMT2B-related disease and valuable data for DBS
prognostication.

The majority of patients had either chromosomal microde-
letions or protein-truncating variants, which have all either
occurred de novo or with a fully penetrant autosomal dom-
inant inheritance pattern. In contrast, missense mutations
are less frequently reported. Where familial segregation stud-
ies have been possible, 88.0% occur de novo, 7.4% inher-
ited from an affected parent and 4.6% from an apparently
asymptomatic parent. The overall penetrance for KMT2B-
related disease is therefore high, estimated to be 96.4%,
with almost complete penetrance for protein-truncating var-
iants and chromosomal deletions, and reduced penetrance
(85.3%) for missense variants. These penetrance rates may
still be an underestimate, as carrier parents may report no
symptoms but be mildly affected with subtle sub-clinical dis-
ease features.


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
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https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
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Table 4 Dystonia evolution with GPI-DBS in the DBS cohort (n = 18)

Patient Clinical information BFMDRS evolution

Age Follow-up Target SD Freezing BFMDRS-M BFMDRS-D

DBS, post-DBS, post- of gait

y y DBS post- Pre-DBS 6mo |y 5y Last Pre-DBS 6mo |y 5y Last

DBS 1120 130

| 4.5 0.5 Bi-GPi  No No 82 155 NA NA NA 28 7 NA NA NA
9 5 21 Bi-GPi  No Yes 91 2 6 18 52 29 17 14 13 13
10 8 22 Bi-GPi  No Yes 99 19 19 NA 33 30 15 I5 NA I
17 23 7.5 Bi-GPi  No No 83 NA 525 NA 65 21 NA 17 NA 15
19 7 | Bi-GPi  No No 120 935 93 NA NA 30 30 22 NA NA
20 7 1.5 Bi-GPi  No No 75 80.5 805 NA NA 17 20 20 NA NA
21 28 15.5 Bi-GPi  No No 97 41 355 NA 665 26 16 10 NA 16
26 15.5 | Bi-GPi  No Yes 75 38 36 NA  NA 25 17 14 NA NA
31 15.5 0.25 Bi-GPi  No No 40.5 12 NA NA NA I 2 NA NA NA
32 7 7 Bi-GPi  Yes No 118 71.5 455 32 64 30 25 20 15 26
33 I | Bi-GPi  No No 58 47 32 NA NA 30 27 17 NA NA
37 37 6.5 Bi-GPi  No Yes 71 40.5 545 49 48.5 13 10 10 10 10
54 7 5 Bi-GPi  No Yes 8l 795 79 63.5 635 25 28 22 28 28
55 12 8 Bi-GPi  No No 64.5 575 62 68 58.5 15 13 14 15 14
56 10.5 0.1 Bi-GPi  No No 94.5 NA NA NA NA 30 NA NA NA NA
57 10 1.5 Bi-GPi  No No 77 NA 72 NA  NA 23 NA 21 NA NA
58 4 | Bi-GPi  No No 79.5 71.5 86 NA  NA 24 23 21 NA NA
59 8 25 Bi-GPi  No No 72 64 48 NA NA 17 15 10 NA NA

Bi-GPi = bilateral GPi; BFMDRS-D/M = disability/motor section of the BFMDRS; mo =

Given the observed variable disease penetrance and pau-
city of functional diagnostic assays to assess KMT2B func-
tion, interpreting the clinical relevance of missense variants
in KMT2B can often be challenging. In our study cohort,
our threshold for deeming missense substitutions as poten-
tially pathogenic has been based on a CADD score >20,
>2 corroborative in silico predictions, absence from the
gnomAD database and use of ACMG guidelines for deter-
mining variant pathogenicity (Supplementary Table 3)
(Richards et al., 2015). Using constraint analysis, we have
demonstrated that protein-truncating variants are scattered
throughout the entire gene, whereas missense variants that
are thought to be pathogenic occur only in or around func-
tionally important protein domains (Fig. 1). We advocate
that all missense variants should be interpreted with caution,
especially those occurring outside key domains, and/or with
CADD scores <20.

Classical KMT2B-dystonia presents as an early childhood-
onset progressive dystonia with prominent cervical, laryngeal
and oromandibular involvement (Zech et al., 2016; Meyer
et al., 2017). However, our study cohort also includes a sub-
group of patients with atypical dystonia presentation at dis-
ease onset. Specifically, 7/44 cases initially presented with
bulbar and laryngeal symptoms and only later developed
limb involvement. Furthermore, 7/44 patients reported upper
(rather than lower) limb involvement initially. This observa-
tion is further confirmed in our extended cohort analysis,
where 16.4% of patients presented with an atypical dystonia
phenotype, with features of oromandibular dystonia

months; NA = not applicable; SD = status dystonicus; y = year.

(dysarthria, change in quality or volume of voice) at first
presentation. It is therefore increasingly evident that not all
KMT2B-dystonia patients follow a typical course with cau-
docranial progression.

Our extended analysis of 133 cases has shown that the
onset of dystonia appears to be significantly earlier in those
with chromosomal microdeletions and protein-truncating
variants than in those with missense variants
(Supplementary Fig. 4 and Supplementary Table 5). The
average age of dystonia onset seems earlier (5.0 years) when
compared to other monogenic primary dystonia: 12 years in
DYT-TOR1A, 14.0 years in DYT-THAP1 and 31 years in
DYT-GNAL (Blanchard et al., 2011; Ozelius and Bressman,
2011; Fuchs et al., 2013), this may be a clue to the underly-
ing genetic diagnosis.

In our extended cohort analysis, the majority of patients
with KMT2B-related dystonia (92.5%) have additional
neurological, psychiatric and non-neurological systemic fea-
tures, suggesting that most patients have a complex dystonia
phenotype (Supplementary Tables 5 and 6). Many patients
with KMT2B mutations present with an overlapping neuro-
developmental phenotype, and we propose that microceph-
aly, dysmorphism and intellectual disability should be
recognized as core disease features. Mutations in other his-
tone methylation modifier genes similarly cause phenotypic-
ally distinct neurodevelopmental syndromes, with these
overlapping features, which are also reported in
Wiedemann-Steiner syndrome (MIM: 605130, KMT2A),
Kleefstra syndrome 2 (MIM: 617768, KMT2C), Kabuki


https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa304#supplementary-data

KMT2B spectrum and evolution with DBS

syndrome 1 (MIM: 147920, KMT2D), Kleefstra syndrome
1 (MIM: 610253, EHMT1) and SETD1A-related disease
(Ng et al., 2010; Jones et al., 2012; Kleefstra et al., 2012;
Singh et al., 2016). Rodent models support a neurodevelop-
mental phenotype for KMT2B-related disease; conditional
knockdown of Kmit2b in forebrain excitatory neurons leads
to learning and memory impairment (Kerimoglu et al.,
2013). Our study thus further emphasises the key role of
KMT2B in neurodevelopment.

Within our study cohort, we also identified a number of
previously unreported features, including intrauterine
growth restriction, early neonatal feeding issues and endocri-
nopathies (Table 2, Supplementary Table 6 and
Supplementary material). Multiple endocrinopathies includ-
ing growth hormone deficiency, pubertal disorders, and
hypothyroidism are also reported in Kabuki syndrome,
which is associated with defects in histone modification
(Bereket et al., 2001). The mechanisms underlying this de-
rangement of endocrine function are not yet fully under-
stood; proposed mechanisms include defective regulatory T
cells or intrinsic B-cell tolerance breakage, both regulated by
histone modification (Stagi et al., 2016).

There are currently no validated biomarkers for KMT2B-
related disease. The identification of neuroimaging abnor-
malities, in the context of a suggestive clinical phenotype,
may facilitate diagnosis. In our study cohort, MRI features
of bilateral GP hypointensity with a hypointense lateral
streak of GP externus was reported in 56.2% of the overall
cohort and in 83.9% of cases reviewed by our paediatric
neuroradiologist (W.K.C.). This may be attributed to patient
age at the time of neuroimaging, absence of SWI/B0 sequen-
ces, or neuroradiological expertise. The radiological signa-
ture does appear to be an age-dependent phenomenon, more
likely to be present in younger patients (mean age at imag-
ing, 11.0 years) than in older individuals (mean age at imag-
ing, 23.6 years).

KMT2B-related dystonia appears refractory to commonly
prescribed anti-dystonic agents. Although status dystonicus
has only been previously described in two cases of KMT2B-
dystonia (Meyer et al, 2017; Cao et al., 2020), 11.6%
(n=35) patients in our study cohort and 22.5% patients in
the focused DBS cohort developed status dystonicus before
DBS insertion. DYT-KMT2B appears to be one of the causes
of dystonia with the highest risk of developing status dysto-
nicus together with pantothenate-kinase associated neurode-
generation and GNAOT1-related movement disorders
compared to other monogenic childhood-onset dystonias
such as DYT-TOR1A and THAP1-related dystonia which
may be another helpful distinguishing disease feature (Opal
et al., 2002; Ben-Haim et al, 2016; Koy et al, 2018;
Nerrant et al., 2018; Oterdoom et al., 2018; Waak et al.,
2018; Schirinzi et al., 2019).

Fifty-two patients (23 in the study cohort and 29 patients
in the published cohort) had GPi-DBS inserted for medically
intractable dystonia (Tables 1, 4, Supplementary Table 8
and Supplementary material) (Coubes et al., 1999; Zech
et al., 2016, 2017a; Meyer et al., 2017; Kawarai et al.,
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2018; Nerrant et al., 2018; Zhao et al., 2018; Carecchio
et al., 2019; Dafsari et al., 2019; Miyata et al., 2020; Mun
et al., 2020). In our focused DBS cohort, the median postop-
erative follow-up was 2.0 years, with the longest follow-up
of 22.0 years. Dystonia was severe at the time of DBS sur-
gery with a mean BEMDRS-M of 82.1 (120 being the sever-
est dystonia score). Significant improvement was obtained
for both mean BFMDRS-M and BFMDRS-D scores at 1-
year post-DBS (35% and 30% reduction, respectively),
improved or maintained at 5 years (44% and 31% reduc-
tion). At the last assessment, scores in the long-term sub-
group (n = 8), showed sustained improvements of 31% and
29%, respectively. Dystonia improvement was maintained
for trunk (>350%), neck (>50%) and oromandibular distri-
bution (35.7%). Swallowing and upper limb function (dress-
ing and writing) sustained a greater than 40% improvement
compared to speech, which failed to change significantly at
group level after DBS. Dystonia involving the lower limbs
improved the least, despite an initial clinical improvement
with the return of independent ambulation in some, worsen-
ing gait was documented in several patients (3/8) after DBS.
No patient from the long-term subgroup maintained inde-
pendent ambulation. Freezing of gait occurred post-DBS in
five individuals (27.7%), more frequent than in other forms
of monogenic dystonia (Schrader et al., 2011). Under DBS,
mild freezing of gait was observed the earliest at 3 years
post-DBS (Patient 10) and documented at 6 years post-DBS
(Patients 9 and 37). DaTSCAN was performed in two sub-
jects with freezing of gait (Patients 9 and 37) and did not
show striatal denervation. Comparing initial and long-term
clinical outcomes in DYT-KMT2B with other types of
monogenic dystonia, initial improvement is significant and
comparable to outcomes observed in DYT-THAP1 (Panov
et al., 2013; Danielsson et al., 2019). However, as described
in other forms of monogenic dystonia, secondary clinical
worsening may occur, some patients becoming ‘secondary
non-responders’. Nonetheless, early age of dystonia onset,
short mean time to generalization, pharmacoresistance and
risk of status dystonicus should prompt early consideration
for surgical management.

Our extended cohort analysis (1 = 133) has revealed that
patients with chromosomal microdeletions and protein-trun-
cating variants have a higher burden of multi-system disease
with microcephaly, developmental delay (before the onset of
motor symptoms), intellectual disability, short stature and
endocrinopathies, all of which are more frequently reported
in this group than in those with missense variants
(Supplementary Table 5). We detected a higher incidence of
psychiatric features (such as anxiety, attention deficit hyper-
activity disorder), microcephaly, low weight and short stat-
ure in our study group when compared to the published
cohort; this observed difference may reflect the limitations of
extrapolating information from published papers but may
also suggest under-recognition of these associated features in
KMT?2B-dystonia (Supplementary Table 6). In the DBS co-
hort, preoperative BFMDRS-M dystonia scores appeared to
be comparable in protein-truncating variants (84.7) and
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chromosomal microdeletions (79). Using the XGBoost Tree
model, the features which predicted the type of variant were
preoperative BEMDRS-M score, followed by 1-year and 6-
month follow-up scores (accuracy 94.4%). There is an argu-
ment in favour of a relationship between the motor severity
developed and the type of KMT2B variant. No correlation
was found between DBS settings and the degree of clinical
response.

Our study cohort has further confirmed that a small sub-
group of patients with KMT2B mutations may not manifest
dystonia (9/53, 17.0% cases). Despite this observed pheno-
typic pleiotropy, it is clear that both groups show a number
of overlapping phenotypic features including microcephaly,
dysmorphism, short stature, neonatal feeding issues, and
early developmental delay evolving into intellectual disabil-
ity. Within both our study cohort and the published cohort,
it is conceivable that dystonia may not have yet developed in
some patients and could potentially be a future disease fea-
ture, given that all the non-dystonia patients but one are
under 30 years of age. Subtle features of dystonia (posturing,
intermittent toe-walking) may not be appreciated by a non-
movement disorder specialist. Moreover, given the relatively
recent recognition of this KMT2B-subtype, the non-dystonia
group may be under-recognized, and could account for a
larger proportion of KMT2B-related disorders. The underly-
ing disease mechanisms governing the manifestation of dys-
tonia in typical disease (and absence of dystonia in the non-
dystonia group and other KMT2-gene disorders) remain yet
to be elucidated, but may be attributed to currently undeter-
mined genetic, epigenetic and environmental factors. Our
observations confirm that KMT2B-related disease represents
a continuum from infancy to adulthood.

The mechanisms by which variants in KMT2B cause such
a broad phenotypic disease spectrum and the reasons under-
pinning the observed genotype-phenotype correlations re-
main are yet to be fully elucidated. KMT2B encodes a
histone lysine methyltransferase involved in methylation of
the fourth lysine residue to histone 3 (H3K4). Although the
exact function of this protein is not fully understood, it is
thought to be a crucial regulatory mechanism for gene ex-
pression, active transcription and maintenance of genomic
integrity, essential for the development and function of the
CNS (Jenuwein and Allis, 2001; Kouzarides, 2007;
Vallianatos and Iwase, 2015). It is postulated that haploin-
sufficiency or dysfunction of KMT2B affects the down-
stream expression of key genes regulating neurodevelopment
and motor control. Knockout of Kmt2b in mice forebrain
results in altered expression in the dorsal dentate gyrus of a
number of genes associated with dystonia including PRKRA
and ADCYS (Kerimoglu et al., 2013). Other epigenetic and
environmental factors may partially determine KMT2B-
related phenotypes. Future work using patient-relevant cell
and animal laboratory models of disease will assist in unrav-
elling the underlying processes governing the KMT2B dis-
ease continuum.
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