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Aim & methods: To investigate peripheral blood methylation episignatures in KMT2B-related dystonia
(DYT-KMT2B), the authors undertook genome-wide methylation profiling of ∼2 M CpGs using a next-
generation sequencing-based assay and compared the findings with those in controls and patients
with KMT2D-related Kabuki syndrome type 1 (KS1). Results: A total of 1812 significantly differentially
methylated CpG positions (false discovery rate < 0.05) were detected in DYT-KMT2B samples compared
with controls. Multi-dimensional scaling analysis showed that the 10 DYT-KMT2B samples clustered
together and separately from 29 controls and 10 with pathogenic variants in KMT2D. The authors found
that most differentially methylated CpG positions were specific to one disorder and that all (DYT-KMT2B)
and most (Kabuki syndrome type 1) methylation alterations in CpG islands were gain of methylation
events. Conclusion: Using sensitive methylation profiling methodology, the authors replicated recent
reports of a methylation episignature for DYT-KMT2B. These findings will facilitate the development of
episignature-based assays to improve diagnostic accuracy.

Plain language summary: The authors compared the DNA methylation patterns in blood from individuals
with two rare neurodevelopmental disorders (childhood-onset dystonia [DYT-KMT2B] and Kabuki
syndrome type 1) and healthy control samples. These two disorders are associated with pathogenic
variants in KMT2B and KMT2D, which encode proteins with related functions but cause distinct inherited
disorders. Comparison of the methylation patterns in the two disorders showed that most DNA regions
with altered methylation patterns differed between the two disorders and controls. These findings suggest
that analyzing DNA methylation patterns could improve diagnostic testing for these disorders and might
provide insights into how the clinical features of these disorders are caused.
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Mammalian histone H3 lysine 4 (KMT2) methyltransferases (KMTs) are histone-modifying enzymes that specif-
ically catalyze the transfer of methyl groups (mono-, di- or tri-) to the fourth residue (a lysine) of the Histone 3
protein (H3K4) [1,2]. KMTs are found in active gene promoters (di- or tri-methyltransferases) or gene enhancers
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(mono-methyltransferases) and regulate transcriptional activity [1,3]. In humans, pathogenic variants or dysregula-
tion of KMT2s can cause a variety of rare neurodevelopmental disorders, including Wiedemann–Steiner syndrome
(MIM 605130; KMT2A), childhood dystonia 28 (MIM 617284 or DYT-KMT2B; KMT2B), Kleefstra syndrome
type 2 (MIM 617768; KMT2C), Kabuki syndrome type 1 (MIM 147920; KMT2D) and O’Donnel–Luria–Rodan
syndrome (MIM 618512, KMT2E) [4–10]. These disorders result from monoallelic, mostly de novo, loss of func-
tion (LOF) variants in the relevant gene and, though they are clinically distinct, a number of clinical features
(e.g., global developmental delay, facial dysmorphologies and extra-central nervous system developmental defects)
are shared between multiple KMT2-related disorders and with other syndromes caused by pathogenic variants
that regulate chromatin structure and function [4,6,11,12]. For example, KMT2D-related Kabuki syndrome type 1
(KS1) is associated with a distinctive facial appearance (wide, arched eyebrows; abnormally spaced eyes; flattened
nasal tip; and large ears), skeletal abnormalities, short stature, growth delay, mild to severe intellectual disabilities
and cardiac defects [13,14]. Similar clinical features are observed in Kabuki syndrome type 2, which is caused by
pathogenic variants in the lysine-specific demethylase 6A [15]. However, the clinical phenotype of DYT-KMT2B is
more distinctive in that most patients present during childhood with dystonia (i.e., twisting, repetitive movement
and/or abnormal posture due to involuntarily sustained or intermittent muscle contractions) [6,16–18]. In patients
with dystonia, MRI imaging shows bilateral symmetrical abnormalities of the globus pallidus in most cases [19].
In contrast to other KMT2-related disorders, though communication difficulties, intellectual disability and de-
velopmental delay can occur in the absence of dystonia, they are not usually the main presenting features [10,19].
Fewer than 150 individuals have been reported with DYT-KMT2B and relatively little is known regarding the
pathogenesis of the disease, though short-term benefits for refractory dystonia have been reported from deep-brain
stimulation to the globus pallidus pars interna [19–21]. A genotype-phenotype correlation has been reported, with
the presence of microcephaly, developmental delay/intellectual disability and short stature being more common
in individuals with chromosomal microdeletions and protein-truncating variants than in individuals with mis-
sense variants [12,19,20,22–25]. Nevertheless, while these features commonly occur in other chromatin gene-related
disorders, KMT2B is the only gene in its class that typically presents as a genetic dystonia [26].

In recent years, it has become clear that many neurodevelopmental disorders caused by mutations in genes
that regulate chromatin function and/or structure exhibit abnormal methylation patterns in blood [27]. Further-
more, these abnormal DNA methylation patterns (episignatures) are distinct for individual neurodevelopmental
disorders [27,28]. Clinically this observation provides a pathway to diagnostic assays that can be used to identify
candidate genes for patients with an undiagnosed neurodevelopmental disorder and assays that can distinguish
between pathogenic and benign variants in chromatin-related disease genes [12,20,22–25,27,29]. Assuming that al-
tered methylation at promoter and regulatory regions is associated with corresponding altered gene expression,
episignature analysis might also enable candidate genes germane to the pathogenesis of the relevant disease to be
identified (with the caveat that methylation alterations in blood might not reflect those in the central nervous
system). Episignatures are most commonly studied using methylation arrays that analyze up to 850,000 CpGs
(Illumnia EPIC Beadchip array) in the genome. However, the authors adopted a different strategy by utilizing
the targeted bisulphite sequencing approach (Illumina TruSeq Methyl Capture EPIC kit [herein EPIC-NGS]).
Though there is considerable overlap in the regions targeted by the two platforms, EPIC-NGS covers regions with
a higher density of >3 million CpGs, including 26,981 CpG islands across the genome (97% of human CpG
islands) [30]. Therefore, EPIC-NGS has the potential to leverage the power of targeted bisulfite sequencing for a
deeper understanding of disorders of the methylome. Therefore, the authors proceeded to investigate the potential
basis for the distinct neurological phenotype of DYT-KMT2B, by undertaking higher-definition DNA methylation
profiling in patients with DYT-KMT2B using EPIC-NGS and comparing the findings in DYT-KMT2B with those
in patients with KS1.

Materials & methods
Study cohort
Genomic DNA from a total of 20 samples from patients with a germline KMT2B or KMT2D variant was extracted
from peripheral blood using Gentra Puregene Blood Kit (Qiagen) or other standard methods and quantified by
Qubit™ dsDNA BR Assay Kit (Invitrogen, ThermoFisher). The study cohort included 10 DYT-KMT2B patients
and 10 KS1 patients diagnosed in expert centers. Details of patient age, gender and KMT2B and KMT2D variants
are reported in Table 1 and the location of the variants are shown in Supplementary Figure 1. The DYT-KMT2B
cohort had an average age at DNA sampling of 24.1 years and included 3 males and 7 females. The 10 KS1
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Table 1. KMT2B-related dystonia and Kabuki syndrome type 1 patient variant details.
Patient ID Disorder Age† Gender Mutation Protein

KMT2B 1
(DY107P)

Early-onset dystonia (DYT28) 41 F c.3642+ 5G �A Intron 11, donor splice site lost

KMT2B 2
(DY130P)

31 M c.3147 3160delGGGAGTGGGGGGC p.Gly1050Profs*33

KMT2B 3
(DY52P)

4 F c.4688del p.Ala1563Aspfs*83

KMT2B 4
(DY69P)

20 F c.3602delC p.Pro1201Argfs*154

KMT2B 5
(DY78P)

29 F c.2137dupA p.Thr713Asnfs*4

KMT2B 6
(DY79P)

42 F c.6439C �T p.Gln2147*

KMT2B 7
(DY80P)

24 F c.1656dupC p.Lys553Glnfs*46

KMT2B 8
(DY81P)

12 F c.5658delC p.Ser1887Profs*8

KMT2B 9
(DY98P)

23 M c.1107dupA p.Glu370Argfs*19

KMT2B 10
(DY158P)

15 M c.3143 3149del p.Gly1048Glufs*132

KMT2D 1
(10002815)

Kabuki syndrome type 1 11 M c.14424delC p.Ser4808Argfs*2

KMT2D 2
(10004000)

35 M c.14946G �A p.Trp4982*

KMT2D 3
(10004089)

33 M c.8488C �T p.Arg2830*

KMT2D 4
(10007)

27 F c.14710C �T p.Arg4904*

KMT2D 5
(10012157)

15 M c.12179 12182deICTGA p.Thr4060Asnfs*4

KMT2D 6
(31210)

34 M c.16412G �C p.Arg5471Thr

KMT2D 7
(77428)

12 F c.8727 8730deIAAGT p.Ser2910Argfs*32

KMT2D 8
(85546)

25 M c.13895delC p.Pro4632Hisfs*8

KMT2D 9
(9005905)

11 F c.5527dupA p.Thr1843Asnfs*5

KMT2D 10
(9901174)

32 M c.14485dupG p.Glu4829Glyfs*8

Variant details from 10 KMT2B-related dystonia and 10 Kabuki syndrome type 1 patients. All annotations were aligned by GRCh37/hg19.
†Age of sample was acquired.
F: Female; M: Male.

patients with KMT2D variants had an average age of 23.8 years and included seven males and three females. Most
individuals with KMT2D variants have been described [31]. Methylation profiling results from the DYT-KMT2B
and KS1 samples were compared with those from 29 healthy control subjects (mean age 19.4 years, 14 males and
15 females). The study was performed in accordance with the Helsinki Declaration, written informed consent
was obtained from parents/guardians of the patients and blood samples were collected under local study ethical
approval. The study was approved by South Birmingham and Central Manchester Research Ethics Committees.

Targeted DNA methylation sequencing analysis by TrueSeq-EPIC
All DNA samples were sequenced on an Illumina HiSeq 4000 analyzer (Illumina, CA, USA) using TruSeq R© Methyl
Capture EPIC kit. Bisulfite conversion, library preparation, target enrichment and sequencing were performed at
the Cambridge University Department of Medical Genetics Stratified Medicine Core Laboratory (SMCL). Raw
sequencing data were extracted as a FASTQ format. After filtering by quality (Phred score ≤30) using Trim-Galore
(www.bioinformatics.babraham.ac.uk/projects/trim galore/), sequenced reads were then aligned to the Genome
Reference Consortium Human Build 37 (GRCh37) using Bismark software v0.17.0 (www.bioinformatics.babraha
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m.ac.uk/projects/bismark/). After alignment, PCR duplicates were removed with the ’deduplicate bismark’ option.
Finally, methylation was extracted using ’bismark methylation extractor’.

Methylation analysis
Data normalization, batch effect correction and extraction of differentially methylated CpG sites were conducted by
the Bioconductor RnBeads package (https://rnbeads.org/). The RnBeads package was implemented in R software
(available on R version 4.0.3). BismarkCov files were directly exported to the RnBeads package as a BED file format.
Sequencing coverage threshold was set to 10X and the number of sites above 10X coverage for all 49 samples was
approximately 2 million CpGs (1,852,929 CpGs; sequencing reads and coverages per sample are summarized in
Supplementary Table 1). CpGs located on sex chromosomes, sites with exceptionally high coverage and NA values
were also removed. Differential methylation analysis was then performed by the ’limma’ method [32,33]. When
computing differentially methylated CpG sites, principal component analysis (PCA) was conducted to interrogate
any batch effect (age, gender and batch) and identify significant outliers. If a significant batch effect was detected,
target variables were adjusted by surrogate variable analysis (SVA) using the sva package [34]. The identification
of significant CpG sites and differentially methylated regions (DMRs) was obtained by Fisher’s method from the
RnBeads package [32,35]. Only CpG sites (including Open Sea, Shelf, Shore and CpG islands) with combined
p-value adjusted less than 0.05 (false discovery rate [FDR] < 0.05 and methylation difference higher than 20%
for Open Sea, Shelf, Shore) were considered significant and selected for genome-wide CpG site methylation
analysis. For CpG island analysis, all CpG sites within each CpG island were grouped together when calculating
p-value. Genes within or close to the significant CpG islands or DMR were annotated. Finally, the identification
of significant gain or loss of methylation (GOM/LOM) was determined by median ±3 standard deviation (3SD)
confidence interval compared with the median methylation value of controls (Supplementary Figure 2). In detail,
if median methylation values (median of the methylation levels across CpGs) were below the healthy controls’
3SD confidence interval, the authors considered them as LOM and those above 3SDs confidence intervals were
designated as GOM. Among four CpG sites (Open Sea, Shelf, Shore and CpG islands), only CpG islands were
selected for further genotype-phenotype correlation analysis.

Detection of episignatures
In order to investigate the methylation signature of DYT-KMT2B and KS1, and the relationship between the two
disorders, hierarchical clustering was performed by two different approaches: multiple dimensional scaling (MDS)
and heatmap visualization. MDS plots were plotted using the function ’mdsPlot’ in the minfi package (version
1.32.0). MDS plots were constructed by calculating the Euclidean distance between samples, and in each case, the
most variable CpG positions were specified. Likewise, heatmap clustering was performed by the ComplexHeatmap
package (version 2.2.0). In particular, hierarchical clustering was performed using a complete-linkage method by the
’hclust’ option. This unsupervised clustering result was then visualized as a dendrogram above the top annotation
bar in the heatmap.

Results
DNA methylation profiles for DYT-KMT2B & KS1 samples
Genome-wide methylation profiling with EPIC-NGS revealed 1812 (DYT-KMT2B) and 89 (KS1) significant
differentially methylated CpG positions (DMPs) (FDR < 0.05). MDS analysis using these 1812 CpGs showed
that the 10 DYT-KMT2B samples clustered together and were separated from 29 control individuals using Euclidean
distance (Figure 1A). In addition, the 10 KS1 samples clustered together and were clearly separated from both
controls and DYT-KMT2B samples (Figure 1C & D & Figure 2). Hierarchical clustering showed similar results
and revealed a hypermethylation pattern at almost all 1812 DMPs in all of the DYT-KMT2B DNA samples
compared with healthy controls; 88.4% (1603/1812) of DMPs showed a significant GOM (above the median of
controls + 3SD confidence interval) in at least one sample (Figure 1B & Supplementary Figure 2A). In the KS1
cohort, 36.0% of DMPs (32/89) showed GOM patterns, whereas 23.6% of DMPs (21/89) showed LOM (below
the median of controls – 3SD confidence interval) patterns in at least one sample (Figure 1D & Supplementary
Figure 2B). Comparison of the DMPs between the 9 (after excluding the KMT2D 5 sample that did not clearly
separate from controls) and 10 DYT-KMT2B samples identified 677 (including 505 DMPs in 21 CpG islands
with FDR <0.05) significant DMPs (Figure 2). Applying a threshold of 3SD confidence interval, on average
73.3% (496/677) of DMPs in 10 DYT-KMT2B samples and 47.1% (319/677) DMPs of 9 KS1 samples showed
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Figure 1. Genome-wide DNA methylation signature of Kabuki syndrome type 1 (KS1) and KMT2B-related dystonia
(DYT-KMT2B) samples (nDYT-KMT2B = 10, nKS1 = 10, nControl = 29). (A & C) Multi-dimensional scaling plot is created
based on (A) 1812 (DYT-KMT2B) and (C) 89 (KS1) variable positions of significant differentially methylated CpG
positions (false discovery rate <0.05) between the disease group and control samples. All controls and samples are
annotated with their identification numbers. Red area represents control samples and blue area indicates KMT
samples. (B & D) Unsupervised clustering results of (B) 10 DYT-KMT2B and (D) 10 KS1 patients are shown in the
heatmaps. Hierarchical clustering dendrogram is shown above the annotation bar. Methylation value ranges from 0
to 1 (0 is unmethylated and 1 is methylated differentially methylated CpG positions). Heatmap row indicates each
CpG (hierarchical clustering by a complete linkage method, not sorted by location).
DYT-KMT2B: KMT2B-related dystonia; KS1: Kabuki syndrome type 1; MDS: Multiple dimensional scaling.

significant GOM patterns. In both cohorts, less than 3% of DMPs showed significant LOM patterns at a threshold
of 3SD (2.80% in KS1 and 0.74% in DYT-KMT2B). Information of CpG sites for DYT-KMT2B and KS1 samples
is available in Supplementary Table 2.

Methylation episignature comparisons for CpG islands in DYT-KMT2B & KS1 samples
A comparison was undertaken of the methylation profiling results of KMT2D and KMT2B variant samples and
controls at DMPs involving CpG islands only. Except for one KMT2D variant sample (KMT2D 5), which did
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Figure 2. Methylation profiling of KMT2B-related dystonia (DYT-KMT2B) and Kabuki syndrome type 1 (KS1)
samples for the comparative analysis (nDYT-KMT2B = 10, nKS1 = 9, nControl = 29). (A) Multiple dimensional scaling
plot is created based on 677 variable positions of significant differentially methylated CpG positions (DMPs) (false
discovery rate <0.05, including 21 CpG islands with 505 DMPs) among two disease groups (KS1 and DYT-KMT2B)
compared with controls. All samples are annotated with their identification numbers. (B) DNA methylation signature
of two disease groups is shown in the heatmap. CpG islands are organized by ’hclust’ option in ComplexHeatmap
package. Hierarchical clustering dendrogram is shown above the annotation bar. Methylation value ranges from 0 to
1 (0 is unmethylated and 1 is methylated DMPs).
DYT-KMT2B: KMT2B-related dystonia; KS1: Kabuki syndrome type 1; MDS: Multiple dimensional scaling.

not clearly separate from controls, the results with the 677 DMPs located in 21 CpG islands of 10 DYT-KMT2B
and 9 KS1 samples clearly separated from each other and from controls (Figure 2). The methylation episignature
of 9 KS1 (without the KMT2D 5 sample) is shown in Supplementary Figure 3 (alternative figure for Figure 1C
& D). When comparing only CpG islands in 9 KS1 and 10 DYT-KMT2B samples (CpG islands specified in
Figure 2B; additional heatmap showing only CpG islands’ GOM and LOM pattern is in Supplementary Figure 4),
interestingly, no CpG island region had LOM patterns in a DYT-KMT2B cohort, but 2.77% (14/505 DMPs in at
least 1 KS1 sample) of the KS1 cohort showed significant LOM patterns. The identities of CpG islands that were
significantly differentially methylated from controls in the DYT-KMT2B and/or KS1 cohorts are summarized in
Supplementary Table 3.

As shown in Figure 2B, the DYT-KMT2B group was clearly separated from KS1 and control groups. Among 21
CpG islands, 8 CpG islands (CpG island 3441, 9449, 9691, 13042, 14884, 23720, 25162, 25527) were significantly
differentially methylated in the DYT-KMT2B group, but not in KS1 samples (Table 2B & Supplementary Table 3).
However, CpG island 3931 was significantly altered (FDR <0.05, see Table 2C & Supplementary Table 3) in
the KS1 cohort but not in DYT-KMT2B. A further 12 CpG islands in Table 2A were significantly different from
controls in both the KS1 and DYT-KMT2B groups (see Table 2 & Supplementary Table 3).

To investigate the potential molecular basis of genotype-phenotype correlations, the authors identified the CpG
islands that were differentially methylated in DYT-KMT2B and/or KS1 and annotated them for their associated
genes, tissue expression patterns and previous reports related to neurodevelopmental or neurodegenerative disorders
(Table 2). Loci significantly altered in KMT2 groups (DYT-KMT2B + KS1) are included in those associated with 15
protein-coding genes (Supplementary Table 3). Two of these genes (GABRB3, GABRA5) in CpG island 17852 and
RAI1 in CpG island 20439 have been associated with neurodevelopmental disorders. Thus, monoallelic pathogenic
variants in the gamma-aminobutyric acid receptors, GABRB3 and GABRA5, are associated with developmental
and epileptic encephalopathies 43 (MIM 617113) and 79 (MIM 618559), respectively. ARHGAP35 has been
linked to intellectual disability [36] and heterozygous microdeletions and point mutations in the RAI1 gene cause
Smith–Magenis syndrome (MIM 182290), which is associated with intellectual disability, sleep and behavioral
disturbances and congenital anomalies [37–39].
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Table 2. Detailed description of genes associated with selected CpG islands in KMT2B-related dystonia and Kabuki
syndrome type 1 cohorts.

A. Significantly altered (differentially methylated) in DYT-KMT2B and KS1 samples compared with controls (n = 12†)

CpG island ID (location) Gene (OMIM ID††) Highest gene expression (GTEx) Associated inherited disorder?

17852
(chr15:27138902–27139653)

GABRA5
(MIM 137142)

Brain Developmental and epileptic encephalopathy 79 (AR,
MIM 618559††)

GABRB3
(MIM 137192)

Brain Developmental and epileptic encephalopathy 43 (AR,
MIM 617113)
Epilepsy, childhood absence, susceptibility to 5
(unknown, MIM 612269)

20439
(chr17:17603584–17604147)

RAI1
(MIM 607642)

Cervix and others Smith–Magenis syndrome (AR, MIM 182290)
Potocki–Lupski syndrome (AD, MIM 610883)

24187
(chr19:47507307–47507692)

ARHGAP35
(MIM 605277)

Testis, brain and others ARHGAP35-related developmental disorder (monoallelic,
DD¶)

B. Significantly altered (differentially methylated) in DYT-KMT2B but not in KS1 samples (n = 40‡)

CpG island ID (location) Gene (OMIM ID) Highest gene expression (GTEx) Associated inherited disorder?

3067
(chr2: 87036601–87037001)

CD8A
(MIM 186910)
Regulated#

Spleen, blood CD8 deficiency, familial (AR, MIM 608957)

4760
(chr3: 113160300–113160641)

CFAP44
(MIM 617559)

Pituitary Spermatogenic failure 20 (AR, MIM 617593)

15210
(chr12: 2339163-
2339615)

CACNA1C
(MIM 114205)

Colon Timothy syndrome (AD, MIM 601005)
Brugada syndrome 3 (unknown, MIM 611875)
Long QT syndrome 8 (unknown, MIM 618447)

18493
(chr15: 91473315–91473592)

UNC45A
(MIM 611219)

Artery and others Osteootohepatoenteric syndrome (AR, MIM 619377)

23720
(chr19: 36484905–36485476)

SDHAF1
(MIM 612848)
Regulated#

Brain and others Mitochondrial complex II deficiency, nuclear type 2 and
Leigh syndrome (AR, MIM 619166)

C. Significantly altered (differentially methylated) in KS1 but not in DYT-KMT2B samples (n = 4§)

CpG Island ID (location) Gene (OMIM ID) Highest gene expression (GTEx) Associated inherited disorder?

21752
(chr18:7011268–7011488)

LAMA1
(MIM 150320)

Testis Poretti–Boltshauser syndrome (AR, MIM 615960)

Genes associated with each CpG island are listed above. CpG islands are organized by their unique Illumina TruSeq Methyl Capture EPIC kit IDs and listed in order of the location. The
location and gene expression information were extracted from the University of California Santa Cruz (https://genome.ucsc.edu/) and the Ensembl genome browser (http://grch37.ens
embl.org/index.html). Variants and phenotype information are from DECIPHER (www.deciphergenomics.org/). Information for other CpG islands not listed in this table is summarized
in Supplementary Table 3.
†CpG islands 168, 2316, 2450, 4392, 4675, 5240, 17602, 20206, 25197 have no associated inherited disorder.
‡CpG islands 1372, 1545, 1595, 2430, 3388, 3441, 6625, 7814, 8144, 8448, 8781, 9255, 9449, 9458, 9691, 11483, 13042, 13355, 14877, 14878, 14884, 14907, 15752, 17000,
17826, 18566, 19054, 19453, 20506, 20799, 22067, 23279, 25162, 25527, 25653 have no associated inherited disorder.
§CpG islands 3931, 21001, 24842 have no associated inherited disorder.
¶DD: diseases confirmed by DDG2P (www.ebi.ac.uk/gene2phenotype).
#Regulated: genes regulated by the promoter in designated CpG island (not located within CpG island).
††MIM: OMIM ID (www.omim.org).
AD: Autosomal dominant inheritance; AR: Autosomal recessive inheritance; DYT-KMT2B: KMT2B-related dystonia; KS1: Kabuki syndrome type 1.

Four CpG islands (details in Table 2B) that were significantly different in the KS1 group only were asso-
ciated with 4 protein-coding genes, 1 of which, LAMA1, is associated with an autosomal recessively inherited
neurodevelopmental disorder (Poretti–Boltshauser syndrome; MIM 615960) [40].

The prominent occurrence of dystonia distinguishes DYT-KMT2B from other KMT2-related disorders, and the
authors searched among the significantly altered CpG island-associated genes (compared with KS1 and controls)
to see if there were any that might be linked to dystonia (Table 2C). From the developmental disorder-associated
genes, none had previously been linked to dystonia and though dystonia may occur in Leigh encephalomyopathy,
this has been primarily associated with mutations in SUCLA2 leading to succinyl-CoA deficiency (MIM 612073)
rather than SDHAF1, which showed significantly altered methylation (GOM) in DYT-KMT2B samples. Biallelic
mutations in SDHAF1 are associated with mitochondrial complex II deficiency (MIM 619166), Leigh syndrome
and infantile leukodystrophies [41,42]. Using a training set of 15 dystonia-associated genes (ANO3, ATP1A3,
GCH1, KMT2B, MR1, PRKRA, PRRT2, SGCE, SLC2A1, SUCLA2, TAF1, TH, THAP1, TOR1A, TUBB4A), the
protein-coding genes that were associated with significantly altered CpG islands in KMT2B were ranked by a gene
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prioritization tool (https://toppgene.cchmc.org/prioritization.jsp). The top-ranking genes were CACNA1C (overall
p 1.44E-04), TTBK1 (p = 0.0075), SLC5A3 (p = 0.073) and SDHAF1 (p = 0.074) (see Supplementary Table 4).

Discussion
The authors analyzed DNA methylation profiles in two patient cohorts with KMT2-related disorders, DYT-
KMT2B and KS1. Previously methylation profiling using Illumina methylation arrays has been reported in more
than 90 patients with KS1 and, while this study was in progress, 21 patients with DYT-KMT2B were reported in
two studies [12,20,22,24,25,28,29,43]. The current work utilized EPIC-NGS to analyze more than twice the number of
CpGs than array-based methods and included 97% of CpG islands in the human genome (26,918/27,718 CpG
islands) [30].

The authors detected an episignature of 1812 significant DMPs and 40 CpG islands in a cohort of 10 DYT-
KMT2B patients with LOF variants (8 frameshifts, 1 donor splice site lost, 1 stop gain). The authors confirmed the
results of Ciolfi et al. [20], who reported a methylation episignature in DYT-KMT2B patients using 8 pathogenic
variants and 10 variants of uncertain significance (VUSs), and Mirza-Schreiber et al., who identified a DYT-
KMT2B methylation episignature with 13 samples with pathogenic/likely pathogenic variants in KMT2B and 4
samples with a VUS [43]. Irrespective of methylation profiling platform (array or EPIC-NGS), all three studies have
reported that DYT-KMT2B is associated with genome hypermethylation. It has previously been suggested that in
mouse embryonic stem cells, KMT2B protects developmental genes from transcriptional repression by inhibiting
polycomb repressive complex 2 and DNA methylation machineries [44]. Potential therapeutic interventions might
therefore include demethylating agents [44].

Comparing the pattern of methylation alterations in DYT-KMT2B detected by EPIC-NGS (n = 1812 at an
FDR < 0.05) and those reported using methylation arrays (EPIC-array) by Ciolfi et al. [20] revealed that many
(1649/1812) of the significant EPIC-NGS DMPs were not covered by EPIC array. Previously, 196 significant
DMPs (FDR < 0.01 and methylation difference >10%) were detected by EPIC-array but only 4 CpGs in 2 CpG
islands (CpG island 1372 and CpG island 18566) overlapped with the EPIC-NGS DMPs.

Comparing the methylation episignatures of the DYT-KMT2B and KS1 groups, the authors found that there
were differences in the specific patterns of methylation alterations such that although all significant alterations (CpG
islands) in the DYT-KMT2B cases were GOM events for the KS1 samples, a subset of loci showed hypomethylation
alterations. The authors were interested to see whether the hypermethylated loci associated with DYT-KMT2B
alone might indicate any potential candidate genes for the distinctive phenotypic aspect of this disorder (dystonia).
However, none of the altered CpG island-associated genes would appear to provide a compelling explanation
for the cause of dystonia. Gene prioritization analysis identified CACNA1C as the top-rated candidate gene. In
humans, germline gain of function variants in CACNA1C are associated with Timothy syndrome, a multi-system
disorder associated with long QT syndrome, congenital heart disease, immune abnormalities, syndactyly and short
stature [45–47]. Individuals with Timothy syndrome may also display developmental delay, autism and epilepsy [45,46].
However, in a mouse model with homozygous inactivation of CACNA1A, null mice developed dystonia and then
progressive cerebellar ataxia and died at a few weeks of age [48,49]. It will therefore be of interest to know whether
the CACNA1C-associated methylation alterations observed in blood DNA could also be detected in affected brain
tissue from patients with DYT-KMT2B and determine the effect of methylation on transcription.

Conclusion
In conclusion, this work confirmed the presence of a hypermethylation episignature associated with pathogenic
variants in KMT2B. Direct comparison of EPIC-NGS and EPIC-array on the same samples would facilitate the
assessment of the optimum methodology for clinical application of methylation episignature analysis. Identification
of episignatures associated with rare inherited disorders can improve the diagnostic and prognostic assessment of
these disorders and could contribute to a better understanding of the pathogenesis of these disorders.

Future perspective
There is increasing interest in the definition of specific methylation episignatures in developmental disorders
associated with pathogenic variants in genes that regulate chromatin structure and/or function. Methylation
episignature analysis is being introduced into clinical practice to inform variant pathogenicity in relevant genes and
this practice should grow further. Similarly, its role in the investigation of undiagnosed developmental disorders
should increase and could lead to novel disease gene discoveries. Further work is required to define the most
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sensitive and cost-effective methodology for defining methylation episignatures in clinical diagnostics and how
machine learning-based approaches can improve diagnostic accuracy. If methylation patterns in blood correlate
with those in the brain and other affected organs, then methylation profiling might reveal epigenotype-phenotype
correlations and a potential role in predicting prognosis.

Summary points

• KMT2 methyltransferases are histone-modifying enzymes that catalyze the methylation of lysine 4 of the Histone
3 protein and regulate transcriptional activity.

• In humans, pathogenic variants in the KMT2 gene family can cause a variety of rare neurodevelopmental
disorders such as early-onset dystonia (KMT2B-related dystonia [DYT-KMT2B]) and Kabuki syndrome type 1 (KS1).

• Many neurodevelopmental disorders caused by variants in genes regulating chromatin function and/or structure
display abnormal DNA methylation patterns (episignatures) in peripheral blood.

• DYT-KMT2B is unique among ’chromatin neurodevelopmental disorders’ as the most prominent clinical feature is
childhood-onset dystonia rather than developmental delay or congenital anomalies.

• Comparison of methylation episignatures in DYT-KMT2B and KS1 samples showed that most differentially
methylated CpG positions were specific to one disorder and that all (DYT-KMT2B) and most (KS1) methylation
alterations in CpG islands were gain of methylation events.

• Analysis of genes associated with CpG islands with significant differentially methylated regions suggested
potential candidate genes for the molecular pathogenesis of DYT-KMT2B.

• Using different methodology for methylation profiling, the authors replicated recent reports of a peripheral
blood methylation signature for DYT-KMT2B.

• Methylation episignatures could be used to aid pathogenicity interpretation of KMT2B variants and can
complement mechanistic investigations of the pathogenesis of DYT-KMT2B.

Supplementary data

To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/
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