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Haploinsufficiency of KMT2B, Encoding
the Lysine-Specific Histone Methyltransferase 2B,
Results in Early-Onset Generalized Dystonia

Michael Zech,1,2 Sylvia Boesch,3 Esther M. Maier,4 Ingo Borggraefe,4 Katharina Vill,4 Franco Laccone,5

Veronika Pilshofer,6 Andres Ceballos-Baumann,2,7 Bader Alhaddad,8 Riccardo Berutti,9 Werner Poewe,3

Tobias B. Haack,8,9,10 Bernhard Haslinger,2 Tim M. Strom,8,9 and Juliane Winkelmann1,2,8,11,*

Early-onset generalized dystonia represents the severest form of dystonia, a hyperkinetic movement disorder defined by involuntary

twisting postures. Although frequently transmitted as a single-gene trait, the molecular basis of dystonia remains largely obscure. By

whole-exome sequencing a parent-offspring trio in an Austrian kindred affected by non-familial early-onset generalized dystonia, we

identified a dominant de novo frameshift mutation, c.6406delC (p.Leu2136Serfs*17), in KMT2B, encoding a lysine-specific methyl-

transferase involved in transcriptional regulation via post-translational modification of histones. Whole-exome-sequencing-based

exploration of a further 30 German-Austrian individuals with early-onset generalized dystonia uncovered another three deleterious mu-

tations in KMT2B—one de novo nonsensemutation (c.1633C>T [p.Arg545*]), one de novo essential splice-sitemutation (c.7050�2A>G

[p.Phe2321Serfs*93]), and one inherited nonsense mutation (c.2428C>T [p.Gln810*]) co-segregating with dystonia in a three-genera-

tion kindred. Each of the four mutations was predicted to mediate a loss-of-function effect by introducing a premature termination

codon. Suggestive of haploinsufficiency, we found significantly decreased total mRNA levels of KMT2B inmutant fibroblasts. The pheno-

type of individuals with KMT2B loss-of-functionmutations was dominated by childhood lower-limb-onset generalized dystonia, and the

family harboring c.2428C>T (p.Gln810*) showed variable expressivity. In most cases, dystonic symptoms were accompanied by hetero-

geneous non-motor features. Independent support for pathogenicity of the mutations comes from the observation of high rates of

dystonic presentations in KMT2B-involving microdeletion syndromes. Our findings thus establish generalized dystonia as the human

phenotype associated with haploinsufficiency of KMT2B. Moreover, we provide evidence for a causative role of disordered histonemodi-

fication, chromatin states, and transcriptional deregulation in dystonia pathogenesis.
Dystonia is a motor disorder characterized by uncontrolled

hyperkinetic muscle contractions resulting in twisting

movements and disabling postures.1,2 In generalized

manifestations, dystonic symptoms affect the trunk and

at least two additional body regions and can evolve either

in isolation (referred to as generalized isolated dystonia) or

in combination with other movement abnormalities

(referred to as generalized combined dystonia).1,2 Still, no

mechanism-based treatment options are available for the

vast majority of dystonic syndromes, mostly because of

the fragmentary knowledge about their underlying patho-

physiology.1,2 For generalized dystonia, only a few genes

harboring causative mutations have been described, ex-

plaining a small proportion of cases.1,3,4

In this study, we employed whole-exome trio analysis in

a family affected by early-onset generalized dystonia and

subsequent whole-exome sequencing (WES)-based interro-

gation of candidate genes in a replication cohort.We reveal

four unique loss-of-function (LoF) mutations in KMT2B

(MIM: 606834; originally named MLL2, MLL4, or WBP7),

encoding a lysine-specific histone methyltransferase in

chromosomal region 19q13.12. By combining our WES re-
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sults with KMT2B expression studies in LoF mutation

carriers and manual review of phenotypic effects in

19q13.12 contiguous gene-deletion syndromes, we have

identified KMT2B haploinsufficiency as a highly penetrant

risk factor for early-onset generalized dystonia in humans

and define a role for defective histone modification in dys-

tonia pathogenesis.

Probands of the study were enrolled from multiple

recruitment sites including Innsbruck (11 individuals,

including the index subject of family F1), Munich (18 indi-

viduals, including the probands of families F2 and F3), and

Vienna (four individuals, including the probands of family

F4). Biological samples were collected after written

informed consent was given, and the study was approved

by the local ethics committees. We revisited a simplex

Austrian index subject with severe early-onset generalized

dystonia (F1-II-5 in family F1; Figure 1; Table 1), in whom

previous WES had not identified mutations of known

dystonia-causing genes.5 To allow the detection of reces-

sive or de novo dominant variants in a yet-undiscovered

etiologically involved gene, we chose to complement the

initial proband-only exome approach by performing full
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proband-parent trioWES. As described before for the index

subject,5 exomic sequences of both unaffected parents

were captured and processed at the Helmholtz Center

Munich in Germany according to fully validated protocols.

In short, blood-cell-derived genomic DNA libraries were

enriched with the SureSelect Human All Exon 50 Mb Kit

v.5 (Agilent Technologies) and sequenced on a HiSeq

2500 machine (Illumina) to an average read depth of

1813 (Table S1). Reads were mapped to the human refer-

ence genome (UCSC Genome Browser hg19) with the

Burrows-Wheeler Aligner (v.0.6.2.). SAMtools (v.0.1.18),

PINDEL (v.0.2.4t), ExomeDepth (v.1.0.0), and Custom

Perl scripts were employed for variant detection and anno-

tation on all sequenced family members simultaneously.

For inclusion in downstream analyses, variant calls were

required to display a minimum read depth of 103 and a

minimum quality score of 30 (defined as high-confidence

calls). Considering the single occurrence of disease in fam-

ily F1, bioinformatics filtering of variants was based on

recessive and de novo dominant inheritance patterns. All

retained candidate variants were verified by Sanger

sequencing and tested for co-segregation in F1. Prioritiza-

tion of recessive protein-altering variants with a minor

allele frequency % 0.001 in the Exome Aggregation Con-

sortium (ExAC) Browser (v.0.3.1) or an internal database

containing 7,900 control exomes yielded two co-segre-

gating alterations that were deemed unlikely to be causa-

tive for the observed dystonia phenotype (Table S2).

Regarding a de novo dominant effect, we next searched

the index subject’s WES data for protein-altering sequence

variations that were absent from (1) the ExAC Browser, (2)

our internal control exome database, and (3) the exome

variant profiles of each parent. After this process and

confirmatory Sanger evaluation, three heterozygous de

novo events were left: two missense substitutions

(c.32G>T [p.Gly11Val] in TDRD6 [MIM: 611200] and

c.2483G>A [p.Gly828Glu] in NYNRIN) and one LoF

variant (c.6406delC [p.Leu2136Serfs*17] in KMT2B

[GenBank: NM_014727.2 and NP_055542.1]) (Table S3).

By introducing a frameshift and a premature translation

stop at amino acid position 2,152, the KMT2B single-

nucleotide deletion was the only identified de novo

change predicted to have a severe impact on protein struc-

ture (Figure 1). Further, although we found evidence of

large numbers of singleton missense variants in TDRD6

and NYNRIN among population-based control individuals

(ExAC-derived missense Z scores of �3.35 and 0.43, res-

pectively),6 we noted a highly restricted repertoire of

KMT2B LoF variants in the ExAC Browser (probability

of being LoF intolerant [pLI] score of 1.0)6 (Table S4).

Similarly, we observed no single high-confidence KMT2B

LoF variant call in 7,900 in-house control exomes,

rendering KMT2B the most promising candidate for

further evaluation.

To determine whether mutations in TDRD6, NYNRIN, or

KMT2B were present in other individuals with early-onset

generalized dystonia, we extended our genetic investiga-
1378 The American Journal of Human Genetics 99, 1377–1387, Dece
tion to a German-Austrian replication cohort of 30 indi-

viduals with unsolved disease (67% female, mean age at

onset ¼ 9.95 9.2 years), including 26 simplex cases (Table

S5). According to the dystonia consensus definition,1 23 of

these individuals were classified as having generalized iso-

lated dystonia, and seven were classified as having general-

ized combined dystonia (Table S5). In eight individuals,

dystonic symptoms were accompanied by variable non-

motor features (Table S5). Cerebral MRI was unremarkable

across the replication cohort, and medical interviews did

not indicate any acquired etiologies. The entire replication

cohort had undergone WES at the Helmholtz Center

Munich in Germany via the same sequencing methodol-

ogy and variant-annotation techniques as detailed above

(Table S6). Complementary trio WES had been performed

in six individuals. In all cases, the WES data were used to

exclude pathogenic mutations of known dystonia-related

genes, as previously described.5 Despite a high depth of

coverage over the target regions (Table S7), interrogation

of the 30 replication-cohort exomes uncovered no addi-

tional rare protein-altering variants in TDRD6 or NYNRIN.

By contrast, three separate dystonia-affected individuals

were found to harbor heterozygous high-confidence

variant calls in KMT2B, none of which were registered in

the ExAC Browser or our in-house control exome database

(collectively encompassing > 135,000 sequenced alleles).

Strikingly, each of the three unique sequence alterations

was predicted to engender a LoF effect (Figure 1; Table 1).

In individual RC-16 (simplex case F2-II-1 in family F2;

Figure 1; Table 1), we encountered c.1633C>T resulting

in a nonsense mutation at amino acid position 545

(p.Arg545*). Individual F2-II-1 had undergone trio WES,

directly indicating that c.1633C>T (p.Arg545*) had arisen

de novo. Sanger sequencing validated the de novo status of

the mutation (Figure 1). This mutation was the only

observed de novo change in F2-II-1 with an expected

deleterious impact on protein structure (Table S8). Indi-

vidual RC-26 (simplex case F3-II-3 in family F3; Figure 1;

Table 1) was found to possess an A-to-G transition at the

conserved AG splice-acceptor dinucleotide of intron 29

(c.7050�2A>G). Direct sequencing of cDNA fragments

amplified by RT-PCR from F3-II-3’s whole-blood-derived

RNA revealed that the mutation produced a complex

pattern of incorrect splicing, including exon 29 skipping,

cryptic intron 29 splice-acceptor utilization, and partial

intron 29 retention (Figure 2). In terms of structure,

the misspliced transcript was predicted to contain a

shift in the reading frame and a premature stop codon

within exon 32 (p.Phe2321Serfs*93) (Figure 2). The

c.7050�2A>G mutation was confirmed and proven to be

de novo by Sanger sequencing of DNA samples from the

subject and his biological parents (Figure 1). Finally,

in RC-29 (familial case F4-III-2 in family F4; Figure 1;

Table 1), we discovered c.2428C>T leading to a premature

termination of the protein product at amino acid position

810 (p.Gln810*). Sanger sequencing verified the variant

and showed its co-segregation with dystonia in the
mber 1, 2016



Figure 1. KMT2B LoF Mutations in Individuals with Early-Onset Generalized Dystonia
(A) Pedigree drawings and KMT2B LoF genotypes in families F1–F4. Filled black symbols represent individuals with early-onset general-
ized dystonia, filled gray symbols represent individuals with early-onset non-generalized dystonia, open symbols represent unaffected
individuals, squares indicate males, and circles indicate females. Black asterisks indicate individuals subjected to WES. The mutation
status is given below each individual. Mt indicates the mutant allele, WT indicates the wild-type allele, and N/A indicates an individual
who has not been tested for the family mutation in KMT2B. Sanger-sequencing electropherograms confirm the de novo status of
each LoF variant in families F1–F3 and co-segregation of the LoF variant in family F4. Mutated bases are boxed in black, and variants
are indicated by an arrow.
(B) Graphical view of KMT2B chromosomal position, transcript structure, and protein product, along with the distribution of four iden-
tified LoF variants.KMT2Bmaps to chromosomal region 19q13.12 and encodes a 37-exon canonical transcript (8,148 bp). The translated
protein (2,715 amino acids) encompasses an AT-hook DNA-binding domain (in blue), a CXXC zinc-finger domain involved in protein-
protein interactions (in green), three plant homodomain (PHD) fingers involved in protein-protein interactions (in yellow), two FY-rich
domains (N-terminal, FYRN; C-terminal, FYRC) involved in protein heterodimerization (in violet), and a SET (su[var]3-9 enhancer-of-
zeste trithorax) domain responsible for histone lysine methylation (in orange). The LoF variants, indicated by arrows, are shown below
the protein. The structure of the KMT2B transcript and organization of the protein domains are not drawn to exact scale.
proband’s father (F4-II-4) and paternal grandfather (F4-I-3)

(Figure 1). On the protein level, all identified LoF variants

were expected to deleteriously affect the functionally

important C-terminal SET domain, conferring methyl-

transferase activity (Figure 1).

Review of the clinical findings revealed that the index

subject from family F1 and the three replication-cohort

individuals heterozygous for KMT2B LoF mutations shared

a strikingly similar phenotype of childhood lower-limb-

onset generalized dystonia (Table 1). Among affected

relatives of individual F4-III-2, however, dystonia was less

severe and non-generalized in distribution (Table 1), sug-
The American Jou
gesting that KMT2B LoF genotypes can be associated

with variable expressivity. In individuals F2-II-1 and

F3-II-3, as well as all affected members of family F4, addi-

tional non-motor features were evident, as specified below.

Index subject F1-II-5, the fifth child of healthy Austrian

parents, had normal psychomotor development. At age 7

years, dystonic inversion of her left foot, rapidly followed

by the manifestation of writer’s cramp, was noted. In sub-

sequent years, dystonic symptoms progressed to involve

other body areas including the face, neck, larynx, tongue,

trunk, and all four extremities. At age 23 years, the pro-

band underwent deep brain stimulation of globus pallidus
rnal of Human Genetics 99, 1377–1387, December 1, 2016 1379



Table 1. Synopsis of KMT2B LoF Genotypes Identified in This Study and Associated Clinical Features

Family F1 Family F2 Family F3 Family F4

F1-II-5 (Index Subject) F2-II-1 (RC-16) F3-II-3 (RC-26) F4-III-2 (RC-29) F4-II-4 (Father) F4-I-3 (Grandfather)

Sex female female male female male male

Origin Austrian German German Austrian Austrian Austrian

Age at last examination
(years)

31 11 15 6 36 61

KMT2B LoF variant

Genomic position (hg19) chr19: 36,223,856 chr19: 36,211,882 chr19: 36,224,662 chr19: 36,212,677 chr19: 36,212,677 chr19: 36,212,677

Exona 28 3 IVS29b 3 3 3

Variation nucleotidea c.6406delC c.1633C>T c.7050�2A>G c.2428C>T c.2428C>T c.2428C>T

Variation amino acida p.Leu2136Serfs*17 p.Arg545* p.Phe2321Serfs*93 p.Gln810* p.Gln810* p.Gln810*

Variant type frameshift nonsense canonical splice nonsense nonsense nonsense

Inheritance de novo de novo de novo paternal paternal unknown

Pregnancy and delivery normal normal normal normal (gemini) normal normal

Postnatal development

Head circumference normal microcephaly
(<3rd percentile)

microcephaly
(<1st percentile)

microcephaly
(<1st percentile)

microcephaly
(<3rd percentile)

normal

Height normal short stature
(<3rd percentile)

normal short stature
(<1st percentile)

short stature
(<3rd percentile)

normal

Weight normal short weight
(<3rd percentile)

normal short weight
(<3rd percentile)

normal normal

Motor milestones normal moderately delayed delayed normal normal normal

Speech normal normal delayed delayed delayed delayed

Cognition and intellect normal normal mild impairment mild impairment mild impairment mild impairment

Dystonia characteristics

Age at onset (years) 7 3 11 4 9 11

Site of onset foot foot foot foot hand hand

Distribution at final
examination

generalized generalized generalized generalized focal focal

Sites affected lower face, neck, larynx,
tongue, trunk, upper
extremities, lower
extremities

trunk, upper extremities,
lower extremities

neck, tongue, trunk, upper
extremities, lower
extremities

neck, trunk, lower
extremities

hand, forearm hand, forearm

Tremor no no no no no yes (right arm, action
induced)

(Continued on next page)
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internus, which markedly improved her condition. The

last follow-up examination at age 31 years showed some re-

sidual degrees of abnormal neck and trunk posturing,

along with persisting dystonic gait impairment and dys-

arthric speech. There were no other neurological or sys-

temic anomalies. Individual F2-II-1, the first child of a

non-consanguineous German marriage, displayed moder-

ately delayed motor development. In the setting of a surgi-

cal intervention for vesicoureteral reflux at 3 years of age,

she experienced sudden onset of dystonic cramps in her

legs, which gradually spread upward to become general-

ized within 1 year. On present examination at age 11 years,

the proband presented with prominent limb dystonia,

accompanied by occasional trunk posturing. In addition,

she was diagnosed with strabismus, and her growth param-

eters remained below the expected range for her age. Indi-

vidual F3-II-3, the third child born to healthy parents of

German origin, demonstrated global psychomotor delay,

which mainly impaired language and motor domains.

When evaluated at 10 years of age, he exhibited dysarthria,

gait problems, and clumsiness of the hands. Over the

following months, lower-limb dystonic elements emerged

and rapidly spread to muscles of the neck, tongue, trunk,

and arms. On enrollment in the present study at age

15 years, the phenotype was dominated by generalized

dystonic movements and impaired speech. Additional pre-

senting symptoms included microcephaly, mild intellec-

tual disability, bilateral second-to-third toe syndactyly,

and astigmatism. Individual F4-III-2, the product of an un-

complicated Austrian dizygotic twin pregnancy, showed

developmental delay evolving toward general learning

and language difficulties. Motor milestones were not de-

layed before the onset of twisting movements in the left

foot at age 4 years. Eventually, the infant’s condition pro-

gressively deteriorated with the spread of dystonic symp-

toms to the trunk, neck, and both lower limbs. At age 6

years, she remained with generalized dystonia, retarded

growth patterns, mild intellectual disability, and astigma-

tism. Levodopa therapy was initiated without beneficial

effect. F4-III-2’s father (F4-II-4) and paternal grandfather

(F4-I-3) suffered from clumsiness and action-induced

hand-forearm dystonia since their childhood. Both had

participated in speech therapy and special education

classes throughout the years of schooling.When examined

at ages 36 years and 61 years, respectively, F4-II-4 and

F4-I-3 featured bilateral writer’s cramp, poor fine-motor

task performance, dysarthria, and cognitive impairment.

Moreover, relevant findings in F4-II-4 included micro-

cephaly, short stature, and astigmatism.

Across 31 unrelated individuals with generalized dysto-

nia, our WES approach has enabled detection of four

distinct, previously undescribed LoF variants in KMT2B.

Of these, three had occurred de novo, and one showed

complete co-segregation with dystonia in a multigenera-

tional kindred. These observations are far above expecta-

tion and imply that the identified variants are causative

mutations given that (1) no KMT2B de novo LoF variant
rnal of Human Genetics 99, 1377–1387, December 1, 2016 1381



Figure 2. The KMT2B c.7050�2A>G Splice-Site Mutation Predictably Results in Protein Truncation
(A) Gel electrophoresis of KMT2B cDNA fragments. Total RNAwas extracted fromwhole blood of individual F3-II-3 and a healthy control
individual (Ctrl) (QIAGEN) and reverse transcribed into cDNA (Invitrogen). The relevant cDNA fragment was amplified with specific
primers in exon 28 and the exon 32-33 junction. Individual F3-II-3 and the control subject produce the expected cDNA fragment of
549 bp. In F3-II-3, the heterozygous splice acceptor AG>GG substitution in intron 29 leads to the accumulation of small amounts of
a second cDNA species (473 bp).
(B) Isolation and Sanger sequencing of the 549-bp cDNA fragment confirms a regular transcript structure with intact exon 28-29 and
exon 29-30 boundaries. The 473-bp fragment represents a transcript that skips exon 29 and contains the terminal 14 nucleotides of
intron 29. The mutant splice-acceptor allele is part of the misspliced transcript, as indicated by an arrow.
(C) Scheme illustrating the complex effect of the KMT2B splicing mutation. The mutation at the conserved AG dinucleotide activates
a cryptic splice acceptor in intron 29, resulting in a mixture of intronic sequence retention and exon skipping. The
missplicing event is predicted to lead to a frameshift and introduction of a premature termination codon in the reading frame of
exon 32 (p.Phe2321Serfs*93). Sites joined by splicing are indicated.
was seen in >5,000 non-dystonia parent-offspring trios

sequenced as part of diverse disease-related projects7–14

and (2) KMT2B is severely depleted of disruptive variation

in the human population.6,15,16 KMT2B has a residual vari-

ation-intolerance score of �2.37 (1.12th percentile)16 and

ranks among the top 1,003 constraint genes released by

the de novo excess algorithm,15 indicating that it is

extremely sensitive to mutational changes. Moreover,

application of the ExAC-derived pLI score (1.0) defines

KMT2B as agene that is (1) particularly intolerant toLoFvar-

iants, (2) dosage sensitive, and (3) predicted to have a high

probability of being relevant to haploinsufficient disease.6
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In support of KMT2B haploinsufficiency, each of the

identified dystonia-related mutations created a premature

termination codon, predictably resulting in mRNA prod-

ucts that are vulnerable to nonsense-mediated decay.17 In

agreement, cDNA from the aberrant transcript associated

with c.7050�2A>G (F3-II-3) was detectable at significantly

lower levels than the corresponding wild-type species

(Figure 2). To test whether KMT2B LoF alleles are subject

to nonsense-mediated decay, we investigated the

c.6406delC (F1-II-5) and c.7050�2A>G (F3-II-3) variants

by qRT-PCR in fibroblast cell lines acquired from proband

skin biopsies. As diagrammed in Figure 3, the mutations
mber 1, 2016



Figure 3. KMT2B Haploinsufficiency Causes Dystonia
(A) Total KMT2BmRNA levels are reduced in dermal fibroblasts from individuals F1-II-5 and F3-II-3. Total RNA was extracted from fibro-
blasts of individuals F1-II-5 and F3-II-3, as well as two healthy control individuals (Ctrls) (QIAGEN). Integrity of the RNAwas confirmed
by the Agilent 2100 Bioanalyzer with the use of RNA 6000 Nano chips (RNA integrity number [RIN] ¼ 10 for each sample). Reverse
transcription was conducted with 1,000 ng total RNA as a template (Invitrogen). qRT-PCR was performed with TaqMan gene-expression
assays (ThermoFisher) for KMT2B and an endogenous reference gene (GAPDH). Each sample was run in quadruplicate, and expression
levels were determined by the DDCT method. Error bars indicate the SEM of four independent experiments.
(B) Published individuals with de novo KMT2B-involving 19q13.1 microdeletions manifest dystonia. A systematic search for original
publications and individual clinical reports in PubMed and DECIPHER identified a total of four dystonia-affected individuals who
harbor small interstitial de novo deletions of the 19q13.1 chromosomal region, including KMT2B. The dystonia-associated deletions
(0.6–4.9 Mb in size) are depicted as violet horizontal bars in correlation to an ideogram of chromosome 19 and the relevant interval
of 19q13.11–q13.12 (coordinates corresponding to UCSC Genome Browser build hg19). The solid green line extending through the
diagram indicates the KMT2B locus (chr19: 36,208,921–36,229,781). Sources and individual case identifiers, along with the description
of the associated dystonic manifestation, are given as provided. Sexes and ages at last examination (in years) of the individuals carrying
the deletions are shown in parentheses. Abbreviations are as follows: M, male; F, female; N/A, not available.
showed a reduction of KMT2B mRNA expression to

approximately 55%–70% of that of control individuals,

compatible with relevant degradation of the mutant

transcripts.

To gain independent evidence for a causal role of KMT2B

mutations in dystonia and establish haploinsufficiency as

the underlying pathogenic mechanism, we assessed the

phenotypic consequences of DNA structural variations re-

sulting in the loss of one KMT2B copy. Systematic analysis

of the medical literature led to identification of nine unre-

lated individuals with chromosomal deletions compro-

mising KMT2B in 19q13.12 and ranging between 0.6 and

11 Mb in size.18–24 Evaluation of the associated pheno-

types revealed that three out of nine individuals with a

19q13.12 deletion (33%) had manifested dystonia,18–20
The American Jou
whichwas further specified as childhood-onset generalized

dystonia in two of them18,19 (Figure 3). Like three of the

aforementioned LoF mutations, the dystonia-related

19q13.12 deletions had occurred de novo, and none was

found to contain any haploinsufficient gene previously

linked to dystonia.18–20 Interestingly, we noted that

the remaining six deletion-affected individuals not re-

ported to have overt dystonia shared several signs of motor

dysfunction with the dystonia probands described here,

such as motor delay (n ¼ 6), progressive gait problems

(n ¼ 3), speech impairment (n ¼ 2), and clumsiness

(n ¼ 2).19,21–24 Given that all of these subjects had been as-

certained in early childhood (<10 years), one could specu-

late that at least some will develop dystonia over time.

Together with another dystonia-manifesting individual
rnal of Human Genetics 99, 1377–1387, December 1, 2016 1383



with a KMT2B deletion listed in the DECIPHER database

(Figure 3), our findings strongly suggest that reduction of

KMT2B dosage is a relevant risk factor for the evolution

of dystonia. Moreover, it could well be hypothesized that

KMT2B haploinsufficiency explains dystonic presentations

seen in 19q13.12 microdeletion syndromes. The integra-

tion of the whole-gene deletion data into our WES results

brings the number of individuals with dystonia and

disruption of KMT2B to ten, thus confirming KMT2B as

the gene causally implicated in the subjects’ phenotype.

KMT2B encodes a widely25 expressed epigenetic regu-

lator that catalyzes the transfer of methyl groups to the

fourth lysine residue of histone H3 (H3K4).26–28 According

to the Allen Mouse Brain Atlas29 and previous work,30,31

Kmt2b is abundantly expressed during brain development

and detectable at intense levels throughout the adult

brain, including areas responsible for motor control.

Conveying key roles in embryogenesis, cell identity, and

tissue homeostasis, methylation of H3K4 (H3K4me) is a

chromatin-modifying event with fundamental roles in

gene expression.26–28 In the central nervous system

(CNS), H3K4me drives the activation of critical target

genes during development and maintains proper neural

function via modulating DNA accessibility in later pe-

riods.27,32 Deregulation of H3K4me signatures has been

associated with a wide variety of CNS disease states,

covering both the neurodevelopmental and neurodegener-

ative spectra.27,28,33,34 To date, germline mutations in at

least eight genes encoding H3K4-specific methyltrans-

ferases (KMT2A [MIM: 159555], KMT2C [MIM: 606833],

KMT2D [MIM: 602113], and KMT2F [MIM: 611052]) or de-

methylases (KDM1A [MIM: 609132], KDM5A [MIM:

180202], KDM5B [MIM: 605393], and KDM5C [314690])

have been related to human neuropsychiatric

illness.27,28,33 Among the KMT2 family, mutations in

KMT2F have been linked to schizophrenia (MIM:

181500);35 mutations in KMT2A have been linked to

Wiedemann-Steiner syndrome (MIM: 605130),36 a rare

developmental disorder with neurological features

including intellectual disability, microcephaly, and behav-

ioral difficulties; mutations in KMT2C have been linked to

Kleefstra syndrome (MIM: 610253),37 a class of hereditary

intellectual disability disorders; and mutations in KMT2D

have been linked to Kabuki syndrome (MIM: 147920),38

a congenital multiple-anomaly disease characterized

neurologically by intellectual disability, autistic-type be-

haviors, and seizures. Notably, the majority of mutations

in KMT2 genes are thought to be pathogenic as heterozy-

gous-null alleles, which is in good agreement with the

mutational spectrum observed in our group of individuals

with KMT2B variants.

In mice, global haploinsufficiency of Kmt2a, the closest

homolog to Kmt2b, leads to aberrant synaptic plasticity

and robust deficits in motor-task performance.39 Further-

more, conditional deletion of Kmt2a from neural pre-

cursors of cerebellar granule cells, the hippocampus, and

the subventricular zone substantially impairs neurogenesis
1384 The American Journal of Human Genetics 99, 1377–1387, Dece
and produces ataxic-like movements.40 Although they do

not demonstrate overt motor phenotypes, mouse models

of Kmt2b display an equally wide array of neurological

complications. Embryos homozygous for Kmt2b-null al-

leles show widespread apoptosis, resulting in incomplete

closure of the neural tube and early lethality.30 Consistent

with a defect in neural development, immature neurons of

Kmt2b-null mice exhibit drastically decreased proliferative

capacity.31 As an explanation, it has been proposed that

loss of Kmt2b causes perturbation of core transcriptional

programs and thereby hampers the establishment of dif-

ferentiation processes.30,31 In an independent mouse

model, Kmt2b has been selectively ablated from the adult

forebrain to reveal transcriptional repression of key players

in the control of synaptic function.41 Specifically, condi-

tional mutagenesis of Kmt2b in hippocampal excitatory

neurons led to aberrant H3K4me clusters and associated

transcriptional downregulation across 169 distinct genes,

mostly critical to neuroplasticity.41 Strikingly, removal of

Kmt2b was also accompanied by reductions in the expres-

sion of genes directly linked to monogenic generalized

dystonia, including PRKRA (MIM: 603424; associated

with dystonia 16 [MIM: 612067]) and ADCY5 (MIM:

600293; associated with ADCY5-related dyskinesia [MIM:

606703]).41

Dystonia is considered to be a sensorimotor circuit disor-

der with an important neurodevelopmental component.4

Defective establishment of synaptic contacts during em-

bryonic and early postnatal stages might cause altered

connectivity at critical nodes of the motor system, ulti-

mately resulting in irregular motor-signal processing and

dystonic states.4 Fitting well with this concept, active

histone remodeling and associated regulation of gene

expression have been implicated in a myriad of brain

developmental events, including axonal migration and

synaptogenesis.32,42 In particular, H3K4me modifications

are part of an evolutionarily conserved cellular memory

system that promotes integrity of the neural net-

work.27,42 On the basis of these observations and the

Kmt2b mouse-model data, it is tempting to speculate that

aberrant KMT2B could broadly affect neuronal and/or glial

transcriptomes and thereby contribute to the formation of

erratic motor circuitry. Further, the greatly increased de-

mand for synaptogenic components during development

could explain a particularly strong requirement for appro-

priate KMT2B dosage, thus providing the basis for haploin-

sufficiency as the etiological disease mechanism. Beyond

the neurodevelopmental perspective, it is remarkable to

consider that reduced KMT2B dosage influences transcript

levels of known generalized dystonia-causing genes.41 This

finding implies that (1) disruption of these target genes

might contribute to the development of dystonia in

KMT2B-associated disease and (2) the identification of

KMT2B dosage reduction constitutes a crucial step toward

the elucidation of unifying molecular pathways in dysto-

nia. Comprehensive investigation of KMT2B-sensitive

genes could enhance our understanding of the biological
mber 1, 2016



modules that underpin dystonia and potentially suggest

molecular targets for specific treatments.

It remains to be explored to what extent KMT2B hap-

loinsufficiency establishes stable epigenetic alterations

during a developmental window or whether disordered

histone modifications and chromatin states might be

amenable to therapeutic interventions in adult life.

H3K4me promotes chromatin accessibility, which is antag-

onized by histone deacetylation. In fact, it has been shown

in the case of Kmt2d deficiency that postnatal treatment

with histone deacetylase inhibitors restores aberrant

epigenetic profiles and alleviates functional neural defi-

cits.43 This raises the intriguing possibility of pharma-

cological manipulation of epigenetic states as a strategy

for the treatment of the as-yet-incurable movement

disorder dystonia.

In conclusion, we have identified a causal role for

dominant LoF mutations in KMT2B in individuals with

early-onset generalized dystonia and implicate haploinsuf-

ficiency as the most likely pathomechanism. Our results

add generalized dystonia to the catalog ofMendelian disor-

ders caused by mutations in the epigenetic machinery and

highlight the pivotal role of transcriptional regulation

through histone modification in the genesis of dystonic

movements. Future investigations will help to reveal how

the core phenotype of KMT2B-associated disease comprises

generalized dystonia without systemic signs or, more

commonly, includes additional syndromic features.

Furthermore, it remains to be seen whether variable ex-

pressivity implicates this condition in an even broader

spectrum of dystonic manifestations.
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grant from the Else Kröner-Fresenius-Stiftung (2015_A151) as well

as in part by in-house institutional funding from Technische

Universität München (Munich), Helmholtz Zentrum München

(Munich), and Medizinische Universität Innsbruck (Austria).

M.Z. receives intramural funding from the Langmatz-Stiftung.

T.B.H. was supported by the German Federal Ministry of

Education and Research (BMBF) within the framework of the

e:Med research and funding concept (grant FKZ 01ZX1405C).

Received: September 26, 2016

Accepted: October 25, 2016

Published: November 10, 2016
Web Resources

Allen Mouse Brain Atlas, http://www.brain-map.org/

ClinVar, http://www.ncbi.nlm.nih.gov/clinvar/

dbSNP, http://www.ncbi.nlm.nih.gov/projects/SNP/
The American Jou
DECIPHER, https://decipher.sanger.ac.uk/

Ensembl, http://www.ensembl.org/index.html

Exome Aggregation Consortium (ExAC) Browser, http://exac.

broadinstitute.org/

Genic Intolerance, http://genic-intolerance.org/

OMIM, http://www.omim.org/

PubMed, http://www.ncbi.nlm.nih.gov/pubmed

RefSeq, http://www.ncbi.nlm.nih.gov/RefSeq

The Human Protein Atlas, http://www.proteinatlas.org/

UCSC Genome Browser, https://genome.ucsc.edu/
References

1. Albanese, A., Bhatia, K., Bressman, S.B., Delong,M.R., Fahn, S.,

Fung, V.S., Hallett, M., Jankovic, J., Jinnah, H.A., Klein, C.,

et al. (2013). Phenomenology and classification of dystonia:

a consensus update. Mov. Disord. 28, 863–873.

2. Balint, B., and Bhatia, K.P. (2014). Dystonia: an update on

phenomenology, classification, pathogenesis and treatment.

Curr. Opin. Neurol. 27, 468–476.

3. Klein, C. (2014). Genetics in dystonia. Parkinsonism Relat.

Disord. 20 (Suppl 1 ), S137–S142.

4. Domingo, A., Erro, R., and Lohmann, K. (2016). Novel

Dystonia Genes: Clues on Disease Mechanisms and the Com-

plexities of High-Throughput Sequencing. Mov. Disord. 31,

471–477.

5. Zech, M., Boesch, S., Jochim, A., Weber, S., Meindl, T., Schor-

mair, B., Wieland, T., Lunetta, C., Sansone, V., Messner, M.,

et al. (2016). Clinical exome sequencing in early-onset gener-

alized dystonia and large-scale resequencing follow-up. Mov.

Disord. http://dx.doi.org/10.1002/mds.26808.

6. Lek, M., Karczewski, K.J., Minikel, E.V., Samocha, K.E., Banks,

E., Fennell, T., O’Donnell-Luria, A.H., Ware, J.S., Hill, A.J.,

Cummings, B.B., et al.; Exome Aggregation Consortium

(2016). Analysis of protein-coding genetic variation in

60,706 humans. Nature 536, 285–291.

7. Rauch, A., Wieczorek, D., Graf, E., Wieland, T., Endele, S.,

Schwarzmayr, T., Albrecht, B., Bartholdi, D., Beygo, J., Di Do-

nato, N., et al. (2012). Range of genetic mutations associated

with severe non-syndromic sporadic intellectual disability:

an exome sequencing study. Lancet 380, 1674–1682.

8. Fromer, M., Pocklington, A.J., Kavanagh, D.H., Williams, H.J.,

Dwyer, S., Gormley, P., Georgieva, L., Rees, E., Palta, P., Ruder-

fer, D.M., et al. (2014). De novo mutations in schizophrenia

implicate synaptic networks. Nature 506, 179–184.

9. Gulsuner, S., Walsh, T., Watts, A.C., Lee, M.K., Thornton,

A.M., Casadei, S., Rippey, C., Shahin, H., Nimgaonkar, V.L.,

Go, R.C., et al.; Consortium on the Genetics of Schizophrenia

(COGS); PAARTNERS Study Group (2013). Spatial and tempo-

ral mapping of de novo mutations in schizophrenia to a fetal

prefrontal cortical network. Cell 154, 518–529.

10. Xu, B., Ionita-Laza, I., Roos, J.L., Boone, B., Woodrick, S.,

Sun, Y., Levy, S., Gogos, J.A., and Karayiorgou, M. (2012).

De novo gene mutations highlight patterns of genetic

and neural complexity in schizophrenia. Nat. Genet. 44,

1365–1369.

11. Allen, A.S., Berkovic, S.F., Cossette, P., Delanty, N., Dlugos, D.,

Eichler, E.E., Epstein, M.P., Glauser, T., Goldstein, D.B., Han,

Y., et al.; Epi4K Consortium; Epilepsy Phenome/Genome

Project (2013). De novo mutations in epileptic encephalopa-

thies. Nature 501, 217–221.
rnal of Human Genetics 99, 1377–1387, December 1, 2016 1385

http://dx.doi.org/10.1016/j.ajhg.2016.10.010
http://www.brain-map.org/
http://www.ncbi.nlm.nih.gov/clinvar/
http://www.ncbi.nlm.nih.gov/projects/SNP/
https://decipher.sanger.ac.uk/
http://www.ensembl.org/index.html
http://exac.broadinstitute.org/
http://exac.broadinstitute.org/
http://genic-intolerance.org/
http://www.omim.org/
http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/RefSeq
http://www.proteinatlas.org/
https://genome.ucsc.edu/
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref1
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref1
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref1
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref1
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref2
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref2
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref2
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref3
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref3
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref3
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref4
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref4
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref4
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref4
http://dx.doi.org/10.1002/mds.26808
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref6
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref6
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref6
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref6
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref6
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref7
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref7
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref7
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref7
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref7
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref8
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref8
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref8
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref8
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref9
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref9
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref9
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref9
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref9
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref9
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref10
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref10
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref10
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref10
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref10
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref11
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref11
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref11
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref11
http://refhub.elsevier.com/S0002-9297(16)30446-3/sref11


12. Chesi, A., Staahl, B.T., Jovi�ci�c, A., Couthouis, J., Fasolino, M.,

Raphael, A.R., Yamazaki, T., Elias, L., Polak, M., Kelly, C.,

et al. (2013). Exome sequencing to identify de novomutations

in sporadic ALS trios. Nat. Neurosci. 16, 851–855.

13. Iossifov, I., O’Roak, B.J., Sanders, S.J., Ronemus, M.,

Krumm, N., Levy, D., Stessman, H.A., Witherspoon, K.T.,

Vives, L., Patterson, K.E., et al. (2014). The contribution

of de novo coding mutations to autism spectrum disorder.

Nature 515, 216–221.

14. Homsy, J., Zaidi, S., Shen, Y., Ware, J.S., Samocha, K.E.,

Karczewski, K.J., DePalma, S.R., McKean, D., Wakimoto, H.,

Gorham, J., et al. (2015). De novo mutations in congenital

heart disease with neurodevelopmental and other congenital

anomalies. Science 350, 1262–1266.

15. Samocha, K.E., Robinson, E.B., Sanders, S.J., Stevens, C.,

Sabo, A., McGrath, L.M., Kosmicki, J.A., Rehnström, K.,

Mallick, S., Kirby, A., et al. (2014). A framework for the

interpretation of de novo mutation in human disease.

Nat. Genet. 46, 944–950.

16. Petrovski, S., Wang, Q., Heinzen, E.L., Allen, A.S., and Gold-

stein, D.B. (2013). Genic intolerance to functional variation

and the interpretation of personal genomes. PLoS Genet. 9,

e1003709.

17. Kervestin, S., and Jacobson, A. (2012). NMD: a multifaceted

response to premature translational termination. Nat. Rev.

Mol. Cell Biol. 13, 700–712.

18. Dale, R.C., Grattan-Smith, P., Nicholson, M., and Peters, G.B.

(2012). Microdeletions detected using chromosome microar-

ray in children with suspected genetic movement disorders:

a single-centre study. Dev. Med. Child Neurol. 54, 618–623.

19. Gana, S., Veggiotti, P., Sciacca, G., Fedeli, C., Bersano, A., Mi-

cieli, G., Maghnie, M., Ciccone, R., Rossi, E., Plunkett, K.,

et al. (2012). 19q13.11 cryptic deletion: description of two

new cases and indication for a role ofWTIP haploinsufficiency

in hypospadias. Eur. J. Hum. Genet. 20, 852–856.

20. Melo, J.B., Estevinho, A., Saraiva, J., Ramos, L., and Carreira,

I.M. (2015). Cutis Aplasia as a clinical hallmark for the syn-

drome associated with 19q13.11 deletion: the possible role

for UBA2 gene. Mol. Cytogenet. 8, 21.

21. Forzano, F., Napoli, F., Uliana, V., Malacarne, M., Viaggi, C.,

Bloise, R., Coviello, D., Di Maria, E., Olivieri, I., Di Iorgi, N.,

and Faravelli, F. (2012). 19q13 microdeletion syndrome:

Further refining the critical region. Eur. J. Med. Genet. 55,

429–432.

22. Schuurs-Hoeijmakers, J.H., Vermeer, S., van Bon, B.W., Pfundt,

R., Marcelis, C., de Brouwer, A.P., de Leeuw, N., and de Vries,

B.B. (2009). Refining the critical region of the novel

19q13.11 microdeletion syndrome to 750 Kb. J. Med. Genet.

46, 421–423.

23. Malan, V., Raoul, O., Firth, H.V., Royer, G., Turleau, C., Bern-

heim, A., Willatt, L., Munnich, A., Vekemans, M., Lyonnet,

S., et al. (2009). 19q13.11 deletion syndrome: a novel clini-

cally recognisable genetic condition identified by array

comparative genomic hybridisation. J. Med. Genet. 46,

635–640.

24. Kulharya, A.S., Michaelis, R.C., Norris, K.S., Taylor, H.A., and

Garcia-Heras, J. (1998). Constitutional del(19)(q12q13.1) in

a three-year-old girl with severe phenotypic abnormalities

affecting multiple organ systems. Am. J. Med. Genet. 77,

391–394.

25. Uhlén, M., Fagerberg, L., Hallström, B.M., Lindskog, C.,

Oksvold, P., Mardinoglu, A., Sivertsson, Å., Kampf, C., Sjös-
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