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Blood DNA methylation provides an accurate biomarker

of KMT2B-related dystonia and predicts onset
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Abstract

Dystonia is a prevalent, heterogeneous movement disorder characterized by involuntarily

abnormal postures. Biomarkers of dystonia are notoriously lacking.

Here, a biomarker is reported for histone lysine methyltransferase (KMT2B)-deficient
dystonia, a leading subtype among the individually rare monogenic dystonias. It was derived
by applying a support vector machine to an episignature of 113 DNA CpG sites which, in
blood cells, showed significant epigenome-wide association with KMT2B deficiency and at
least 1x log-fold change of methylation. This classifier was accurate both when tested on the
general population and on samples with various other deficiencies of the epigenetic
machinery, thus allowing for definitive evaluation of variants of uncertain significance and
identifying patients who may profit from deep brain stimulation, a highly successful

treatment in KMT2B-deficient dystonia.

Methylation was increased in KMT2B deficiency at all 113 CpG sites. The coefficients of
variation of the normalized methylation levels at these sites also perfectly classified the
samples with KMT2B-deficient dystonia. Moreover, the mean of the normalized methylation
levels correlated well with the age at onset of dystonia (p = 0.003) — being lower in samples

with late or incomplete penetrance — thus serving as a predictor of disease onset and severity.
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Similarly, it may also function in monitoring the recently envisioned treatment of KMT2B

deficiency by inhibition of DNA methylation.
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Introduction

Dystonia is characterized by involuntary abnormal posturing and movements. About 20% of
the patients in movement disorder clinics present with dystonia.! Their phenotypes are rather
heterogeneous with respect to clinical manifestation, presenting comorbidity, and underlying
etiology. One or more body regions may be affected, and dystonia may occur as an isolated
feature, in combination with other movement disorders, or as a complex disease together with
other neurological dysfunctions such as developmental delay (DD).>* Genetic studies have
unveiled a large number of different monogenic subtypes. Whole exome sequencing (WES)
of 708 dystonia index patients recently indicated 78 distinct monogenic causes in 19% of
them.> Among the individually rare monogenic causes, heterozygous missense and loss-of-
function (LoF) variants in KMT2B were found to be the most frequent subtype in this cohort,
accounting for 9% of the monogenic diagnoses. KMT2B-related disease is characterized by
early-onset generalized dystonia, usually associated with intellectual disability (ID) or other

neurodevelopmental comorbidities.

KMT?2B encodes a widely expressed epigenetic regulator that catalyzes the transfer of methyl
groups to the lysine residue (K) at position 4 of histone H3 (H3K4) and, as such, belongs to
the “writers” within the epigenetic regulatory machinery. Pathogenic variants of genes that
encode for epigenetic writers, readers, erasers, or remodelers of the chromatin have been

implicated in a wide range of diseases, frequently including neurodevelopmental defects.”

Histone modifications overlap and interact with methylation of CpG sites in the DNA
sequence. Specifically, there is a strong anti-correlation between H3K4 trimethylation and
DNA methylation.?® Recent studies have examined the effect of mutations affecting the
epigenetic machinery on genome-wide DNA methylation, including mutations of writer
enzymes as encoded by KMT2D and NSDI, for instance, which cause the syndromic
neurodevelopmental disorders Kabuki syndrome and Sotos syndrome, respectively.!%!® For
about 40 Mendelian disorders, robust disease-specific DNA methylation patterns
(“episignatures”) have been identified thereby. Each episignature involves a specific set of
CpG sites across the genome whose weighted DNA methylation pattern is tightly associated

with the respective disease.
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As they affect another writer enzyme, we predicted that LoF variants of KMT72B might also
leave traces in the genome-wide DNA methylation profile. Indeed, we have derived a highly
sensitive and specific episignature associated with KMT2B deficiency. Thereby, we provide
a much needed, accurate biomarker in the field of dystonias where biomarkers are notoriously
lacking.! Special relevance arises from the fact that KMT2B-related dystonia is exceptionally

responsive to deep brain stimulation. !

Materials and methods

Study participants

74 patients with dystonia and 115 patients with ID/DD entered the methylation analysis. They
were examined by movement-disorder neurologists and human geneticists, and diagnosed in
keeping with the respective diseases’ clinical consensus definitions.> Molecular evaluation by
WES of peripheral blood DNA and variant interpretation according to the guidelines of the
American College of Medical Genetics and Genomics (ACMG) were performed as detailed
elsewhere.’ 110 ID/DD patient samples passed the quality control after methylation analysis
(see below) as well as 69 dystonia patient samples, including 13 samples with
pathogenic/likely pathogenic variants in KMT2B and 4 samples with variants of uncertain
significance (VUS) in KMT2B. For details of these patients’ ages, sexes, and diagnoses see
Supplementary Table 1. The study also included 2413 adult individuals from the general
population where common diseases prevail; including 1209 individuals with Restless Legs
Syndrome and 1204 participants of the KORA study on the Bavarian population.?? 2278 of
these population samples passed the quality control. The study participants were not related
to each other and not known to receive medication with substantial impact on DNA

methylation.
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Methylation analysis, EWAS, and selection of CpG sites for the

episignature

Methylation analysis of peripheral blood DNA was performed by Illumina MethylationEPIC
BeadChip (San Diego, CA) according to the manufacturer’s protocol. The EPIC probe array
interrogates the methylation status at more than 850,000 CpG sites across the genome.
Methylation intensities were determined and analyzed using R version 3.6.1 (R Core Team
2020). Probes with detection p-value > 0.01, probes interrogating the sex chromosomes,
probes at known single nucleotide polymorphisms (SNPs), cross-reactive probes, and probes
with a call rate < 0.95% were excluded from downstream analyses. Samples with mean
detection p-value > 0.05 or call rate < 95% were excluded due to poor sample quality.
Background correction and normalisation (preprocess Quantile)?! were done using the minfi
package.??> The methylation level of each CpG site was assessed as beta value (f), indicating
the percentage of methylation, and as M-value which indicates the log2 ratio of the intensities

of methylated and unmethylated states (Du et al 2010),
M =log, (:Bk/(l — ,Bk)) (1)

An epigenome-wide association study (EWAS) was performed to discover differentially
methylated CpG sites in 12 patients with WES-identified pathogenic or likely pathogenic
KMT2B variants (sparing one for unbiased verification) versus 8 patients with a genetically
proven diagnosis of SGCE-associated myoclonus-dystonia (Supplementary Table 1b). We
chose the latter as controls because the gene product encoded by SGCE (e-sarcoglycan) is a
transmembraneous protein of the cell membrane and as such unlikely to influence the
epigenetic machinery. The EWAS using the limma package®® was a linear regression of M-
values on KMT2B mutation status, sex, age and Houseman estimates of white blood cell type
composition, yielding coefficients and eBayes moderated p-values.?* Because mutation status
was coded as 0 and 1 in controls and cases, respectively, and because the covariates had little
influence, the coefficient of the mutation status approximately equalled the difference of the

averages of M in the n cases (k) and in m controls (s). With

ZZMk/n — ZTMS/m = log; (]’[Z('Bk/(l — ﬁk))l/n/l‘[;rl(ﬁs/(l _ ﬁs))l/m) )
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we took that coefficient as the level of log-fold change (logF(C), in keeping with the name
(“lfc”) of the threshold function in limma. Overall 113 CpG sites with p < 5x10% according
to genome-wide Bonferroni correction and logFC > 1 were considered to be sufficiently
effective for inclusion in the KMT2B episignature (Supplementary Table 2). Analysis of the
receiver operating characteristic on mutation carriers vs non-carriers showed an area under

the curve (AUC) larger than 0.94 for all 113 CpG sites, with AUC = 1 in 96% of them.

Unsupervised classification

The selected significant 113 CpG sites were examined for their ability to distinguish between
carriers of disease-causing KMT2B variants and dystonia patients without any suspicious
KMT2B variant by hierarchical clustering (see Fig.2) using “ward.D" minimization of
Euclidean distances as provided by the gplots R package? and by multidimensional scaling
(MDS) of the pairwise Euclidean distances between samples using limma.?*> Further we
applied centroid-based Kmeans clustering®® to the KMT2B mutation carriers and the

population cohort by defining successively increasing number of clusters (k=2 - 7).

SVM classification model for disease-causing KMT2B variants

Sets for training and testing the support vector machine (SVM) classifier were selected as
follows. Among the 12 WES-diagnosed dystonia patients used in the EWAS, we randomly
selected 3 for the test set and the rest for the training set. The test set was augmented by one
more patient with a disease-causing KMT2B variant who was not part of the EWAS and
therefore served as an independent unbiased sample. As controls we used 52 dystonia patients
not carrying any suspicious KMT2B variant, randomly selecting 14 for the test set and the rest

for the training set (Supplementary Table 1b).

Based on the 113 CpG sites determined by the EWAS, the classifier was trained and tested on
the M-values using the SVM provided in the e1071 R package with linear kernel (cost-C) and
10-fold cross-validation. In keeping with Aref-Eshghi et al.!?, SVM generated decision values
were converted to probability scores using Platt's scaling method.?” Diagnostic application of

the classifier included 4 cases with VUS in KMT2B.
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Independent validation of the classification model

To further validate its specificity, we applied the classifier to the M-values of 110 ID/DD
samples that had been analysed on the same EPIC array, comprising 72 samples with WES-
diagnosed disease-causing variants, including variants in genes affecting the epigenetic
machinery, 15 samples with a VUS in some of these genes, and 23 samples without any
candidate variant (Supplementary Table 1c). Furthermore, the SVM classifier was applied to
the 2278 population samples analysed in 3 separate EPIC array batches.

Training and testing of this classifier implied two decisions: We used only non-KMT2B
dystonia patients as controls in the training step and among the KMT2B dystonia patients in
the test set there was only one who was not already part of the EWAS. We modified these
decisions in case of an alternative classifier which was trained with ID/DD patients as
negative controls and was tested on a set in which three of four KMT2B dystonia patients had
not already been part of the EWAS (with the EWAS case sample and power thus being

somewhat smaller; for details see legend to Supplementary Fig.2).

Mean and coefficient of variation of normalized methylation

We derived the normalized methylation levels of the 113 CpG sites of the episignature, and
calculated their mean and coefficient of variation (CV) in each individual. To do so, we first

calculated the z-values (z;)) for each individual i at each site j, and then determined

mean; = ijij/113 3)
and

2
CVl- = SDi/lmeanil = \/(Z](Zl] — meani) /112)/|meanl| (4)

across the 113 sites in each individual. As usual, z; indicated the normalized aberration from
the mean methylation of site j in controls (i.e., the difference from that mean divided by the
standard deviation in the controls). Assessing z-values compensates for natural differences in
methylation and methylation variation between sites. For the same reason, the calculation
used the M-values of methylation (see above) as they show less heteroscedasticity than the f-

values.?® Calculations were performed batch-wise to avoid batch effects. For the batch of
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patients with dystonia or ID/DD, we used the same controls as in case of the EWAS (see
above). For the batches with the population samples, the calculation of z-values was based on

all individuals since outliers were not to be expected.

Data availability

Information on the dystonia and ID/DD samples used in this study, and on the 113 CpG sites

selected for the episignature is available in the Supplementary material.

Results

EWAS, selection of CpG sites, and unsupervised clustering

The EWAS on 12 cases and 8 controls revealed 3171 CpG sites (Fig.1) associated with
disease-causing KMT2B variants at an FDR < 0.01. These sites are annotated to 1326 of
25293 genes according to the annotation file “MethylationEPIC v-1-0 B4.csv” of the
supplier. Seven of them overlapped with the set of 78 genes previously found to carry
disease-relevant variants in a cohort of 708 dystonia index patients.> The overlap was not
significant (p = 0.114, 1-sided Fisher’s exact test). Regression analysis adjusted for sex, age
and blood cell type composition, detected 113 CpG sites that passed the twofold threshold of
genome-wide significance and abs(logFC) > 1 (Fig.1 and Supplementary Table 2).
Hierarchical clustering built on these 113 CpG sites exposed a specific methylation profile,
separating carriers of disease-causing variants from non-carriers (Fig.2). A clear separation
was also achieved by Kmeans clustering (Supplementary Fig.1). All 113 CpG sites were
hypermethylated in carriers relative to non-carriers (Fig.1, 2, 4). 82 (73%) were located inside
or nearby one of 69 different genes and 93 (89%) inside or nearby a CpG island
(Supplementary Table 2).

13 of the 113 sites overlapped the 3643 CpG sites comprising the episignatures which Aref-

Eshghi et al.!? derived for 34 Mendelian disorders (without reporting each episignature

1 Z0Z JoqUIBAON £ UO Jesn wnnuazsBunyosiod 4S9 AQ 8¥Z8/£9/09E0BME/UIRIG/S60 | 01 /I0P/3[01B-80UBAPE/UIRIC/WO02 dNO dlwapede//:sdily WoJl papeojuMO(]

individually). The overlap was significant (p = 4x10-15, Fisher’s exact test), but the 100 non-
overlapping sites were sufficient to clearly separate disease-causing KMT2B variants from

other mutations of the epigenetic machinery (see below).
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SVM classification model for disease-causing KMT2B variants

For each individual, the SVM model together with Platt's scaling?’ generated a probability
score between 0 and 1 of having a methylation profile typical of disease-causing KMT2B
variants. Mean + standard deviation of the probability score in the training set were 0.916 +
0.053 in the individuals with KMT2B mutation and 0.016 + 0.006 in those without. In the test
set, all 4 individuals with KMT2B mutation also ranged well above 0.5 (0.932 + 0.028) while
those without KMT72B mutation, including carriers of disease-causing variants in genes
affecting the epigenetic machinery such as DNMTI and MORC2,7'7 scored well below 0.5 at
0.093 £ 0.185, confirming the high accuracy of the classifier.

Having trained and tested the classifier for specific recognition of the effects of KMT2B
deficiency, we performed further assessment in four independent sets. These sets did not
overlap with the samples used for EWAS determination of the episignature’s CpG sites or for
training and testing the classifier. The first set consisted of 110 samples with a diagnosis of
DD/ID and a disease-causing mutation in various genes affecting the epigenetic machinery,
including epigenetic writers such as KMT24, KMT2D, and NSD1,” samples with VUS in
some of these genes, and samples without WES-detectable candidate variants
(Supplementary Table 1c). These 110 samples were analysed within the same EPIC array
batch as the training and test samples. None of them received a probability score larger than
0.23 and most of them were close to zero (Fig.3) which further confirmed the excellent

specificity of the classifier.

The other three cohorts together contained 2278 population samples. These samples were
analysed in three independent EPIC array batches. According to their origin we did not
expect positive episignature scores. In fact, except one KORA sample, all samples had scores

well below 0.5. See below for a detailed discussion of the outlier.

All dystonia, ID/DD and population samples kept their positive or negative classifications
when we applied an alternative SVM classifier which was trained with ID/DD samples as
negative controls and which was tested on a set that included three (instead of one) among
four KMT2B dystonia samples that were entirely unbiased for not being part of the EWAS
already (see Supplementary Fig.2).
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Specificity and sensitivity of the classifier

Even if assuming that the KORA sample with a score > 0.5 was a false-positive, the classifier
still had a specificity of almost 100% (99.96% with Wilson’s 95%-CI being [99.72%,
100%]). Unbiased assessment of the sensitivity was restricted by the number of available
samples with disease-causing KMT2B variants. One such sample in the test set was not part
of the EWAS. It was clearly recognized with a score of 0.925. For the four KMT2B mutant
samples in the test set, the sensitivity was estimated to be 100% with Wilson’s 95%-CI being
[51%, 100%]. For training and test set combined, the same estimate had a 95%-CI of [77%,
100%].

Mean and CV of normalized methylation

Because KMT2B deficiency implied hypermethylation of all CpG sites in the episignature,
we aimed for representing this hypermethylation in a single quantity that accounts for the fact
that methylation levels and their variations differ between sites. Therefore, we normalized the
methylation level at each site and calculated each individual’s mean(z) £ SD(z) of these
normalized levels. Moreover, since KMT2B deficiency should affect all associated sites -
while other deficiencies likely affect only subsets of these sites - we also calculated their
coefficient of variation CV(z) = SD(z)/|mean(z)|. We chose CV(z) instead of SD(z) because
natural processes tend to be Poisson like with SD(z) = |mean(z)|. As shown in Fig.4, mean(z)
and CV(z) perfectly separated the samples with disease-causing KMT2B variants from those
without (p < 2.2 x10716).

Four samples with Sotos syndrome due to NSD/ mutation included in the study were found
to be strongly hypomethylated (mean(z) £ SD(mean(z)) =-3.83 £ 0.27) when compared to the
other non-KMT2B samples (0.39 + 0.99) examined on the same array (p = 1.7 x10-%, 2-sided
t-test, Fig.4). This finding is in keeping with the previous observation that genome-wide

99.3% of all CpG sites are hypomethylated in NSD1 deficiency.!’

Correlation of mean normalized methylation with age at onset

In patients with disease-causing KMT2B variants, the age at onset (AAQO) was significantly

correlated (p = 0.003, linear regression) with mean(z) as shown in Fig.5. We also observed
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that mean(z) tended to be lower in patients with missense variants. Accordingly, we
confirmed the correlation between type of variant and AAO which has been reported
recently.’” AAO was 5.3 + 2.6 years (mean + SD) in patients with LoF variants vs 12.0 + 5.6

years in patients with missense variants (p = 0.03, one-sided rank test; Fig.5).

Mean(z) explained > = 57% of the AAO variance in KMT2B-deficient dystonia patients.
With transformation Z’=arctanh(r) and bias correction (R-function pwr.r.test), this predicts
that replication of the finding at a significance level of 0.05 and with a power of 80% would

require 11 observations.

As compared to patients with complex KMT2B-deficient dystonia, patients with isolated
KMT2B-deficient dystonia tended to have a lower mean of the normalized CpG site
methylation but the difference was not significant (average of 5.57 vs 6.18, p = 0.3, one-sided

rank test).

Application to individual cases

We applied the classifier to 4 patients with VUS in KMT2B (Fig.3, 4, Table 1). The first was
a 9-year-old boy with generalized isolated dystonia since the age of 6 years. WES revealed 3
heterozygous missense variants in this patient. Two variants (c.659G>A, p.Arg220GlIn,
paternal; and ¢.2368G>A, p.Glu790Lys, maternal) were also found in gnomAD controls and
mapped to a N-terminal protein region in which no disease-causing variants have been
reported thus far.!” By contrast, the third variant, ¢.7693C>G, p.Arg2565Gly, was not
observed in any genomic control database and mapped to a C-terminal mutational hotspot
associated with KMT2B-related dystonia (CADD score of 25.1). This variant was inherited
from an apparently unaffected father, resulting in a classification as a VUS according to the
ACMG standards. We applied the SVM classifier to this patient and his unaffected parents in
order to verify or exclude a disease-causing effect of that variant. Interestingly, probability
score = 0.80 and CV(z) = 0.54 were in perfect accordance with those of other patients with
pathogenic or likely pathogenic KMT2B variants. Moreover, the carrier father also showed
values in that range, i.e., 0.75 and 0.51, respectively, while they were entirely normal in the
mother (0.046 and 1.40, respectively). Mean(z) values were also similarly elevated in father
and son (4.33 and 4.44, respectively, while completely normal, i.e., 1.11, in the mother), and

thus appeared to be somewhat too low for the AAO in the affected patient and too high in the
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unaffected father when compared to other patients (Fig.5). Assuming that the father remains
unaffected, this variant shows incomplete phenotypic penetrance as has been observed before

in patients with missense variants.'”

The next patient was a 31-year-old female presenting with a combined dystonia-parkinsonism
syndrome since the age of 20 years. Two WES-identified deletions in PRKN were compatible
with a diagnosis of juvenile Parkinson disease type 2 (MIM:600116), but we wondered
whether a novel heterozygous VUS in her KMT2B gene (c.364-2A>G, p.?) also contributed
to the phenotype. Of note, the KMT2B ¢.364-2A>G variant affected a canonical splice site,
suggestive of a loss-of-function allele. However, probability score = 0.037, CV(z) = 2.34, and
mean(z) = 0,88 were all normal (Fig.4). We therefore concluded that this variant was unlikely

to be a major driver of the observed disease phenotype and re-classified it as “likely benign”.

In a 52-year-old female with generalized isolated dystonia and AAO = 7, WES had revealed
the heterozygous KMT2B variant ¢.5336G>A, p.Argl779GIn.* The relevance of this VUS
has remained inconclusive.* The available pedigree was not informative. The probability
score (0.126) was clearly below 0.5, and CV(z) = 0.93 was substantially larger than those of
patients with obvious KMT2B etiology. Mean(z) = 1.73 appeared to be too low for the early
AAO (Fig.5). While these values did not indicate a causative effect of this variant, they were
conspicuously high when compared to the non-KMT72B patients on the same array (97%
quantile), especially in view of the prior probability due to phenotype and WES finding, so

that a doubt remained about the benign nature of the variant.

The heterozygous KMT2B variant ¢.4622C>T, p.Alal541Val in a 60-year-old male with
generalized isolated dystonia and AAO = 43 was also observed in his 2 unaffected
daughters*, but due to the possibility of incomplete penetrance it may be the cause of the
patient’s dystonia. The DNA methylation profile revealed a probability score (0.339) clearly
below 0.5 and a C¥V(z) = 0.93 substantially larger than those of patients with obvious KMT2B
etiology. Comparatively low mean(z) = 2.73 was in keeping with the late AAO. Moreover,
these values were conspicuously high when compared to the non-KMT2B patients on the
same array (99% quantile of the probability scores derived on the same array). With the
phenotype being consistent with KMT2B-related dystonia and the rare KMT2B variant being
the only suspicious WES finding, the variant may thus be causative, having late or

incomplete penetrance.
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Three other samples on the same array showed a probability score below 0.5 but above the
97%-quantile (Fig.3). Their phenotypes did not include dystonia and they did not show

potentially causative variants in KMT2B.

In the KORA population cohort?® we identified a 65-year-old female with probability score =
0.812 and CV(z) = 0.50, indicating KMT2B deficiency, and with comparatively low mean(z)
= 2.60 suggesting late or incomplete penetrance. Indeed, the she did not report a movement
problem and had not visited a doctor during the last 12 months. She selected “moderate”
when asked about strong, moderate, minimal or absent problems with concentration, and
when asked about memory problems and problems with understanding TV programs she
selected “a little more” from 3 possible answers (“none”, “a little more” or “much more”
problems than in the past) in both categories. 12% of her age group (60 — 68 years) indicated
at least her level of deficit in all three categories. WES revealed neither any potentially

pathogenic KMT2B variant nor any likely causative variant in any other gene. This, however,

did not exclude the possibility of a non-coding variant with dysregulatory effect.

Discussion

KMT?2B functions as a writer in the epigenetic machinery, catalyzing the transfer of methyl
groups to the lysine at position 4 of histone 3 (H3K4).” Heterozygous LoF of KMT2B affects
genes essential for central nervous development and function, and has been found to be one
of the most frequent causes of monogenic dystonia.>*!%?° Since DNA methylation and
histone H3K4 methylation show marked anti-correlation®’, we predicted that inborn
deficiency of KMT2B should result in an aberrant DNA methylation profile that would be
useful as biomarker. Indeed, when we performed an EWAS on KMT2B deficiency, we
derived an episignature of 113 differentially methylated CpG sites with genome-wide
significance and at least one log-fold change that allowed the training of a SVM classifier of
excellent sensitivity and specificity. In keeping with the anti-correlation of DNA and H3K4
methylation, all 113 sites showed increased methylation in KMT2B-deficient patients.

Episignatures of peripheral blood cell DNA have been derived for several distinct syndromes
caused by deficiencies of the epigenetic machinery.!% 1618 Most of these episignatures,
including those related to KMT2C and KMT2D, were derived in a recent large study.!’
Thirteen of the CpG sites found in these episignatures overlapped with the 113 CpG sites of

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

1 Z0Z JoqUIBAON £ UO Jesn wnnuazsBunyosiod 4S9 AQ 8¥Z8/£9/09E0BME/UIRIG/S60 | 01 /I0P/3[01B-80UBAPE/UIRIC/WO02 dNO dlwapede//:sdily WoJl papeojuMO(]



Brain

the KMT2B-associated episignature presented here. Therefore, we assessed DNA methylation
profiles of patients with various deficiencies of the epigenetic machinery, including samples
from patients with deficiencies of KMT2C or KMT2D (Fig.3). None of them were classified
as having a disease-causing KMT2B variant, thus highlighting the outstanding specificity of
the KMT2B-associated classifier which was further confirmed when we applied the classifier
to 2278 individuals from the general population in whom pathogenic KMT72B variants were
not to be expected. The sensitivity of the episignature also appeared to be excellent. All
patients with pathogenic or likely pathogenic KMT2B variants showed closely similar scores

well above 0.5 (Fig.3, 4).

Besides the probability score of the SVM classifier, we produced two other useful quantifiers.
Mean(z) of the normalized methylation levels at the episignature’s CpG sites proportionally
integrates the effect of KMT2B deficiency on them, while their coefficient of variation CV(z)
aims for the homogeneity of this effect, which at first approximation should be independent
of the degree of KMT2B deficiency. Both quantifiers properly separated the positive from the
negative cases, the CV(z) even as accurately as the SVM classifier, indicating that a rather
simple assessment of disease-associated CpG sites may already function sufficiently in

diagnostics and in cost-efficient screening of dystonia patients.

Mean(z) turned out to correlate significantly (p = 0.003) with AAO, being larger if AAO was
early. Together with the tendency of mean(z) to be lower in samples with LoF of KMT2B (p
= 0.056), these observations complied well with the recently reported correlation of AAO
with LoF in KMT2B." As a predictor of AAO, mean(z) can contribute to predictive and
precise patient care. We assume that similar predictors should be achievable for other

diseases caused by enzyme deficiencies within the epigenetic machinery.

Episignatures have proven useful in definitive classification of VUS.!7 This was also true for
VUS in KMT2B-associated dystonia. In one patient we could thus show that the VUS did not
contribute to the patient’s dystonia-parkinsonism. In another patient, where a VUS was still
questionable because the phenotypically unaffected father also carried it, index patient and
father were classified as affected, thus validating the pathogenicity of the VUS. The case of
the father confirmed the recent observation of KMT2B variants with late or incomplete
penetrance.'® Two other VUS (p.Argl779GIn and p.Alal541Val) could not be classified

definitively, however, even after examining the episignature. They were classified as negative
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but they scored conspicuously high (> 97 percentile of the individuals without KMT2B
variant). At least p.Alal541Val may possibly be causative with late/incomplete penetrance.
Indeed, the rather late AAO of the patient was compatible with her comparatively low
mean(z). If the training of a classifier has not included very late-onset and mild phenotypes,
samples with negative scores (< 0.5) but conspicuously high levels as compared to controls,
need to be scrutinized by assessing further evidence. This caveat likely applies to all

episignature classifiers.

Interestingly, one among 2278 population samples was classified as positive. At age 65 this
woman appeared to be unaffected, in keeping with her comparatively low mean(z). Negative
WES analysis suggested a non-coding, potentially regulatory variant acting in cis or in trans.
The patient’s subjective report of moderate impairment of memory and ability to concentrate
raised the question whether mild KMT2B deficiency may contribute to cognitive decline at
older age. Indeed, mice with conditional knockout of Am#2b in adult forebrain excitatory
neurons show impaired hippocampus-dependent memory function.>* However, the report put

her at the 12 %-quantile of her age group which does not allow for definitive conclusions.

The approximately linear anti-correlation between KMT2B activity as represented by
mean(z) and disease severity as represented by AAO, also sheds some light on the mode of
inheritance of KMT2B-associated dystonia which is autosomal-dominant. This is at odds with
inborn errors of metabolic enzymes that usually have a recessive mode of inheritance since
the relation between metabolic intoxication and residual enzyme activity is hyperbolic and
not linear. Of interest in this respect, molecular analyses recently suggested that KMT2B
alias MLL2 protects developmental genes from repression by repelling polycomb repressive
complex and DNA methylation machineries, while H3K4me3 is not underlying the
transcriptional regulation of MLL2 targets.’! Consequently, the authors of that study
predicted KMT2B deficiency could be potentially rescued by inhibiting DNA methylation. If
so, the assessment of the KMT2B-dependent DNA methylation level by mean(z) might also

serve for monitoring such methylation-modifying therapy.

In summary, we have detected a highly specific and sensitive episignature and derived SVM
classifier score, mean(z), and CV(z) as the first biomarkers of KM72B-associated dystonia.
We demonstrated their utility in identifying, confirming or rejecting the diagnosis, especially

in cases where sequencing analysis fails or remains inconclusive, and the utility of mean(z) to
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predict AAO which is a proxy of disease severity. Both utilities are of great importance
because KMT2B-associated dystonia is relatively frequent among monogenic dystonia cases

and can be treated successfully by deep brain stimulation.!®
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Figure legends

Figure 1 Volcano plot of EWAS results. Blue dots depict CpG sites with genome-wide
significance (p < 5x10-%), orange dots sites with a log-fold change abs(logF'C) > 1, and pink
dots the 113 sites with both.

Figure 2 Hierarchical clustering of the SVM training set (columns) consisting of 9
individuals with pathogenic or likely pathogenic KMT72B variants (right cluster) and 39
without any suspicious KMT2B variant (left cluster), using the 113 differentially methylated
CpG sites (rows) selected for the classifier. DNA methylation M-values ranged from -5 to 3.5
and indicated the hypermethylation (darker colour) in samples with KM72B mutation.

Figure 3 SVM probability scores for disease-causing KMT2B variants. The vertical axis
represents scores between 0 and 1, with a score over 0.5 indicating that a sample is more
likely to carry a dystonia-causing variant in KMT2B than not to carry such a variant. The
horizontal axis lists the different genes affected by disease-causing variants or VUS, a
category for patients without WES-detectable candidate variant, and a category for

individuals representing the general population. Each point represents an individual sample.

Figure 4 Histograms of individual mean and coefficient of variation (CV) of the
episignature’s normalized methylation levels as compared to the histogram of the SVM
classifier’s probability score. Especially the CV (displayed as 1/CV) also allowed to
identify the 13 samples with dystonia-causing KMT2B variant (red) among other samples
(grey) with monogenic or suspected monogenic defects, including other deficiencies of the
epigenetic machinery. The framed purple samples carried the four KM7T2B-VUS discussed in
the text, i.e., from left to right, ¢.364-2A>G, p.?; ¢.5336G>A, p.Argl779GlIn; c.4622C>T,
p.Alal541Val; and 7693C>G, Arg2565Gly. The last one was verified as disease-causing
variant by the probability score as well as the CV. The four grey samples with strongly

negative mean normalized methylation of less than -3 had NSD1 deficiency.

Figure 5 Pairwise comparisons of age at dystonia onset, type of disease-causing KMT2B
variant, and mean of the normalized methylation levels. The samples are the same as the
samples with disease-causing KMT2B variants displayed in Fig.4. Calculation of the

individual mean of the normalized blood cell methylation level at the 113 CpG sites of the

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

1 Z0Z JoqUIBAON £ UO Jesn wnnuazsBunyosiod 4S9 AQ 8¥Z8/£9/09E0BME/UIRIG/S60 | 01 /I0P/3[01B-80UBAPE/UIRIC/WO02 dNO dlwapede//:sdily WoJl papeojuMO(]



Brain Page 24 of 38

KMT?2B episignature is described in the Material and Methods section. Boxplots contain
median, interquartile interval (IQR), a lower whisker indicating the smallest observation

greater than or equal to lower hinge minus 1.5 * IQR, and an analogous upper whisker.
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Table 1 Overview of different KM7.28 mutation states

State KMTZB variant Phenotype Age at onset, years SVM score 1/CU2) Mean(2) Interpretation

Causative variant LoF Mostly complex dystonia 53+26 093 £ 0.04 2.00 +0.13 6.20 + 0.54 Early penetrance

Causative variant Missense Isolated/complex dystonia | 12.0 + 5.6 0.89 + 0.05 201 +0.12 530 + 0.94 Later penetrance

VUS_1 p.Arg2565Gly Isolated dystonia 6 0.80 1.85 4.44 Pathogenic with in-complete penetrance

Father of VUS_1 Unaffected >35 0.75 1.96 433 or variable AAQ

Mother of VUS_1 None Unaffected - 0.05 0.71 111 -

VUS_2 €364-2A>G, p.? Dystonia + Parkinson's 20 0.04 043 0.88 Not pathogenic; phenotype due to

disease PRKN mutation

VUS_3 p.Argl779GIn Isolated dystonia 7 0.13 (=97% quantile) 1.08 1.73 Possibly irrelevant; mean(2) too low for
early AAO

VUS_4 p.Alal541Val Isolated dystonia 43 0.34 (=99% quantile) 1.08 2.73 Possibly pathogenic in spite of SVM
score; mean(2) fits late AAO

KORA population Not identifiable by WES Decline of memory and >64 0.81 2.00 2.60 Non-coding effect in cis or trans;

case concentration mean(2) fits non-penetrance

Normal KM728 None in WES Various - 0.03 + 0.04 0.30 + 0.24 0.34 +0.93 -

Ranges indicated by “ + " represent the standard deviation.
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