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Tic disorders are moderately heritable common psychiatric disorders that can be highly troubling, both
in childhood and in adulthood. In this study, we report results obtained in the first epigenome-wide
association study (EWAS) of tic disorders. The subjects are participants in surveys at the Netherlands Twin
Register (NTR) and the NTR biobank project. Tic disorders were measured with a self-report version of
the Yale Global Tic Severity Scale Abbreviated version (YGTSS-ABBR), included in the 8th wave NTR data
collection (2008). DNA methylation data consisted of 411,169 autosomal methylation sites assessed by the
lllumina Infinium HumanMethylation450 BeadChip Kit (HM450k array). Phenotype and DNA methylation
data were available in 1,678 subjects (mean age = 41.5). No probes reached genome-wide significance
(p < 1.2 x 1077). The strongest associated probe was cg15583738, located in an intergenic region on
chromosome 8 (p = 1.98 x 107¢). Several of the top ranking probes (p < 1 x 10~%) were in or nearby
genes previously associated with neurological disorders (e.g., GABBRI, BLM, and ADAM10), warranting
their further investigation in relation to tic disorders. The top significantly enriched gene ontology (GO)
terms among higher ranking methylation sites included anatomical structure morphogenesis (GO:0009653,
p = 4.6 x 107"%) developmental process (GO:0032502, p = 2.96 x 10~'?), and cellular developmental
process (GO:0048869, p = 1.96 x 10~'2). Overall, these results provide a first insight into the epigenetic
mechanisms of tic disorders. This first study assesses the role of DNA methylation in tic disorders, and it lays
the foundations for future work aiming to unravel the biological mechanisms underlying the architecture
of this disorder.
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Bolton et al., 2007; de Haan et al., 2015; Lichtenstein et al.,
2010; Mathews & Grados, 2011; Ooki, 2005). However, most
genetic and clinical studies so far have been hampered by
small sample sizes, ambiguity in phenotype definitions, and

Tic disorders form a broad spectrum encompassing four
different clinical entities: Tourette syndrome (TS), chronic
(motor or vocal) tic disorder, transient tic disorder, and
tic disorder not otherwise specified. Tics are characterized
by sudden, rapid, motor movements, or vocalizations, per-
formed in a ritualized, recurrent, and stereotypical fashion
(DSM-IV-TR; American Psychiatric Association, 2000).
Multiple lines of evidence suggest that both genetic and
interacting environmental factors are causes underlying the
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etiology of these phenotypes (Paschou, 2013). Twin and
family studies have shown that the prevalence of TS or
chronic tic disorders among first-degree relatives of af-
fected individuals varies between 15% and 53% (Towbin,
2010). Furthermore, heritability estimates on tic disorders
or TS range between 0.28 and 0.56 (Anckarsiter et al., 2011;
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TABLE 1

Number of Participants Included in the Analysis

MZ twins

DZ/DOS twins

Relatives

Male (case/control)  Female (case/control)

Male (case/control)

Female (case/control)  Male (case/control)  Female (case/control)

N 241 (30/211)
Age (SE)  42.48 (14.00)

680 (74/606)
40.57 (12.08)

213 (31/182)
37.61(10.11)

404 (38/366)
38.46 (11.04)

63 (8/55)
42.83(14.10)

77 (7/70)
41.96 (12.45)

Note: MZ = monozygotic twins, DZ = dizygotic twins, DOS = dizygotic opposite-sex twins.

difficulties in disentangling genetic and familial environ-
mental effects. Thus, molecular genetic studies have thus
far not yet yielded robust findings (Pauls et al., 2014).

The study of epigenetic mechanisms on a genome-wide
scale in humans represents the bridge between disease sus-
ceptibility and gene expression variation. It is known that
epigenetic mechanisms regulate gene expression, and that
these epigenetic mechanisms change during life, up- and
down-regulating different genes in response to external en-
vironmental conditions. DNA methylation at CpG dinu-
cleotides is the most studied epigenetic mechanism in hu-
mans. It regulates gene expression by targeting, for example,
promoters and enhancers, and its pattern may change as a
consequence of external and internal stimuli (Hackett et al.,
2013). DNA methylation is also involved in other biologi-
cal processes such as genomic imprinting, where CpG sites
are methylated based on their parental origin, which are
different between the paternal and maternal branch (Liu
et al., 2010), and chromosome X inactivation, where one
copy of the female X chromosome is inactivated (Heard
et al., 1997). Genomic imprinting has also been suggested
to be involved in TS in a study evaluating parental gender-
influenced differences in childhood TS phenotype. Greater
motor tic complexity was associated with maternal trans-
mission, whereas higher frequency in vocal tics was associ-
ated with paternal transmission (Lichter et al., 1995).

EWAS have thus far been used to reveal altered methyla-
tion patterns in several complex disorders such as obesity,
diabetes, schizophrenia, and autism (Dempster et al., 2011;
Mooreetal., 2014; Rakyan etal., 2011; Wockner etal., 2014).
This approach is becoming increasingly accessible and it is
likely that DNA methylation is also involved in other neu-
rological disorders. Currently, no EWAS of tic disorders
have been performed. These studies may clarify underlying
mechanisms that differentially regulate genes in individuals
manifesting tics.

Here, we report on the first EWAS of tic disorders per-
formed in a population-based sample from the NTR.

Material and Methods

Subjects’ Demographics

Subjects in this study are participants in the NTR biobank
Project (Willemsen et al., 2010, 2013). Since 1991, the NTR
has been collecting information on a broad range of pheno-

types in twins and family members (Willemsen et al., 2013).
In total, 3,264 peripheral blood samples from 3,221 NTR

participants have been assessed for genome-wide methyla-
tion data. After quality control (QC) on the methylation
data, the total final selection comprised 3,089 samples, for
a total of 3,057 individuals (32 subjects had methylation
data for two time points). For a complete description of the
entire methylation dataset from the NTR, please see Van
Dongen et al. (2015).

In the present study, we analyzed tic data from the 2008
wave of collection in a subset of individuals in whom
genome-wide methylation data were available. A total of
1,678 individuals (twins, siblings, and parents) from 1,057
families were included in the analysis. Table 1 gives an
overview of the subjects entered in the analysis and demo-
graphics. Zygosity was assessed by DNA polymorphisms as
described by van Beijsterveldt et al. (2013). The study was
approved by the Central Ethics Committee on Research in-
volving human subjects of the VU University Amsterdam.

Phenotype

Tics were measured using an abbreviated 12-item self-
report version of the YGTSS, the latter being a well-validated
interview with a high internal consistency (Cronbach’s al-
pha > 0.90; Leckman et al., 1989). The YGTSS-abbreviated
(YGTSS-ABBR) contains the 12 most frequently occurring
tics, assessing their occurrence: never (0), < than 1 year ago
(1), between 15 years ago (2) or as a child (3). Three addi-
tional questions are asked on age at onset, duration, and
severity, to enable establishing a probable diagnosis accord-
ing to DSM-IV-TR criteria (American Psychiatric Associa-
tion, 2000). Table 2 shows the YGTSS-ABBR questionnaire
used for measuring tics. A diagnosis of probable chronic tic
disorder was established if the person had: (1) one or more
chronic motor or one or more vocal tics, that (2) occurred
beforeage21,and (3) had been present for > 1 year. Probable
TS diagnosis was established when two or more motor and
one or more vocal tics were reported that occurred before
age 21 and had lasted for >1 year, and probable transient
tic disorder was established when motor and/or vocal tics
had occurred before age 21 for less than one year. From
these categories, we derived a dichotomous variable on ab-
sence or presence of a probable tic disorder diagnosis —
chronic tic disorder, transient tic disorder or TS, as refer-
enced by the Tourette Syndrome Classification Study Group
(1993). An extensive genetic analysis on the heritability of
tic disorders has been performed (Zilhao et al., 2015). Since
smoking is known to have an effect on DNA methylation
(Lee & Pausova, 2013), we controlled for smoking status in
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TABLE 2
Yale Global Tic Severity Scale Abbreviated

Please indicate whether you have ever had any of the

following involuntary sudden nervous tics 0-1 years 1-5 years More than
1 (several answers possible): Never ago ago 5 years ago
a Eye movements: for example, blinking, rolling, squinting
b Nose movements: for example, nose twitching,
broadening nostrils
c Lip or mouth movements: for example, chewing, licking,
pouting
d Head shaking
e Shoulder or neck movements
f Arm or hand movements: for example, rapid

‘purposeless’ bending, stretching

g Squeaking or whistling noises

h Growling, throat clearing, coughing, sniffing

i ‘Purposeless’ cursing or utterance of rude or obscene
language

2 If you have suffered from any of the above tics:

a At what age did you first exhibit any of these
phenomena?

b Have you ever suffered from these tics for more than a
year at a time?

c How often did you have tics in the period that you

suffered from them most?

years (age)

_ No___Yes

___not daily

___daily, but tic-free for most of the day

___daily, but tic-free periods of 3 hours not uncommon
___daily, with tic-free periods of at most half an hour

the epigenome-wide association analysis. Smoking status
was assessed at the moment of blood draw by interview.

Infinium HumanMethylation450 BeadChip Data

DNA methylation was assessed with the Infinium Hu-
manMethylation450 BeadChipKit (Illumina, Inc.; Bibikova
etal, 2011). Genomic DNA (500ng) from whole blood was
bisulfite treated using the ZymoResearch EZ DNA Methy-
lation kit (Zymo Research Corp, Irvine, CA, USA) follow-
ing the standard protocol for Illumina 450K micro-arrays,
by the department of Molecular Epidemiology from the
Leiden University Medical Center (LUMC), The Nether-
lands. Subsequent steps (i.e., sample hybridization, staining,
scanning) were performed by the Erasmus Medical Center
micro-array facility, Rotterdam, the Netherlands. QC and
processing of the blood methylation dataset has been de-
scribed in detail previously (Van Dongen et al., 2015). In
short, a number of sample-level and probe-level quality
checks were performed. Sample-level QC was performed
using MethylAid (van Iterson et al., 2014). Probes were set to
missing in a sample if they had an intensity value of exactly
zero, or a detection p-value > .01, or a bead count < 3. After
these steps, probes that failed based on the above criteria in
>5% of the samples were excluded from all samples (only
probes with a success rate >95% were retained). Probes
were also excluded from all samples if they mapped to mul-
tiple locations in the genome (Chen et al., 2013), and/or
had a SNP within the CpGssite (at the C or G position) irre-
spective of minor allele frequency in the Dutch population
(Genome of the Netherlands Consortium, 2014). Only au-
tosomal methylation sites were analyzed in the EWAS. The

methylation data were normalized with Functional Nor-
malization (Fortin et al., 2014) and normalized intensity
values were converted into beta (B)-values. The B-value
represents the methylation level at a site, ranging from 0 to
1 and is calculated as

M

B= M+ u+i00

where M = methylated signal, U = unmethylated signal,
and 100 represents a correction term to control the B-value
of probes with very low overall signal intensity. After QC,
from an initial total of 485,577 methylation sites, the final
total selection of methylation sites was 411,169.

Statistical Analysis

EWAS was performed using linear regression under an ad-
ditive model correcting for principal components (PCs)
and covariates. PCs were calculated from the methylation
data after QC and normalization. The PCA plot calculated
can be seen in Supplementary Figure S2. Supplementary
Figure S3 provides the correlation plot between the first
20 PCs and the covariates (monocyte count, eosinophils
count, neutrophils count, array row number, smoking sta-
tus, age, and sex) in our dataset. Generalized estimation
equation (GEE) models were used to test whether tics were
associated with DNA methylation. In the final model, DNA
methylation level was used as outcome with the following
predictors: tics, top five PCs, smoking status, eosinophil
percentage, and monocyte percentage. Additional models
were tested to evaluate the inflation factor with different co-
variates (Supplementary material). Sex, neutrophils count,
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FIGURE 1

(Colour online) Two-dimensional PCA plot labeled by case-control status.

and age were not included due to their correlation with
the top five PCs (Supplementary Figure S3). Basophil per-
centage was not included because it showed little variation
between subjects, with a large number of subjects having
0% of basophils. Smoking status was coded as ‘0 = non-
smoker’, ‘1 = former-smoker, 2 = current-smoker’. GEE
uses cluster robust standard errors with family ID as clus-
ter variable, and thus standard errors are robust for the
presence of related individuals in the sample. A permuted
p-value was calculated by random sampling of the pheno-
type (n=10,000), defining the proportion of permutations
meeting or exceeding our p-value estimate based on the
actual data. CpGs with p-values < 1.2 x 1077 (Bonferroni
correction of 0.05/411169 — autosomal sites) were consid-
ered statistically significant.

Enrichment of Gene Ontology Terms
Enrichment of GO terms among methylation sites having
a stronger association with tics was done by ranking all

methylation sites based on the EWAS p-value and the re-
sulting ranked gene list was supplied to the online software
tool GOrilla (Eden et al., 2009). The GO tool GOrilla takes
into account the rank of the gene whereby p-value cut-off is
not required in creating the gene list. A false discovery rate
(FDR) g-value <0.05 was considered for a GO term to be
statistically significant.

Results

After QC, the final dataset consisted of 411,169 autoso-
mal CpG sites, for 1,678 individuals (188 cases and 1,490
controls). The variation in the data captured by the first
two PCs is shown in Figure 1. It can be seen that the main
contributors to variation in DNA methylation are not as-
sociated with the phenotype. The first component repre-
sented sex and the second component correlated strongly
with neutrophil count. Supplementary Figure S1 shows the
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FIGURE 2

(Colour online) QQ plot of p-values from GEE model with top five PCs and covariates tics, smoking status, eosinophils, monocytes, and

array row.

distribution of genome-wide methylation level for all indi-
viduals included in the analysis.

The quantile-quantile (QQ) plot based on the EWAS
model is shown in Figure 2. The inflation factor (\) is
1.03, indicating that the results are not stratified.

None of the CpG sites passed the Bonferroni p-value
threshold (p = 1.2 x 1077) for the association with Tics.
Table 3 shows all CpG sites with a p-value < 1 x 107 (N=
57).Permutation tests for all of these 57 CpG sites resulted in
a permutation p-value < .05, indicating that these CpG sites
did not occur by chance. As an example, the distribution
of permutation p-values for the top nine CpGs is shown in
Supplementary Figure S7. The Manhattan plot can be seen
in Figure 3 with the top 57 CpG sites highlighted in green.
Figure 4 shows the methylation level in cases and controls
for our top 15 CpGs.

Gene Ontology Enrichment Analysis
GO enrichment analysis identified a large number of GO
terms that were significantly enriched (Supplementary

Tables T1-T3). Top enriched GO Processes include devel-
opmental process (GO:0032502, p = 3.98¢ 1, FDR g-value
= 2.69¢12), cellular developmental process (GO:0048869,
p = 4.35¢7'%, FDR g-value = 1.96e!?), single-organism
developmental process (GO:0044767, p = 6.57e~%*, FDR
g-value = 2.22e7!%), and other GO terms related to de-
velopment. Brain processes, including regulation of neu-
ron projection guidance (GO:0097485, p = 8.33e~!!, FDR
g-value = 5.11e7%), axon guidance (GO:0007411, p =
8.33¢7!1, FDR g-value = 4.89¢=%), and neuron differ-
entiation (GO:0030182, p = 1.15¢"'9) FDR g-value =
6.24e7%) were also significantly enriched. The top most en-
riched GO component was cell junction (GO:0030054, p =
6.73¢"%, FDR g-value = 1.09¢~%), followed by the neuron-
specific GO components neuron part (GO:0097458,
p = 4.39x107%, FDR g-value = 1.78¢™"), synapse part
(GO:0044456, p = 5.13x107%, FDR g-value = 1.39¢e=%),
postsynaptic density (GO:0014069, p = 1.67e~%, FDR
g-value = 3.87¢7%) and dendrite (GO:0030425, p =
1.04e7%, FDR g-value = 1.05¢7%2), GO components related
to histone modification, including MOZ/MORF histone
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FIGURE 3

Manhattan plot showing the p-values of genome-wide CpG sites. The red line is the genome-wide threshold and the blue line is the
suggestive threshold (p < 1 x 107*). Top CpG sites are highlighted in green.
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TABLE 3
Top CpG Sites in the EWAS With p-value <0.0001

CpG Location [Nearest] Gene
CpG site CHR (bp) p-value AB gene location
cg15583738 8 2176944 1.98e706 0.00408 — —
cg06026425 5 157284650 2.03e% 0.008678 CLINT1 5933.3
cg01321816 15 91358514 2.32¢06 0.006536 BLM 15g26.1
cg03573179 6 36165382 4.07e0¢ 0.003791 BRPF3 6p21.31
cg20519670 14 65172006 6.91e¢ -0.00561 PLEKHG3 14923.3
cg16463697 2 223886480 8.97e0¢ 0.006082 KCNE4 2936.1
cg00785856 15 59041883 1.03e% 0.005749 ADAM10 15g21.3
cg22033061 19 17531746 1.04e05 0.003424 FAM125A/MVB12A 19p13.11
cg19830950 10 102729375 1.21e% 0.002377 SEMA4G 10924.31
908093277 6 29595299 1.31e05 0.006787 GABBR1 6p22.1
cg12961733 22 50165244 2.17e% 0.009437 BRD1 22913.33
€g22430950 17 35166190 2.62e% -0.0146 — —
cg16208491 6 4021748 2.76e% 0.003249 PRPF4B 6p25.2
cg14830166 12 11821908 3.01e% -0.01192 ETV6 12p13.2
cg23261919 10 135072960 3.20e%5 0.002744 ADAMS8 10926.3
cg08451325 21 44720984 3.25¢%° 0.003124 SNF1LK/SIK1 21922.3
cg15234400 4 174453166 3.29¢% -0.01027 NBLA00301/HAND2-AS1 4934.1
cg21923992 3 185825749 3.38¢% 0.007345 ETV5 3927.2
cg07394446 15 100881458 3.39¢05 -0.00446 ADAMTS17 15926.3
919391247 20 2360385 3.42¢°05 0.00292 TGM6 20p13
cg07975472 19 1503610 3.44e%5 0.003127 ADAMTSL5 19p13.3
cg23572228 7 4923575 3.48e05 0.006102 RADIL 7p22.1
€g25086136 8 50823124 3.56e% -0.00347 SNTG1 8q11.21
cg06872019 13 31588778 3.66e05 -0.012 C130rf26/TEX26 13q12.3
cg20240091 1 175044916 3.69¢05 0.00516 TNN 1925.1
cg17750334 1 214776613 3.96e% -0.00386 CENPF 1941
cg14752139 8 7328654 3.96e% 0.003239 DEFB104B 8p23.1
cg16650530 1 32538413 4.06e%° 0.002929 TMEM39B 1p35.2
923221732 17 72383708 41405 -0.00432 GPR142 17925.1
cg03704355 12 102270112 4.15¢95 0.002634 DRAM/DRAM1 12923.2
cg26548492 5 135170171 4.79e%5 -0.00723 LOC153328/ SLC25A48
cg21651356 12 104685539 5.27¢% -0.01119 TXNRD1 12923.3
cg11597832 14 105993747 5.39¢05 0.003214 TMEM121 14932.33
919403269 1 5569798 5.57¢05 -0.01835 — —
cg24688563 1 160388964 5.77e% 0.006028 VANGL2 1923.2
cg18556420 10 864596 5.99¢05 -0.01245 LARP5/LARP4B 10p15.3
cg26116669 2 88654640 6.39¢%° 0.007397 — —
901927730 6 168955764 6.56e05 -0.00385 SMOC2 6927
cg23066982 6 26204463 6.58¢0° 0.002922 HIST1H4E 6p22.2
cg01490283 19 4066033 6.70e05 0.003977 ZBTB7A 19p13.3
cg21879791 6 29594830 7.07e% 0.003829 GABBR1 6p22.1
cg15347627 4 2941570 7.08e%° 0.004751 NOL14/NOP14 4p16.3
cg01703966 7 143207845 7.36e05 -0.00416 LOC285965
cg19511664 3 135685098 7.53¢% 0.002758 PPP2R3A 3922.2
cg11155621 17 43238118 7.60e% 0.003843 HEXIM2 17921.31
cg07477602 1 56961319 7.82e°05 0.002334 PPAP2B 1p32.2
cg00473985 16 87670568 7.94e05 0.001967 JPH3 16924.2
cg04747445 3 107241417 8.09¢ % 0.004325 BBX 3913.12
cg27135510 11 2423571 8.43e% 0.001627 TSSC4 11p15.5
cg02525719 4 183728549 8.59¢05 0.01153 ODZ3/TENM3 4934.3
cg19497750 14 70588881 8.63e% -0.00479 SLC8A3 14924.2
cg22112443 15 37393989 8.66e% 0.002057 MEIS2 15914
cg21281009 18 14748298 8.79e % -0.01545 ANKRD30B 18p11.21
cg01119319 7 38356808 9.04e05 0.014511 TARP 7p15-p14
cg24419101 17 6484720 9.17e% 0.002819 KIAA0753/TXNDC17 17p13.1
cg25203007 1 24126017 9.22¢°> 0.00304 GALE 1p36.11
cg08490349 17 17086207 9.92¢05 0.002258 M-RIP/MPRIP 17p11.2

Note: CHR = chromosome; AB, Difference in mean methylation B-values between cases and controls; bp, base pairs.

acetyltransferase complex (GO:0070776, p=4.21e~%, FDR
g-value = 6.20e™%) and H3 histone acetyltransferase com-
plex (GO:0070775, p = 4.21e7%, FDR g-value = 5.68¢ %),
were significantly enriched. The top enriched GO function
was protein binding (GO:0005515, p = 1.10e~'7, FDR ¢-
value = 4.55¢7!*) followed by many functions involving
DNA binding.

Discussion

In this work, we present the first genome-wide epigenetic
analysis on tics/tic disorders. Although no methylation site
achieved significance at the genome-wide threshold, gene-
ontology analysis of the top hits revealed enrichment in
brain-specific and developmental processes. Thus, our find-
ings provide interesting targets for further analysis.
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Two of our top CpGs (cg08093277 and cg21879791,
ranked 11 and 41) are located near the GABBRI gene (39670
bp and 39201 bp, at 5, respectively), which represents a very
interesting target for further analysis. GABBRI encodes a
subunit of the GABA receptor, the major inhibitory neu-
rotransmitter in the central nervous system (CNS). GABA
acts at brain inhibitory synapses where it binds transmem-
brane receptors of both presynaptic and postsynaptic neu-
rons. Notably, GABBRI has been previously associated with
autism, schizophrenia, tremor, and obsessive-compulsive
disorder (Fatemi et al., 2009; Hegyi, 2013; Luo et al., 2012;
Richter et al., 2012).

The involvement of GABA in TS is well documented
in the extant neurobiological literature. Tics have been as-
sociated with reduced basal ganglia volume and reduced
cortical thickness in motor and sensorimotor areas con-
trolling the facial, orolingual, and laryngeal muscles (Sowell
et al., 2008). Studies of brain activity using PET or fMRI in
TS subjects compared to controls have implicated dysfunc-
tional striatum and thalamus, as well as cortical regions.
The medium-sized spiny neurons in the basal ganglia have
GABAergic inhibitory projections to the substantia nigra
and Globus Pallidus (Ribak et al., 1979). It is hypothesized
that the tonic activity of the striatum acts to inhibit un-
wanted motor patterns (Albin & Mink, 2006). Treatment
strategies have aimed at increasing GABA levels (Awaad,
1999; Mink, 2001) to counteract decreased inhibitory out-
put resulting in excessive activity in frontal cortical areas.
Although not all studies showed significant results, one
randomized double-blind study administering a GABA B-
receptor agonist in TS resulted in reduced tic severity (Singer
etal., 2001).

Importantly, 8 of the top 57 associated CpG sites
(p <1 x 107*) mapped to genes that have been previ-
ously associated with psychiatric or neurological disorders,
some of them sharing neurodevelopmental aspects with tics
(OCD, autism, bipolar disorder, schizophrenia, some forms
of mental retardation), some disorders involving cortico-
striatal pathways similar to tics (as in the case of Parkin-
son’s disease), and some in which the link with tics seems
less clear (Alzheimer’s disease) (Supplementary Table T4
summarizes the genes from our top list that have been
previously associated with neurological disorders). CpG
site cg06026425, located near CLINT1I, has been linked to
schizophrenia (Leon et al., 2011; Wang et al., 2010). More-
over, cg01321816, located near BLM, and cg00785856, lo-
cated near ADAM]I0, involve genes that have been associ-
ated with Alzheimer’s disease (Schrotter et al., 2013; Vassar,
2013). Another example is ¢g26548492, which is located
near LOC153328/SLC25A48, a gene that has been proposed
as candidate for Parkinson’s disease (Liu et al., 2011). Lastly,
€g2051967, which is located near PLEKHG3, involves a gene
that has been linked to mental retardation (Lehalle et al.,
2014; Lybaek et al., 2008). Furthermore, some of the top hits
lead to genes with a brain-specific function. This is the case

for cg25086136, located near SNTGI, which is specifically
expressed in the CNS (Hafner et al., 2010), and cg19830950,
located near SEMA4G, which might play a role in cere-
bellar development, the cerebellum being a core structure
involved in the precision of motor control (Maier et al.,
2011).

Histone modification might also play a role in the tic phe-
notype through the MOZ/MORF complex histone acetyl-
transferase complex (Klein et al., 2014). Genes involved
in histone modifications were significantly enriched in the
GO analysis. Acetylation represents one of the most fre-
quent post-translational modifications (PTM) and it is cat-
alyzed by lysine acetyl-transferase enzymes (KAT). It neu-
tralizes the positive charge present on the amino group of
histone tails, allowing the switch from a condensed struc-
ture to a more relaxed one, which results in an enhanced
level of transcription. Two of the top CpGs (cg03573179
in the BRPF3 gene and ¢g12961733 in the BRDI gene) are
pointing to this MOZ/MORF complex, which is formed by
bromodomain PHD finger protein (BRPF1/2/3), inhibitor
of growth 5 (ING5), and homolog of Esal-associated fac-
tor 6 (hEAE6) (Sapountzi & Cote, 2011). BRDI is associ-
ated with schizophrenia and bipolar disorder (Christensen
et al., 2012) and the MOZ/MORF complex plays a role in
the regulation of the dentate gyrus, which is a brain struc-
ture extremely important for learning and memory (You
et al., 2015). BRDI, which is a component of the histone
H3 acetyltransferase activity within the MOZ/MORF com-
plex, might have a role in gene expression through acety-
lation of histone H3 and H4 (Doyon et al., 2006). BRDI
has also been associated with schizophrenia and bipolar
disorder (Christensen et al., 2012; Severinsen et al., 2006).
BRPF3is another component of the histone H3 acetyltrans-
ferase activity within the MOZ/MORF complex (Ullah etal.,
2008). CpG site cg23066982 is located near the HISTIH4E
gene, which is a member of the histone 4 family and is a
part of the nucleosome core. It is known that nucleosomes
pack DNA into chromatin to regulate several processes
such as transcription, DNA replication, and chromosome
stability.

These findings support a role for aberrant DNA methy-
lation levels in tic disorders as part of a broader neurode-
velopmental dysregulation. It is important to note that our
study examined DNA methylation in blood rather than in
the CNS. The relationship with DNA methylation in CNS
tissue remains unclear. However, it has been suggested that
inter-individual variation in DNA methylation is correlated
to some extent across blood and brain tissues (Davies et al.,
2012). Also, it was observed that exposure to different forms
of early life traumas led to similar methylation changes in
blood and brain cells (Klengel et al., 2013). It has been pro-
posed that epigenetic changes induced early in development
in particular may be present across many different tissues,
because they are propagated through cell division (Feinberg
& Irizarry, 2010; Jeffries etal., 2012; Mill & Heijmans, 2013).
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Future studies might consider taking a trans-diagnostic
neurodevelopmental approach, combining tic disorders
and other neurodevelopmental disorders (including OCD,
autism, ADHD, and childhood movement disorders), to
disentangle common versus disorder-specific underlying
methylation patterns. Finally, environmental factors as-
sessed in a longitudinal study design should be incorporated
in epigenetic studies, to investigate which environmental
stressors/protectors at what age/stage of development in-
fluence DNA methylation.

This study provides a first step to unravel the role of
epigenetic mechanisms in tic disorders. It should be noted
that we analyzed an ‘inclusive’ tic phenotype definition that
may obscure different underlying etiologies. Future studies
of larger size or including clinical samples at the more ex-
treme end of the tic phenotypic spectrum are required to
improve statistical power. Future studies should also aim
to examine different phenotypic tic dimensions (de Haan
et al,, 2015). Such studies hold the promise to shed light
on the complex interaction between environmental and
genetic factors leading to development and persistence of
neuropsychiatric disorders.

Acknowledgments

We thank the twins and their family members who par-
ticipate in the studies of the NTR. This study was sup-
ported by the BBRMI-NL-financed BIOS Consortium
(NWO 184.021.007). This project was also financed by FP7-
People-2012-ITN, project: TS-EUROTRAIN, grant number
316978; BBR Foundation (NARSAD) 21668; ZonMW (Ad-
diction) 31160008; and European Research Council (ERC-
230374).

Supplementary Material

To view supplementary material for this article, please visit
http://dx.doi.org/ 10.1017/thg.2015.72

References

Albin, R. L., & Mink, J. W. (2006). Recent advances in Tourette
syndrome research. Trends in Neurosciences, 29, 175-182.

American Psychiatric Association. (2000). Diagnostic and sta-
tistical manual of mental disorders (4th ed., text rev.). Wash-
ington, DC: Author.

Anckarsiter, H., Lundstrom, S., Kollberg, L., Kerekes, N., Palm,
C., Carlstrom, E., ... Bolte, S. (2011). The child and ado-
lescent twin study in Sweden (CATSS). Twin Research and
Human Genetics, 14, 495-508.

Awaad, Y. (1999). Tics in Tourette syndrome: new treatment
options. Journal of Child Neurology, 14, 316-319.

Bibikova, M., Barnes, B., Tsan, C., Ho, V., Klotzle, B., Le, J. M.,
... Shen, R. (2011). High density DNA methylation array
with single CpG site resolution. Genormnics, 98, 288-295.

Bolton, D., Rijsdijk, F, O’Connor, T. G., Perrin, S., & Eley,
T. C. (2007). Obsessive—compulsive disorder, tics and anx-

Epigenome-Wide Association

iety in 6-year-old twins. Psychological Medicine, 37, 39—
48.

Chen, Y.A., Lemire, M., Choufani, S., Butcher, D.T,
Grafodatskaya, D., Zanke, B. W,, ... Weksberg, R. (2013).
Discovery of cross-reactive probes and polymorphic CpGs
in the Illumina Infinium HumanMethylation450 microar-
ray. Epigenetics, 8, 203-209.

Christensen, J. H., Elfving, B., Muller, H. K., Fryland, T,
Nyegaard, M., Corydon, T.J., ... Borglum, A. D. (2012).
The schizophrenia and bipolar disorder associated BRD1
gene is regulated upon chronic restraint stress. European
Neuropsychopharmacology, 22, 651-656.

Davies, M. N., Volta, M., Pidsley, R., Lunnon, K., Dixit, A.,
Lovestone, S., ... Mill, J. (2012). Functional annotation of
the human brain methylome identifies tissue-specific epi-
genetic variation across brain and blood. Genome Biology,
13, R43.

de Haan, M. ]J., Delucchi, K. L., Mathews, C. M., & Cath,
D. C. (2015). Tic symptom dimensions and their heritabil-
ities in Tourette’s syndrome. Psychiatric Genetics, 25, 112—
118.

Dempster, E. L., Pidsley, R., Schalkwyk, L.C., Owens, S.,
Georgiades, A., Kane, FE, ... Toulopoulou, T. (2011).
Disease-associated epigenetic changes in monozygotic
twins discordant for schizophrenia and bipolar disorder.
Human Molecular Genetics, 20, 4786—4796.

Doyon, Y., Cayrou, C., Ullah, M., Landry, A.-J., Coté, V.,
Selleck, W., ... Coté, J. (2006). ING tumor suppressor
proteins are critical regulators of chromatin acetylation re-
quired for genome expression and perpetuation. Molecular
Cell, 21, 51-64.

Eden, E., Navon, R., Steinfeld, I., Lipson, D., & Yakhini, Z.
(2009). GOrilla: A tool for discovery and visualization of
enriched GO terms in ranked gene lists. BMC Bioinformat-
ics, 10, 48.

Fatemi, S. H., Folsom, T. D., Reutiman, T. J., & Thuras, P. D.
(2009). Expression of GABAB receptors is altered in brains
of subjects with autism. The Cerebellum, 8, 64—69.

Feinberg, A. P, & Irizarry, R. A. (2010). Stochastic epigenetic
variation as a driving force of development, evolution-
ary adaptation, and disease. Proceedings of the National
Academy of Sciences, 107(Suppl. 1), 1757-1764.

Fortin, J. P., Labbe, A., Lemire, M., Zanke, B. W., Hudson, T. J.,
Fertig, E. J., ... Hansen, K. D. (2014). Functional normal-
ization of 450k methylation array data improves replication
in large cancer studies. Genome Biology, 15, 503.

Genome of the Netherlands Consortium. (2014). Whole-
genome sequence variation, population structure and de-
mographic history of the Dutch population. Nature Genet-
ics, 46, 818-825.

Hackett, J. A., Sengupta, R., Zylicz, J. J., Murakami, K., Lee,
C.,Down, T. A., ... Surani, M. A. (2013). Germline DNA
demethylation dynamics and imprint erasure through 5-
hydroxymethylcytosine. Science, 339, 448—452.

Hafner, A., Obermajer, N., & Kos, J. (2010). Gamma-1-
syntrophin mediates trafficking of gamma-enolase towards
the plasma membrane and enhances its neurotrophic ac-
tivity. Neurosignals, 18, 246—258.

TWIN RESEARCH AND HUMAN GENETICS

https://doi.org/10.1017/thg.2015.72 Published online by Cambridge University Press

707


http://dx.doi.org/
https://doi.org/10.1017/thg.2015.72

Nuno R. Zilhzo et al.

Heard, E., Clerc, P., & Avner, P. (1997). X-chromosome inacti-
vation in mammals. Annual Review of Genetics, 31,571-610.

Hegyi, H. (2013). GABBR1 has a HERV-W LIR in its reg-
ulatory region—A possible implication for schizophrenia.
Biology Direct, 8(5), 1-4.

Jeffries, A. R., Perfect, L. W., Ledderose, J., Schalkwyk, L. C.,
Bray, N.J., Mill, J., ... Price, J. (2012). Stochastic choice
of allelic expression in human neural stem cells. Stemn Cells,
30, 1938-1947.

Klein, B. J., Lalonde, M.-E., C6té, ]., Yang, X.-J., & Kutateladze,
T. G. (2014). Crosstalk between epigenetic readers regulates
the MOZ/MORF HAT complexes. Epigenetics, 9, 186—193.

Klengel, T., Mehta, D., Anacker, C., Rex-Haffner, M.,
Pruessner, J. C., Pariante, C. M., ... Binder, E. B. (2013).
Allele-specific FKBP5 DNA demethylation mediates gene-
childhood trauma interactions. Nature Neuroscience, 16,
33-41.

Leckman, J. E, Riddle, M. A., Hardin, M. T., Ort, S. 1., Swartz,
K. L., Stevenson, J., ... Cohen, D. J. (1989). The Yale Global
Tic Severity Scale: Initial testing of a clinician-rated scale
of tic severity. Journal of the American Academy of Child &
Adolescent Psychiatry, 28, 566—573.

Lee, K. W,, & Pausova, Z. (2013). Cigarette smoking and DNA
methylation. Frontiers in Genetics, 4, 132.

Lehalle, D., Sanlaville, D., Guimier, A., Plouvier, E., Leblanc,
T., Galmiche, L., ... Amiel, J. (2014). Multiple congen-
ital anomalies-intellectual disability (MCA-ID) and neu-
roblastoma in a patient harboring a de novo 14q23.1q23.3
deletion. American Journal of Medical Genetics, 164A, 1310—
1317.

Leon, C. A., Schumacher, J., Kluck, N., Herold, C., Schulze,
T. G., Propping, P, ... Jamra, R. A. (2011). Association
study of the GRIA1 and CLINT1 (Epsin 4) genes in a Ger-
man schizophrenia sample. Psychiatric Genetics, 21, 114.

Lichtenstein, P, Carlstrom, E., Rastam, M., Gillberg, C., &
Anckarsiter, H. (2010). The genetics of autism spectrum
disorders and related neuropsychiatric disorders in child-
hood. American Journal of Psychiatry, 167, 1357-1363.

Lichter, D. G., Jackson, L. A., & Schachter, M. (1995). Clinical
evidence of genomic imprinting in Tourette’s syndrome.
Neurology, 45, 924-928.

Liu, J., Morgan, M., Hutchison, K., & Calhoun, V. D. (2010). A
study of the influence of sex on genome wide methylation.
PLoS One, 5, €10028.

Liu, X., Cheng, R., Verbitsky, M., Kisselev, S., Browne, A,
Mejia-Sanatana, H., ... Lee, J. H. (2011). Genome-wide
association study identifies candidate genes for Parkinson’s
disease in an Ashkenazi Jewish population. BMC Medical
Genetics, 12, 104.

Luo, C., Rajput, A., Robinson, C., & Rajput, A. (2012). Gamma-
aminobutyric acid (GABA)-B receptor 1 in cerebellar cortex
of essential tremor. Journal of Clinical Neuroscience, 19,920—
921.

Lybaek, H., Oyen, N., Fauske, L., & Houge, G. (2008). A 2.1
Mb deletion adjacent but distal to a 14q21q23 paracentric
inversion in a family with spherocytosis and severe learning
difficulties. Clinical Genetics, 74, 553—559.

Maier, V., Jolicoeur, C., Rayburn, H., Takegahara, N.,
Kumanogoh, A., Kikutani, H., ... Friedel, R. H. (2011).
Semaphorin 4C and 4G are ligands of Plexin-B2 required
in cerebellar development. Molecular and Cellular Neuro-
science, 46, 419-431.

Mathews, C.A., & Grados, M. A. (2011). Familiality of
Tourette syndrome, obsessive-compulsive disorder, and
attention-deficit/hyperactivity disorder: Heritability anal-
ysis in a large sib-pair sample. Journal of the American
Academy of Child & Adolescent Psychiatry, 50, 46—54.

Mill, J., & Heijmans, B. T. (2013). From promises to practi-
cal strategies in epigenetic epidemiology. Nature Reviews
Genetics, 14, 585-594.

Mink, J. W. (2001). Basal ganglia dysfunction in Tourette’s
syndrome: A new hypothesis. Pediatric Neurology, 25, 190—
198.

Moore, K., McKnight, A.J., Craig, D., & O’Neill, E. (2014).
Epigenome-wide association study for Parkinson’s disease.
Neuromolecular Medicine, 16, 845—855.

QoKki, S. (2005). Genetic and environmental influences on stut-
tering and tics in Japanese twin children. Tivin Research and
Human Genetics, 8, 69-75.

Paschou, P. (2013). The genetic basis of Gilles de la Tourette
Syndrome. Neuroscience ¢» Biobehavioral Reviews, 37,1026—
1039.

Pauls, D. L., Fernandez, T. V., Mathews, C. A., State, M. W.,
& Scharf, J. M. (2014). The inheritance of Tourette disor-
der: A review. Journal of Obsessive-Compulsive and Related
Disorders, 3, 380-385.

Rakyan, V. K., Down, T. A., Balding, D. J., & Beck, S. (2011).
Epigenome-wide association studies for common human
diseases. Nature Reviews Genetics, 12, 529-541.

Ribak, C., Vaughn, J., & Roberts, E. (1979). The GABA neu-
rons and their axon terminals in rat corpus striatum as
demonstrated by GAD immunocytochemistry. Journal of
Comparative Neurology, 187, 261-283.

Richter, M. A., deJesus, D. R., Hoppenbrouwers, S., Daigle, M.,
Deluce,]J., Ravindran, L. N., ... Daskalakis, Z. J. (2012). Ev-
idence for cortical inhibitory and excitatory dysfunction in
obsessive compulsive disorder. Neuropsychopharmacology,
37,1144-1151.

Sapountzi, V., & Cote, J. (2011). MYST-family histone acetyl-
transferases: beyond chromatin. Cellular and Molecular Life
Sciences, 68, 1147-1156.

Schrotter, A., Mastalski, T., Nensa, F. M., Neumann, M.,
Loosse, C., Pfeiffer, K., ... Theiss, C. (2013). FE65 reg-
ulates and interacts with the Bloom syndrome protein in
dynamic nuclear spheres-potential relevance to Alzheimer’s
disease. Journal of Cell Science, 126, 2480-2492.

Severinsen, J., Bjarkam, C. R., Kiar-Larsen, S., Olsen, I. M.,
Nielsen, M. M., Blechingberg, J., ... Young, B. D. (2006).
Evidence implicating BRD1 with brain development and
susceptibility to both schizophrenia and bipolar affective
disorder. Molecular Psychiatry, 11, 1126-1138.

Singer, H. S., Wendlandt, J., Krieger, M., & Giuliano, J. (2001).
Baclofen treatment in Tourette syndrome a double-blind,
placebo-controlled, crossover trial. Neurology, 56, 599—604.

708

https://doi.org/10.1017/thg.2015.72 Published online by Cambridge University Press

TWIN RESEARCH AND HUMAN GENETICS


https://doi.org/10.1017/thg.2015.72

Sowell, E. R., Kan, E., Yoshii, J., Thompson, P. M., Bansal, R.,
Xu, D., ... Peterson, B.S. (2008). Thinning of sensori-
motor cortices in children with Tourette syndrome. Nature
Neuroscience, 11, 637—639.

Tourette Syndrome Classification Study Group. (1993). Defi-
nitions and classification of tic disorders. The Tourette Syn-
drome Classification Study Group. Archives of Neurology,
50, 1013-1016.

Towbin, K. (2010). Tic disorders. In M. K. Dulcan (Ed.), Dul-
can’s textbook of child and adolescent psychiatry (pp. 417—
433). Washington, DC: American Psychiatric Publishing.

Ullah, M., Pelletier, N., Xiao, L., Zhao, S. P., Wang, K., Degerny,
C., ... Yang, X. J. (2008). Molecular architecture of quartet
MOZ/MOREF histone acetyltransferase complexes. Molecu-
lar and Cellular Biology, 28, 6828—6843.

Van Beijsterveldt, C. E., Groen-Blokhuis, M., Hottenga, J. J.,
Franic, S., Hudziak, J.J., Lamb, D., ... Boomsma, D. 1.
(2013). The Young Netherlands Twin Register (YNTR):
Longitudinal twin and family studies in over 70,000
children. Twin Research and Human Genetics, 16, 252—
267.

Van Dongen, J., Heijmans, B. T., Nivard, M. G., Willemsen, G.,
Hottenga, J.-J., Helmer, Q., Dolan, C. V., ... Boomsma,
D. I (2015). Genetic and environmental influences inter-
act with age and sex in shaping the human methylome.
Manuscript submitted for publication.

Van Iterson, M., Tobi, E. W., Slieker, R. C., den Hollander,
W,, Luijk, R., Slagboom, P. E., ... Heijmans, B. T. (2014).
MethylAid: Visual and interactive quality control of large
Mlumina 450 k datasets. Bioinformatics, 30, 3435-3437.

Epigenome-Wide Association

Vassar, R. (2013). ADAM10 prodomain mutations cause late-
onset Alzheimer’s disease: Not just the latest FAD. Neuron,
80, 250-253.

Wang, K.S., Liu, X. E, & Aragam, N. (2010). A genome-
wide meta-analysis identifies novel loci associated with
schizophrenia and bipolar disorder. Schizophrenia Research,
124, 192-199.

Willemsen, G., de Geus, E.J., Bartels, M., van Beijster-
veldt, C. E., Brooks, A.I., Estourgie-van Burk, G.E, ...
Boomsma, D.I. (2010). The Netherlands twin register
biobank: A resource for genetic epidemiological studies.
Twin Research and Human Genetics, 13, 231-245.

Willemsen, G., Vink, J. M., Abdellaoui, A., den Braber, A., van
Beek, J. H., Draisma, H. H., ... Boomsma, D. 1. (2013).
The adult Netherlands twin register: Twenty-five years of
survey and biological data collection. Tivin Research and
Human Genetics, 16, 271-281.

Wockner, L. F, Noble, E. P, Lawford, B.R., Young, R. M,,
Morris, C.P, Whitehall, V.L., Voisey, J. (2014).
Genome-wide DNA methylation analysis of human brain
tissue from schizophrenia patients. Translational Psychiatry,
4, e339.

You, L., Yan, K., Zhou, J., Zhao, H., Bertos, N. R., Park, M., ...
Yang, X.J. (2015). The lysine acetyltransferase activator
Brpfl governs dentate gyrus development through neural
stem cells and progenitors. PLoS Genetics, 11, €1005034.

Zilhio, N. R., Olthof, R., Smit, D., Mathews, C. M., deLucchi,
K., Cath, D. C,, Boomsma, D. 1, ... Dolan, C. V. (2015).
Heritability of tic disorders: A twin-family study. Manuscript
submitted for publication.

TWIN RESEARCH AND HUMAN GENETICS

https://doi.org/10.1017/thg.2015.72 Published online by Cambridge University Press

709


https://doi.org/10.1017/thg.2015.72

	Material and Methods
	Subjects’ Demographics
	Phenotype
	Infinium HumanMethylation450 BeadChip Data
	Statistical Analysis
	Enrichment of Gene Ontology Terms

	Results
	Gene Ontology Enrichment Analysis

	Discussion
	Acknowledgments
	Supplementary Material
	References

