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Abstract
Tourette syndrome (TS) is a neuropsychiatric disorder with involvement of genetic and environmental factors. We investi-
gated genetic loci previously implicated in Tourette syndrome and associated disorders in interaction with pre- and perinatal 
adversity in relation to tic severity using a case-only (N = 518) design. We assessed 98 single-nucleotide polymorphisms 
(SNPs) selected from (I) top SNPs from genome-wide association studies (GWASs) of TS; (II) top SNPs from GWASs 
of obsessive–compulsive disorder (OCD), attention-deficit/hyperactivity disorder (ADHD), and autism spectrum disorder 
(ASD); (III) SNPs previously implicated in candidate-gene studies of TS; (IV) SNPs previously implicated in OCD or ASD; 
and (V) tagging SNPs in neurotransmitter-related candidate genes. Linear regression models were used to examine the main 
effects of the SNPs on tic severity, and the interaction effect of these SNPs with a cumulative pre- and perinatal adversity 
score. Replication was sought for SNPs that met the threshold of significance (after correcting for multiple testing) in a rep-
lication sample (N = 678). One SNP (rs7123010), previously implicated in a TS meta-analysis, was significantly related to 
higher tic severity. We found a gene–environment interaction for rs6539267, another top TS GWAS SNP. These findings were 
not independently replicated. Our study highlights the future potential of TS GWAS top hits in gene–environment studies.

Keywords Gene–environment interaction · Pre- and perinatal complications · Tic severity · Tourette syndrome

Introduction

Tourette syndrome (TS) is a childhood onset neuropsychi-
atric disorder influenced by both genetic and environmen-
tal factors (Robertson et al. 2017). There is clear evidence 
that implicates both common and rare variants in TS (Qi 
et al. 2017; Yu et al. 2019); however, specific genetic vari-
ants only account for a small proportion of total TS disease 

risk. We investigated the involvement of common SNPs in 
candidate genes previously implicated in TS and top SNPs 
from GWAS of TS and comorbid disorders, and found no 
convincing support for these common variants (Abdulkadir 
et al. 2018). However, we cannot rule out that these com-
mon SNPs might yet confer risk for TS through interaction 
with environmental factors. Currently, gene–environment 
(GxE) studies are lacking and only a few small-sampled 
studies have investigated the genetic etiology of tic severity, 
suggesting involvement of the dopamine transporter gene 
(Tarnok et al. 2007) and the dopamine receptor D2 gene 
(Comings et al. 1991). Unfortunately, no GxE studies have 
attempted to replicate these initial findings (Qi et al. 2017). 
Environmental risk factors such as pre- and perinatal risk 
factors are also implicated in TS (Mathews et al. 2014); two 
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studies suggested a role for a cumulative score of adverse 
pre- and perinatal events in TS (Abdulkadir et al. 2016; 
Brander et al. 2018).

The aim of the present study was to investigate whether 
previously implicated SNPs from genome-wide association 
studies and candidate-gene studies, alone and in interaction 
with a cumulative pre- and perinatal adversity score, are 
associated with lifetime tic severity using TS cases recruited 
by the Tourette International Collaborative Genetics (TIC 
Genetics) study (Dietrich et al. 2015).

Methods

Study subjects

This study included 586 cases (66.7% male; mean age 
23.6 years, SD = 16.7, range 3–79 years) affected with a 
chronic tic disorder (458 with TS and 128 with chronic 
motor or vocal tic disorder) from the ongoing TIC Genet-
ics study (Dietrich et al. 2015). As a replication sample, 
subjects were utilized from the first published TS GWAS 
(Scharf et al. 2013), including 678 cases (77% male; mean 
age 18.8 years, SD = 14, range 4–78 years) diagnosed with 
TS (Scharf et al. 2013).

All adult participants and parents of children provided 
written informed consent along with written or oral assent 
of their participating child. The Institutional Review Board 
of each participating site had approved the study.

Diagnostic assessment

Lifetime worst-ever tic severity (mean 15.6; SD = 8.22, 
range 0–30) was assessed based on a modified version of the 
Yale Global Tic Severity Scale (Dietrich et al. 2015). The 
replication sample included additional items (i.e., number of 
tics, complexity of tics, and impairment). The mean of both 
parents’ education level was used as a proxy for socioeco-
nomic status (SES).

Cumulative pre‑ and perinatal adversity score

A cumulative pre- and perinatal adversity score (mean 3.52; 
SD = 3.42, observed range 0–21; previously described in 
(Abdulkadir et al. 2016)) was constructed from addition of 
38 possible adverse events as measured by the self-report or 
parent-on-child report version of the Modified Schedule for 
Risk and Protective Factors Early in Development question-
naire (Walkup and Leckman 1988). Missing values were 
categorized as absent (coded as 0). The replication sample 
(Scharf et al. 2013) used the same questionnaire (Walkup 
and Leckman 1988) in constructing the cumulative perinatal 
adversity score.

Selection of single‑nucleotide polymorphisms

Genetic variants were selected based on a literature review 
and described in detail elsewhere (Abdulkadir et al. 2018). 
Briefly, a total of 196 SNPs were assessed: 12 top SNPs 
from the prior TS GWAS (Scharf et al. 2013; Paschou et al. 
2014); 17 top SNPs from GWAS of obsessive–compulsive 
disorder (OCD; Stewart et al. 2013), attention-deficit/hyper-
activity disorder (ADHD; Mick et al. 2011; Hinney et al. 
2011), and autism spectrum disorder (ASD; Wang et al. 
2009; Anney et al. 2012); 17 SNPs from candidate genes 
previously implicated (P < 0.05; Abdulkadir et al. 2018) in 
TS; 2 individual candidate SNPs implicated in OCD and 
one in ASD (Abdulkadir et al. 2018); and 148 tagging SNPs 
covering seven neurotransmitter-related candidate genes that 
were either associated with TS, OCD, or ASD (Abdulkadir 
et al. 2018).

Genotyping and quality control

Genotyping of 192 SNPs (Table S1) was performed on 
the Illumina GoldenGate Genotyping Assay for a sub-
set of the cases (N = 464). Our sample was enriched by 
N = 122 cases genotyped on the HumanOmniExpressEx-
ome v1.2 BeadChip genotyping array for a subset of the 
SNPs (NSNPs = 75) available on the Goldengate Assay and 
four SNPs that were not present on the Goldengate Assay. 
The total number of SNPs genotyped across both platforms 

Table 1  Significant results from 
the main-effect analyses of 
previously implicated SNPs in 
relation to lifetime tic severity

SNP single-nucleotide polymorphism, GWAS genome-wide association study, TS Tourette syndrome
*Significant after correcting for multiple testing (Pall = 0.0014)
a Analyses were corrected for age, sex, and socioeconomic status

SNP Position Chromosome Gene Category Main effect in 
initial sample

Replication 
main effect

F Pa F Pa

rs7123010 86,341,186 11 ME3 GWAS TS 7.99 0.0004* 1.98 0.14



1759Investigation of gene–environment interactions in relation to tic severity  

1 3

was 196. Standard quality control checks were performed 
with PLINK (described in detail by Abdulkadir et al. 2018), 
which resulted in removal of 10 SNPs. We also removed 
SNPs with a genotype count less than 20 (N = 80 SNPs) and 
SNPs located on the X chromosome (N = 8 SNPs) reducing 
the number of SNPs to 98 (Table S2).

Statistical analyses

We conducted case-only analyses of tic severity using linear 
regressions in R (corrected for age, sex, and SES) examin-
ing; (I) the main effects of the SNPs on tic severity; and (II) 
the interaction effect of these SNPs with a cumulative pre- 
and perinatal adversity score. SNPs were coded as 0 = major 
allele homozygous (the reference category), 1 = heterozy-
gous, and 2 = minor allele homozygous. Potential confound-
ing due to relatedness of several cases was examined using 
mixed model analyses with familial relatedness as a random 
effect.

SNPs were selected from five a priori defined groups 
(Table S2) and we therefore applied correction for multiple 
testing, first, at the group level by dividing P = 0.05 by the 
number of SNPs contained within each category; referred 
to as Pgroup corrected. To correct for the number of groups 
tested, we further divided the obtained Pgroup corrected by 
the number of groups (i.e., five) tested; referred to as the Pall. 
These groups were (I) top SNPs from GWAS of TS, Pgroup 
corrected = 0.0071, Pall = 0.0014 (II) top SNPs from GWAS 
of OCD, ADHD, and ASD, Pgroup corrected = 0.0063, 
Pall = 0.0013; (III) SNPs previously implicated in candidate-
gene studies of TS Pgroup corrected = 0.005, Pall = 0.001, 
(IV) SNPs previously implicated in OCD, or ASD, Pgroup 
corrected = 0.0167, Pall = 0.0033; and (V) tagging SNPs 
in neurotransmitter-related candidate genes, Pgroup cor-
rected = 0.0007, Pall = 0.0001. For SNPs that met the thresh-
old of multiple testing, replication was sought in an inde-
pendent sample (Scharf et al. 2013).

Results

Sample description

Cases missing clinical or demographic information (N = 68) 
were excluded, leaving 518 cases eligible for analyses. 
Results from the mixed model analyses in which a random 
intercept was included for familial relatedness gave similar 
results to the models without the random effect (Table S3, 
S4).
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Main effect SNPs

We found a significant association between rs7123010, a top 
SNP from a GWAS of TS, and tic severity, also after correc-
tion for multiple testing (F = 7.99, P = 0.0004; Tables 1, 2, 
and Table S1); the AA genotype was positively associated 
with tic severity. Results did not differ when we corrected 
for multiple comparisons using the less stringent Benja-
mini–Hochberg False Discover Rate.

Gene‑environment interaction

We found a significant interaction of rs6539267, a top SNP 
from a TS GWAS (F = 6.80, P = 0.001) with the cumulative 
pre- and perinatal adversity score, also after correction for 
multiple testing (Tables 3, 4; Fig. 1); the CC genotype along 
with a higher number of pre- and perinatal adversities was 
positively associated with tic severity (Table 4). We found no 
significant interaction for rs7123010 (F = 0.0197, P = 0.98). 
For the GxE analysis, the pattern of results remained when 
we corrected for multiple comparisons using the less strin-
gent Benjamini–Hochberg False Discover Rate.

Replication rs7123010 and rs6539267

Investigating the main effect of rs7123010 and the interac-
tion between rs6539267 and the cumulative pre- and peri-
natal adversity score in the replication sample (Scharf et al. 
2013) did not show a statistically significant association 
(F = 1.98, P = 0.14) and (F = 1.29, P = 0.28), respectively 
(Table 2).

Discussion

We investigated whether previously implicated SNPs (i) are 
associated with lifetime worst-ever tic severity and (ii) might 
interact with a cumulative pre- and perinatal adversity score 
previously reported to be associated with TS (Abdulkadir 
et al. 2016). We report a significant main effect of rs7123010 
(a top TS GWAS SNP). We found no evidence for an inter-
action between rs7123010 and pre- and perinatal adversity. 
However, we did find a significant interaction between 
rs6539267 (another top TS GWAS SNP) and pre- and peri-
natal adversity. We could not confirm these findings in our 
replication sample (Scharf et al. 2013).

The SNP rs7123010 is located within the ME3 (Malic 
Enzyme 3) gene which encodes for a protein responsible 
for malate metabolism (Hsieh et al. 2019). The ME3 gene 
is reported to be expressed in several tissues including the 
brain, and the protein encoded by this gene is thought to 
be involved in several biological processes including fatty 
acid biosynthesis and insulin secretion (Hasan et al. 2015; Ta
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Hsieh et al. 2019). However, there is no evidence in the lit-
erature supporting a role of ME3 in TS. The other significant 
SNP in this study, rs6539267, is located within the POLR3B 
gene that encodes for the second-largest catalytic subunit 
of RNA polymerase III, an enzyme involved in transcrip-
tion of noncoding RNAs including transfer RNAs, small 
ribosomal RNAs, and microRNAs (Tétreault et al. 2011; 
Djordjevic et al. 2021). Mutations in POLR3B are reported 
to cause hypomyelinating leukodystrophy type 8 and the 
clinical presentations of these mutations are widespread and 
include ataxia, spasticity, variable intellectual disability and 
epilepsy, and demyelinating sensory motor peripheral neu-
ropathy (Djordjevic et al. 2021). Despite the wide range of 
the clinical manifestations of POLR3B mutations, tics are 
not considered one of them.

A plausible explanation for the non-significant replication 
of rs7123010 and rs6539267 is that tic severity is likely a 
polygenic trait and that single SNPs only account for a small 
fraction of the total trait variance. Furthermore, statistical 
power could have also been an issue; the number of indi-
viduals with a homozygous genotype of the effect alleles was 
quiet low for SNPs rs7123010 (the AA genotype was present 
in about 10% of the individuals in the initial sample and the 
replication sample) and rs6539267 (the CC genotype was 
present in about 8% of the individuals in the initial sample 
and in 11% of the individuals in the replication sample).

This study benefitted from use of a well-characterized 
sample, and from the case-only design that has shown to 
have more power to detect gene–environment interactions 
than a case–control study (Kraft et al. 2007). Furthermore, 
using tic severity might have allowed the detection of small 
effects of SNPs that would have been otherwise missed when 
investigating caseness; e.g., a significant association for the 
Dopamine Transporter 1 3’ variable number of tandem 
repeats has been found in relation to tic severity, but not in 
relation to the presence of TS (Tarnok et al. 2007).

Limitations of this study include the retrospective col-
lection of lifetime tic severity and pre- and perinatal data, 
although evidence supports accurate maternal long-term 
recall of the latter (Rice et al. 2007). Measurement of life-
time tic severity differed across the study and replication 
samples, yet is not expected to explain current results. 
Finally, we cannot exclude that the investigated SNPs might 
interact with other environmental risk factors, such as life 
stress or infections.

In conclusion, the findings of this study suggest an asso-
ciation between rs7123010 and tic severity and potential 
gene–environment interactions of TS GWAS SNP rs6539267 
with a cumulative pre- and perinatal adversity score in rela-
tion to tic severity. Our study highlights the future poten-
tial of common genetic risk variants in gene–environment 
studies in TS, perhaps through large-scale studies utilizing 
polygenic scores.Ta
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Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00702- 021- 02396-y.
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