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Abstract
Tourette Syndrome (TS) is a childhood-onset neuropsychiatric disorder that is familial and highly
heritable. Although genetic influences are thought to play a significant role in the development of
TS, no definite TS susceptibility genes have been identified to date. TS is believed to be
genetically related to both obsessive-compulsive disorder (OCD) and grooming disorders (GD)
such as trichotillomania (TTM). SAP90/PSD95-associated protein 3 (SAPAP3/DLGAP3) is a post-
synaptic scaffolding protein that is highly expressed in glutamatergic synapses in the striatum and
has recently been investigated as a candidate gene in both OCD and GD studies. Given the shared
familial relationship between TS, OCD and TTM, DLGAP3 was evaluated as a candidate TS
susceptibility gene. In a family-based sample of 289 TS trios, 22 common single nucleotide
polymorphisms (SNPs) in the DLGAP3 region were analyzed. Nominally significant associations
were identified between TS and rs11264126 and two haplotypes containing rs11264126 and
rs12141243. Secondary analyses demonstrated that these results cannot be explained by the
presence of comorbid OCD or TTM in the sample. Although none of these results remained
significant after correction for multiple hypothesis testing, DLGAP3 remains a promising
candidate gene for TS.
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INTRODUCTION
Tourette Syndrome (TS) is a childhood-onset neuropsychiatric disorder characterized by
multiple motor tics and one or more vocal tic(s) that are present for at least one year
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[American Psychiatric Association, 2000]. The prevalence of TS in children and adolescents
is estimated to be between 0.1% and 1% of the general population [Scharf and Pauls, 2007].
TS is highly familial with many large, multi-generational TS pedigrees reported in the
literature and is also one of the most heritable non-Mendelian neuropsychiatric disorders
[Pauls, 2003]. Family studies indicate that the risk of developing TS in first degree relatives
of patients with the disorder is 5 to 15 times greater than the risk of developing TS in the
general population [NIMH Genetics Workgroup, 1998; Pauls et al., 1991]. Unfortunately, no
definitive TS susceptibility gene has been identified to date. Identification of the etiological
factors of TS, including its genetic basis, is important to advance the understanding of TS
pathogenesis and to discover new avenues of treatment.

Obsessive-compulsive disorder (OCD) and trichotillomania (TTM) (chronic hair-pulling)
are two conditions believed to be genetically related to TS. OCD is a common comorbidity
in TS patients, and the two disorders appear to share common genetic susceptibilities [Pauls
et al., 1991; Scharf and Pauls, 2007]. Both TS and OCD are thought to arise from
dysregulated cortico-striato-thalamo-cortical (CSTC) loops [Graybiel and Rauch, 2000;
Mink, 2006]. TTM has clinical characteristics that overlap with both TS and OCD, including
the presence of a premonitory urge and temporary relief after completion [Novak et al.,
2009]. In relatives of probands with TTM there is an increased prevalence of both OCD and
tics [King et al., 1995; Lenane et al., 1992]. The genetics of TTM are not well characterized,
but family studies suggest that TS, OCD and TTM share common genetic factors [Bienvenu
et al., 2009; King et al., 1995; Lenane et al., 1992; Pauls et al., 1995; Pauls et al., 1986].

SAP90/PSD95-associated protein 3 (SAPAP3/DLGAP3), located at 1p34.3, has been
recently examined as a candidate gene in OCD-spectrum disorder studies [Bienvenu et al.,
2009; Zuchner et al., 2009]. Although it has not been implicated in TS or OCD linkage
studies and, therefore, is not a positional candidate, SAPAP3/DLGAP3 is a promising
functional TS candidate gene. SAPAP3/DLGAP3 is a post-synaptic scaffolding protein that
is highly expressed in glutamatergic synapses in the striatum and is thought to play a key
role in regulating synaptic function and plasticity [Scannevin and Huganir, 2000; Welch et
al., 2004]. Welch and colleagues [2007] demonstrated that mice with a targeted deletion of
Sapap3 exhibited behaviors consistent with increased anxiety and compulsive over-
grooming reminiscent of OCD and TTM as they present in humans. Sapap3-deficient mice
(Sapap3−/−) were also found to have cortico-striatal synaptic deficits. Interestingly,
treatment with selective serotonin reuptake inhibitors, which are used as a first-line
treatment for OCD, and selective re-expression of Sapap3 in the striatum in Sapap3−/−
mice eliminated the over-grooming behaviors and rescued the synaptic deficits [Welch et al.,
2007]. Zuchner et al. [2009] recently reported an increased frequency of non-synonymous
coding variants in human SAPAP3/DLGAP3 in 165 patients with either TTM or OCD
compared to controls (4.2% vs. 1.1%). In addition, Bienvenu et al. [2008] reported nominal
associations between multiple common single nucleotide polymorphisms (SNPs) in
SAPAP3/DLGAP3 and grooming disorders (GDs), including TTM, in a family-based study
of 383 families with GDs and/or OCD. Given the shared characteristics of TS, OCD, and
TTM, and the evidence that these disorders are genetically related, DLGAP3 was
investigated in the current study as a functional candidate TS susceptibility gene in a family-
based sample.

MATERIALS AND METHODS
Subjects, including 1288 individuals from 423 independently ascertained nuclear families
(423 parent-proband trios and 19 affected siblings), were recruited from tic disorder
specialty clinics in the United States, Canada, Great Britain and the Netherlands for a
family-based genetic study of TS. Assessments consisted of an in-person, semi-structured
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interview, using instruments documented previously to be valid and reliable for the
diagnosis of TS (κ = 0.98) and OCD (κ = 0.97) [Pauls et al., 1995]. Diagnoses of TS and
OCD were established using DSM-IV-TR criteria and were best-estimated by consensus
between two independent TS clinical investigators. A diagnosis of probable TTM was made
based on a screening question for the lifetime presence or absence of recurrent hair-pulling
behavior in the context of the OCD and OCD-spectrum disorders semi-structured interview:
“I pull my hair out. For example, you may pull your hair from your scalp, eyebrows,
eyelashes, or pubic area. You may use your fingers or tweezers to pull your hair. You may
produce bald spots on your scalp that require a wig, or pluck your eyelashes or eyebrows
smooth”. All participants 18 years of age and older signed informed consent forms.
Individuals under 18 years of age signed an assent form after a parent signed a consent form
on their behalf.

Genomic DNA was extracted from either peripheral blood or buccal cells and purified using
standard protocols (Gentra, Minneapolis, Minnesota, USA). Validated common (SNPs) from
the genomic region containing DLGAP3 and 10kb of upstream and downstream flanking
sequences (approximately 60 kb overall) were downloaded from the HapMap Phase II
database [Frazer et al., 2007] (Suppl. Fig. 1). Twenty-two tag SNPs were selected by the
program Tagger within Haploview using pairwise tagging of SNPs with minor allele
frequencies >0.05 and an r2>0.8 [Barrett et al., 2005; de Bakker et al., 2005]. Although
rs6682829 was excluded as a tag SNP due to an inability to design a valid assay from its
flanking sequences, it was tagged by proxy SNP rs4652869 with an r2 of 0.743. The
remaining 21 tag SNPs captured all 30 of the other common alleles (MAF>0.05) in the
DLGAP3 region at r2>0.8 and a mean max r2 of 0.988. Three additional SNPs (rs1001616,
rs11587343 and rs35688758) with validated minor allele frequencies ≥0.05 or within coding
regions of DLGAP3 were added from the SNPper [Riva and Kohane, 2002] and dbSNP
[dbSNP] databases for a total of 24 SNPs that were genotyped (Suppl. Fig. 1).

SNP genotyping was performed in a 384-well plate format on the Sequenom MassARRAY
platform (Sequenom, San Diego, California, USA). Primers for polymerase chain reaction
(PCR) amplification and single base extension (SBE) assays were designed using Assay
Design 3.1 software (Sequenom, San Diego, California, USA) based on FASTA sequences
surrounding the SNPs taken from SNPper [Riva and Kohane, 2002]. SNP genotyping was
performed using multiplex PCR followed by a pooled SBE reaction using iPLEX® Gold
SBE chemistry [Sequenom, 2009]. Samples were analyzed in automated mode by a
MassARRAY RT mass spectrometer. The resulting spectra were analyzed by
SpectroAnalyzer software after baseline correction and peak identification.

Prior to analysis, data cleaning was performed to exclude SNPs and individuals with call
rates <90% or SNPs with Hardy-Weinberg Equilibrium p-values <10−6. Families and SNPs
with Mendel error rates >5% were also excluded. Pairwise linkage disequilibrium between
markers was calculated using the D’ and r2 statistics in Haploview. Haplotype blocks were
defined according to the confidence interval method of [Gabriel et al., 2002]. Family-based
association testing of single SNPs and haplotype blocks with frequencies ≥5% were
performed using the Transmission Disequlibrium Test (TDT) in PLINK [Purcell, 2009;
Purcell et al., 2007]. Correction for multiple hypothesis testing was implemented in PLINK
using gene-dropping and max(T) permutation methods with 10,000 permutations.

RESULTS
During the quality control process, 2 SNPs (rs11583978 and rs35688758) and 141 families
were excluded (Suppl. Fig. 1) such that 22 SNPs and 289 trios (282 parent-proband trios and
7 parent-affected sibling trios) remained for analysis. The sample pass rates did not differ
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based on the source of DNA. Of the 22 SNPs analyzed, 20 were HapMap tag SNPs. These
20 tag SNPs tagged 29 of 31 (93%) eligible alleles (MAF>0.05) in the DLGAP3 region and
10kb upstream and downstream of DLGAP3 at r2>0.8 and with a mean max r2=0.987. The 2
remaining common alleles, rs11583978 and rs6682829, were captured at r2 values of 0.605
and 0.743, respectively.

SNP rs11264126, located in the sixth intron of DLGAP3, was nominally associated with TS
(p=0.013) with over-transmission of the G allele to TS offspring (Table I & Fig. 1). In
haplotype-based analyses, two DLGAP3 haplotypes, containing rs11264126 and
rs12141243, were also nominally associated with TS (AT, frequency= 0.406, p=0.026; GT,
frequency= 0.449, p=0.025), with over-transmission of the rs11264126 G allele and under-
transmission of the A allele. (Table II & Fig. 1). However, none of these findings remained
significant following correction for multiple hypothesis testing using permutation (Tables I
& II).

In order to test whether the nominal association between TS and rs11264126 could be
explained by the presence of comorbid OCD or TTM in the TS-affected subjects, additional
TDT analyses were performed using OCD and TTM as the primary phenotypes. SNP
rs11264126 and the haplotypes containing rs11264126 and rs12141243 were not associated
with either OCD (126 TS+,OCD+ trios, p=0.477) or TTM (24 TS+, TTM+ trios, p=0.818).

DISCUSSION
Dysfunction of CSTC loops has been implicated in TS, OCD, and OCD-spectrum disorders
[Graybiel and Rauch, 2000; Mink, 2006]. Glutamatergic neurotransmission has been
identified as an important component of CSTC circuits in OCD through previous positive
candidate gene association studies, neuroimaging studies, and recent treatment trials [Arnold
et al., 2004; Arnold et al., 2006; Delorme et al., 2004; Dickel et al., 2006; Pittenger et al.,
2006; Rosenberg et al., 2004; Shugart et al., 2009; Stewart et al., 2007; Wendland et al.,
2009]. SAPAP3/DLGAP3 is highly expressed in the striatum, is part of the CSTC circuit,
and interacts with the SAP90/PSD95 and SHANK family proteins to form a postsynaptic
anchoring/signaling complex at excitatory glutamatergic synapses [Scannevin and Huganir,
2000; Welch et al., 2007]. Welch and colleagues [2007] recently demonstrated that Sapap3-
knockout mice exhibited cortico-striatal synaptic deficits and a compulsive grooming
phenotype reminiscent of OCD and TTM in humans. Given these previous findings, the
current study investigated DLGAP3 as a candidate TS susceptibility gene.

To the authors’ knowledge, this is the first candidate gene association study of DLGAP3 and
TS. This analysis identified a nominally significant association between TS and the
rs11264126 G allele as well as two DLGAP3 haplotypes consisting of rs11264126 and
rs12141243. The haplotype tests, while not independent of the single marker test, do help to
refine localization of a putative TS risk locus to the over-transmitted GT rs11264126-
rs1214123 haplotype. Conversely, the AT haplotype was undertransmitted, indicating that it
may have a protective effect. Furthermore, none of these associations could be explained by
the presence of co-morbid OCD or TTM in the sample. Thus, these results suggest that
DLGAP3 may be a candidate TS susceptibility gene, though the findings did not survive
correction for multiple hypothesis testing.

The current analysis did not detect an association between TS and the four DLGAP3 SNPs
previously reported by Bienvenu and colleagues [2008] to be nominally associated with
various grooming disorders (GDs): Pathological nail biting (PNB) with rs4653109; TTM
with both rs662980 and rs4652869; and Pathological skin picking (PSP) with rs4652867
(Table 1). Of note, Bienvenu and colleagues [2008] did not screen for rs11264126, since
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they limited their analyses to SNPs with minor allele frequencies ≥20%. However, it is
unlikely that rs11264126 serves as a proxy for any of the previously reported Bienvenu et al.
SNPs, since this SNP has a low correlation (r2 <0.5) in the HapMap CEU population with
each of the nominally significant SNPs from the prior study. Bienvenu and colleagues also
excluded probands with TS from their cohort, which suggests that their findings are not
likely to be caused by the presence of comorbid TS in the sample. The differing results
between the two studies could potentially be explained by their small sample sizes and the
limited power to detect SNPs associated with each of the different disorders. Alternatively,
there could be non-overlapping sets of susceptibility loci for TS, OCD and GDs despite their
proposed common pathophysiology and genetic overlap.

Limitations of the current study should be acknowledged. First, the overall sample size is
unlikely to detect susceptibility genes with small effect sizes. In particular, the small number
of TS+,TTM+ trios (n=24) has essentially no power to identify an association between TTM
and DLGAP3. Nonetheless, the low rate of TTM comorbidity in the sample and absence of
association with rs11264126 in the TS+,TTM+ trios suggest that the reported signal in the
overall TS sample is unlikely to be explained by underlying TTM in these families. Second,
since there was only a single screening question for TTM, it is possible that TTM was not
accurately captured in the secondary analysis using TTM as the phenotype of interest.

Additionally, this study only investigated common variants in DLGAP3 with minor allele
frequencies greater than 5%. Thus, further screening for rare variants, similar to the study of
Zuchner and colleagues [2009] who recently reported an increased frequency of rare
DLGAP3 missense variants in patients with either TTM or OCD compared to controls, may
be informative. Given the nominally significant results of the current study and the results of
previous studies by Welch et al. [2007], Bienvenu et al. [2008], and Zuchner et al. [2009],
further investigation of the associations between DLGAP3 and GDs, OCD, and TS is
warranted.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Linkage disequilibrium (LD) map and haplotype structure of the DLGAP3 locus. DLGAP3
and the downstream open reading frame C1orf212 are indicated relative to the positions of
the 22 genotyped SNPs in the current study. SNP minor allele frequencies were calculated
from non-founders. Haplotype blocks, as defined by the confidence interval classification of
Gabriel et al., 2002, are indicated in gray boxes with haplotype frequencies in the study
population displayed below each haplotype. The nominally significant SNP rs11264126 is
highlighted.
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