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Abstract
Tourette Syndrome (TS) is diagnosed based upon clinical criteria including motor and vocal tics.
We hypothesized that differences in exon expression and splicing might be useful for
pathophysiology and diagnosis. To demonstrate exon expression and alternatively spliced gene
differences in blood of individuals with TS compared to healthy controls (HC), RNA was isolated
from the blood of 26 un-medicated TS subjects and 23 healthy controls (HC). Each sample was
run on Affymetrix Human Exon 1.0 ST (HuExon) arrays and on 3’ biased U133 Plus 2.0
(HuU133) arrays. To investigate the differentially expressed exons and transcripts, analyses of
covariance (ANCOVA) were performed, controlling for age, gender and batch. Differential
alternative splicing patterns between TS and HC were identified using analyses of variance
(ANOVA) models in Partek. 376 exon probe sets were differentially expressed between TS and
HC (raw p<0.005, fold change >|1.2|) that separated TS and HC subjects using hierarchical
clustering and Principal Components Analysis. The probe sets predicted TS compared to HC with
a >90% sensitivity and specificity using a 10-fold cross validation. 90 genes (transcripts) had
differential expression of one exon (raw p<0.005) and were predicted to be alternatively spliced
(raw p<0.05) in TS compared to HC. These preliminary findings might provide insight into the
pathophysiology of TS and potentially provide prognostic and diagnostic biomarkers. However,
the findings are tempered by the small sample size and multiple comparisons and require
confirmation using PCR or deep RNA sequencing and a much larger patient population.
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Tourette Syndrome (TS) is a complex neurodevelopmental disorder characterized by
multiple motor and one or more vocal tics that begin before age 18, often peak during
adolescence, and typically decrease in adulthood (APA, 2000; Leckman et al., 2006; Muller,
2007; Singer, 2005; Swain et al., 2007). The diagnostic criteria for TS are defined by the
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision
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(DSM-IV-TR) which considers the history and pattern of the clinical symptoms (APA,
2000; Leckman, 2002; Stillman A et al., 2009a). However, the subjective nature of the
diagnostic criteria may lead to a misdiagnosis or delay accurate diagnosis. Tics may be
missed because they wax and wane. Additionally, TS may be misdiagnosed as another
movement disorder (Mejia and Jankovic, 2005; Wand et al., 1992). Finally, a diagnosis of
TS may mask the accurate diagnosis and treatment of a number of other disorders associated
with tics (Mejia and Jankovic, 2005).

Gene expression changes in peripheral blood can reflect brain injury, genetic diseases and
psychiatric disorders (Rollins et al., ; Sharp et al., 2006a; Sharp et al., 2006b; Tang et al.,
2005). Distinct disease-specific gene expression fingerprints have been demonstrated in
several neurological and psychiatric diseases including stroke (Moore et al., 2005; Tang et
al., 2006; Xu et al., 2008), Down Syndrome, Tuberous Sclerosis, Neurofibromatosis (Tang
et al., 2004a; Tang et al., 2004b) and Huntington’s Disease (Borovecki et al., 2005). Our
previous study showed a subgroup of TS patients over-expressed natural killer cell genes in
blood (Lit et al., 2007; Tang et al., 2005).

Alternative splicing occurs during the transcription of a gene (a primary gene transcript or
pre-mRNA) when individual exons are reconnected in multiple ways during RNA splicing.
The resulting different mRNAs are translated into different protein isoforms (Black, 2003;
Cuperlovic-Culf et al., 2006; Matlin et al., 2005), which have distinct properties and
different functions. Moreover, differences in exon splicing potentially provide qualitative
splicing-specific diagnostic and prognostic biomarkers.

The 3’ biased U133 Affymetrix microarrays employed in previous TS studies (Hong et al.,
2004; Lit et al., 2007; Lit et al., 2009; Tang et al., 2005) did not assess expression of the
entire transcript, and did not assess pre-mRNA splicing. Affymetrix Human Exon 1.0 ST
(HuExon) Arrays, which cover the entire length of the transcripts, allow the investigator to
study expression at the exon level and to predict whether there is likely to be alternative
splicing of a given gene. In the current study we used the 3’ biased U133 Plus 2.0 arrays
(HuU133) to assess 3’ biased mRNA expression. In addition, using the same samples, we
employed HuExon arrays to assess expression of individual exons, expression of full length
transcripts (mRNAs) as well as to assess predicted alternative splicing in TS compared to
HC. Only un-medicated TS patients were examined in the current study and compared to
healthy controls (HC), since our previous studies showed that medications markedly affect
gene expression (Liao, et al., submitted). Due to the small sample size and the lack of PCR
verification, this represents a discovery type study.

Materials and Methods
Subjects

Un-medicated TS subjects were recruited via the Tourette Syndrome Association, clinical
referrals, local advertisements, physician referrals, and through the University of California
at Davis. TS subjects were recruited as part of a functional magnetic resonance imaging
study of tic severity and cognitive control conducted by Dr. S Bunge and colleagues (Baym
et al., 2008). TS diagnosis was based on DSM-IV-TR criteria (APA, 2000). Tic severity was
assessed based on direct child and parent interview using the Yale Global Tic Severity Scale
(YGTSS) (Leckman et al., 1989). HC children were recruited through area schools, fliers
and recreational centers. Following initial contact, potential participants were screened via
parent interview for the absence of neurodevelopmental disorders. Individuals with a history
of serious physical illness (e.g. endocrine, cardiovascular or neurological disorders) were
excluded from enrollment in the study. Protocols were approved by the institutional review
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boards at the University of California at Davis. Informed consent was obtained from the
parent or legal guardian of each participant.

Sample collection and RNA isolation
Blood sample collection and RNA isolation were performed as described previously (Tian et
al., 2009). Whole blood (15ml) was collected from each subject via antecubital fossa
venipuncture into six PAXgene Vacutainer tubes (Qiagen, Valencia, CA, USA). These tubes
contain a solution that immediately lyses all of the cells in whole blood and stabilizes the
RNA without measurable degradation. The RNA represents genes expressed in all white
blood cells and immature red blood cells and immature platelets. Blood samples were stored
frozen at −70°C until processed.

Total RNA was isolated using the PAXgene Blood RNA Kit (Qiagen) according to the
manufacturer’s protocol. RNA quality was assessed using the Agilent 2100 Bioanalyzer
(Agilent Technologies Inc., Foster City, CA, USA) and quantified using fiberoptic
spectrophotometry using the Nanodrop ND-1000 (Nanodrop Inc., Wilmington, DE, USA).
RNA yielding both an A260/A280 absorbance ratio greater than 2.0 and a 28s/18s rRNA ratio
equal to or exceeding 1.8 was utilized.

HuU133 microarray processing
HuU133 microarray processing was performed according to the manufacturer’s protocol.
The Ovation RNA Amplification System V2 kit and the Ovation® WB Reagent (NuGEN,
San Carlos,CA) were used for an optimized whole blood amplification starting with 50 ng
total RNA. The amplified cDNA was fragmented and labeled using NuGEN’s FL-Ovation™
cDNA Biotin Module V2 (NuGEN, San Carlos,CA). Hybridization, washing and scanning
were performed according to the Affymetrix Human U133 plus2 protocol (Affymetrix,
Santa Clara, CA).

HuExon microarray processing
20 ng RNA samples were amplified using the WT-Ovation™ Pico RNA Amplification
System (NuGEN, San Carlos, CA) with the exon Module. These were then fragmented and
labeled using the FL-Ovation™ cDNA Biotin Module V2 (NuGEN, San Carlos, CA).
Hybridization, washing and scanning were performed according to the Affymetrix Human
Exon 1.0 ST protocol (Affymetrix, Santa Clara, CA).

To minimize batch effects, TS and HC samples were randomized in the order that they were
processed. In addition, similar numbers of TS and HC samples were included in each of the
batches for both the HuU133 arrays and for the HuExon arrays.

Data analysis
Raw data in the form of Affymetrix CEL files was imported into Partek Genomics Suite 6.4
(Partek Inc., St. Louis, MO). Probe summarization and probe set normalization were
performed using Robust Multi-Chip Average (RMA), which included background
correction, Quantile Normalization, log2-transformation and Median Polish probe set
summarization. For exon array analysis, only the core probe sets were considered (about
228,000 probe sets), and transcript-level expression analysis was assessed by averaging all
the core probe sets for that gene. For HuU133 analysis, one array from a healthy control was
found to be an outlier, as its average intensity was significantly different from other arrays,
and was excluded.

To demonstrate that exons and transcripts were differentially expressed between TS and HC,
an analysis of covariance (ANCOVA) was performed, controlling for the effects of age,
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gender and batch. To predict alternative splicing in TS compared to HC samples, the
interaction of diagnosis and exon was assessed using the Partek alternative splicing
ANOVA, controlling for the effects of diagnosis, exon, patient, and the interaction of
diagnosis and patient. An uncorrected p<0.05 was considered significant for alternative
splicing events, since it is unclear how to appropriately correct for the multiple comparisons
for alternative splicing (Partek, Manual). However, to decrease the false positives in the
alternative splicing analysis, several approaches were used: 1) Probe sets with a log2 value <
3.0 in all samples were excluded except for those cases where there was a significant
difference in expression of a single exon between the groups (p<0.05)(Partek Manual) ; 2)
genes whose transcript expression was significantly different between TS and HC were
filtered out, since an ideal splicing event assumes equal gene expression between samples,
and most exons belong to genes that are constitutively expressed while a single exon is
alternatively spliced (Affymetrix, white paper); and 3) genes without significant (p<0.05,
fold change > |1.2|) differences in expression of single exons were excluded.

Ingenuity Pathways Analysis (IPA 8.0, Ingenuity® Systems) was used to identify
statistically significant functional categories in the data set using the Fisher’s exact test. A
10-fold leave one out cross-validation model in Prediction Analysis of Microarrays (PAM)
was used to predict TS compared to HC. This method of cross-validation generates a model
on 90% of the samples to predict the remaining 10% of samples. The procedure is repeated
10 times to compute the overall error in the model.

Results
Subject demographics and medications

Subject demographics of the 26 TS and 23 HC subjects are summarized in Table 1. There
was no significant difference for age (p=0.39) and race (p=0.07) between the two groups.
Gender was significantly different between the groups (p=0.04).

3’ Transcript Expression using the HuU133 array
Using the data from the U133 array, the expression of 90 genes (represented by 126 probe
sets) was considered significantly different between TS and HC (p<0.01, fold change > |1.2|;
Supplementary Table 1). Using the Benjamini and Hochberg False Discovery Rate (FDR)
correction for multiple comparisons, the 90 genes had FDR corrected p values between 0.22
and 0.73. The 5 probe sets with FDR corrected p<0.5 are listed in Supplementary Table 1.
The unsupervised hierarchical cluster analysis and Principal Components Analysis (PCA)
for these 90 genes did not separate these TS subjects from the HC subjects (not shown).

Full-length Transcript Expression in HuExon
Only 17 genes (represented by 19 probe sets) were differentially expressed between TS
compared to HC (p<0.01, fold change > |1.2|; Supplementary Table 2) using the Affymetrix
Exon arrays. Again, using the FDR correction for multiple comparisons, none of the genes
had a corrected p<0.9. The unsupervised hierarchical cluster analysis and PCA for these 17
genes did not separate the TS subjects from the HC subjects (not shown). Two genes (killer
cell lectin-like receptor subfamily D, member 1 [KLRD1] and cytochrome P450, family 27,
subfamily A, polypeptide 1 [CYP27A1]) over lapped between the 17 HuExon gene list and
the 90 HuU133 gene list.

Exon-Level Expression Differences in TS compared to HC
There were 6700 exon probe sets whose expression was significantly different between TS
and HC (p<0.05, fold change > |1.2|). A total of 1403 exon probesets were significantly
different at p <0.01 (fold change > |1.2|; Supplementary Table 3). There were 376 exons
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whose expression was significantly different with a p<0.005 and fold change > |1.2|, and
without any significant differences for the other factors (page>0.05, pgender>0.05,
pbatch>0.05; Supplementary Table 4). These results help support the primary data for
differences between TS and HC as they were not affected by significant technical batch,
gender or age effects. However, using the FDR correction for multiple comparisons, only
two exons had a corrected p<0.9 for either the 1403 or 376 exon list. Even so, the
unsupervised hierarchical cluster analysis (Figure 1A) and PCA (Figure 1B) for the 376
exons (p<0.005) showed TS patients completely separated from HC. The three principal
components accounted for 39.2% of the total variance, and the first principal component
(30.6% of variance) alone separated the TS from HC (Figure 1B). The ability of the 376
exons to predict TS from HC was evaluated using PAM. Ten-fold leave-one-out cross
validation showed that these 376 exon probe sets were able to correctly classify 24 out of the
26 TS samples (92.3%), and 22 out of the 23 HC samples (95.7%) (Figure 2). Using the less
stringent 1403 exon list (p<0.05, fold change > |1.2|), a similar separation of TS and HC
samples was obtained following a cluster analysis (Supplementary Figure 1) and PCA
(Supplementary Figure 2).

Differential Alternative splicing in TS compared to HC
A maximum of 706 genes were predicted (p<0.05) to have alternative splicing in TS
compared to HC subjects. Using a Benjamini and Hochberg FDR of <0.05 (5% false
positives) for multiple comparison correction, three genes had a corrected p<0.05. These
included ubiquitously transcribed tetratricopeptide repeat gene, Y-linked (UTY), myosin
XVIIIB (MYO18B) and potassium voltage-gated channel, subfamily H (eag-related),
member 4 (KCNH4). There were 55 genes that were significantly different when a FDR
corrected p<0.5 was used (Supplementary Table 5). Notably, of the 706 genes predicted to
be alternatively spliced, and of the genes associated with the 6700 exons (p<0.05, fold
change > |1.2|) found to be differentially expressed in TS compared to HC, a total of 545
genes were common to both lists (Supplementary Table 6). Of the 706 genes predicted to be
alternatively spliced (p<0.05), and of the genes associated with the 1403 exons (p<0.01, fold
change > |1.2|) found to be differentially expressed in TS compared to HC (Supplementary
Table 3), a total of 235 genes were common to both lists (Supplementary Table 7). Note that
only two out of three genes with a FDR corrected p<0.05, MYO18B and KCNH4, were in
both the 545 and 235 alternatively spliced gene lists. Similarly, for the more stringent list of
376 exons (p<0.005) that were differentially expressed in TS compared to HC and of the
706 genes predicted to be alternatively spliced, 90 genes were common to both lists
(Supplementary Table 8). These 90 gene, 235 gene and 545 gene lists which were predicted
to be alternatively spliced, and had differentially expressed exons in TS compared to HC,
probably represent the more reliable alternatively spliced genes at least based upon statistics
alone (see discussion).

The biological functional analysis of the 706 transcripts predicted to be alternatively spliced
showed that the communication between innate and adaptive immune cells (p= 3.6 × 10−2)
and acute phase response signaling (p= 3.8 × 10−2) were among the top canonical pathways.
The top molecular and cellular functions for these genes included cellular development (p
value range 2.3 × 10−5 to 3.5 × 10−2), cell morphology (p value range 8.0 × 10−4 to 3.5 ×
10−2), molecular transport (p value range 8.5 × 10−4 to 3.5 × 10−2), amino acid metabolism
(p value range 1.2 × 10−3 to 3.5 × 10−2), and cell cycle (p value range 1.4 × 10−3 to 3.5 ×
10−2)(Supplementary Table 9). The functional analysis results for the most stringent 90
alternatively spliced genes are shown in Supplementary Table 10. The communication
between innate and adaptive immune cell pathways identified in the 706 alternatively
spliced gene list was not in this more stringent functional analysis.
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Discussion
This is the first study to show that there are large numbers of single exons differentially
expressed between TS and HC. These differentially expressed exons may be useful for
developing a diagnostic test for TS. In contrast to the large numbers of differentially
regulated exons, there are few changes in gene-level expression in TS compared to HC
subjects, which was supported by both 3’ and exon expression data. However, in spite of the
few differences of gene expression, there appear to be hundreds of genes predicted to be
differentially spliced in TS compared to HC which may help in understanding the causes
and pathogenesis of TS.

Few Changes in Gene-level Expression in TS compared to HC
Gene-level analyses using either the 3’ (HuU133) or exon (HuExon) arrays confirmed that
there were few differences of gene expression in TS compared to HC subjects. This result is
comparable to our previous medicated TS versus HC study which identified only 56 genes
differentially expressed between medicated TS and HC. These genes could not differentiate
medicated TS from HC (Lit et al., 2009). Thus, there are relatively few differences in gene
expression in TS compared to HC independent of whether the TS subjects were treated or
not. Alternatively, this lack of difference could be explained by low power to detect such
changes since the sample sizes were very small. It is notable that the KLRD1- natural killer
cell gene was down-regulated in TS compared to HC using the 3’ and exon microarrays, and
that this same gene was up-regulated in two different TS cohorts in our previous studies of
medicated TS subjects (Lit et al., 2007). Since KLRD1 is down regulated in un-medicated
TS subjects compared to controls in this study, and was up-regulated following treatment of
TS subjects compared to controls in our previous studies, we assume the drug increases
expression of KLRD1 from below control levels to above control levels and that this
correlates with improvement of TS symptoms with the drug treatment. Thus, since the
medication induced expression of the KLRD1 natural killer gene likely correlates with
improved TS symptoms, KLRD1 could be involved in the pathogenesis of TS.

Exon biomarkers differentiated TS and HC
Large numbers of single exons were differentially expressed between TS and HC. Given
that gene expression did not differ in many genes for TS compared to HC, it is not
immediately apparent why there might be so many differences in expression of exons. We
interpret this finding to mean that exon skipping, that is splicing a single exon out of a
transcript, does not significantly alter expression of the spliced transcript compared to the
un-spliced transcript. This would account for many differences in expression of single exons
between TS and HC, with very few differences of “gene expression” (full length transcripts)
between TS and HC. Thus, exon expression potentially could be used as a biomarker for TS,
though it is important to emphasize that the current data must be interpreted with caution
since no exon probe set had a multiple comparison corrected p<0.05 in TS compared to HC.
We consider the genes that were predicted to be alternatively spliced (see below), AND in
which there were significant differences of expression of exons within those genes to be
more reliable. The large number of exons that had significant differences in expression
between TS and HC but were not associated with genes that were predicted to be
alternatively spliced may represent mostly false positives related to the multiple
comparisons performed using the exon microarrays.

Alternative Splicing of genes in TS compared to HC
Alternative splicing is the major source of protein diversity for higher eukaryotic organisms,
given that the numbers of genes are very similar for all mammals. Current estimates indicate
over 50 percent of human genes exhibit alternative splicing (Black, 2003; Cuperlovic-Culf et
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al., 2006; Matlin et al., 2005). The most common splicing mode in mammalian pre-mRNAs
is cassette exon (exon skipping), which is defined as an exon present in one mRNA
transcript but absent in another isoform of the transcript. As mentioned above, we predict
that differences in exon skipping (of a single exon) between TS and HC samples does not
ordinarily produce any detectable “change of gene expression” in two transcripts from the
same gene. However, as hypothesized above, exon skipping could result in significant
differences of expression of single exons as detected in the present study. Given that there
are large numbers of genes predicted to be alternatively spliced in the TS compared to HC
subjects, the explanation for this differential splicing in TS compared to HC is unclear. This
could relate in part to the genetics of TS – gene polymorphisms resulting in changes of
splicing, to environmental factors that might affect alternative splicing (Black, 2003;
Faustino and Cooper, 2003), and other genetic and epigenetic factors that modulate splicing.

One of the top canonical pathways represented by the 706 alternatively spliced transcripts in
TS compared to HC subjects was the communication between innate and adaptive immune
cell pathways. This is consistent with the many studies that have suggested abnormalities in
the immune response in TS patients (Martino et al., 2005; Stillman A et al., 2009b; Swain et
al., 2007; Walkup et al., 1996). Increased plasma levels of specific pro-inflammatory
cytokines including Interleukin-12 (IL-12) and tumor necrosis factor alpha (TNF-α) were
observed in TS patients and correlated with disease severity (Leckman et al., 2006).
Moreover, the numbers of specific lymphocyte subtypes appear to be altered in some TS
subjects (Kawikova et al., 2007; Moller et al., 2008) and our previous studies found that a
subgroup of TS patients over-expressed natural killer cell genes (Lit et al., 2007). It is
interesting that some neurotransmitter receptors which associated with TS were in the
alternative splicing gene list, including Gamma-aminobutyric acid (GABA) receptors
(GABRA4, GABRG1), acetylcholine receptor (CHRNA4), adrenergic receptor (ADRA1B),
serotonin receptor (HTR3B), and the dopamine DRD4 receptor (Supplementary Tables 5).
Although alternative splicing of these neurotransmitter receptors could mirror the changes of
those in the brain (Achiron and Gurevich, 2006; Glatt et al., 2005; Sharp et al., 2006a; Sharp
et al., 2006b; Sullivan et al., 2006), these neurotransmitter genes expressed in the blood cells
are involved in the regulation of immune response (Kawashima and Fujii, 2003; Kohm and
Sanders, 2001; Martino et al., 2009; Rane et al., 2005; Tian et al., 2004; Yang et al., 2006).
The different isoforms of these genes could result in dys-regulated immune function in TS,
and susceptibility to specific infections such as Group A β-streptococcus, viral infections,
and others that might stimulate autoimmune reactions to basal ganglia. Alternatively, the
abnormal immune dysfunction could result in immune-mediated basal ganglia dysfunction
via cross-talk between the blood-brain-barrier and neuronal transmission in the absence of
infection (Martino et al., 2009).

Limitations of this study
The largest limitation of the study is that, in spite of the many genes predicted to be
alternatively spliced in TS compared to HC, these were not confirmed using an independent
method. The sensitivity and specificity of the Affymetrix Exon arrays for detecting exon
splicing across the whole genome is not known, at least based upon current published data.
Thus, confirmation of the exon splicing will require PCR that uses primers to flank the
exons of interest or RNA deep sequencing to demonstrate consistent differential splicing
between TS and HC subjects based upon blood samples.

In addition, there are limitations related to the study itself. The analyses did not consider the
influences of attention deficit/hyperactivity disorder, obsessive-compulsive disorder (OCD),
and other co-morbidities that also affect gene expression because this would have decreased
the sample sizes and decreased power even more (in preparation). Secondly, there is a major
problem in the analyses related to the multiple comparisons. When a False Discovery Rate
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(FDR) of 5% was used (allows 5% false positives), only three alternatively spliced genes
passed this FDR. However, the FDR correction for multiple comparisons assumes all genes
(exons) are independently expressed, which is not the case (Zhang, 2006) and it is unclear
how to correct for the multiple comparisons for alternative splicing (Partek manual).

Finally, this is a preliminary study using very small numbers of subjects (26 TS and 23HC)
which limited power. The data must be validated in an independent follow-up study with
much larger sample sizes, which is the only true way to confirm the results of expression
microarray studies or whole genome studies of any kind.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A total of 376 exons were differentially expressed in blood (ANOVA, p<0.05, fold change >
|1.2|) of Tourette Syndrome (TS) patients compared to healthy controls (HC) using
Affymetrix Human Exon arrays. (a) An unsupervised hierarchical clustering analysis of
these 376 probe sets (Y axis) showed complete separation of TS and HC patients (X axis).
High gene expression is shown in bright red, low gene expression in bright green, and no
difference in yellow. (b) The Principal Components Analysis (PCA) also showed TS
patients (purple on the right) separated from the HC patients (blue on the left) based on 376
exon probe sets. The three principal components accounted for 39.2% of the total variance.
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Figure 2.
Prediction Analysis of Microarrays (PAM) results of the 376 exon probe sets identified
using the human Affymetrix Exon arrays (p<0.05, fold change > |1.2|). The X axis shows
individual samples from TS and HC subjects. The Y axis shows the predicted probability for
each sample to be either HC (on the left) or TS (on the right) subjects.
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Table 1

Demographics of Tourette Syndrome (TS) and Healthy Control (HC) subjects.

Description TS HC

Number Subjects 26 23

Age Mean±SD (Years) 10.2 ± 2.2 9.7 ± 2.1

Range (Years) 7–15 7–13

Gender Male 20 (77%) 11 (48%)

Female 6 (23%) 12 (52%)

White 18 21

Race
Hispanic 2 0

Black 0 1

Others 6 1

YGTSS Mean ± SD 20.9 ± 10.9 -

Range 0–41 -

YGTSS=Yale Global Tic Severity Scale
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