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Abstract

Objectives—Genomic copy number variations (CNVs) are a major form of variation in the 

human genome and play an etiologic role in several neuropsychiatric diseases. Tandem repeats, 

particularly with long (> 50bp) repeat units, are a relatively common yet underexplored type of 

CNV that may significantly contribute to human genomic variation and disease risk. We therefore 

performed a pilot experiment to explore the potential role of long tandem repeats as risk factors in 

psychiatric disorders.

Methods—A bacterial artificial chromosome (BAC)-based array comparative genomic 

hybridization (aCGH) platform was used to examine CNVs in genomic DNA from 34 probands 

with schizophrenia or schizoaffective disorder.

Results—The aCGH screen detected an apparent deletion on 5p15.1 in two probands, caused by 

the presence in each proband of two low copy number (short) alleles of a tandem repeat that 

ranges in length from < 10 to > 50 3.4 kb units in the population examined. Short alleles partially 

segregate with schizophrenia in a small number of families, though linkage was not significant. An 

association study showed no significant difference in repeat length between 406 schizophrenia 

cases and 392 controls.
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Conclusion—Though we did not demonstrate a relationship between the 5p15.1 repeat and 

schizophrenia, our results illustrate that long tandem repeats represent an intriguing type of genetic 

variation that have not been previously studied in connection with psychiatric illness. aCGH can 

detect a small subset of these repeats, but systematic investigation will require the development of 

specific arrays and improved analytic methods.
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INTRODUCTION

CNVs have emerged as an important source of genetic variation (Iafrate et al. 2004; Sebat et 
al., 2007). CNV typically refers to a segment of DNA > 1000 bp in length that varies among 

genomes as a result of duplication or deletion (Scherer et al., 2007). CNVs have been 

implicated in both neurodegenerative and neurodevelopmental disorders, including familial 

Parkinson's disease (Singleton et al., 2003; Farrer et al., 2004)), autism (Sebat et al., 2007; 

Weiss et al., 2008), and syndromic mental retardation (Sharp et al., 2006). The well-

established association between 22q11 deletion and schizophrenia (Pulver et al., 1994; 

Bassett et al., 1998; Murphy et al., 1999), and the association between CNVs and other 

disorders of the central nervous system, suggest that additional CNVs may have an 

etiological role in schizophrenia.

Compelling evidence associating schizophrenia with rare recurrent CNVs has recently 

emerged. Two small studies (Moon et al., 2006; Wilson et al., 2006) initially yielded results 

of uncertain significance (Sutrala et al., 2007). Analysis of a set of 891 candidate genes 

examined by oligonucleotide array did not detect CNVs associated with schizophrenia 

(Sutrala et al., 2008). However, a genome wide examination of 51 sporadic and 42 familial 

cases of schizophrenia, using a high density BAC array, yielded 13 CNVs of potential 

interest, including a 1.4 Mb duplication on chromosome 15q13.1 in a sporadic case absent in 

372 controls, and a .25 Mb deletion on 2p16.3 in an affected sibpair and their unaffected 

mother (Kirov et al., 2008). An oligonucleotide microarray analysis found substantially 

higher rates of novel copy number variations in 150 people with schizophrenia compared to 

268 matched controls; the rate of CNVs was particularly high in younger-onset cases (Walsh 

et al., 2008). A 15% higher rate of CNVs was also detected in cases (N = 3391) compared to 

controls (N = 3181) in a large-scale microarray analysis by the International Schizophrenia 

Consortium; in addition to the 22q11 region, deletions on 15q13.2 and 1q21.1 were strongly 

associated with schizophrenia (The International Schizophrenia Consortium et al., 2008). A 

multistage analysis of a large subset of the the Icelandic population by deCODE genetics, 

using a different oligonucleotide platform, found strong evidence for rare CNVs associating 

with schizophrenia at 1q21.1, 15q11.2 and 15q13.3 (Stefansson et al., 2008).

With current copy number detection technology, an increase or decrease in signal is typically 

interpreted as a simple deletion or duplication of an entire region with uncertain endpoints. 

However, the human genome includes polymorphic tandem repeats of various lengths, with 
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several thousand containing repeat units of greater than 50 bp (Benson 1999), so that what 

appears to be a deletion or duplication may actually reflect change in the number of 

repetitive units of a repeat. This is of potential importance in relating CNVs to human 

disease. Repeat length variations below the threshold for detection by currently available 

arrays, including expansions of tri-(Orr and Zoghbi 2007), tetra-(Liquori et al., 2001), and 

pentanucleotide (Matsuura et al., 2000) repeats, contraction of a dodecamer repeat (Lalioti et 
al., 1997), and copy number variation of a 24mer repeat (Mead 2006) directly cause a 

variety of neurodegenerative diseases. However, at least one disease, facioscapulohumeral 

muscular dystrophy (FSHD) (van der Maarel et al., 2007), is caused by a contraction of a 

repeat (termed D4Z4) consisting of 3.3 kb units. We therefore hypothesize that variations in 

the length of long tandem repeats may contribute to the genetic risk of psychiatric disorders, 

including schizophrenia. To preliminarily investigate this hypothesis, we characterized the 

structure of a tandem repeat initially detected as a deletion in two individuals with 

schizophrenia by aCGH screen, and determined the extent of length polymorphism in 

normal and patient populations.

METHODS

Human subjects

DNA for aCGH was obtained from lymphoblastoid cell lines of 28 unrelated probands with 

schizophrenia and 6 unrelated probands with schizoaffective disorder who were ascertained 

as part of a large sib-pair study of schizophrenia in US pedigrees (DeLisi et al., 2002). The 

sample size was chosen to provide a >80% likelihood of detecting a CNV present in 5% of 

cases of familial schizophrenia. All individuals gave written informed consent for 

participation under The State University of New York at Stony Brook IRB supervision. In 

each case, consensus DSMIII-R diagnoses were made by at least two research psychiatrists 

using information derived from the Diagnostic Interview for Genetic Studies (DIGS), 

version 3.0 (Nurnberger et al. 1994). Diagnoses were unchanged when reviewed using 

DSM-IV criteria; schizoaffective probands were all of the depressed subtype. Each proband 

had a sibling with either schizophrenia (26) or schizoaffective disorder (8). Additionally, 28 

of the probands had at least one other first-degree family member with schizophrenia, 

schizoaffective disorder, bipolar disorder, schizotypal personality disorder or psychotic 

disorder not otherwise specified, while the remaining six had an affected second-degree 

relative. Ethnicity, as determined by grandparents, was predominantly European (27 

probands, including the two with evidence of CNV at 15p15.1), with one African proband, 

four probands with at least one grandparent claiming at least partial Native American, 

Caribbean, or Indian background, and one proband of unknown ethnicity.

Case and control DNA samples for the association analysis were obtained from the NIMH 

Genetics Initiative (http://nimhgenetics.org/). Schizophrenia pedigrees were ascertained by 

three extramural sites (Columbia University, Harvard University, and Washington 

University). DSM-III-R and DSM-IV diagnoses were made using information obtained from 

a DIGS interview, external informants, and medical records. Controls, selected to represent 

the U.S. population, were ascertained through a contract with Knowledge Networks (San 

Jose). Each subject was administered a validated self-assessment inventory of lifetime major 
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depression, anxiety disorders, substance use disorders, bipolar disorder, or psychotic 

disorders. We assayed a subset of the collection consisting of 406 probands with 

schizophrenia and 392 controls. Controls were limited to individuals 51 years or older, to 

minimize inclusion of individuals still at risk of developing schizophrenia, and to individuals 

who did not answer yes to screening questions asking if they had been diagnosed, or 

received treatment for, schizophrenia, schizoaffective disorder, auditory hallucinations, or 

delusions. Controls were matched to cases on race and sex; both samples were 60% male 

and 31 % African American. The remainder were predominantly European American, with 

less than 1% of predominately Hispanic or Native American ethnicity. A full breakdown of 

ethnicity, based on grandparent origin, is available from the NIH Genetics Initiative. An 

additional subsample of individuals with schizophrenia (N = 34) and controls (N = 43) 

ascertained in the Azores were examined (Pato et al., 2004). Only DNA samples that had not 

been subjected to whole genome amplification were used in this analysis.

Array Comparative Genomic Hybridization

aCGH was performed using the human 6K RPCI-11 BAC array developed at Roswell Park 

Cancer Institute (Cowell et al., 2004). In brief, PCR representations of 6,116 BACs spanning 

the human genome at 0.5-1 MB intervals were arrayed in triplicate. Experimental genomic 

DNA was labeled with Cy3 and co-hybridized with pooled Cy5-labelled DNA from 10 

cytogenetically normal individuals (sex-matched to the experimental case). Signal intensity 

was normalized such that any element of the array with a signal-to-background ratio of less 

than 6 was excluded, and log2 ratios of case to control were obtained for each BAC 

representation.

qPCR

Each genomic DNA sample was assayed for copy number in triplicate by quantitative PCR 

using standard methods on an ABI 7900HT. ABI Assays by Design™ were used to generate 

the custom primers and probes. Results were normalized to RNaseP.

RT-PCR

Analysis was performed with cDNA obtained from whole brains of three healthy 

individuals, frontal cortex of two individuals with HDL2, and hippocampus of one healthy 

individual. Primers were designed with Primer3 (http://primer3.sourceforge.net/). PCR 

products were subjected to electrophoresis through a 1.5% agarose gel and stained with 

ethidium bromide.

Pulsed-Field Gel Electrophoresis (PFGE)

Genomic DNA was isolated from lymphoblastoid cells (CHEF mammalian DNA plug kit, 

Bio-Rad). A single plug was digested overnight with HindIII and half of the digested gDNA 

plug was separated on a 1% agarose gel (CHEF system, Biorad). The gel was blotted and 

hybridized at 50°C (ExpressHyb, Clontech) with a PCR-generated, [α-32P]dCTP-labelled 

1024 bp probe, specific for the 5p15.1 repeat.
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Genetic Analysis

Parametric and non-parametric linkage analyses was performed using GENEHUNTER 

v2.1_r5 beta (Kruglyak et al., 1996; Nyholt 2002).

RESULTS

34 patients with schizophrenia or schizoaffective disorder from multiplex families were 

screened for CNVs using the Roswell Park 6K BAC array. A threshold of + or − 0.5 log2 

ratio of patient to control signal was used to select possible copy number variants. The 

strongest array signal was on chromosome 5p15.1 in proband S56 and indicated a deletion. 

This was also the most robust signal as it was generated by two overlapping BACs 

(RP11-88l18 and RP11-91d21) with log2 ratios of – 1.0 and −0.8 respectively (Fig. 1). 

Proband S200 also had diminished log2 ratios (−0.5 and −0.6 respectively) at this locus. A 

bioinformatic investigation of the locus defined by the 2 BACs in the human reference 

sequence (hg 18 build 36) revealed a tandem repeat overlapping the BACs (Kent et al., 
2002). We therefore chose to investigate this locus in more detail.

The basic repeat unit is 3434 bp in length. In the reference sequence, there are 19 units with 

99-100% identity in tandem (16 oriented in the positive direction and 3 in the negative 

direction) (Fig. 2A). There are 7 units, of lesser identity and with greater separation between 

units, located in the telomeric and centromeric flanking regions surrounding the central 19 

units. A BLAST search indicates that the repeat unit does not exist elsewhere in the human 

reference sequence.

A section of 405 bp within each 3434 bp repeat unit is highly conserved across species (Fig. 

2B). Genscan (Burge and Karlin 1997) predicts a gene of 552 bp that includes the highly 

conserved region of each repeat unit (Fig. 2C). The predicted product is a protein of 183 

amino acids. A stretch of 35 amino acids at the C-terminus of the predicted protein shows 

76% identity with a conserved region at the C-terminus of TAF11, a TFIID subunit which 

binds to TFIIA and is involved in RNA polymerase II transcription initiation (Robinson et 
al., 2005). No human ESTs have been mapped to the conserved region. However, RT-PCR 

indicated transcription of the conserved region in human brain; the central 249 bp (Fig. 2D) 

and the encompassing 438 bp were both amplified. Two unspliced human ESTs map within 

the repeat unit but outside of the conserved region. U83515 is 205 bp long, 99% identical to 

the genomic sequence, and from unspecified human tissue. AV730429 is 386 bp long, 99% 

identical to the genomic sequence, and from hypothalamus. The nearest known gene to the 

tandem repeat (220 kb telomeric) is Brain Acid-Soluble protein 1 (BASP1); the protein 

product is involved in axonal growth and guidance.

The presence of a tandem repeat led us to suspect that the diminished log2 ratio detected at 

the 5p15.1 locus in subjects S56 and S200 was caused by a variation in the number of units 

of the tandem repeat as opposed to a simple deletion of the region. To examine this 

possibility, we designed three qPCR reactions (Fig. 2A), one in the center of the tandem 

repeat and one in either flanking region. qPCR in the center of the tandem repeat unit 

demonstrated a reduced signal in S56 (normalized quantity mean of 0.2) and S200 

(normalized quantity mean of 0.4) consistent with a decrease in copy number, whereas 
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qPCR at telomeric and centromeric regions flanking the tandem repeat demonstrated no 

difference in copy number.

To further characterize this region we took advantage of the HindIII sites that flank the 

repeat and used PFGE to determine the length of each allele. Proband S56 had one allele of 

approximately 24 kb and one of 36 kb, corresponding to approximately 11 and 14 repeat 

units respectively. PFGE of 11 other samples showed restriction fragment lengths ranging 

from 105 kb to 190 kb consistent with tandem repeat lengths ranging from 34 to 59 units 

(Fig. 3). Overall, including four unrelated individuals shown in Fig. 4, 12 of 15 unrelated 

individuals were heterozygotes.

qPCR values at the 5p15.1 repeat locus were determined in the original 34 probands 

examined by BAC array, and an additional 46 probands with schizophrenia or 

schizoaffective disorder, each with at least one affected first degree relative with 

schizophrenia or schizoaffective disorder, from the same sib-pair study. Five probands had 

qPCR values of ≤ 0.5. Lymphoblastoid cell lines were available from family members of 

probands S56, S1549, S200, and S785 (qPCR values were 0.19, 0.32, 0.39 and 0.47, 

respectively); all available cell lines from family members were used for PFGE to determine 

the stability of repeat length in vertical transmission and the extent to which short repeats 

segregate with disease. Fig. 4A demonstrates segregation of short alleles with disease in the 

family of proband S56. Proband S1549 had an affected sib; both inherited a short allele (Fig. 

4B). In the family of proband S200 (Fig. 4C), short alleles segregate with disease in the 

brother and first cousin of the proband. In the family of proband S785 (Fig. 4D), all affected 

individuals have at least one short allele, but the unaffected sister (S726) of the proband also 

carries a short allele. No evidence of repeat length change was detected during vertical 

transmission in any family, though small changes in length would potentially fall below the 

threshold of detection. Overall, a short repeat (defined as 21 or fewer repeat units, as 

estimated by band size on PFGE) was carried by 12 individuals with schizophrenia, 

schizoaffective disorder, or psychosis not otherwise specified, and by one individual 

unaffected at the time of examination. Parametric and nonparametric analyses were 

performed using GENEHUNTER. For parametric analysis, assigned variables were 

phenocopy rate = .01, penetrance = .5, disease allele frequency and risk allele = .01, and 

dominant transmission. Affected status was defined as a diagnosis of schizophrenia, 

schizoaffective disorder, or psychosis NOS. These parameters yielded a LOD score of 0.686 

with all families contributing. Non-parametric analysis yielded an NPL of 1.161 (p = .126), 

with information content = .327.

We next performed a case-control study to investigate the potential association of the 5p15.1 

repeat with schizophrenia in a large and heterogeneous population. To validate this approach 

and establish that qPCR measures the combined allele length, we performed qPCR and 

PFGE on the same individuals. Fig. 5 demonstrates that the qPCR value is highly correlated 

with the total length of the two alleles. Like BAC arrays, qPCR does not provide allelic 

information. Our analysis therefore assumes that disease association with a single short 

allele would be reflected as shift in mean qPCR across the affected population, or that 

association with disease is based on the combined length of the two alleles.
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We tested 406 patients and 392 controls, all ascertained in the United States and selected 

from the NIMH Genetics Initiative repository. The mean qPCR signal showed no significant 

difference between cases and controls, 0.82 and 0.85 respectively, p=0.1 by two tailed 

unpaired t-test. The result did not change when individuals with European or African 

ethnicity were analyzed separately. Distribution of qPCR values among cases and controls is 

shown in Fig. 6. The difference between cases and controls remained insignificant when 

qPCR values were distributed into 0.1 unit bins, with individuals with qPCR values > 1.3 or 

< 0.4 consolidated (df =10, x2 = 15.17, p = 0.13). Similarly, no significant difference was 

detected between patients and controls (N = 34 and 42 respectively) in a subpopulation of a 

sample collected in the Azores.

DISCUSSION

We determined that a diminished signal at chromosome 5p15.1 detected in two probands 

with schizophrenia by aCGH represented short alleles of a highly polymorphic tandem 

repeat with a unit length of 3.4 kb. Each repeat unit contains a central highly conserved 

region that is transcribed in human brain. We found partial segregation of short alleles with 

schizophrenia in a small sample of selected families but no significant evidence linkage. A 

case-control analysis did not detect evidence of shorter combined allele length in individuals 

with schizophrenia compared to controls.

The most important result in this pilot study is demonstration that signal changes detected by 

aCGH and other platforms may reflect changes in repeat length rather than simple deletions 

or duplications. Proper interpretation of this type of signal will require in depth 

bioinformatic and experimental characterization of the region in question. Some, but not all, 

long tandem repeats are likely to be detected by current commercial platforms used for CNV 

detection (i.e., Illumina Human 1M Beadchip™, www.illumina.com). BAC based copy 

number arrays, designed to detect large duplications or deletions, typically do not have the 

resolution to directly detect a change in tandem repeat length, though long and highly 

variables repeats such as that described here at 5p15.1 are exceptions. Previous SNP based 

platforms, optimized for allelic discrimination, avoid repetitive areas; for instance, the 

Affymetrix SNP 6.0 Structural Variation™ and Illumina Human Hap 650v3™ do not 

include probes for the 5p15.1, D4Z4 or rs447 (described below) repeats. Previous 

annotations in the Database of Genomic Variants (http://projects.tcag.ca/variation/) (Iafrate 

et al., 2004)) have described changes at the 5p15.1 locus as large gains or losses rather than 

as repeat length variations.

Only two repeats with unit lengths and degrees of polymorphism similar to the 5p15.1 repeat 

have been described in the literature. Tandem repeat rs447, located at 4p16.1, varies from 17 

to 95 units; each unit is 4746 bp in length (Kogi et al., 1997; Gondo et al., 1998) and 

contains a central highly conserved region encoding a deubiquitinating enzyme (Saitoh et 
al., 2000). Of greater interest, as noted above, is the tandem repeat D4Z4, located on 4qter 

(as well as 10qter) with a unit length of 3.3 kb and associated with FSHD (van der Maarel et 
al., 2007). In normal individuals the repeat varies between 11 and 100 units per allele while 

over 95% of FSHD patients have an allele with 1-10 units. The relationship between repeat 

length and disease is complex, as the allelic background on which the shortened repeat 
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resides influences penetrance (Lemmers et al., 2002; Lemmers et al., 2007). Proposed 

pathogenic mechanisms of D4Z4 contraction include copy number effect of a gene located 

within the highly conserved portion of the repeat unit or dysregulation of a neighboring gene 

(Clapp et al., 2007; van der Maarel et al., 2007). Similar dysregulation effects have been 

observed in other CNVs (Sutrala et al., 2007). Given the presence of a transcript generated 

from the highly conserved region in each 5p15.1 repeat unit, and the proximity of BASP1, a 

gene implicated in neurodevelopment, either mechanism provides a plausible pathogenic 

link between a CNS phenotype and the repeat.

Despite potential relevance, our data provide little support for a genetic relationship between 

the 5p15.1 repeat and schizophrenia. The small number of families and the small size of the 

families included in our linkage analysis substantially limit the power of the analysis, and 

therefore it remains possible that contraction of this repeat could be an uncommon risk 

factor for schizophrenia. In addition to sample size, our association study is limited by the 

loss of information through averaging of the two alleles; the qPCR signal represents the sum 

of the repeat length, so that small alleles could be masked by larger alleles in any given 

individual. However, our analysis would detect an association of combined repeat length 

with schizophrenia, or a shift in repeat length distribution towards shorter allele length in 

schizophrenia compared to controls if short alleles were a relatively common risk factor. 

Further, it remains possible that, as in FSHD, short alleles only contribute to disease risk 

when residing on a particular allelic background.

We conclude that long tandem repeats are a relatively unexplored yet critical component of 

genomic variation, with potential relevance to normal human variation and to complex 

diseases such as schizophrenia. While commercially available array-based strategies will 

detect signals from length variations in some tandem repeats, typical analyses have thus far 

not systematically distinguished repeat length variation from simple deletions and 

duplications. Consistent and thorough genome-wide detection and analysis of length 

variation of tandem repeats will likely require further refinement of arrays designed to detect 

CNVs and systematic analytic methods, specifically targeted to this form of genomic 

variation. The importance of this effort is highlighted by the increasing evidence that CNVs 

contribute to the risk for developing schizophrenia.
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Figure 1. 
BAC array results demonstrating diminished log2 signal ratio on chromosome 5p15.1 in 

DNA from study participant S56. The Y axis depicts the log2 ratio of hybridization signal 

compared to pooled controls. The X axis depicts location in megabases along chromosome 

5. The arrow identifies the loci defined by BACs RP11-88L18 and RP11–91D21.
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Figure 2. 
Genomic structure of 5p15.1. A. Representation of 200 kb of chromosome 5p15.1 from the 

human reference sequence (hg 18 build 36) illustrating the relative location and orientation 

of 26 repeat units. The units colored white have > 99% identity; the units colored grey have 

identity ranging from 88% to 93%. Shown are BACs detecting the copy number change, the 

qPCR sites used to define the copy number change (telomeric qPCR begins at 17,521,414 

bp; centromeric qPCR ends at 17, 718,335 bp and is located in a spliced EST-BM682321) 

and the HindIII restriction sites (17,571,914 and 17,648,982 respectively) used in pulse field 

experiments. Small arrows in the repeat units depict their orientation. B. Conservation 

pattern across species is shown for the central 19 tandem units (http://genome.ucsc.edu). C. 

Representation of a single 3434 bp repeat. The figure depicts the relative position of the 

qPCR product used to measure copy number, the PCR product used to detect transcription, 

Genscan gene prediction, human ESTs, and the conservation across the repeat unit (http://

genome.ucsc.edu). D. Transcript expression of the conserved region of 5p15.1 tandem repeat 

units. Shown is RT-PCR performed with cDNA obtained from frontal cortex of 2 

individuals. The same result was obtained using cDNA from whole brain of 3 individuals 

and hippocampus of 1 individual. Ladder is in lane 1 with units in base pairs. A band of the 

predicted 249 base pairs located in the central conserved region of the repeat unit is shown 

in lanes 2 and 4. The region was amplified in the RT+ samples but not in the corresponding 

RT- samples or the water blank.
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Figure 3. 
The 5p15.1 tandem repeat length is variable. PFGE of HindIII restriction fragments 

containing the repeat from probands and controls, detected with a repeat specific probe. S 

prefix = study probands, GM prefix = controls. Ladder shown in kilobases.
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Figure 4. 
Stability of repeat length inheritance and partial segregation of repeat length with disease in 

four small pedigrees. Bands with fewer than 22 repeat units are indicated by arrows for each 

pedigree. Size markers are shown in kilobases. Individual S276 carries a short allele but was 

not affected at last contact.
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Figure 5. 
qPCR is a valid measure of combined allele length. Approximate repeat length as 

determined by PFGE for each allele is strongly correlated with normalized qPCR results for 

the combined alleles. r2 = 0.82. The increasing scatter at longer repeat lengths reflects 

limitations of PFGE resolution.
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Figure 6. 
Distribution of 5p15.1 repeat length in 406 patients and 392 controls. Relative repeat length, 

as indicated by qPCR, binned as shown on the X-axis. Y axis indicates overall frequency of 

lengths in each bin.
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