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Abstract of the Dissertation  

Candidate Gene and MicroRNA Expression Studies of Schizophrenia  

By Shannon Bruse 

 

Dissertation Director: 

 Dr. Linda Brzustowicz  

 

Schizophrenia is a debilitating psychiatric disorder affecting 0.5-1% of the 

world’s population. Schizophrenia has a significant genetic component, but the early 

search for specific genes has been slowed by a number of factors, including a lack of 

inexpensive genotyping methods suitable for targeted genetic studies. This work 

describes the development of an inexpensive multiplexed genotyping assay ideal for 

candidate gene studies. Furthermore, we describe application of this technology to the 

study of three schizophrenia candidate genes - SNAP-25, ZDHHC8, and DGCR8. Both 

SNAP-25 and ZDHHC8 are involved in glutamate signaling at the NMDA receptor, and 

dysfunction in glutamate signaling at the NMDA receptor is one of the leading theories of 

the etiology of schizophrenia. DGCR8 is an RNA-binding protein necessary for the 

processing of microRNAs, a class of small RNAs important in the development and 

maintenance of the mammalian central nervous system. Though we failed to find 

evidence of genetic association with ZDHHC8, we did identify a genetic association 

between schizophrenia and variants within both the SNAP-25 and DGCR8 genes. Our 

results with DGCR8 provide the first genetic link between the microRNA biogenesis 

pathway and a major neuropsychiatric disorder. Additionally, we performed quantitative 
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microRNA expression profiling in post-mortem brain samples from patients with 

schizophrenia, bipolar disorder, and psychiatrically normal controls. We began with a 

pilot study comparing the expression of 158 microRNAs in the dorsolateral prefrontal 

cortex (BA9) of post-mortem brain tissue. Based on initial results, we assessed the 

expression of a number of specific microRNAs in a large, well characterized sample set 

from patients with schizophrenia (n=35), bipolar disorder (n=35), and psychiatrically 

normal controls (n=35). In the larger sample set, we observed overexpression of one 

microRNA, hsa-mir-372. This overexpression was observed in two separate brain regions 

from patients with both schizophrenia and bipolar disorder, though no differential 

expression of any microRNA tested was deemed statistically significant. 
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Chapter 1 

Introduction 

 

 

Schizophrenia – general background 

Schizophrenia is a debilitating psychiatric disease with a lifetime risk of 0.5-1% [1]. 

Studies indicate that this risk is uniform across many cultures [2] and that prevalence has 

remained stable since Emil Kraepelin first characterized ―dementia praecox‖ in 1893 [3, 

4].  In 1908, Eugen Bleuler formally introduced the term schizophrenia, and recognized 

that it was not a classical dementia in that some patients recovered or became less ill over 

time. Schizophrenia is a spectrum disorder related to schizoaffective disorder, schizotypal 

personality disorder, and paranoid personality disorder [5]. Symptoms of schizophrenia 

are generally categorized as positive, negative, or cognitive. Positive symptoms include 

hallucinations (generally auditory) and delusions, which frequently involve ideas of 

persecution or megalomania. Negative or deficit symptoms include affect flattening, 

anhedonia, apathy, poverty of speech, and withdrawal from social life. Cognitive 

symptoms include impairments in memory and problem solving. Schizophrenia occurs 

equally in males and females, though the typical age of onset is generally between 20-28 

for males, and 26-32 for females [6].  The prognosis for those suffering from this illness 

is difficult to assess, given variable definitions of outcome. One study estimated that 

about one-third of patients make a full recovery, one-third show improvement, and one-

third remain seriously ill [7]. Another study estimated a significant percentage of patients 

have favorable outcomes, with nearly 50% not having psychotic episodes within the 

previous 2 years at 15 and 25-year follow up assessments [8]. However, absence of 
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positive symptoms does not imply a full recovery, as negative and cognitive symptoms 

can be severely debilitating. In a survey study of health professionals, caregivers, and 

family members, active psychosis was rated the third most debilitating condition, ahead 

of blindness and paraplegia [9].  Schizophrenia is associated with significantly increased 

mortality and suicide, and a wide range of social disability and personal suffering [10].  

 Genetic factors are likely to play an important role in disease etiology, given that 

monozygotic twin concordance is 41%-65% and dizygotic concordance is 0%-17% [11], 

with heritability estimates of approximately 80% [12]. In addition to genetic factors, there 

is a significant environmental component to this disease, and varying degrees of evidence 

implicate poverty, infectious agents, cannabis smoking, urban living, and emotional 

stressors as possible environmental factors (reviewed in [13]). Additionally, stochastic 

developmental processes have been hypothesized to contribute to this disease [13]. 

Linkage studies provide an unbiased method of locating genes or variants involved in 

schizophrenia, and have resulted in findings of significant and suggestive linkage in 

many chromosomal regions. Some of these linkage regions have been replicated in 

further studies, though no region has been consistently replicated in a majority of studies. 

The most plausible explanation for this lack of consistency is genetic heterogeneity.  

Schizophrenia is thought to be a complex disorder, so that combinations of 

polymorphisms in multiple genes are required in order for the schizophrenia phenotype to 

emerge. Therefore, studies utilizing different populations might identify different regions 

of linkage. In addition, within a study there may be more than one ―genetic population‖, 

so that linkage signals that are present in a subset of families can be diluted by other 

genetic subsets. Also potentially contributing to the lack of replicability is the fact that 

linkage studies lack power to detect genes of modest effect [14]. Environmental and 
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epigenetic factors are also likely confounders. In spite of these obstacles, two meta-

analyses conclude that there are a number of linkage regions statistically likely to be 

genuine [15, 16], and association studies within many of these regions have revealed 

several strong schizophrenia candidate genes. 

 

Disease etiology  

Unlike linkage studies, association or candidate gene studies are not unbiased surveys of 

the genome, but are often informed by previous linkage studies and by the ―biological 

plausibility‖ of genes. For schizophrenia, the biological processes most emphasized by 

researchers are neurodevelopment and synaptic transmission, though consistent 

pathophysiological findings have been difficult to identify (reviewed in [17]). Brain 

regions most consistently associated with schizophrenia-induced abnormalities are the 

hippocampus, association neocortex (prefrontal and superior temporal), and thalamus 

[18-20]. Reports also indicate a reduction in brain volume and weight, along with 

ventricular enlargement [21, 22].  This does not appear to be the result of a decreased 

number of neurons, at least not in the hippocampus and cerebral cortex. However, cell 

bodies of pyramidal neurons in the hippocampus and neocortex are smaller, and these 

same neuron populations have fewer dendritic spines and reduced dendritic arborizations 

[23-25]. Probably the most notable observation is of aberrantly clustered neurons in the 

lamina, entorhinal cortex, and the neocortical white matter, indicating an early 

developmental anomaly [26]. In addition, there is a decrease in the number and function 

of oligodendrocytes [27, 28]. It should be kept in mind that the pathophysiological 

changes observed are generally subtle, with overlapping distributions between 

measurements from post-mortem brain samples of schizophrenic patients and those of 
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non-schizophrenic patients. In other words, there is no pathophysiological measure that is 

diagnostic of schizophrenia, and while schizophrenia may indeed be a developmental 

disorder, consistent and profound anatomical and physiological malformations have been 

difficult to identify. 

It is possible that perturbations in synaptic transmission and/or neurodevelopment 

involve changes not observable at gross levels of anatomy and physiology, and only by 

looking at the molecular level are defects observed. Indeed, post-mortem gene expression 

studies have indicated alterations in a variety of signaling pathways, including dopamine, 

glutamate, gamma-aminobutyric acid (GABA), and opioid signaling. The question of 

whether these changes are primary (causing schizophrenia) or secondary (caused by 

schizophrenia) has not been answered by these studies, nor have the findings from post-

mortem gene expression studies been robust. Genetic studies increasingly implicate 

glutamate, and to a lesser extent dopamine, in the etiology of schizophrenia. Historically, 

dopamine has received the most attention. Briefly, the dopamine hypothesis states that 

excess dopamine signaling in distinct anatomical brain regions (mainly the prefrontal 

cortex) is responsible for schizophrenia. Two key pharmacological observations support 

this hypothesis – drugs that cause release of dopamine (amphetamines) can trigger 

psychosis, and most drugs used to treat schizophrenia block dopamine (D2) receptors. 

However, these D2 antagonists seem to alleviate the positive but not the negative 

symptoms of schizophrenia. More recently, dysfunction in glutamate transmission has 

been gaining attention. Generally, the glutamate hypothesis posits hypofunction in 

glutamate signaling through the N-methyl-D-aspartic acid receptor (NMDAR) as a 

causative factor in schizophrenia.  Noncompetitive NMDAR antagonists, such as 

phencyclidine (PCP) and ketamine, mimic a fuller range of symptoms than do 
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amphetamines, and significantly, can induce both positive and negative symptoms [29]. 

These NMDAR antagonists also produce an increase in dopamine in the prefrontal 

cortex, arguing that the primary defect is in glutamate signaling and that defects in 

dopamine signaling are secondary [30]. Normal patients administered ketamine exhibit 

both positive and negative symptoms and perform normally on the Mini-Mental Status 

Exam, mimicking results observed in schizophrenic patients [31]. Additionally, 

adjunctive treatment with NMDAR agonists such as glycine or D-serine can improve the 

symptoms of schizophrenia [32].  It is important to consider that blocking the NMDAR 

results in an increased release of glutamate in the prefrontal cortex. This glutamate is 

potentially available to be used at α-amino-3-hydroxy-5-methylisoxazole-4- propionic 

acid (AMPA), kainate, and metabotropic receptors, so that considering only the NMDAR 

in disease etiology may be an oversimplification [33]. At this time most of the candidate 

genes (discussed below) identified by genetic studies are involved in some way with 

signaling at the NMDAR, making genes involved in NMDAR signaling prime candidates 

for further genetic investigation. 

The NMDAR complex contains over 160 known proteins that can be grouped into 

five classes: neurotransmitter receptors, scaffolding proteins, adaptors, signaling enzymes 

and cytoskeletal proteins. In addition, there are many proteins in the presynaptic cells and 

in the supporting oligodendrocytes that influence NMDAR signaling.  These include 

transporters, enzymes, and endogenous ligands of the glycine modulatory site. The 

NMDAR is comprised of a combination of the NR1 and NR2 (A-D) subunits [34]. 

Postsynaptic density-95 (PSD-95) is one of a family of four (others are PSD-93, SAP 

102, and SAP 107) PDZ-containing membrane-associated guanylate kinase (MAGUK) 

proteins that bind to the NMDA receptor. PDZ domains are involved in protein-protein 
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interactions, and are often found in scaffold proteins that help to form large molecular 

complexes. At the post-synaptic density the PSD-95 family helps to anchor and cluster 

NMDA receptors, and is likely involved in protein trafficking and second-messenger 

signaling through binding of proteins to the PDZ (as well as SH3 and GK) domains.  

More than one study has found altered expression of PSD-95 and NMDAR subunit 

proteins in patients with schizophrenia [34]. Interestingly, PCP applied to primary 

neuronal/glial cell cultures results in increased expression of NR2B and decreased 

expression of NR2A and PSD-95, which is the pattern seen in at least one post-mortem 

study of patients with schizophrenia [35]. 

 

Candidate gene studies 

In addition to the pharmacological and expression data outlined above, candidate gene 

studies also point to a role of glutamate signaling at the NMDAR in the etiology of 

schizophrenia. Fine mapping of a strong linkage region (LOD = 6.50) has identified nitric 

oxide synthase 1 adaptor protein (NOS1AP; formerly known as CAPON) as a 

schizophrenia candidate gene [36]. Neuronal nitric acid synthase (nNOS) binds to a PSD-

95 PDZ domain, and in turn has its own PDZ domain that binds to NOS1AP. NOS1AP is 

thus involved in NOS signaling through the NMDAR/PSD-95 complex. Like NOS1AP, 

other candidate genes are involved in glutamate signaling. Genetic studies and a 

transgenic mouse model suggest that the zinc finger DHHC domain containing 8 gene 

(ZDHHC8), which palmitoylates PSD-95 and perhaps PSD-93, is associated with 

schizophrenia [37]. It is known that synaptic strength at the NMDAR is regulated by 

palmitate cycling on PSD-95, and there is evidence that ZDHHC8 palmitoylates PSD-95 
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[37, 38]. Multiple genetic studies have associated Neuregulin1 (NRG1) with 

schizophrenia, and a recent report shows that Neuregulin1 regulates transcription of PSD-

95 [39, 40].  Dysbindin1, part of the dystrophin glycoprotein complex, is another strong 

candidate gene that acts at the glutamatergic synapse. Dysbindin1 has been associated 

with schizophrenia in 11 separate genetic studies using a diversity of ethnic groups [41].  

D-amino-acid oxidase (DAAO) and D-amino acid oxidase activator (DAOA) together 

degrade D-serine, a potent agonist of the glycine modulatory site at the NMDA receptor. 

Both genes have been associated with schizophrenia [42]. PSZA11q14, a proposed anti-

sense regulator of PSD-93, has also been associated with the disease [43]. The large 

number of identified candidate genes involved in glutamate signaling strengthens the 

glutamate hypothesis of schizophrenia. However, it should be noted that association 

studies of glutamate/NMDAR genes, like linkage analyses, have been difficult to 

replicate. Despite the findings of positive association outlined above, there is in each case 

at least one subsequent study (when multiple studies are available for a particular 

candidate gene) which report finding no variant within the gene that is associated with 

disease. Also, separate studies have reported opposite alleles as the disease causing 

variants [17]. In fact, despite intense discovery efforts, no allele in any gene has been 

established as an unequivocal disease-causing variant. While evidence for the glutamate 

hypothesis is accumulating, it is by no means fully established as a causative factor in 

schizophrenia.  

A portion of the work described herein involves the study of two genes involved 

in glutamate signaling. Genes were selected from a list compiled using various sources, 

including current literature and protein interaction databases, to identify proteins that 

function at the NMDA receptor. We focused on the post-synaptic density, as well as 
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presynaptic and other more peripheral proteins [44].  Below (Table 1.1) is a list of 

NMDAR-associated genes located in linkage regions as defined by the meta-analyses or 

by Brzustowicz et al. al. [45]. 

Table 1.1. Identified and novel schizophrenia candidate genes located within regions 

of established genetic linkage 
 

Meta-analysis regions Identified candidate genes Novel candidate genes 

2p12-q22.1  Sema4C (2q11.2) 

  Rab3A (2q21.3) 

5q23.2-q34  Alpha-CamKII (5q32) 

3p25.3-p22.1 Synapsin2 (3p25) ATP2B2 (3p25.3) 

11q22.3-q24.1   

6pter-p22.3 Dysbindin1 (6p22.3) SynGap1 (6p21.32) 

2q22.1-q23.3   

1p13.3-q23.3* NOS1AP (1q23.3)  

22pter-q12.3 ZDDHC8 (22q11.21) Stargazin (22q12.3) 

 COMT (22q11.21)  

8p22-p21.1* Neuregulin1 (8p21-p12) Pyk2 (8p21.1) 

 PPP3CC (8p21.3) FAK2 (8p21.1 

6p22.3-p21.11   

20p12.3-p11  SNAP-25 (20p12-p11.2) 

14pter-q13.1   

Brzustowicz et. al. regions   

13q22-q32   

1p21.1-p13   
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Table 1.1 continued   

2p25.1   

11q13-q23 PSD-93 (11q14.1) Neurexin2 (11q13.1) 

  SHANK1 and 2 (11q13.4) 

  Calpain (11q13) 

  MLK-3 (11q13.1-q13.3) 

3q13.12   

Table 1.1 continued   

17p12-p11  Dexras1 (17p11.12) 

12q22-24 DAAO (12q24) Citron (12q24) 

   

* = also Brzustowicz et al   

 

In light of the glutamate hypothesis of schizophrenia, two genes were selected (in 

red, Table 1.1) for inclusion in genetic studies based on their involvement in NMDAR 

signaling. First, we performed a candidate gene study of SNAP-25, a well-known gene 

encoding for a protein broadly involved in presynaptic release of neurotransmitter, 

including glutamate. A second study involved investigation of the gene encoding for the 

zinc finger DHHC domain-containing protein 8 (ZDHHC8), a palmitoyl transferase 

involved in palmitoylation of PSD-95.  ZDHHC8, which had previously been associated 

with schizophrenia through a family-based genetic study, is contained in a schizophrenia 

susceptibility region on chromosome 22. This susceptibility region has long been 

hypothesized to contain one or more genetic loci contributing to schizophrenia. We 
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performed a candidate gene study of a third gene, DiGeorge critical region-8 (DGCR8), 

which is located in close proximity to ZDHHC8 and is discussed in more detail below. 

 

TagSNP selection 

When performing candidate gene studies, the question of which genotyping method to 

utilize and which single nucleotide polymorphisms (SNPs) to genotype is not trivial. 

Choosing the wrong SNPs can result in failure to find genetic association even when that 

association is present, and existing methods of genotyping can be costly and time 

consuming. This work will describe development of an in-house multiplexed genotyping 

method that is accurate, rapid, and cost effective. Additionally, a tagSNP approach was 

utilized in all candidate gene studies to reduce the genotyping burden.  Randomly 

choosing SNPs at a reasonably high density of 1 SNP per 5 KB excludes at least 80% of 

available SNPs, and a priori reduces the power of a study. However, intelligent 

utilization of linkage disequilibrium (LD) information can greatly offset this loss of 

power.  It is well known that LD decays with distance; therefore, SNPs in relatively close 

proximity to each other may share significant LD. The task, then, is to choose a region 

that is sufficiently small, or a density of SNPs that is sufficiently large, so that the 

genotyped SNPs are likely to be in LD with the unknown, disease-causing variant.  

However, for a typical candidate gene this can still mean genotyping prohibitively large 

numbers of SNPs with no assurance that the SNPs chosen are in LD with the disease 

causing variant. Researchers have therefore developed SNP-tagging methods that utilize 

the information from experimentally determined LD patterns to help select a minimal set 

of SNPs that provide a maximum amount of information.  During the course of our 

studies, LD databases, such as those offered by HapMap, Perlegen, and Celera, have been 
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continually refined and improved. Therefore, our tagSNPs were selected from whichever 

database was deemed most complete at the time a study was undertaken, and our 

strategies are outlined in the Methods sections of the appropriate chapters. 

 

MicroRNAs 

A gene encoding for the protein DGCR8 is located in very close proximity to ZDHHC8, 

but has not previously been considered a gene of interest and thus has not been 

investigated as a schizophrenia susceptibility gene. DGCR8, as a gene, is relatively 

recently characterized, and its function even more recently established. DGCR8 is 

involved in processing of microRNAs (miRNAs), a novel class of small RNAs with a 

widespread role in mammalian gene regulation. Given the lack of an established model of 

the pathogenesis of schizophrenia, in spite of decades of intense research, we were eager 

to explore aspects of human biology or classes of candidate genes not previously studied. 

Evidence that small RNAs might play an unexpected role in the regulation of gene 

expression began to emerge during the latter half of the 1990’s. In 1998, Craig Mello and 

Andrew Fire’s seminal paper showed that double stranded RNA (dsRNA) was a potent 

and specific regulator of gene expression [46]. Surprisingly, exogenous dsRNA fed to C. 

elegans was shown to degrade homologous, endogenous mRNA, resulting in post-

transcriptional gene silencing. This phenomenon was termed RNA interference (RNAi). 

It soon became apparent that quelling in Neurospora crassa and post-transcriptional gene 

silencing in plants (PTGS) were RNAi mediated. RNAi has since been demonstrated in a 

wide diversity of organisms, from simple yeast to mammalian cells [47-49]. While RNAi 

does not occur naturally in mammals, these simple but powerful experiments spurred an 
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explosion of interest in RNA as a functional molecule, and have changed our 

understanding of the landscape of the genome. The ENCODE project, which seeks to 

annotate the functional elements of the genome, paints a complex picture of massive, 

overlapping transcription occurring on both strands and in both directions, showing little 

respect for conventional boundaries that define protein coding genes [32].  The 

FANTOM consortium, whose aim is to provide a comprehensive picture of the 

mammalian transcriptome, has estimated that 63% of the mouse genome is transcribed, 

yet only 1.5% of the genome is for protein coding genes [50].  It is unclear how many of 

these non-protein coding transcripts are functionally important, but certain classes of non-

coding RNAs are undoubtedly functional.  Emerging experimental evidence indicates 

that non-coding RNAs are likely to be particularly important in the central nervous 

system (CNS) [51]. The classes of non-coding RNAs known to be functionally relevant 

in the CNS include miRNAs, small nucleolar RNAs, longer non-coding RNAs, transfer 

RNAs, ribosomal RNAs, and RNA trinucleotide expansions [51].  These RNAs regulate 

gene expression by functioning in a diversity of processes, including chromatin 

modification, translation, transcription, alternative splicing, imprinting, and RNA editing.  

MiRNAs are an important class of non-coding RNAs that function in post-

transcriptional gene regulation by targeting mRNAs for translational repression or 

degradation. While miRNAs were discovered by Victor Ambros in 1993 [52] - prior to 

the RNAi experiments of Mello and Fire - the importance of miRNAs in animal gene 

regulation didn’t emerge until 2001 [53, 54]. There are currently 533 human miRNAs in 

the Sanger database, and estimates of the number of human miRNAs are as high as 800 

[55]. They tend to be located in clusters throughout the genome, and are transcribed by 

RNA polymerase II [56]. A global survey of their genomic locations reveals that more 
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than half are located within introns of known protein coding genes [57]. Initially, it was 

thought that miRNA targeting in animals involves imperfect base-pairing between 

miRNA and mRNA targets, resulting in repression of protein expression and no alteration 

in mRNA expression level. This stood in contrast to plants, where perfect Watson-Crick 

complentarity between miRNA and mRNA targets results in endonucleytic cleavage and 

degradation of the mRNA. However, while it is true that the vast majority of animal 

miRNA/mRNA target pairs involve imperfect base-pairing, recent evidence suggests that 

even imperfect base-pairing impacts mRNA expression levels through a deadenylation 

process [58, 59]. The specificity of miRNAs for their target mRNAs is largely 

determined by the first 1 to 8 base pairs at the 5’ end of the miRNA (the ―seed‖ region) 

[60]. Given that an individual miRNA may have hundreds of targets, it is likely that a 

significant portion of protein coding genes are under miRNA regulation.  

Processing of miRNAs is similar to that of dsRNA in the RNAi pathway. The 

transcripts giving rise to miRNAs are called pri-miRNAs, which in some instances can 

double as mRNAs [61]. An RNAse III enzyme, Drosha, cleaves the pri-miRNAs to form 

a 65 nucleotide hairpin structure known as pre-miRNA [62].  It has recently been 

discovered that DiGeorge Syndrome Critical Region Gene 8 (DGCR8) is a necessary co-

factor for Drosha processing [63]. The pre-miRNA then associates with Exp5 and Ran-

GTP and is exported from the nucleus to the cytoplasm [64]. At this point the processing 

of miRNAs and dsRNAs (which give rise to siRNAs, the counterpart to miRNAs) is 

thought to be identical. Another RNAse III enzyme, Dicer, cleaves the hairpin to give a 

18-23 base pair double-stranded RNA [65]. The miRNA is quickly unwound to a single-

stranded RNA which associates with an miRNA-induced silencing complex (miRISC), 

which contains proteins from the Argonaute complex [66].  
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Little is known about specific functions of miRNAs in mammals, though some 

examples exist. A pancreatic islet-specific miRNA, mir-375, regulates insulin secretion 

[67]. It likely does so through control of myotrophin expression, which is involved in 

glucose-induced insulin exocytosis.  Another miRNA, mir-143, has been shown to 

influence hematopoesis in human cell cultures [68]. Many miRNAs have striking tissue 

specific expression patterns, including a number of clusters that are expressed only in the 

brain and only in human embryonic stem cells [69].  In fact, early on it was recognized 

that miRNAs are abundantly expressed in developing and adult mammalian brains, often 

with spatiotemporal specificity, strongly implying functionality [70, 71].  Though the 

function of the vast majority of brain-expressed miRNAs is unknown, studies are 

emerging which show specific functions in the brain. MiRNAs have emerged as 

important regulators of animal neurodevelopment [72]. An in vitro model of mouse 

embryonic stem cell derived neurogenesis identified specific miRNAs important in 

progenitor differentiation to neurons or astrocytes [71], and in vitro results correlated 

with expression patterns of in vivo mouse embryonal neurogenesis [70, 73]. A recent 

paper demonstrated that mir-134 regulates dendritic spine size in the adult rat brain 

through targeting of the LIMK1 gene [74]. Mir-430 has been shown in zebrafish to be 

important for proper neural tube formation, neural stem cell maintenance, and axonal 

pathfinding [75]. Target prediction algorithms report enrichment for genes important in 

the CNS. One study took note of the fact that there was enrichment in targets at the 

NMDAR complex, including all NMDAR subunits, all PSD-95 family mRNAs (DLG1-

4), and certain PSD-95 associated mRNAs [76]. This represents intriguing (though 

speculative) evidence for the importance of miRNAs at excitatory synapses. This is 
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notable given the evidence, presented earlier, for involvement of this signaling complex 

in schizophrenia.   

In addition to the above identified functions in the human brain, there have also 

been tentative links between miRNAs and neuropsychiatric disease. A mutation in 

SLITRK1, which alters the hsa-mir-189 binding site, has been associated with Tourrette’s 

Syndrome [77]. Fragile X mental retardation protein (FMRP) has been shown, through 

biochemical and genetic experiments, to associate with the miRNA RISC complex, 

hinting at potential involvement of miRNAs in Fragile X syndrome  [78]. The FMR1 

gene (FMRP is the protein) causes over 99% of fragile X syndrome cases. A working 

model of FMRP function is that it is involved in mRNA transport and local protein 

translation at the synapse. Similar to human patients with schizophrenia, FMR1 knockout 

mice have altered dendritic spine morphology, though post-mortem samples from 

patients with schizophrenia indicate fewer dendritic spines than average while FMR1 

knockout mice have more [79]. Interestingly, the same study which took note of 

increased targeting of the NMDA receptor complex also predicted a significant 

enrichment in the RNA cargoes of FMRP [80].  This study predicted that miRNAs, which 

comprise 1% of all human genes, regulate 10% or more of all protein coding genes 

(though later studies have revised this estimate upwards to 30-100%). There are 

approximately 400 mRNA cargoes of FMRP, and about 300 of them were strongly 

predicted targets of miRNAs. Given that FMRP is associated with the RISC complex, 

this suggests a model where FMRP is an adaptor whose cargo RNAs are regulated 

through interaction with the miRNA pathway, providing an as yet unverified model that 

allows for rapid translational control at the synapse.  
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As outlined earlier, leading theories of schizophrenia propose defects in the 

processes of synaptic transmission and/or neurodevelopment. Specific miRNAs have 

been shown to play an important role in both of these complex and interrelated biological 

processes, and many more miRNAs whose functions have not been determined are likely 

to play a role as well. Many primate-specific miRNAs have been identified [81] whose 

function has not been determined, making this class of genes attractive candidates for 

involvement in disorders of brain function, including schizophrenia. Our work on 

miRNAs can be divided into two parts: (1) a candidate gene study of the miRNA-

processing gene DGCR8 and (2) expression profiling of mature miRNAs in post-mortem 

brain samples. For both the candidate gene and expression studies, the sample sets 

available allowed us to investigate both schizophrenia and bipolar disorder. This is 

significant given that multiple lines of evidence from linkage, association, functional 

imaging, and gene expression studies point to some shared etiology between 

schizophrenia and bipolar disorder (reviewed in [82-87]), with current thinking favoring 

the hypothesis that these disorders share genetic susceptibility loci.  

In summary, we will describe the development of a genotyping assay that allowed 

us to perform rapid and inexpensive candidate gene studies. Furthermore, we describe 

application of this technology to the study of three schizophrenia candidate genes - 

SNAP-25, ZDHHC8, and DGCR8. Both SNAP-25 and ZDHHC8 are involved in 

glutamate signaling at the NMDA receptor, and dysfunction in glutamate signaling at the 

NMDA receptor is one of the leading theories of the etiology of schizophrenia. DGCR8 

is an RNA-binding protein necessary for the processing of miRNAs, and represents a 

novel area of neuropsychiatric research. In addition to the genetic study of DGCR8, we 
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performed miRNA expression profiling of post-mortem brain samples from patients with 

schizophrenia, bipolar disorder, and psychiatrically normal controls.  
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Chapter 2 

Development of an Inexpensive Bead-Based Oligonucleotide Ligation Assay 

for SNP Genotyping 

 

 

Introduction 

Single nucleotide polymorphisms (SNPs) represent a major source of genetic variation in 

human beings; the NCBI database dbSNP contains nearly 12 million unique SNPs, which 

correlates to an average of 1 SNP every 250 base pairs. Due to their frequency, SNPs are 

an important type of marker used in association studies of human disease, and can 

themselves induce functional changes that contribute to disease and drug response 

variability [88, 89]. In a relatively short time, SNP genotyping technologies have evolved 

from rudimentary and simplexed gel-based assays to highly multiplexed arrays designed 

to capture most of the genetic variation within an individual sample. Ultra-high 

throughput array-based genotyping technologies, such as those offered by Illumina and 

Affymetrix, are utilized in genome-wide studies requiring genotyping of hundreds of 

thousands of SNPs in hundreds (or low thousands) of samples. However, fine-mapping, 

candidate gene, and other targeted genetic studies often require genotyping of dozens or 

hundreds of SNPs in hundreds or thousands of individuals, and ultra-high throughput 

methods are not ideal for these applications. Though too numerous to list in their entirety, 

popular medium-throughput commercial methods include simplexed technologies such as 

Biotage’s pyrosequencing, Third Waves’s Invader assays, and ABI’s TaqMan SNP 

assays; multiplexed technologies include Beckman-Coulter’s SNPstream and ABI’s 

SNPplex platforms. Drawbacks of commercial genotyping platforms include equipment 
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costs and the need to purchase proprietary reagents. The genotyping method presented 

here utilizes the Luminex flow cytometer, which is within the budget of many academic 

labs, and is a relatively open source platform, readily amenable to ―home-brew‖ assays 

not requiring expensive and proprietary reagents. Additionally, unlike many SNP 

genotyping platforms, the Luminex flow cytometer is one of the few instruments capable 

of quantitating both proteins and nucleic acids (DNA, mRNA, and miRNA) [90-93], 

providing it with uses beyond the SNP genotyping assay presented here. 

 Our method uses the robust chemistry of the oligonucleotide ligation assay (OLA) in 

conjunction with the Luminex flow cytometry platform (Figure 2.1) [94-99]. The assay 

is performed in 96-well plate format and has an upper multiplex capability of 50 SNPs 

per well, making it suitable for a moderate number of SNPs in a large number of samples. 

Two key modifications make this method less expensive and easier to perform than 

similar published methods. First, we use fewer beads than are traditionally used in 

quantitative Luminex assays [100-103]. The most significant expense of typical 

Luminex-based assays is the polystyrene beads used. Typical recommendations for SNP 

typing assays are to use 2500 input beads while counting 100 beads, but our experience 

indicates that these numbers can be substantially reduced, with a significant savings in 

cost per genotype. 

 Second, a universal biotinylated oligonucleotide was employed for signal 

quantification. For a biallelic SNP the OLA assay requires two allele specific 

oligonucleotides and a common oligonucleotide. Traditionally, the common 

oligonucleotide is labeled (during synthesis) with a detector molecule (i.e. biotin), which 

allows for quantification of the OLA product.  In contrast, we synthesize the common 

oligonucleotide to have an attached sequence which is complementary to a universal 
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oligonucleotide double-labeled with biotin, thus saving on the cost of synthesizing biotin-

labeled common oligonucleotides for each SNP assay. In addition to being less 

expensive, the method presented here does not employ typical wash or centrifugation 

steps, making it simpler to perform.  

 

Materials and Methods 

Oligonucleotide primer and probe sets 

 The multiplex PCR primer selection program used in this study is a significant 

improvement over the program that was used to create 1000+ plex PCRs for parallel 

genotyping [104].  The algorithm uses a caching strategy to avoid redundant 

computations, enabling the interaction algorithm to run in O(n) time (i.e., the 

approximate run-time is linearly proportional to the number of input sequences) versus 

O(n^2) time (i.e., the approximate run-time is proportional to the square of the number of 

input sequences) for the older program.  The newer program can assemble a set of 22,000 

multiplex primers in approximately 16 hrs on a PC with a 1 GHz Pentium III processor 

and 1 GB of RAM. Amplicon size in multiplexed PCRs is generally below 400 base 

pairs, though we have successfully genotyped from amplicons as large as 1200 base 

pairs. PCR primers were ordered in 96-well plate format (IDT, Coralville, Iowa) and 

purified using standard desalting.  

 The OLA requires two allele-specific and one common probe for each SNP being 

assayed. Allele-specific probe pairs consist of a 5’ tag sequence and a 3’ locus specific 

portion which differs only at the terminal position of the probe. Each allele specific probe 

contains a unique 24-base FlexMAP™ tag (Luminex® Corporation, Austin, 

TX) at the 5’ end to allow hybridization to a reverse complement anti-
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tag coupled to a unique FlexMAP™ microsphere. Common probes contain a 

locus specific portion at the 5’ end, a universal capture sequence at the 3’ end, and are 5’ 

phosphorylated by the manufacturer (Integrated DNA Technologies, Coralville, IA). The 

universal capture sequence is the reverse complement of a doubly biotinylated ―universal 

oligonucleotide‖ which is included in the bead hybridization step. For the universal 

capture sequence we employed the ―tag‖ of FlexMAP™ bead 100 and the ―universal 

oligonucleotide‖ sequence is the anti-tag of bead 100; for this reason, FlexMAP™ bead 

100 is not utilized in our assays. All OLA probe sets are designed so that the locus-

specific portion of both the common and allele-specific probes have a melting 

temperature of approximately 64 C. Module 1 of the HyTher server was used to 

determine melting temperature (http://ozone3.chem.wayne.edu/).  OLA probe sets were 

ordered in 96-well plate format and purified using standard desalting. All primer and 

probe sets are contained in Supplementary Material 1 – Primer and Probe Sets. 

 

Preparation of DNA and Multiplex PCR Reaction 

Genomic DNA was isolated from whole blood using the QIAamp Blood Kit (Qiagen, 

Santa Clara, CA). Amplifications were performed in a solution (30 l) containing 1.5 U 

AmpliTaq Gold DNA polymerase (Applied Biosystems); 1:10 dilution of 10X Buffer II 

(supplied with AmpliTaq Gold); 200 M of each dNTP; 166 nM of each primer; 2.5 mM 

MgCl; and 40 ng genomic DNA.  Reactions were initially heated at 94 ˚C for 10 minutes, 

followed by 40 cycles of 94 ˚C for 40 seconds, 60 ˚C for 30 seconds, ramping from 60 ˚C 

to 65 ˚C using fifty 0.1 ˚C two second cycles, and 72 ˚C for 2 minutes. Reactions were 

completed at 72 ˚C for 10 minutes and 20 ˚C for 5 minutes. All reactions were performed 

in 96-well plates. 
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Oligonucleotide Ligation Reaction 

OLAs were performed in a solution (15 l) containing 20 mM Tris/HCl buffer pH 7.6; 25 

mM KOAc; 10 mM MgOAc; 1 mM NAD+; 10 mM DTT; 0.1% Triton X-100; 10 nM 

(200 fmol) of each OLA probe; 2 l of multiplexed PCR product; and 3 U of Taq DNA 

ligase (New England Biolabs, Beverly, MA). Reactions were initially heated for 1 minute 

at 95 ˚C, followed by 32 thermal cycles of 95 ˚C for 15 seconds (denaturation) and 58 ˚C 

for 2 minutes (annealing/ligation). Reactions were then cooled to 4 ˚C, and were used 

immediately in the hybridization step or stored at -20 ˚C for up to 1 week before 

proceeding with the hybridization step. All reactions were performed in 96-well plates. 

 

Hybridization of OLA Products to Microspheres 

50 l of TMAC hybridization solution (3 M tetramethylammonium chloride, 50 mM 

Tris-HCl, pH 8.0, 3 mM EDTA, pH 8.0, 0.10% SDS) containing 200 beads 

(unless otherwise noted) from each FlexMAP™ microsphere set was added 

directly to a well containing a completed 15 l OLA reaction. Hybridization 

reactions were then denatured at 95 ˚C for 90 seconds and hybridized at 37 ˚C for 20 

minutes.  

 

Fluorescent Labeling and Flow Cytometric Analysis 

Following hybridization, 6 l of TMAC hybridization solution containing 180 ng 

streptavidin-R-phycoerythrin (Molecular Probes – Invitrogen Corporation, Carlsbad, CA) 

was added directly to the well containing the hybridization reaction. Labeling reactions 

were incubated at 37 ˚C for 40 minutes. Care must be taken to avoid exposing SA-PE to 
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excessive amounts of light.  Unless otherwise noted, 20 of each FlexMAP™ bead 

included in the multiplexed assay were sorted and quantitated using a Luminex 100 or 

Luminex 200 flow cytometer.  

 

Direct sequencing and pyrosequencing  

Semiautomated fluorescent direct sequencing was performed on the Beckman CEQ 8000 

instrument. Pyrosequencing assays were performed as simplexed reactions on the 

automated PSQ HS96A platform [105, 106]. PCR primers were designed using Primer3 

(Whitehead Institute) and the sequencing primer used for the Pyrosequencing assay was 

designed using the Pyrosequencing SNP Primer Design Software v1.0. PCR reactions 

contained 40 ng of template DNA, 0.5 U Taq polymerase, 0.03 µM of each primer, 0.1 

mM of dNTP, 3.0 mM of MgCl2, 50mM of KCl, 10mM of Tris—HCl (pH 9.0), and 

0.1% Triton X-100 in a 20 µl volume. A touchdown amplification program was used. 

After 8 minutes at 95°C, 15 cycles were done at 94°C for 30 s, annealing for 20 seconds, 

and at 72°C for 20 seconds, with the annealing temperature starting at 60°C and 

decreasing by 0.5°C for each cycle. This was followed by 35 cycles at 94°C for 20 

seconds, at 52°C for 20 seconds, at 72°C for 30 seconds, and then a final extension step 

at 72°C for 15 minutes. 

 

Genotype calling for OLA/Luminex assay 

Manual inspection of scatterplots was used to determine genotype cutoffs for each SNP 

assay. For assessment of concordance with other SNP genotyping methods, all Luminex 

OLA calls were made blinded to the results obtained from those other methods. Scatter 
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plots show the median fluorescence intensity (MFI) ratio of one allele on the Y axis 

versus sample number on the X axis. The allelic ratio is calculated as follows: 

)(

)(
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Thus, a biallelic SNP can form three clusters representing the three possible genotypes. 

Assays not forming distinct clusters, and assays where a significant percentage of 

samples are below signal threshold, are considered failed assays. In general, the signal 

threshold for a ―callable‖ genotype is an MFI, for either allele, of greater than 1000 

(using the high PMT setting when calibrating the Luminex flow cytometer). Quality of 

clustering is a subjective determination, though a formal measure of cluster quality can be 

used; in this report Silhouette scores were used for assessing quality of clusters [107]. 

Silhouette scores measure the distances between and within manually assigned clusters, 

and Lovmar et. al. determined that ―genotypes can be unequivocally assigned without 

manual inspection when the Silhouette score for a SNP assay is > 0.65‖. This threshold is 

likely to be similar across different genotyping platforms. 

 

Results 

As shown in Figure 2.1, this SNP genotyping assay can be divided 

into four steps: 1) multiplexed PCR, 2) multiplexed OLA, 3) 

hybridization/labeling 4) and detection using the Luminex flow 

cytometer.  
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Figure 2.1. Overview of Luminex OLA assay:  The assay consists of four steps;  

1) Multiplexed PCR 2) multiplexed OLA 3) hybridization with beads and SAPE   

4) Detection using the Luminex flow cytometer. Steps 2-4 take place in the same 96-well 

plate.  

 

As shown in Figure 2.1, for an individual SNP the OLA involves a pair 

of allele specific primers and a 5’ phosphorylated common primer, with 

tag and capture sequences utilized in downstream hybridization and 

labeling reactions. If an allele is present, Taq DNA ligase facilitates 

ligation between the allele specific and common oligonucleotides, using 

PCR product as a template. The OLA product is then hybridized to 

FlexMAP™ beads and the universal oligonucleotide, followed by 

labeling with streptavidin-phycoerythrin (SA-PE). The Luminex flow cytometer is 

then used to sort the FlexMAP™ beads and quantitate the signal from each unique bead, 
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thereby allowing determination of the absence or presence of each allele. Of note, 

different signal to noise ratios are achieved with different SA-PE conjugates. Five SA-PE 

conjugates were tested, one from Invitrogen/Molecular Probes and four from ProZyme 

(PJ31S, PJ70S, PJ35S, PJ37S) with the best signal to noise ratio achieved with the 

Invitrogen/Molecular Probes SA-PE (data not shown). 

A control experiment was performed to demonstrate that counting as few as 20 

beads allows one to distinguish a positive and negative population of beads. In order to 

mimic an OLA reaction, we used a synthesized OLA product as a positive control and 

unligated OLA probes as a negative control (see Supplementary Material 1 – Primer and 

Probe Sets). Sixteen replicate wells were assessed for each of four conditions: low 

beads/positive control, low beads/negative control, high beads/positive control, and high 

beads/negative control. Each of the four conditions was performed in a separate quadrant 

of the same 96-well plate, and positive and negative wells were alternated within each 

quadrant.  Table 2.1 shows that inter-well CVs and range of MFIs are very similar when 

counting 20 beads versus 300, and that positive and negative MFIs differ by 

approximately an order of magnitude, providing a signal to noise ratio more than 

sufficient for accurate genotype calling. Importantly, inter-well CV and MFI were based 

on the median values obtained from each number of beads counted (20 or 300), and not 

the mean. Inter-well and intra-well CVs calculated using the mean were higher when 

counting low versus high number of beads (data not shown), likely due to a small 

percentage of bead carryover that occurs with the Luminex flow cytometer.  
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Table 2.1.  Inter-well CV and MFI range using low and high number of beads in 

control experiment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Median fluorescence intensity (MFI) was assessed using the high PMT setting of 

the Luminex 100 flow cytometer. Inter-well CVs were calculated manually and are based 

on the median. 

 

The Luminex-based OLA assay, using 200 input beads and counting 20, was 

compared to two other genotyping methods to assess validity. First, eight SNPs were 

compared to direct sequencing in fourteen human DNA samples representing both 

homozygotes and heterozygotes, and concordance with direct sequencing was 100%. 

Second, a comparison was made between the multiplexed Luminex OLA and simplexed 

pyrosequencing. We compared 1471 genotypes from seven SNPs (Table2.2), and 

concordance between Luminex OLA and pyrosequencing was excellent, averaging 

99.52%, with the lowest concordance at 98.80 %. 

  

200 input/20 count Positive control Negative control 

Avg. inter-well CV 2% 26% 

Avg. MFI 21,968 192 

MFI range 21,003-22,842 62-299 

5000 input/300 count Positive control Negative control 

Avg. inter-well CV 2% 20% 

Avg. MFI 22,619 162 

MFI range 21,496-23,022 115-205 
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Table 2.2. Pyrosequencing concordance 

SNP concordant calls % concordant 

ID345549 231/232 99.60% 

rs1123005 287/289 99.30% 

rs11806859 168/170 98.80% 

rs12122048 58/58 100.00% 

rs4657179 290/290 100.00% 

rs4657187 167/168 99.40% 

rs905720 263/264 99.62% 

Total 1464/1471 99.52% 

 

To assess robustness when counting 20 beads, replicate genotyping of an 8-plex 

assay was performed in 84 human genomic DNA samples (see Supplementary Material 1 

– Primer and Probe Sets). Two separate PCR amplifications were performed, and an 

OLA was performed in duplicate on each PCR product, for a total of four OLA assays on 

the same 8 SNPs in the same 84 individuals. 2685 of 2688 genotypes were ―callable‖, 

with a concordance of 100% between the 99.9% of genotypes that were callable (Table 

2.3).  
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Table 2.3. Call rates of technical replicates 

Assay call rate % call rate 

OLA 1 – PCR 1 670/672 99.7% 

OLA 2 – PCR 1 672/672 100% 

OLA 3 – PCR 2 671/672 99.9% 

OLA 4 – PCR 2 672/672 100% 

Total 2685/2688 99.9% 

 

To further assess robustness, a 19-plex assay is presented in order to demonstrate 

typical results obtained from a ―first-pass‖ genotyping effort (see Supplementary Material 

1 – Primer and Probe Sets – Chr. 22 panel). 750 samples were genotyped from a large 

collection of pedigrees routinely used in the Brzustowicz lab for genetic studies of 

psychiatric disorders. Fifteen of nineteen assays were converted, with four failing due to 

the majority of MFI values falling below 1000. The approximately 80% conversion rate 

observed in this 19-plex assay is typical of the results observed across dozens of similar 

multiplexed panels in use in the Brzustowicz lab. Figure 2.2 shows genotype clusters for 

the 15 working assays within the 19-plex assay, while Table 2.4 gives the complete set of 

call rates and silhouette scores for each SNP. 11,207 of 11,250 genotypes were callable 

(first-pass call rate 99.6 %), and the average silhouette score is >0.90. 
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Figure 2.2. Genotype clusters for 15-plex assay Individual figures represent the allelic 

ratios (X axis) produced from a first pass genotyping of 750 human genomic DNA 

samples (Y axis). Variability in allelic ratios is observed for different SNP assays, 

generally with skewing of heterozyote clusters, though homozygote clusters can also be 

skewed (i.e. rs9606240). Nonetheless, for each SNP genotype clusters are robust (see 2.4 

for silhouette scores). 
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Table 2.4. Call rates and silhouette scores for 15-plex assay  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Calls made Percent callable Silhouette score 

rs737935 747/750 99.6% 0.923 

rs443678 748/750 99.7% 0.905 

rs720012 749/750 99.9% 0.906 

rs720014 748/750 99.7% 0.94 

rs175168 748/750 99.7% 0.914 

rs175169 746/750 99.5% 0.925 

rs175175 741/750 98.8% 0.808 

rs11703058 746/750 99.5% 0.905 

rs3757 746/750 99.5% 0.909 

rs175174 745/750 99.3% 0.842 

rs9606240 750/750 100.0% 0.816 

rs9606241 748/750 99.7% 0.945 

rs885980 746/750 99.5% 0.906 

rs1633445 750/750 100.0% 0.933 

rs1640299 749/750 99.9% 0.937 

Total or average 11207/11250 99.6% 0.901 
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Discussion 

We have presented a method for multiplexed SNP genotyping on the Luminex 

platform that is accurate, robust, and relatively inexpensive. Differences between this 

method and previously published methods include the use of significantly fewer beads, 

use of a universal biotinylated oligonucleotide for signal quantification, and no wash or 

centrifugation steps. We assessed concordance with both direct sequencing and 

pyrosequencing to assess validity, and observed 100% and >99% concordance 

respectively. Additional experiments with separate multiplexed assays demonstrated 

complete concordance across technical replicates and high call rates (>99%). The cost is 

approximately $0.085 per genotype when performing both the PCR and OLA reactions in 

a 15-plex format (Table 2.5).  

 

Table 2.5. Cost per genotype using 2500 versus 200 FlexMAP™ beads    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Calculations show the cost of each reagent per genotype generated. Cost of each 

reagent assumes that 15 SNPs are multiplexed at both the PCR and OLA steps; reagent 

Reagent 2500 input beads 200 input beads 

FlexMAP™ microspheres 0.7000 0.0560 

PCR + OLA oligos 0.0200 0.0200 

Taq DNA ligase 0.0030 0.0030 

SA-PE 0.0020 0.0020 

96-well plate 0.0030 0.0030 

Hybridization buffer 0.0002 0.0002 

Sheath fluid 0.0007 0.0007 

Total $0.7289 $0.0849 
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costs decrease as multiplexing increases. Cost of PCR and OLA oligonucleotides 

assumes a sample size of 2000; oligonucleotide costs decrease as sample size increases, 

given that only a small portion of a typical OLA oligonucleotide order is utilized to 

genotype 2000 samples. 

 

No reports directly assess the ―bead count‖ issue when performing SNP 

genotyping assays on the Luminex platform. One previous report has assessed the 

variability in measurements when counting different numbers of beads using limiting 

amounts of SA-PE or analyte, and concluded that under the appropriate conditions 

counting as few as ten beads can distinguish two populations [108]. The appropriate 

conditions included a high amount of SA-PE (or analyte) relative to bead number. The 

conditions of our assay utilize massively saturating amounts of SA-PE (equivalent to 1.5 

x 10^8  molecules per bead) and analyte, so it is not surprising that we can clearly and 

robustly distinguish two populations when counting as few as 20 beads (and perhaps 

less). Of note, run times on the Luminex flow cytometer are impacted by the number of 

input beads and the proportion of those input bead one attempts to count. A typical 96-

well plate assay using 5000 input beads (per well) and counting 100 beads has an 

approximately 30 minute run time, while using 200 input beads and counting 20 takes 

approximately 45 minutes; the degree of multiplexing does not dramatically affect run 

times. Issues of machine time-out begin to appear when trying to use less than 200 beads 

while still counting 20, or when trying to count more than 20 beads with only 200 input 

beads. Also, their may be a small percentage of well-to-well bead carryover using the 

Luminex flow cytometer. Using the median, rather than the mean, ensures that this 

carryover will not significantly affect the MFI and subsequent genotype calls when 

counting 20 beads.  It is important to point out that we have only assessed using low bead 

counts for a qualitative, OLA SNP genotyping assay. In quantitative assays, where 
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minimizing intra and inter-well variance is paramount, it may not be appropriate to use 

bead counts as low as 20, and we have not addressed this question in our current study. 
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Chapter 3 

Genetic Association of SNAP-25 with Schizophrenia 

 

 

Introduction 

Schizophrenia is a severely debilitating psychiatric disorder with 0.5-1% prevalence in 

the general population worldwide. It is a disorder characterized by disturbed thought, 

perception, emotion, and behavior. The precise pathophysiological causes of 

schizophrenia have not yet been elucidated, but family, twin, and adoption studies 

support a disease etiology based on predisposing genetic factors. The two major 

neurobiological models of schizophrenia focus on defects in neurodevelopment and 

neurotransmission. Neuroanatomical studies have identified structural and functional 

brain abnormalities in schizophrenic individuals [109], including enlarged ventricles and 

reduced tissue volume in adjacent areas [110], as well as dendritic spine defects. The 

other major theory of disease pathology posits that deregulation of neurotransmission is a 

principal causal factor. Synaptosomal-associated protein of 25 kDa (SNAP-25) is a 

neuron-specific protein localized to the cytoplasmic surface of the plasma membrane, and 

plays a critical role in the vesicle-mediated exocytosis of neurotransmitters [111]. 

Although nervous system development remains normal in utero, genetic ablation of 

SNAP-25 causes complete loss of action potential-dependent neuronal signaling in 

SNAP-25 null mutant mice, suggesting that SNAP-25 is essential for neural signaling but 

not required in neurodevelopmental pathways [112]. The well-characterized molecular 

function of SNAP-25 as a mediator of vesicle fusion, along with the gene’s cytological 
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location within a schizophrenia susceptibility region cited by multiple linkage studies, 

and also alteration of SNAP-25 protein expression in various brain regions of 

schizophrenic patients, cumulatively suggest that SNAP-25 is a prime candidate gene for 

association analysis.     

 Several genome-wide linkage scans for schizophrenia susceptibility loci have 

been performed to date, and results have provided significant or suggestive evidence for 

linkage in many chromosomal regions [15, 45, 113-127]. While certain regions have been 

investigated in multiple studies, positive linkage findings have not been replicated in a 

majority of studies for any chromosomal region [15]. This lack of consistency is likely 

due to genetic heterogeneity and the innate complexity of the schizophrenia disorder, 

which may require a combination of mutations at various loci to result in phenotypic 

manifestation. Given these confounding variables, it is feasible that studies utilizing 

distinct populations could discover different regions of linkage. Despite these obstacles, 

rank-based genome scan meta-analysis was applied to data from 20 schizophrenia 

genome-wide scans [15], revealing a degree of consistency among various studies not 

previously recognized. The cytological location of the SNAP-25 gene on 20p12-p11.2 

falls within one of the regions implicated in the meta-analysis. The chromosomal location 

of SNAP-25 suggests that fine mapping of a schizophrenia disease locus in or around the 

SNAP-25 gene is a worthwhile undertaking.       

 The well-characterized molecular function of SNAP-25 further justifies its 

selection as a candidate gene for association analysis. The arrival of an action potential at 

the axon terminal triggers calcium ion influx through voltage-gated ion channels, which 

then stimulates the subsequent exocytotic discharge of neurotransmitters into the synapse. 

Locally synthesized neurotransmitters are often contained within synaptic vesicles, and 
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vesicle trafficking within the axon terminal is a complex, multi-step process with 

numerous regulatory proteins at each step [128, 129]. A group of proteins called N-

ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) are especially 

important in regulating vesicle docking at the cell plasma membrane as well as lipid 

membrane fusion [130].  While calcium-dependent proteins including synaptotagmin and 

the complexins may modulate the speed of exocytosis in the vesicle priming step [131, 

132], the actual fusion of the lipid membranes involves a core complex composed of 

three distinct SNARE proteins.  These include two essential components on the target cell 

membrane (t-SNAREs), and one critical protein on the vesicle membrane (v-SNARE) 

[133]. The v-SNARE synaptobrevin (i.e. VAMP, vesicle-associated membrane protein) 

interacts with the t-SNAREs syntaxin and SNAP-25 to form a structural motif composed 

of four interwoven helices, and the ―zippering‖ of the helices helps to facilitate inter-

membrane contact and unification [134]. To reiterate, SNAP-25 is an essential member of 

a core complex of SNAREs that are required in the vesicle trafficking steps of docking 

and fusion, and therefore SNAP-25 appears to be essential for action potential-dependent 

neuronal signaling. 

One genetic study failed to find association of a tandem repeat polymorphism in 

the 5’ upstream region of SNAP-25 with schizophrenia [135], but there have been no 

reported attempts to select and analyze several polymorphic markers throughout the 

SNAP-25 gene. We attempted to demonstrate genetic association in a family-based study 

by genotyping 13 tagSNP markers in two medium-sized sample groups. One sample 

consisted of 24 extended families from a Canadian Celtic population (n = 392), and the 

other consisted of 39 North American nuclear families of European descent (n = 214).   
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Results were statistically analyzed using the program PSEUDOMARKER, and evidence 

of linkage disequilibrium with a putative schizophrenia disease locus was discovered for 

several of the chosen SNPs.   

 

Materials and Methods 

Samples 

 One sample group consisted of 392 Canadian subjects of mostly Celtic 

background from 25 extended pedigrees. These pedigrees had been investigated 

previously by the Brzustowicz lab, and a genome-wide linkage scan for schizophrenia 

susceptibility loci was performed with this sample group [45]. Additionally, multiple 

sample sets were provided through the NIMH Human Genetics Initiative, and a sample of 

214 subjects and controls from 39 North American Caucasian pedigrees was used in this 

study.  Details of clinical diagnosis methods have been described in previous studies 

[136, 137]. In addition to affection status, the diagnostic classifications "narrow" and 

"broad" were used. Individuals were considered affected under the narrow diagnostic 

classification if they were diagnosed with schizophrenia or chronic schizoaffective 

disorder. Individuals were considered affected under the broad diagnostic classification if 

they had been diagnosed with one of those disorders or with a nonaffective psychotic 

disorder, schizotypal personality disorder, or paranoid personality disorder [45]. 

 

Selecting tagSNPs 

A recent report presented a SNP tagging method that utilizes linkage disequilibrium units 

(LDU), and showed that it outperforms block-based methods while allowing researchers 

to use significantly fewer tagging SNPs [138]. SNPbrower
TM

 (Celera), a freely available 
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software that utilizes the method of SNP tagging presented in that report, was used to 

select minimum sets of tagging SNPs based on linkage disequilibrium maps. 

SNPbrower
TM

 is a flexible program that contains linkage disequilibrium maps derived 

from four ethnic populations, allowing optimal SNP tagging that can be tailored to the 

population under study. For the present study, the SNP Wizard feature of SNPbrower
TM

 

software 3.0 was set to select tagSNPs at a density of 1 SNP/0.5 LDU for a Caucasian 

population, resulting in selection of 13 tagSNPs for genotyping. The positions of these 13 

SNPs within the SNAP-25 gene are shown in Figure 3.1.   

 

Multiplex PCR 

Fragments containing all 13 of the selected SNPs were amplified from genomic DNA 

simultaneously using standard multiplex PCR protocols. The 30 μL reaction volume had 

the following components: 12.9 μL sterile water, 3 μL 10x PCR buffer, 3 μL MgCl2 (25 

mM), 4 μL dNTPs (1 mM), 5 μL primer mix (each 1 mM), 0.1 μL AmpliTaq Gold taq 

polymerase (1U), 2 μL genomic DNA (20 ng/μL).  Reactions were initially heated at 94 

˚C for 10 minutes, followed by 40 cycles of 94 ˚C for 40 seconds, 60 ˚C for 30 seconds, 

ramping from 60 ˚C to 65 ˚C using fifty 0.1 ˚C two second cycles, and 72 ˚C for 2 

minutes. Reactions were completed at 72 ˚C for 10 minutes and 20 ˚C for 5 minutes. All 

reactions were performed in 96-well plates. PCR products were verified using ethidium 

bromide stained polyacrylamide gel electrophoresis. 

 

Genotyping 

A novel genotyping strategy was utilized for SNP-typing of all subjects and controls at 

the 13 selected markers. The first procedural step is the oligo ligation assay (OLA). For 
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each SNP, there are three specifically designed oligonucleotides added to the reaction 

mix. There are two allele-specific oligonucleotides (one for each of the polymorphic 

variants) and each allele specific oligo has a unique 5’ extension that does not base pair to 

the PCR product. The third oligo is a common oligo, which is the same for both of the 

polymorphisms and contains a universal 3’ extension. The OLA reaction is carried out in 

a PTC-200 thermocycler with alternating denaturing and annealing steps, and Taq DNA 

ligase present in the reaction mixture joins the oligos together by creating a new 

phosphodiester linkage. The next step is the hybridization step, where differently colored 

microsphere beads are added to hybridize to the unique 5’ extension tags on the two 

different allele specific oligos.  A biotinylated universal oligo is also added to hybridize 

to the universal 3’ extension.  After this hybridization step, a fluorescent steptavidin-

phycoerethryn conjugate (SAPE for short) is added and the reaction mixture is incubated 

at 37ºC for an hour. Finally, two-color flow cytometric analysis is performed on the 

Luminex 100 platform, where the fluorescent tag and the allele-specific color beads are 

detected to call the genotypes. The 15 μL reaction volume for the ligation detection 

reaction had the following components: 11.3 μL sterile water, 1.5 μL 10x Taq DNA 

ligase buffer, 0.15 μL OLA oligo mix (each 1 mM), 0.05 μL Taq DNA ligase, 2 μL PCR 

product.  Reactions were initially heated for 1 minute at 95 ˚C, followed by 32 thermal 

cycles of 95 ˚C for 15 seconds (denaturation) and 58 ˚C for 2 minutes 

(annealing/ligation). Reactions were then cooled to 4 ˚C, and were used immediately in 

the hybridization step or stored at -20 ˚C for up to 1 week before proceeding with the 

hybridization step. All reactions were performed in 96-well plates. 50 l of TMAC 

hybridization solution (3 M tetramethylammonium chloride, 50 mM Tris-HCl, pH 

8.0, 3 mM EDTA, pH 8.0, 0.10% SDS) containing 200 beads (unless otherwise 
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noted) from each FlexMAP™ microsphere set was added directly to a well 

containing a completed 15 l OLA reaction. Hybridization reactions were then 

denatured at 95 ˚C for 90 seconds and hybridized at 37 ˚C for 20 minutes. Fluorescent 

labeling was performed by adding the following mixture to each reaction well: 0.12 μL 

streptavidin-R-phycoerythrin (SAPE, Molecular Probes), 5.88 μL hybridization buffer. 

The total mixture was once again incubated at 37ºC for a minimum of 40 minutes. Two 

color flow cytometric analysis was then performed using the Luminex 100 flow 

cytometer.  

  

Statistical analysis 

PedCheck was used to detect Mendelian errors. Mendelian errors (~0.15% of all 

genotypes) were re-genotyped, and all samples with Mendelian errors gave consistent 

genotyping results and were therefore removed from further analysis. Tests of Hardy-

Weinberg equilibrium and tests for genetic association were performed using  

PSEUDOMARKER v0.9.7 [139]. Pseudomarker is likelihood-based test of linkage 

and/or linkage disequilibrium which tests under both dominant and recessive genetic 

models, as well as under a model-based condition. Under all three models, five p-values 

are calculated under five different assumptions: LD│linkage, LD│no linkage, 

linkage│LD, linkage│no LD, and a joint test of LD and linkage.  

    

Results 

Two distinct sample groups totaling 606 subjects and controls were genotyped at thirteen 

polymorphic markers, all of which were single nucleotide polymorphisms (SNPs). The 

genotype distributions at each of the selected SNPs did not deviate from Hardy-Weinberg 
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equilibrium (data not shown). Genotyping results were analyzed using the statistical 

program PSEUDOMARKER. Nominally significant p-values indicating evidence of 

linkage disequilibrium between the marker and a putative schizophrenia disease locus 

under the narrow phenotype definition are displayed in Table 3.1 below. Three out of the 

thirteen analyzed markers showed significant evidence of LD in the NIMH sample group, 

under a recessive genetic model.   

 

Table 3.1. Nominally significant p-values supporting evidence of LD, narrow 

phenotype 

 

Marker Canadian NIMH Combined 

rs363039 

p = 0.025516 

(LD/Linkage, -d) 

 

p = 0.0385827 

(LD/Linkage, -m) 

NS 

p = 0.0109904 

(LD/Linkage, -d) 

 

p = 0.0268784 

(LD/Linkage, -r) 

 

p = 0.014655 

(LD/Linkage, -m) 

rs8119844 
p = 0.0439283 

(LD/Linkage, -r) 
NS NS 

rs362602 NS 

p = 0.035959 

(LD/Linkage, -r) 

 

p = 0.0429014 

(LD/No Linkage, -r) 

NS 

rs6039807 NS 

p = 0.0209833 

(LD/Linkage, -r) 

 

p = 0.02089634 

(LD/No Linkage, -r) 

NS 

rs363022 NS 

p = 0.0232683 

(LD/Linkage, -r) 

 

p = 0.0232683 

(LD/No Linkage, -r) 

NS 
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Table 3.2, below, displays nominally significant p-values indicating evidence of LD 

under the broad phenotype definition. Five of the thirteen SNPs showed significant 

evidence of LD in the NIMH sample group, under a recessive genetic model.   

 

 

Table 3.2. Nominally significant p-values supporting evidence of LD, broad 

phenotype 

 

Marker Canadian NIMH Combined 

rs4813023 NS p = 0.0477315 (LD/No Linkage , -m) NS 

rs362993 NS 

 

p = 0.00588443 (LD/Linkage, -r) 

 

p = 0.00893194 (LD/No Linkage , -r) 

 

NS 

rs362548 NS 

 

p = 0.00747155 (LD/Linkage, -r) 

 

p = 0.00755522(LD/No Linkage , -r) 

 

NS 

rs8636 NS 

 

p = 0.0439283(LD/Linkage, -r) 

 

p = 0.0477315 (LD/No Linkage , -r) 

 

NS 

rs6039807 NS p = 0.0411645 (LD/No Linkage , -r) NS 

rs363022 NS 

 

p = 0.0203908 (LD/Linkage, -r) 

 

p = 0.0190382 (LD/No Linkage , -r) 

 

NS 
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The positions of selected SNPs within the SNAP-25 gene are displayed in Figure 3.1, 

and the markers showing nominally significant evidence of LD are indicated.   

 

 

 

 

 

Figure 3.1. Selected SNPs interspersed throughout the SNAP-25 gene, SNPs showing 

positive LD:  This figure displays the positions of 11 exons within the SNAP-25 gene; 

the first and last exons also mark the boundaries of the gene.  The positions of 13 selected 

single nucleotide polymorphisms are displayed along with dbSNP identification numbers. 

SNPs in bold type indicate nominally significant findings of linkage disequilibrium under 

the narrow phenotype definition, boxed SNPs show nominally significant evidence of LD 

under the broad phenotype definition. 

 

Discussion 

In the present study, we report suggestive evidence of association between genetic 

variation of SNAP-25 and schizophrenia in a Caucasian, North American sample group. 

In testing for evidence of linkage disequilibrium between selected markers and a putative 

causal mutation for schizophrenia, we sought a method of analysis suitable for both the 

extended pedigree structure of one sample group and the predominantly nuclear pedigree 

structure of the other sample group. We elected to use PSEUDOMARKER v0.9.7 to 

conduct analyses of LD [139], which has demonstrated power in detecting LD in both 

rs4813023 

rs8119844 

rs362602 rs3787303 

rs363039 rs362548 

rs363043 

rs6039793 rs6039807 

rs362993 

rs8636 

rs3746544 rs363022 
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large and small family pedigrees [36].  PSEUDOMARKER, unlike many popular TDT-

based programs, explicitly separates the evidence for linkage and LD in families with 

multiple affected individuals. For each marker, PSEUDOMARKER provides separate 

evaluations for evidence of linkage, of LD given linkage, of LD given no linkage, of 

linkage given LD, and for a joint test of linkage and LD.  Unlike other programs that only 

examine allelic transmission within pedigrees to detect association, PSEUDOMARKER 

examines genotypes under various models, including a dominant model, a recessive 

model, and a model-based condition. 

 The only association study present in the literature reports a failure to find 

positive association of a single tandem repeat polymorphism in the 5’ upstream region of 

SNAP-25 with schizophrenia [135]. Several of the thirteen examined polymorphic 

markers in our study displayed nominally significant evidence of linkage disequilibrium 

with a schizophrenia susceptibility locus. It would be of interest to correlate genetic 

variation with alteration of SNAP-25 function or protein expression, though none of the 

selected markers are believed to be functional mutations. Little is known about intronic 

cis-regulatory sequences within the SNAP-25 gene, and there has been no effort to screen 

for such mutations considering a lack of prior association findings. Figure 3.1 displays 

the positions of SNPs showing nominally significant evidence of LD, and all of these 

markers cluster within the 3’ half of the gene. 

 Altered expression levels of SNAP-25 protein have been discovered in various 

brain regions of schizophrenic subjects relative to controls. Decreased SNAP-25 protein 

expression in schizophrenic subjects was reported in the inferior temporal cortex and 

areas of the prefrontal association cortex, while elevated protein levels were reported in 

another region of the prefrontal cortex [140]. Decreased SNAP-25 immunoreactivity in 
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the hippocampus [141, 142], as well as elevated SNAP-25 protein in the cerebrospinal 

fluid of schizophrenic individuals [143] have also been observed. Overexpression of 

dystrobrevin-binding protein 1 (dysbindin), the product of another strongly implicated 

schizophrenia candidate gene, was found to up-regulate expression of SNAP-25 and 

synapsin I in cortical neuronal cell culture [144]. This same study reported increased 

levels of extracellular glutamate, suggesting that dysbindin and SNAP-25 may participate 

in a biochemical pathway involved in glutamate neurotransmission.  Despite evidence of 

SNAP-25 protein expression abnormalities in the brains of schizophrenic individuals, 

there are no known mutations mapped within the SNAP-25 gene to account for these 

disparities.     

The SNAP-25 protein is known to exist in two isoforms resulting from alternative 

splicing of divergent variations of exon 5 [145]. Nine amino acid residues differ between 

the SNAP-25a and SNAP-25b isoforms, which results in altered relative positioning of 

two sites of posttranslational fatty acylation. This disparity may result in differential 

membrane binding characteristics of the SNAP-25 protein, which would therefore alter 

its functional contribution to the core complex of SNARE proteins that are essential for 

membrane fusion and exocytotic discharge of neurotransmitters. The marker rs6039807 

is roughly 1000 nucleotides upstream of the splice acceptor site for exon 5, and this 

marker would be expected to be in tightest LD with a splice site mutation within the 

exon. This marker did show nominally significant evidence of LD under the narrow (p = 

0.0209833) and broad (p = 0.0411645) phenotype definitions in the NIMH sample group 

under a recessive model. However, the most significant p-value (p = 0.00588443, NIMH 

sample group, recessive model, broad phenotype) was observed for the marker rs362993, 

which is the closest marker downstream of exon 5 and the possible site of alternative 
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splicing. Of note, all p-values presented here are nominal p-values. Methods which 

correct for multiple testing run the risk of being overly conservative when correcting for 

the testing of multiple SNPs in candidate gene studies. Additionally, there is no 

consensus among researchers as to which method is most appropriate, and it has been 

suggested that presenting nominally significant p-values would aid in the standardization 

of results presented in the literature. However, under a strict Bonferroni correction none 

of the individual SNP p-values presented here would be statistically significant. 

This research demonstrated support for genetic association between SNAP-25 and 

schizophrenia. Evidence of LD with several SNPs suggests that a causal mutation is 

present in the 3’ half of the SNAP-25 gene and this mutation are segregating in pedigrees 

according to a recessive genetic model. The presence of several nominally significant 

markers near exon 5 suggest that alternative splicing of this exon and the resultant SNAP-

25 isoforms may be involved in schizophrenia etiology, possibly due to the altered 

capacity of SNAP-25 to regulate synaptic vesicle fusion. 
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Chapter 4 

 

Genetic Association of the MicroRNA Processing Gene DGCR8 with Schizophrenia 

and Schizoaffective Disorder 

 

 

Introduction 

Schizophrenia is a debilitating psychiatric disease affecting 0.5-1% of the world’s 

population [2]. Current studies estimate monozygotic and dizygotic twin concordance at 

41%-65% and 0%-28% respectively, and give heritability estimates of 80-85% [11]. In 

addition to a strong genetic component, environmental, epigenetic, and stochastic 

processes have been implicated in or hypothesized to contribute to disease etiology. 

Genetic linkage and association studies have been inconsistent, though meta-analyses 

have identified linkage regions very likely to contain susceptibility variants [15, 16], and 

promising candidate genes have emerged [146, 147]. Chromosome 22q11 is one such 

region that has shown significant or suggestive linkage in independent linkage studies 

and also contains putative candidate genes [15, 16, 113, 148-150].  

 22q11 deletion syndrome (22q11DS), known alternatively as velo-cardiofacial or 

DiGeorge syndrome, involves a common (1 in 4000 live births) hemizygous deletion that 

results in a range of clinical phenotypes. The deletion is typically 3.1 Mb and 

encompasses ~40-50 genes, though in a minority of cases (~15%) deletions of smaller 

size are observed [151]. Notably, 22q11DS leads to an increased risk of psychiatric 

disorders, including schizophrenia and bipolar illness. It has been estimated that 

22q11DS increases the risk for schizophrenia ~25-fold, and that the prevalence of the 

deletion is 40-fold higher in patients with schizophrenia (~1%) than in the general 
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population (~0.025%). Thus, 22q11DS is a strong genetic risk factor for schizophrenia. 

While the 22q11 deletion is observed in only a small percentage of patients with 

schizophrenia, common variants of genes within this region may contribute to risk in 

non-deleted patients with schizophrenia. Genetic polymorphisms from a number of genes 

within the deletion region - including COMT, TBX1, PICK4CA, PRODH, ZDHHC8, 

CLDN5, DGCR14, and DGCR2 - have been associated with schizophrenia in candidate 

gene studies (reviewed in [152]). A fine mapping study of common variants in a so-called 

1.5 Mb  ―critical region‖ identified two subregions that were positively associated with 

schizophrenia [153]; one of these subregions contained a disease-associated haplotype 

block that encompasses four closely positioned genes examined in this study (DGCR8, 

HTF9C, RANBP, and ZDHHC8). A later study identified a functional variant within the 

ZDHHC8 gene that was positively associated with schizophrenia, and a ZDHHC8 

knockout mouse model resulted in compelling schizophrenia-like behavioral phenotypes 

[154]. However, a number of subsequent studies have failed to replicate the genetic 

association of the purported ZDHHC8 functional variant and schizophrenia [155-160].  

 DGCR8 presents as a plausible schizophrenia candidate gene based on chromosomal 

location and biological function. DGCR8 is a ~31.5 Kb gene located at 22q11.21 that 

encodes an RNA-binding protein necessary for proper maturation of miRNAs (Figure 

4.1). miRNAs are small RNAs (~22 nucleotides) that regulate gene expression in a wide 

diversity of organisms by targeting mRNAs for translational repression or degradation 

[161]. It is believed that miRNAs begin as part of long primary transcripts (pri-miRNA) 

typically derived from RNA polymerase II transcription [162]. Pri-miRNAs are then 

subjected to cleavage through interaction with the microprocessor complex [163-165], 
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which consists of the RNase III enzyme Drosha [166] and the RNA-binding protein 

DGCR8 [167-169]. DGCR8, acting as a molecular spacer, mediates the exact nucleotide 

at which Drosha cleavage occurs [170]. Cell line knock-outs reveal that DGCR8 is 

necessary for processing the majority, if not all, miRNAs [171]. Drosha/DGCR8 cleavage 

of the pri-miRNA produces an approximately 65 nucleotide stem loop structure termed 

the pre-miRNA. After export from the cytoplasm to the nucleus, the pre-miRNA 

undergoes a further round of cleavage involving another RNase III enzyme, Dicer, and 

the RNA binding proteins TRBP and PACT. This leaves an approximately 22 nucleotide 

double-stranded RNA product that is unwound to a mature single-stranded microRNA 

that is incorporated into the miRISC complex, which ultimately targets mRNAs for 

translational repression or degradation. 

 

Figure 4.1. The microRNA biogenesis pathway: This figure displays the processing of 

miRNAs from the Pol II derived primary transcript to the mature miRNA of 19-23 base 

pairs. There are two main rounds of RNA processing, both involving a combination of an 
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RNase III enzyme (Drosha or Dicer) and associated RNA binding proteins 

(DGCR8/TRBP/PACT). All genes indicated are human; nomenclature differs in lower 

organisms. 

  

 Genetic polymorphisms that alter the function or expression of DGCR8 could 

conceivably alter the expression levels of mature microRNAs. Indeed,  subtle alterations 

in miRNA expression levels can have profound effects on mammalian organ systems 

[172]. MicroRNAs are abundantly expressed in the developing and adult mammalian 

brain [173], and misexpression of microRNAs in post-mortem brain samples from 

patients with schizophrenia has recently been reported [174].  In this study, we 

hypothesized that genetic polymorphisms in DGCR8 are associated with schizophrenia 

and/or schizoaffective disorder. The hypothesis was tested in three ethnically similar 

(Caucasian) collections of pedigrees ascertained for schizophrenia or schizoaffective 

disorder. Given prior evidence for ZDHHC8 involvement in schizophrenia, and its close 

proximity to DGCR8, we genotyped a panel of SNPs encompassing a 75 Kb region at 

chromosome 22q11.2 that  includes DGCR8 and ZDHHC8, as well as the intervening 

genes HTF9C and RANBP1. 

  

Materials and methods: 

Subjects 

Three samples of schizophrenia families were used for this study: (1) a sample obtained 

from the NIMH Schizophrenia Genetic Initiative collection (2) a sample obtained from an 

ongoing study being carried out at McLean Hospital (3) a sample of Canadian subjects of 

mostly Celtic background previously studied in the Brzustowicz lab [45].  
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The NIMH sample of families was obtained from the National Institute of Mental 

Health (NIMH) Schizophrenia Genetic Initiative Collection. Schizophrenia pedigrees 

were ascertained at three independent sites (Columbia University, Harvard University, 

Washington University). Nuclear and extended pedigrees were ascertained on the basis of 

having at least one individual who met DSM-III-R and/or DSM-IV criteria for a 

diagnosis of schizophrenia or schizoaffective disorder and at least one other subject with 

either ―affected‖ or ―unaffected‖ (but not ―unknown‖) status under at least one of the 

phenotype definitions described below. The Diagnostic Interview for Genetic Studies 

[175-177] was administered to proband subjects  and to their relatives. Data on family 

structure and individual family members, including psychiatric diagnosis and other 

clinically relevant information, as well as lymphoblastoid cell lines and DNA, are stored, 

maintained and distributed by the NIMH Center for Genetic Studies. 

Families in the McLean sample were ascertained through a proband who met 

DSM-IV criteria for a diagnosis of schizophrenia or schizoaffective disorder. All living 

members of the nuclear family were recruited, as were second-degree relatives where 

other branches of the family were reported to have a history of schizophrenia or 

schizoaffective disorder. The Structured Clinical Interview for DSM-IV (SCID-I/P) [178] 

was administered to all subjects by one of four interviewers. The Structured Interview for 

Schizotypal Symptoms (SISS) [179, 180] was used to assess signs and symptoms of 

schizotypal, schizoid, and paranoid personality disorder in nonpsychotic family members. 

Data obtained from personal interviews were supplemented by informant-based 

information using the Family Informant Schedule & Criteria (FISC) [181] and Kendler’s 

criteria for schizophrenia-related personality disorders [182]. All applicable lifetime 
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DSM-IV Axis I diagnoses were assigned by a group of four-six senior clinicians based on 

a review of the SCID, an interview narrative, all available hospital records, and family 

informant information, using "best-estimate" consensus methods [183-185]. The 

interviewers and diagnosticians were blind with respect to subject group and family 

membership (other subjects being interviewed and assessed diagnostically during the 

same time period included individuals with bipolar disorder, nonpsychiatric controls, and 

relatives of both of these groups).  

The Canadian sample group consists of subjects of mostly Celtic background 

from extended pedigrees. These pedigrees had been investigated previously by the 

Brzustowicz lab, and a genome-wide linkage scan for schizophrenia susceptibility loci 

was performed with this sample group [45]. Details regarding ascertainment criteria and 

clinical diagnostic methods have been described in previous studies [136, 137].   

All data and biological material are stored and distributed without any links to 

personal identifying information. The individual diagnostic information as well as 

available non-clinical information was reviewed for each subject in the sample. To 

reduce the impact of genetic heterogeneity on association with the schizophrenia 

phenotype, we restricted our analyses to families of Caucasian ancestry. Manifestations 

of substance abuse or dependence in individuals with psychotic illnesses can affect the 

diagnostic stability of clinical phenotypes [186, 187]. Individuals with schizophrenia 

spectrum or affective disorders who also met criteria for co-morbid psychoactive 

substance abuse or dependence (cocaine, LSD, heroin, inhaled hallucinogens, multiple 

substances, etc) other than THC and alcohol, as well as subjects with any type of organic 

pathology (dementia, mental retardation) and non-schizophrenia-related psychotic 
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conditions were assigned a phenotype of ―unknown‖ (under all of the definitions 

described below).  

 

Phenotype definitions 

Categorical phenotypes 

Recent studies have shown that diagnostic stability is about 73-82% for 

schizophrenia and schizophreniform disorder retrospectively and 92-97% prospectively; 

corresponding values for bipolar disorder are 76- 85% retrospectively and 80-83% 

prospectively [186, 188]. The diagnosis of schizoaffective disorder appears to be the most 

unstable with an approximately equivalent propensity to change to  schizophrenia or 

bipolar disorder in up to 81% of initially diagnosed subjects [187].  To take the element 

of diagnostic uncertainty into account, we defined three ―affected‖ phenotypes (described 

below). Since the diagnostic instability implies that some subjects may change their 

affection status under a particular phenotype definition, the majority of subjects should 

still continue to meet criteria for being affected under one of three proposed phenotypic 

categories. Therefore, when analyzing the results of phenotype-genotype association in 

linkage disequilibrium studies, a conclusion can be formed about the effects of a 

particular genetic variant on psychotic diseases per se and separately for psychotic 

syndromes with and without an affective component. For both the McLean and NIMH 

samples, three categorical phenotype definitions were employed:  

Phenotype 1: Narrow Schizophrenia. Subjects with a DSM-III-R or DSM-IV 

diagnosis of schizophrenia were classified as affected. All other subjects, including 

individuals with schizophrenia spectrum illnesses (paranoid or schizotypal personality 
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disorders, non-specified psychosis, and delusional disorder), were classified as unknown 

to preserve the genotyping information for error-checking and reconstruction of 

genotypes in subjects with unavailable DNA.  

Phenotype 2: Broad Schizophrenia. Subjects with a diagnosis of either 

schizophrenia or any form of schizoaffective disorder (depressive, bipolar, or unspecified 

type) were classified as affected. All other subjects were classified as unknown. 

Phenotype 3: Affective. Individuals with a diagnosis of bipolar disorder or a 

bipolar type of schizoaffective illness were classified as affected. All other subjects were 

classified as unknown.  

Under all three phenotype definitions, clinically evaluated individuals were 

classified as unaffected if they had no history of psychosis, broadly defined schizophrenia 

spectrum disorders, affective pathology other than bipolar disorder, or organic illness. All 

phenotype assignments of unaffected were made independent of the presence of 

psychoactive substance abuse or dependence.  Table 4.1 presents descriptive statistics for 

both the NIMH and McLean samples as well as the distribution of the categorical 

phenotypes within those families. 

Table 4.1. Descriptive statistics of NIMH and McLean samples 

 
Sample Families DNA 

samples  

Total 

subjects 

Males Categorical Phenotypes 

     Pheno1* Pheno2* Pheno3* Unaffected 

NIMH 307 457 1,692 930 473 563 76 275 

McLean  141 358 568 289 64 156 82 113 

 

*- number of affected individuals  

 

  

The Canadian sample employed methods of ascertainment and exclusion criteria 

that differed from those of the McLean or NIMH samples. Therefore, it was not useful to 

apply the categorical phenotype classifications outlined above. Instead, the diagnostic 
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classifications "narrow" and "broad" were used. Individuals were considered affected 

under the narrow diagnostic classification if they were diagnosed with schizophrenia or 

chronic schizoaffective disorder. Individuals were considered affected under the broad 

diagnostic classification if they had been diagnosed with one of those disorders or with a 

nonaffective psychotic disorder, schizotypal personality disorder, or paranoid personality 

disorder [45]. Table 4.2 presents descriptive statistics for the Canadian samples as well 

as the distribution of the categorical phenotypes within those families. 

Table 4.2. Descriptive statistics of Canadian sample 

 

Sample Families 
DNA 

samples 

Total 

subjects 
Males Narrow* Broad* 

Canadian 25 332 455 216 84 133 

 

*- number of affected individuals  

 

Combined Categorical-Quantitative Frontonasal Maxillary Juncture Phenotype  

Corresponding to the categorical phenotypes described above, three categorical- 

quantitative phenotypes were defined within the McLean sample based on the affection 

status of each individual under the categorical definitions and the individual’s juncture 

score (described below). 

 Both the face and brain derive from common embryonic primordia and are shaped 

by shared forces. Therefore, a genetic or environmental insult that disrupts early 

development could manifest itself as both brain pathology and craniofacial 

dysmorphology. We have adopted objective quantitative measures and an embryological 

approach that relates this dysmorphology to brain pathology. Specifically, we have 

identified a craniofacial phenotype associated with schizophrenia, as described below.  
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Our studies conform to the embryologic convention of demarcating facial 

prominences, which are outgrowths from neural crest ectomesenchyme that arise as 

recognizable, discrete masses. Development of these prominences progresses from the 

embryonic to the mature face, and anomalies can be classified by the specific primordia 

from which they derive. Previous studies of schizophrenia have found prominent 

asymmetries at the interface of the frontonasal and maxillary anlagen; this pattern of 

anomalies along this border corresponds to anterior-posterior brain midline 

dysmorphology as predicted by embryologic fate maps [189]. 

 The frontonasal-maxillary juncture variable is an embryologically-derived 

combination of facial measurements. These are exemplified at its upper and lower 

boundaries by the orbital and palatal regions, respectively. The juncture score is derived 

from a combination of individual anomalies along this embryologic interface. To quantify 

these measures and render them objective, we have employed the procedures of Deutsch 

and Farkas [190] for operational definitions of individual anomalies. Measurements were 

performed by raters who were blind to diagnosis and family membership. 

 Combined categorical-quantitative phenotypes are based on the values of the 

juncture score and affection status (affected, unaffected, or unknown) under each of the 

categorical phenotypes described above. Individuals who met criteria for being classified 

as affected under the corresponding categorical phenotype retained the same qualitative 

―affected‖ status under the corresponding combined definitions. For the individuals with 

―unaffected‖ or ―unknown‖ status, the juncture score was used as a quantitative 

phenotype if it was available. When the juncture score was not available, the subject’s 

status remained the same as under the categorical definitions. As a result, the number of 
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―affected‖ subjects in the McLean sample remained the same for the combined phenotype 

as it was for the categorical definitions. Out of 113 categorically ―unaffected‖ subjects, 

14 had a categorical phenotype and 99 had both a categorical phenotype and a juncture 

score. In addition, for 242, 161, and 224 subjects with an ―unknown‖ categorical 

phenotype, a juncture score was available for the combined categorical-quantitative 

phenotype 1 (Combined Juncture - Narrow Schizophrenia), 2 (Combined Juncture – 

Broad Schizophrenia), and 3 (Combined Juncture – Affective) respectively.  

 

TagSNP selection:  

This study was undertaken prior to release of the HapMap Phase II. Therefore, an 

overlapping strategy was employed utilizing linkage disequilibrium (LD) information 

from three databases: Perlegen genome browser, Applera’s SNP browser with Celera 

SNP content, and HapMap Phase I. First, using the Perlegen Genome Browser (version 

1), regions of LD were determined from an approximately 75 kb region spanning 2 kb 

upstream of the 5’ end of DGCR8 to 2 kb downstream of the 3’ end of ZDHHC8. In the 

European-American population, 5 LD bins were identified and 5 tag SNPs were chosen 

from each LD bin (rs9606240, rs9606241, rs737935, rs1640299, rs720014). We then 

used SNPBrowser software (version 2.0) to select tagSNPs (in the same 75 kb region) 

based on SNP density, in units of linkage disequilibrium (LDUs). SNP density was set to 

1 SNP per 0.5 LDU for the Caucasian population. Based on these results, 10 SNPs were 

added to the 5 SNPs already selected (rs11703058, rs7288396, rs443678, rs720012, 

rs3757, rs1633445, rs885980, rs175162, rs175168, rs175172). 15 SNP panel had no tag 

SNPs directly within ZDHHC8. Therefore, the HapMap database was used to select 4 
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more SNPs in and around ZDHHC8, including a ZDHHC8 intronic SNP reported to be 

genetically and functionally associated with schizophrenia (rs175169, rs175174, 

rs175175, and rs2292570). The final tagSNP panel contained 19 SNPs, four of which 

failed to convert to working genotype assays (rs7288396, rs175162, rs175172, 

rs2292570), yielding a panel of 15 SNPs that was genotyped in all three samples. Linkage 

disequilibrium among the 15 SNPs was assessed, and 3 SNPs in complete LD with one or 

more other SNPs were removed from the analysis to avoid redundant testing. We 

retrospectively assessed the thoroughness of this tagSNP panel using the current version 

of HapMap (release 22/Phase II April 2007). Using Pairwise Tagger and setting the r^
2
 

cutoff to 0.8 and MAF to 0.05, the current version of HapMap identified 11 LD bins 

covering 41 SNPs. Our 12 SNP panel successfully tagged eight of these 11 bins, and 37 

of the 41 SNPs. Three bins containing four SNPs were not tagged. HapMap contains no 

genotype information for one of our 12 SNPs, rs175168, which could potentially tag one 

of the three missed LD bins. 

 

Genotyping 

The genotyping method employed multiplexed PCR and the oligonucleotide ligation 

assay (OLA) in conjunction with the Luminex flow cytometer. Multiplexed PCR primer 

sets were designed to avoid spurious products [191]. PCR primers were ordered in 96-

well plate format (IDT, Coralville, Iowa) and purified using standard desalting. The OLA 

requires two allele-specific and one common probe for each SNP being assayed. Allele-

specific probe pairs consist of a 5’ tag sequence and a 3’ locus specific portion that 

differs only at the base-pair containing the SNP. Each allele specific probe contains a 
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unique 24-base FlexMAP™ tag (Luminex® Corporation, Austin, TX) at the 5’ end 

to allow hybridization to a reverse complement anti-tag coupled to a unique 

FlexMAP microsphere. Common probes contain a locus specific portion at the 5’ end, a 

universal capture sequence at the 3’ end, and are 5’ phosphorylated by the manufacturer 

(Integrated DNA Technologies, Coralville, IA). Genomic DNA was isolated from whole 

blood using the QIAamp Blood Kit (Qiagen, Santa Clara, CA). Amplifications were 

performed in a solution (30 l) containing 1.5 U AmpliTaq Gold DNA polymerase 

(Applied Biosystems); 1:10 dilution of 10X Buffer II (supplied with AmpliTaq Gold); 

200 M of each dNTP; 166 nM of each primer; 2.5 mM MgCl; and 40 ng genomic DNA.  

Reactions were initially heated at 94 ˚C for 10 minutes, followed by 40 cycles of 94 ˚C 

for 40 seconds, 60 ˚C for 30 seconds, ramping from 60 ˚C to 65 ˚C using fifty 0.1 ˚C two 

second cycles, and 72 ˚C for 2 minutes. Reactions were completed at 72 ˚C for 10 

minutes and 20 ˚C for 5 minutes. OLAs were performed in a solution (15 l) containing 

20 mM Tris/HCl buffer pH 7.6; 25 mM KOAc; 10 mM MgOAc; 1 mM NAD+; 10 mM 

DTT; 0.1% Triton X-100; 10 nM (200 fmol) of each OLA probe; 2 l of multiplexed 

PCR product; and 3 U of Taq DNA ligase (New England Biolabs, Beverly, MA). 

Reactions were initially heated for 1 minute at 95 ˚C, followed by 32 thermal cycles of 95 

˚C for 15 seconds (denaturation) and 58 ˚C for 2 minutes (annealing/ligation). 50 l of 

TMAC hybridization solution (3 M tetramethylammonium chloride, 50 mM Tris-

HCl, pH 8.0, 3 mM EDTA, pH 8.0, 0.10% SDS) containing 200 beads from each 

FlexMAP™ microsphere set was added directly to a well containing a completed 

15 l OLA reaction. Hybridization reactions were then denatured at 95 ˚C for 90 

seconds and hybridized at 37 ˚C for 20 minutes. Following hybridization, 6 l of TMAC 
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hybridization solution containing 180 ng streptavidin-R-phycoerythrin (Molecular Probes 

– Invitrogen Corporation, Carlsbad, CA) was added directly to the well containing the 

hybridization reaction. Labeling reactions were incubated at 37 ˚C for 40 minutes. 

Finally, 20 of each FlexMap bead included in the multiplexed assay were sorted and 

quantified using a Luminex 100 or Luminex 200 flow cytometer. All primer and probe 

sequences are contained within Supplementary Material 1 – Primer and Probe Sets. 

 

Statistical analysis and error checking 

In this study, genetic association analysis was performed using the posterior probability 

of linkage disequilibrium (PPLD), a variation of the PPL. The PPL  assesses the evidence 

for linkage and LD and estimates LD between the SNP marker and the disease phenotype 

[192]. The PPL was developed as a Bayesian alternative to traditional linkage analysis 

[193, 194]. Despite the general robustness of parametric linkage analysis [195, 196], 

power can be lost due to model misspecification. The PPL differs from both lod scores 

and "non-parametric" methods in that it directly measures the probability of linkage, 

given the data, and it incorporates prior genomic information, including the prior 

probability of linkage. The PPLD is a version of the PPL that also allows for genetic 

heterogeneity within and between data sets, and thus is ideal for analyses involving 

different collections of pedigrees. The PPLD gives a probability of LD. The prior 

probability of LD is set to 2%. Values below 2% represent evidence against LD, whereas 

values above 2% represent evidence for LD. Simulations (in one sample) indicate that 

95% of PPLD values are below 4% and 99% are below 10%. Mendelian errors were 
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assessed using the program PedCheck. Hardy-Weinberg equilibrium was assessed using 

the program Pseudomarker. 

 

Results 

Genotyping of 15 tagSNPs was performed in three samples of pedigrees segregating 

schizophrenia (predominantly) as well as schizoaffective and bipolar disorders. The 

tagSNPs covered a 75 kB region on chromosome 22q11.2 containing four identified 

protein coding genes: DGCR8, HTF9C, RANBP1, and ZDHHC8 (Figure 4.2). 

  

 

Figure 4.2. TagSNPs in chromosome 22 candidate gene region: This figure shows 12 

tagSNPs covering four genes in a 75 kb region on chr22q11.21. Only the last four digits 

of the dbSNP rs numbers are shown (full rs numbers are given in Materials and 

Methods). tagSNPs cover the entire region shown here, from 2 kb upstream of DGCR8 to 

2 kb downstream of ZDHHC8.  

 

All SNPs tested were in Hardy-Weinberg equilibrium (data not shown). Patterns of LD 

were assessed, and the three SNPs that showed complete LD (in all three samples) with 

other SNPs were removed from further analysis. Thus, 12 tagSNPs without significant 

inter-SNP LD were assessed for genetic association. Genetic association analysis was 

performed using the PPLD [192]. Three categorical and three combined categorical-

quantitative phenotype classifications were used for analyses (for full details see 

Chr22q11.21: base pair 18,445,000-18,520,000 

DGCR8 HTF9C RANBP1 ZDHHC8 
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Materials and Methods). Of note, for categorical phenotypes 1 (narrow schizophrenia) 

and 2 (broad schizophrenia) all patients with schizophrenia are categorized as affected, 

while for phenotype 3 (affective) only those with bipolar disorder and bipolar type 

schizoaffective disorder are considered affected. Thus, phenotype 1 corresponds to 

schizophrenia only, phenotype 3 to a variety of disorders with an affective component, 

and phenotype 2 corresponds to schizophrenia with a significant affective component. 

Samples sets were analyzed individually and as a whole by sequential updating.  

Under the null hypothesis, the posterior probability of LD is assumed to be less 

than 2%; thus any value above 2% indicates significant evidence for LD. PPLD results 

for the three categorical phenotypes in the NIMH sample set are shown in Figure 4.3.  
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Figure 4.3.  PPLD scores using categorical phenotypes in the NIMH sample: The 

figure shows PPLD scores for 12 SNPs analyzed under the three categorical definitions 

of phenotype. rs737935 is significant for phenotypes 1 and 2, and rs720012 is significant 

for phenotype 3. 
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Phenotypes 2 and 1 show significant evidence for association with rs737935, with PPLDs 

of 16% and 33%, respectively. Phenotype 3 is associated with rs720012, showing weak 

association with a PPLD of 3.4%. Thus, in this sample, rs737935 is associated with 

schizophrenia and schizoaffective disorder while rs720012 is weakly associated with 

disorders that contain a bipolar component (i.e., bipolar disorder and the bipolar subtype 

schizoaffective disorder). 

The McLean sample allows endophenotypes to be incorporated into genetic 

studies of schizophrenia, potentially increasing the power of genetic studies [197]. Such 

bivariate phenotypes may not only reduce the high risk of false negatives but also limit 

the impact of genetic heterogeneity . One of these endophenotypes involves anomalies at 

the frontonasal-maxillary juncture, which have been associated with schizophrenia 

(Deutsch et al. 2000, 2007a), and were thus included in the association analyses of the 

combined phenotypes (as described in Materials and Methods). Figure 4.4 shows the 

PPLD results analyzing the three combined categorical-quantitative phenotypes for 

association with DGCR8 SNPs.  

 



 -  -65 

 

65 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

rs
96

062
40

rs
96

062
41

rs
73

793
5

rs
44

367
8

rs
16

402
99

rs
72

001
2

rs
16

334
45

rs
88

598
0

rs
17

516
8

rs
17

516
9

rs
17

517
4

rs
17

517
5

P
P

L
D

Pheno1

Pheno2

Pheno3

 

Figure 4.4.  PPLD scores using combined categorical-quantitative phenotypes in the 

McLean sample: The figure shows PPLD scores for 12 SNPs analyzed under three 

definitions of the combined categorical-quantitative phenotype. rs720012 is significant 

under phenotypes 2 and 3. 

 

Both phenotypes 2 and 3 show association with rs720012. Phenotype 2 has a PPLD of 

6.0% and phenotype 3 has a PPLD of 8.1%. Notably, the PPLD for the combined 

categorical-quantitative phenotype 3 was over two times higher than the PPLD of 3.4% 

seen for the clinical phenotype alone in the NIMH sample. These findings provide further 

support for the association between rs720012 and psychotic illness that has an affective 

component. When applying the categorical phenotypes only to the McLean sample there 

was no evidence for genetic association (data not shown). 

Figure 4.5 presents the results of sequential updating across both samples, 

utilizing the categorical phenotypes in the NIMH sample and the combined categorical-

quantitative phenotypes in the McLean sample.  There is evidence for association of 

rs737935 with phenotypes 1 and 2 (PPLDs of 15% and 24%, respectively) and rs720012 

with phenotype 2 and 3 (PPLDs of 6% and 24 %, respectively. 
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Figure 4.5.  PPLD scores from sequential updating of NIMH and McLean samples 

using categorical and combined categorical-quantitative phenotypes, respectively: 

The figure shows PPLD scores for 12 SNPs analyzed via sequential updating in the 

NIMH and McLean samples under categorical (NIMH) and categorical-quantitative 

(McLean) phenotypes. rs737935 is significant under phenotypes 1 and 2 in the NIMH 

sample, but not in the McLean sample and rs720012 is significant under phenotypes 2 

and 3 in the McLean sample. 

 

Genotyping was performed in a third sample set, ascertained in Canada and 

containing subjects of Celtic and German ancestry [36].  The Canadian  pedigrees 

showed no evidence for linkage to chromosome 22q11 in a previous study [45]. Notably, 

this particular sample was purposefully screened to exclude individuals with any clinical 

features of 22q11DS and to exclude individuals with bipolar illness. Results of PPLD 

analysis are shown in Figure 4.6. There is no evidence for association with any of the 

chromosome 22 SNPs in this sample 
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Figure 4.6.  PPLD scores using narrow and broad phenotypes in the Canadian 

sample: The figure shows PPLD scores for 12 SNPs analyzed in the Canadian sample. 

None of the PPLDs for these SNPs was significant. 

 

 

Discussion: 

In this study twelve tag SNPs, spanning four genes (75 kb total) within the 22q11DS 

region, were genotyped and analyzed for association to schizophrenia, schizoaffective 

disorder, and bipolar disorder. The deletion region contains ~40-50 protein coding genes, 

and has been implicated in dramatically increased risk for schizophrenia and other 

psychiatric disorders, including bipolar illness [198]. Our findings implicate rs737935 in 

susceptibility to schizophrenia in one sample but do not confirm this association in the 

other two samples.  Another SNP, rs720012, was associated with psychotic illness with 

an affective component in two pedigree collections. Both associated SNPs are within the 

DGCR8 gene.  

SNP rs720012, located in the 3’ UTR of DGCR8, was associated with psychotic 

conditions having an affective component in the NIMH sample set. This SNP was also 

significantly associated with the combination of psychotic conditions having an affective 
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component (primarily schizoaffective disorder) and a quantitative measure of craniofacial 

dysmorphology in the McLean sample set. The association with craniofacial 

dysmorphology was observed in a phenotype that included schizoaffective disorder of the 

bipolar type and bipolar disorders, but not with a phenotype restricted to narrowly 

defined schizophrenia. The specific craniofacial dysmorphology assessed, which is based 

on a pattern of quantifiable anomalies at the frontonasal-maxillary juncture, has 

previously been associated with schizophrenia and corresponds to anterior-posterior brain 

midline dysmorphology in patients with schizophrenia and in their clinically unaffected 

first-degree relatives.  

This research does not answer whether rs720012 is a causative mutation or merely 

in linkage disequilibrium with a causative mutation. rs720012 is an A:G SNP, with a 

minor allele (the A allele) frequency of approximately 10% in the Caucasian population. 

In this study, the A allele was more likely to be found in affected individuals. 

Intriguingly, rs720012 is located in the 3’ UTR of DGCR8, within a predicted (using 

RNAhybrid; http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/) conserved binding site 

for hsa-mir-221, and thus could potentially impact the expression of DGCR8 by altering 

the hsa-mir-221 targeting of this gene. The A allele replaces an unfavourable G:U wobble 

with a more favourable A:U pairing (Figure 4.7). A hypothesis for further testing is that 

the A allele results in reduced levels of DGCR8 expression, at some point in 

development, through an increased binding affinity of hsa-mir-221 for the target site in 

the 3’ UTR of DGR8.  

 

http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/
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Figure 4.7. Predicted hybridization of hsa-mir-221 to 3’ UTR of DGCR8: This figure 

shows the location of SNP rs720012 within the predicted hybridization site of hsa-mir-

221 (green) with the DGCR8 3’ UTR (red). The MiRanda target prediction algorithm was 

used to predict targeting of hsa-mir-221 to DGCR8. RNAHybrid was used to generate the 

image and to calculate the minimum free energy (mfe) of hybridization. 

  

SNP rs737935, located within exon 9 of DGCR8, is associated with schizophrenia 

in the NIMH sample set and in combined analysis of the NIMH and McLean sample sets. 

A search for functional elements (using the UCSC genome browser) reveals no obvious 

elements that rs737935 impacts. It may be that the finding of genetic association for this 

SNP is due to LD between rs737935 and some as yet unknown functional variant. 

However, using the most recent HapMap data release (release 21a, phase II, January 

2007) neither rs737935 nor rs720012 share LD above r^
2 

=0.80 with any other SNP in the 

75 KB region studied. While it is true that both rs737935 and rs720012 were selected as 

tagSNPs for this study, both were contained within singleton LD bins. 

In conclusion, this study represents the first genetic evidence for association of 

the miRNA biogenesis pathway with psychiatric disorders. A previous report has 

identified misexpressed miRNAs in post-mortem samples from patients with 

schizophrenia and schizoaffective disorder [174]. Through a comparison of the 

expression of intronic miRNAs and the mRNAs in which they are located, the authors of 

that study hypothesized that altered biogenesis of miRNAs might be the mechanism by 

which miRNA misexpression is induced. Our data support that hypothesis. 
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Chapter 5 

MicroRNA Expression Profiling in Post-Mortem Brain Samples from Patients with 

Schizophrenia and Bipolar Illness 

 

Introduction 

 We previously have identified genetic polymorphisms in the microRNA processing 

gene DGCR8 that are associated with both schizophrenia and bipolar disorder. Genetic 

polymorphisms which alter the function or expression of DGCR8 could conceivably alter 

the expression levels of mature microRNAs (miRNAs), and in this study we assessed the 

expression levels of specific miRNAs in a collection of post-mortem brain samples from 

patients with schizophrenia, bipolar illness, and psychiatrically normal controls. MiRNAs 

are abundantly expressed in the developing and adult mammalian brain [173], and there 

are a number of reasons to hypothesize why miRNA expression may be altered in brain 

tissue of individuals with neuropsychiatric disorders (reviewed in [199]). Schizophrenia 

is thought to be a developmental disorder [200], and miRNAs have emerged as important 

regulators of animal development [72]. An in vitro model of mouse embryonic stem cell 

derived neurogenesis identified specific microRNAs important in progenitor 

differentiation to neurons or astrocytes [71], and in vitro results correlated with 

expression patterns of in vivo mouse embryonal neurogenesis [70, 73] . The dre-mir-430 

family has been shown in zebrafish to partially rescue brain morphogenesis defects 

observed in Dicer knockouts [75]. It has been demonstrated that mir-134 negatively 

regulates dendritic spine width in cultured rat hippocampal neurons through targeting of 

the LIMK1 gene [74], and alterations in dendritic spine density and morphology have 

been noted in human post-mortem studies and pharmacological animal models of 
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schizophrenia [24, 201]. Schizophrenia is also hypothesized to involve defects in synaptic 

transmission, notably in glutamate signaling through the NMDA receptor [202], and a 

report of computationally predicted microRNA targets took note of the fact that multiple 

microRNAs are predicted to target the NMDA receptor complex, including three NMDA 

receptor subunits, all PSD-95 family members (DLG1-5), and other PSD-95 associated 

genes [76]. It is clear from these studies that microRNAs are abundant and powerful 

effector molecules in the central nervous system that could potentially play a role in 

schizophrenia.  

 In this study, we performed TaqMan based expression profiling of post-mortem brain 

samples obtained from patients with schizophrenia, bipolar disorder, and psychiatrically 

normal controls. A small pilot experiment was performed to assess the expression of 160 

microRNAs in 6 post-mortem brain samples (schizophrenia=3, control=3). Potentially 

interesting microRNAs identified in the pilot study were then followed up in a larger 

collection of post-mortem brain samples (schizophrenia=35, bipolar=35, control=35). 

Samples in the follow-up expression study were genotyped with the same tagSNP panel 

that was utilized in the DGCR8 genetic study, allowing us to investigate correlations 

between associated DGCR8 SNPs and miRNA expression levels. 

      

Materials and methods 

Post-mortem brain samples: 

Tissue samples were obtained from three sources: the Human Brain and Spinal Fluid 

Resource Center (VA Medical Center, Los Angeles, California), the Harvard Brain 

Tissue Resource Center (Harvard, Boston, Massachusetts), and the Stanley Medical 
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Research Institute (SMRI, Chevy Chase, Maryland).  The SMRI samples consist of post-

mortem brain specimens from 35 individuals with schizophrenia, 35 individuals with 

bipolar disorder, and 35 psychiatrically normal controls. This sample contains many more 

individual subjects than is typical for post-mortem studies of psychiatric disorders, and 

samples were collected in a standardized fashion with an emphasis on obtaining high-

quality RNA for expression studies. Diagnoses were made by two senior psychiatrists, 

using DSM-IV criteria, based on medical records, and when necessary, telephone 

interviews with family members. Diagnoses of unaffected controls were based on 

structured interviews by a senior psychiatrist with family member(s) to rule out Axis I 

diagnoses. Specimens were collected, with informed consent from next-of-kin, by 

participating medical examiners between January 1995 and June 2002. The specimens 

were all collected, processed, and stored in a standardized way. Exclusion criteria for all 

specimens included: 1) significant structural brain pathology on post-mortem 

examination by a qualified neuropathologist, or by pre-mortem imaging; 2) History of 

significant focal neurological signs pre-mortem; 3) History of central nervous system 

disease that could be expected to alter gene expression in a persistent way; 4) 

Documented IQ < 70; or 5) Poor RNA quality. Additional exclusion criteria for 

unaffected controls included age less than 30 (thus, still in the period of maximum risk) 

and substance abuse within one year of death or evidence of significant alcohol-related 

changes in the liver. Relevant demographic information for the Stanley samples is 

contained in Table 5.1. 
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Table 5.1. Demographic variables of patients comprising Stanley post-mortem brain 

sample set  

  
Unaffected 

controls 
Schizophrenia Bipolar Disorder 

Number 35 35 35 

Mean age 

and range 
44.1 (31-59) 42.6 (19-59) 45.3 (19-64) 

Race 35 white 35 white 

33 white 

1 Black 

1 Native American 

Sex 26M, 9F 26M, 9F 17M, 18F 

Mean PMI 

and range 

(hrs) 

29.4 (9-58) 31.3 (9-80) 37.9 (12-84) 

Mean pH 

and range 
6.6 (6.0-7.0) 6.5 (5.9-6.9) 6.4 (5.8-7.0) 

Side of 

brain 
19 right, 16 left 18 right, 17 left 16 right, 19 left 

 

 

Purification of RNA from tissue samples:  

For the pilot study samples (LA and Harvard), ~300-500 mg sections of frozen 

tissue were ground to a powder in liquid nitrogen. Total RNA was purified from a portion 

of this powder using the mirVana miRNA isolation kit (Ambion, Austin, Texas) 

following the manufacturer’s recommended protocol. The remainder of the powder was 
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stored at -80C for future use. Quality and quantity of total RNA was assessed using an 

Agilent 2100 Bioanalyzer and NanoDrop ND-1000 spectrophotometer. 

For Stanley samples region BA9, 300-500 mg sections of frozen tissue were 

added to 3mL of chilled RNALaterICE (Ambion) and stored at -20C for a minimum of 

16 hours. To prepare samples for RNA purification, RNALaterICE was decanted, and the 

tissue sample lightly blotted to wick away excess RNALaterICE. Next, 3mL of chilled 

mirVana lysis buffer was added to the tissue and the tissue homogenized with a Fisher 

PowerGen 35 handheld homogenizer. The mirVana miRNA isolation kit was used to 

purify total RNA from a 750μL aliquot of lysate. For Stanley samples region BA46 

samples, we received total RNA from the SMRI. Yield and purity were determined using 

a NanoDrop ND-1000 spectrophotometer. 

 

TaqMan miRNA profiling in pilot study:  

For the pilot experiment, we measured the relative expression of 160 microRNAs 

included in the Applied Biosystems TaqMan MicroRNA Assays Human Panel (Early 

Access Kit version 1.0). TaqMan miRNA assays have a linear dynamic range of greater 

than 7-logs; this is a key advantage of the TaqMan miRNA assay over competing 

technologies, given that miRNA expression varies from less than 1 copy to more than 

50,000 copies per cell. Primers and probes were delivered in a 96-well plate format. 

Simplexed RT reactions were performed using the High-Capacity cDNA Archive Kit 

(Applied Biosystems). For a 1x reaction, RT was performed in a solution (15uL) 

containing 0.15uL dNTP (100mM), 1uL MultiScribe Reverse Transcriptase (50U/uL), 

1.5uL 10x RT Buffer, 0.188uL RNase Inhibitor (20U/uL), 4.126 uL nuclease-free water, 
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3uL stem-loop RT primer and 5uL (50 ng/uL) input RNA. RT reactions were performed 

in 96-well plates under the following cycling conditions: 16˚C for 30 minutes, 42˚C for 

30 minutes, and 85˚C for 5 minutes. Simplexed PCR reactions were performed in 

quadruplicate using a 7900HT Real-Time PCR System (9600 emulation mode, 95˚C for 

10 minutes followed by 40 cycles of 95˚C for 15 seconds and 60˚C for 60 seconds). No 

RT and no template controls were routinely performed.  

 

TaqMan miRNA profiling in Stanley sample set: 

For follow-up profiling in Stanley samples BA9 region, we saved on reagent costs by 

performing multiplexed RTs and reducing the PCR volume to 5uL. Both multiplexed 

RTs and reduced volume PCRs were assessed to ensure that these modifications did not 

affect the linear dynamic range of the assay. At very high concentrations of input RNA 

(>1.5ug) we did observe compression of the linear range for a significant portion of 

miRNAs tested. However, for all assays tested, input RNA amounts of 1µg or less 

showed excellent linearity, and for more highly expressed microRNAs we were able to 

achieve a linear dynamic range of 7-logs (1µg to 0.01ng of input RNA). The worst 

performing assays, which were often those expressed at lower levels, showed a linear 

dynamic range of no less than 4-logs. Multiplexed RT reactions were performed using the 

TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems). For a 1x reaction, 

RT was performed in a solution (20µL) containing 0.40µL dNTP (100mM), 4µL 

MultiScribe Reverse Transcriptase (50U/uL), 2uL 10x RT Buffer, 0.25uL RNase 

Inhibitor (20U/uL), 5.35 uL nuclease-free water, 4uL stem-loop RT primer (62.5 nM) and 

4uL input RNA (18.75 ng/uL). Simplexed PCRs were performed in quadruplicate using a 
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7900HT Real-Time PCR System (Applied Biosystems). Reactions were performed in 

solution (5uL) containing 1.89uL nuclease-free water, 2.5uL TaqMan Universal PCR 

Master Mix (No AmpErase UNG), 0.25uL 20x probe/primer mix, and 0.36uL RT 

product. All PCRs were performed in quadruplicate. 

 

Control RNAs for normalization of miRNA expression: 

At the time of our initial experiments using the LA and Harvard samples, small 

RNA housekeeping genes were not available, but Applied Biosystems had in-house data 

showing that mir-16 might be an appropriate endogenous control (personal 

communication with Applied Biosystems). We assessed the appropriateness of mir-16 as 

a housekeeper by normalizing it to the total expression of all 160 microRNAs in six 

samples, and saw very little sample-to-sample variation in mir-16 expression levels. 

Thus, mir-16 was used to normalize the pilot experiment data.  

For the follow up experiment in the Stanley samples, we performed geNorm 

analysis [203] on a panel of recently available TaqMan assays for small nucleolar RNAs. 

GeNorm analysis is a common method used to assess the suitability of putative 

housekeeping genes as normalization controls. Evaluation of putative housekeeping 

genes requires prior knowledge of a stably expressed housekeeper with which to 

normalize the putative housekeeper, thus creating a circular problem. One way to solve 

this problem is to utilize non-normalized expression data, by relying on the principal that 

the expression ratio of two ideal control genes should be identical from sample to sample. 

The expression of a set of putative housekeepers can be measured across a number of 

samples, and the average expression stability, M, can be determined. M is defined as the 
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average pairwise variation of a particular gene with all other control genes. Thus a lower 

M equals a more stable control gene. For BA9 GeNorm analysis, 150ng of total RNA 

from each of 16 samples consisting of a mixture of phenotypes (schizophrenia, bipolar, 

control) was subjected to two-step RT-PCR. The 16 samples were split into groups of 8 

so that the RT and PCR were performed separately for each group of 8, resulting in a 

replication of the GeNorm analysis to improve confidence in our results. RT and PCR 

were performed as outlined above. Based on results of the GeNorm analysis (Figure 5.1, 

below) we used RNU24 and RNU44 to normalize expression data from the Stanley 

samples.  
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Figure 5.1. Expression stability of small nucleolar RNAs as determined by GeNorm 

analysis: This figure shows the output from GeNorm software, indicating the expression 

stability of the 12 putative housekeeping genes assessed. Each graph represents an 

independent experiment performed on different samples. In both experiments, the top 

four most stable putative housekeepers were RNU44, RNU24, Z30, and RPL12, strongly 

indicating that these four small nucleolar RNAs are suitable housekeepers. Based on 

these results, we selected RNU24 and RNU44 to use as normalization controls. 
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Statistical analyses of expression profiling:  

For the pilot study, we used a combination of  ∆∆Ct analysis and the Significance 

Analysis of Microarray (SAM) software package from Stanford University to identify 

differentially expressed microRNAs [204, 205]. The ∆∆Ct method utilizes normalization 

to housekeeping genes to assess relative expression differences between samples. It is 

widely accepted as an appropriate method for TaqMan assays, where PCR efficiencies 

are near 100%. Briefly, SAM is a statistical method and free software that performs 

permutation-based significance analysis for microarray data. It reports a list of significant 

genes and the False Discovery Rate associated with that analysis. For our experiment, we 

have a two-class unpaired design (post mortem brain samples from schizophrenic or 

control individuals). SAM calculates an observed and an expected d value for each gene. 

dobserved represents the observed difference in mean expression levels between the classes 

being compared (i.e. schizophrenic and control) divided by the variance in the data and a 

fudge factor. dexpected is calculated by permutating the class labels but not the data over all 

possible permutations. The difference between dobserved and dexpected is termed delta. The 

experimenter sets delta to an arbitrary significance threshold, and a false discovery rate is 

calculated for this particular threshold. The false discovery rate is calculated by 

estimating how many genes would be called significant in the permutated data set (on 

average) for this particular value of delta. The false discovery rate is the average number 

of significant genes in the permutated data set divided by the number of significant genes 

in the real data set. The desired false discovery rate determines the delta value you wish 

to set. SAM analysis offers a less conservative, and hence more powerful, solution to the 

problem of corrections for multiple testing when testing many genes. 
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For analysis of miRNAs assessed in the Stanley sample set BA9 region, we used 

multiple imputation to fill in the missing covariate data, giving ten complete datasets, 

then used Bayesian model averaging for each dataset and each miRNA. Combining the 

results across datasets gave estimated probabilities that a given covariate belonged in the 

model for a given miRNA. For each dataset, the log of the relative expression of each 

miRNA was regressed against covariates with greater than 10% probability of inclusion 

and the schizophrenia/bipolar/control diagnosis. In addition, for each dataset the log of 

the relative expression of each miRNA was regressed against the DGCR8 SNP 

genotypes. Results were combined across imputed datasets. For Stanley sample BA46 the 

log of relative expression were regressed against subject covariates as well as diagnostic 

groups, but we did not test for association of miRNA expression with DGCR8 SNP 

genotypes, given the very low expression values for most miRNAs assessed in BA46. 

 

Results: 

 For the pilot study, TaqMan microRNA assays were used to assess expression of 

160 microRNAs in post-mortem samples from patients with schizophrenia (n=3) and 

psychiatrically normal controls (n=3). All samples were from Brodmann area 9 in the 

dorsolateral prefrontal cortex. Of the 160 microRNAs tested in the pilot study, 157 

showed measurable (average Ct <35) levels of expression, though many at the lower level 

of expression require very high input RNA (500ng) to achieve acceptable technical 

replicates. Extrapolating from published data on the average copy number per cell of hsa-

mir-16 in adult brain tissue [206], a rough (order of magnitude) estimate was made of the 

copy number per cell for all 160 microRNAs. For ease of discussion, the levels of 
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expression have been categorized from very high to very low, and results are summarized 

in Table 5.2.  

 

Table 5.2. Rough copy number estimate of 160 miRNAs in BA9 of the adult human 

brain 

Copies/cell Relative expression level # of miRNAs 

>10,000 Very high 14 

1,000 to 10,000 High 42 

100 to 999 Medium 54 

1 to 99 Low 31 

<1 Very low 16 

No expression  3 

 

 

 

A review paper from 2005 showed that 50% (125/250) of known microRNAs were 

expressed at some level in the brain [207], and these data add a significant number to the 

list of brain-expressed and brain-enriched microRNAs. The authors cite 12 microRNAs 

that are enriched in the brain, and these data generally agree with the published findings. 

Ten of the 12 microRNAs were identified as brain-enriched are in the highest expression 

group, 1 in the second highest, and 1 in the third highest. Below (Table 5.3) is data from 

our study showing the 10 most highly expressed miRNAs in the dorsolateral prefrontal 

cortex. Additionally, Table 5.3 shows the percentage - relative to total miRNA 

expression of all 160 miRNAs measured - of each miRNA. It can be seen that the 10 

most highly expressed miRNAs account for over 60% of the total miRNA fraction. 
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Table 5.3. 10 most highly expressed miRNAs in BA9 

microRNA % of total 

miR-124a 10.97% 

miR-29c 9.74% 

miR-29b 8.67% 

miR-125b 6.72% 

miR-9 6.18% 

miR-29a 5.74% 

miR-26a 5.69% 

miR-124b 3.03% 

miR-30c 2.74% 

let-7b 2.33% 

Sum 61.82% 

 

ΔΔCt analysis was performed to assess relative expression differences between the 

control and disease samples. Table 5.4 shows the 15 most under- and over-expressed 

miRNAs (schizophrenia relative to control), along with their relative expression levels as 

indicated by our rough copy number analysis.  

Table 5.4. 15 most under- and over-expressed miRNAs in pilot study of BA9 as 

given by ΔΔCt analysis 

 

 

 Under Level miRNA Over Level 

miR-144 3.52 very low miR-371 11.37 very low 

miR-198 2.09 very low miR-372 7.34 very low 

miR-193 2.04 low miR-373 3.57 very low 

miR-199a 2.04 low miR-122a 2.20 very low 

miR-190 1.96 low miR-150 1.80 low 

miR-189 1.92 very low miR-125a 1.77 high 

miR-199b 1.78 low miR-339 1.62 low 

miR-211 1.76 low miR-10a 1.60 low 

miR-105 1.73 low miR-30d 1.55 medium 

miR-182 1.66 low miR-107 1.55 low 

miR-200a 1.65 low miR-149 1.53 medium 

miR-183 1.62 very low miR-133b 1.50 low 

miR-199a* 1.61 low miR-328 1.46 medium 

miR-224 1.58 very low miR-29b 1.46 high 

miR-338 1.58 medium miR-130b 1.44 low 
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Statistical Analysis of Microarrays (SAM) was applied to assess the significance 

of expression differences between diseased and control samples. Table 5.5 shows the 

results of the SAM analysis, with fold differences and q values indicated. Additionally, 

we indicate the expression level of each miRNA as estimated by our rough copy number 

analysis.  

Table 5.5. SAM analysis of BA9 pilot study 

Gene Name  Fold Change  q-value (%)  Level 

hsa-mir-92  1.41 0 Medium 

hsa-mir-17-5p  2.42 0 Medium 

hsa-mir-151  1.5 0 Medium 

hsa-mir-25  1.28 21.66 Medium 

hsa-mir-342  1.33 28.87 Medium 

hsa-mir-328  1.66 28.87 Medium 

hsa-mir-30d  1.7 37.12 Medium 

hsa-mir-222  1.59 37.12 Medium 

hsa-mir-125a  2.15 37.12 High 

hsa-mir-130b  1.6 37.54 Low 

hsa-mir-191  1.22 37.54 Medium 

hsa-mir-372  9.23 37.54 Very low 

hsa-mir-296  2.06 37.54 Low 

hsa-mir-149  2.05 37.54 Medium 

hsa-mir-31  1.36 37.54 Low 

hsa-mir-133b  2.08 37.54 Low 

hsa-mir-150  1.64 38.5 Low 

hsa-mir-373  3.36 38.5 Very low 

hsa-mir-213  1.48 43.31 Low 

hsa-mir-182  0.53 45.04 Low 

hsa-mir-126  0.5 45.04 Medium 

hsa-mir-193  0.31 45.04 Low 

hsa-mir-330  1.26 45.28 Low 

hsa-let-7b  1.84 45.28 High 

hsa-mir-28  0.51 46.64 Medium 

 

Three ―over-expressed‖ microRNAs (mir-372, mir-373, and mir-17-5p) were 

observed to share seed sequence (bp 2-8 AAGUGCU) with the dre-mir-430 cluster, 
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which in zebrafish has been implicated in proper brain morphogenesis [206]. Two other 

―over-expressed‖ microRNAs (mir-25 and mir-92) are located within clusters that contain 

miRNAs with dre-mir-430 seed sequence. Table 5.6 shows human miRNA clusters that 

contain dre-mir-430 like miRNAs, as determined by similarity of seed sequence.  

Table 5.6. Human genomic locations of dre-mir-430 like miRNA clusters  

microRNA Chromosome microRNA Chromosome 

25 7 371 19 

93 7 372 19 

106b 7 373 19 

17 13 363 X 

18a 13 106a X 

19a 13 18b X 

19b-1 13 19b-2 X 

20a 13 20b X 

92-1 13 92-2 X 

 

Thus, in our follow-up study in the Stanley sample set, we chose to test the expression of 

most human microRNAs containing the dre-mir-430 seed sequence (AAGUGCU), as 

well as miRNAs associated with them by virtue of a clustered genomic location. The 

results of the ΔΔCt and SAM analysis, irrespective of relationship to dre-mir-430 

miRNAs, were also utilized to select miRNAs for inclusion in the follow up study. Thus, 

miRNAs were selected for inclusion in the follow up study based on two criteria: 

sequence relationship to the dre-mir-430 family of miRNAs, and observed misexpression 

in the pilot study. 
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Results of ∆∆Ct expression analysis for the follow up study in BA9 of the Stanley 

sample set are shown in Figures 5.2. Interestingly, over-expression of mir-372 was 

observed in samples from patients with both schizophrenia and bipolar disorder. Mir-372 

is a human homologue of dre-mir-430 miRNAs. We also assessed mir-372 expression 

(along with 9 other microRNAs of interest) in a separate dorsolateral prefrontal cortex 

region, BA46, derived from the same Stanley patients from which the BA9 samples were 

obtained. We again observed overexpression of mir-372 (1.5 to 2.2 fold) in both 

schizophrenic and bipolar samples (Figure 5.3). It should be noted that mir-372 is 

expressed at very low levels in the adult human brain, raising questions as to the 

biological relevance of the observed over-expression (see Discussion).  

 

 

 

Figure 5.2. Expression differences between diagnostic groups in Stanley BA9 

experiment: Figure shows results of ∆∆Ct analysis for the 19 follow up miRNAs (X-

axis) in the Stanley sample set. Blue bars indicate fold differences (Y-axis) between 

patients with schizophrenia and controls, red bars indicate fold differences between 

patients with bipolar disorder and controls. 
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Figure 5.3. Expression differences between diagnostic groups in Stanley BA46 

experiment: Figure shows results of ∆∆Ct analysis for the 19 follow up miRNAs (X-

axis) in the Stanley sample set. Blue bars indicate fold differences (Y-axis) between 

patients with schizophrenia and controls, red bars indicate fold differences between 

patients with bipolar disorder and controls. 

 

  

It is conceivable that treatment with antipsychotic medication could be 

responsible for the increased expression of mir-372. To address this issue, we utilized the 

fact that the bipolar samples in the Stanley collection can be divided into three patient 

groups: never treated with antipsychotics (NT), treated in the past but not at time of death 

(TIP), and treated at time of death (TAD). ANOVA was performed to assess whether the 

bipolar samples differed in mir-372 expression based on treatment category. Though the 

results were not significant (p=0.77), there is a trend of increased expression based on 

treatment category. Figure 5.4 shows the relative expression of mir-372 in the three 

bipolar treatment groups and in psychiatrically normal controls. 
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Figure 5.4. Effect of antipsychotic drug treatment on mir-372 expression: Figure 

represents the expression of mir-372 in BA9 (Stanley sample), relative to control, of 

patients with bipolar disorder divided by category of antipsychotic medication use. NT = 

never treated with antipsychotics, TIP = treated in past, TAD = treated at time of death. 

This graph indicates a non-significant (0.77, ANOVA) trend of increased expression of 

mir-372 with more recent antipsychotic use. Error bars represent the standard error. 

 

ΔΔCt analysis only indicates relative expression differences, and does not assess 

the statistical significance of those differences. Indeed, when regression analysis was 

performed on the miRNAs assessed in BA9 of the Stanley sample set, accounting for 

covariates such as antipsychotic treatment, the observed mir-372 overexpression was not 

statistically significant. Table 5.7 shows all covariates assessed and those deemed likely 

to impact mir-372 expression (indicated with an X).  
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Table 5.7. Significant mir-372 covariates controlled for in regression analysis 

 

Covariate  

Age   

Sex   

Brain PH X 

Left Brain   

Lifetime Alcohol Use   

Lifetime Drug Use   

Smoking At TOD   

Psychotic Feature X 

Antipsychotics at death X 

Mood Stabilizer at death X 

Antidepressants at death   

Anticholinergic at death   

Storage   

Refrigerator Interval X 

Post-mortem interval   

Lifetime Antipsychotics X 

Brain Weight  (kg)   

 

Those covariates were thus controlled for when regressing mir-372 expression against 

diagnostic category (bipolar, schizophrenic, psychiatrically normal control). Regression 

analysis reveals no statistically significant expression differences (Table 5.8), based on 

either diagnostic category or any of the covariates, for any of the 19 miRNAs tested in 

BA9. Included in these negative results were microRNAs reported to be differentially 

expressed in a report of DLPFC expression profiling of schizophrenic samples [174]. 

Specifically, mir-92, mir-30d, mir-20b, and mir-106b, all reported as differentially 

expressed, showed no evidence for misexpression in our sample set. Regression results 

for the 10 miRNAs assessed in BA46 of the Stanley sample set also failed to identify 
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significant misexpression of any miRNA based on diagnostic category or any of the 

covariates. 

We were also interested in whether DGCR8 genotype, especially those 

polymorphisms associated with schizophrenia and bipolar illness in our earlier genetic 

study impacted the expression of any of the microRNAs assessed in the larger Stanley 

sample set. Genotyping of the same 12 SNPs was performed on the 105 samples in the 

Stanley sample set. DGCR8 genotype was regressed individually against expression of 

the 19 miRNAs assessed in BA9, and also against a global measure of miRNA 

expression which averaged the expression of all 19 miRNAs. Full results are given as p-

values in Table 5.8. No statistically significant relationship between miRNA expression 

and DGCR8 genotype was observed after correcting for multiple testing. As stated 

earlier, there were also no significant differences based on diagnostic category. 
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Table 5.8. Full regression results assessing miRNA expression against both diagnosis 

and DGCR8 genotypes 
 mir.92 mir.193a mir.151 mir.17.5p mir.18a mir.19a mir.19b 

dx+ 0.232 0.869 0.172 0.887 0.539 0.447 0.420 

rs9606240 0.497 0.647 0.435 0.809 0.121 0.686 0.910 

rs9606241 0.506 0.419 0.682 0.682 0.779 0.968 0.904 

rs737935* 0.387 0.574 0.561 0.936 0.528 0.679 0.848 

rs443678 0.843 0.361 0.696 0.458 0.810 0.201 0.116 

rs1640299 0.408 0.225 0.722 0.132 0.374 0.488 0.666 

rs720012** 0.313 0.193 0.696 0.447 0.287 0.007 0.007 

rs1633445 0.698 0.096 0.701 0.780 0.822 0.993 0.987 

rs885980 0.700 0.361 0.455 0.775 0.716 0.487 0.361 

rs175168 0.626 0.608 0.593 0.480 0.383 0.585 0.694 

rs175169 0.745 0.209 0.598 0.598 0.788 0.199 0.149 

rs175174 0.748 0.252 0.483 0.733 0.796 0.356 0.224 

rs175175 0.801 0.258 0.699 0.204 0.627 0.076 0.033 

        

 mir.20a mir.20b mir.25 mir.30d mir.93 mir.106a mir.106b 

dx 0.724 0.944 0.909 0.949 0.777 0.919 0.405 

rs9606240 0.904 0.744 0.503 0.820 0.718 0.731 0.802 

rs9606241 0.895 0.920 0.602 0.933 0.587 0.567 0.433 

rs737935* 0.896 0.544 0.638 0.729 0.668 0.918 0.670 

rs443678 0.240 0.338 0.673 0.401 0.599 0.892 0.704 

rs1640299 0.374 0.264 0.500 0.620 0.320 0.346 0.300 

rs720012** 0.097 0.061 0.488 0.164 0.088 0.299 0.617 

rs1633445 0.868 0.356 0.389 0.299 0.618 0.516 0.761 

rs885980 0.733 0.536 0.521 0.449 0.633 0.531 0.361 

rs175168 0.652 0.890 0.778 0.886 0.983 0.661 0.711 

rs175169 0.272 0.260 0.371 0.172 0.323 0.326 0.426 

rs175174 0.565 0.459 0.459 0.310 0.523 0.429 0.357 

rs175175 0.116 0.189 0.706 0.622 0.392 0.759 0.480 

        

 mir.125a mir.126. mir.151.1 mir.342 mir.372 mir.520a mir.gm++ 

dx 0.905 0.472 0.172 0.835 0.776 0.321 0.412 

rs9606240 0.554 0.563 0.435 0.798 0.193 0.726 0.836 

rs9606241 0.734 0.985 0.682 0.796 0.915 0.462 0.888 

rs737935* 0.405 0.651 0.561 0.885 0.940 0.395 0.810 

rs443678 0.841 0.317 0.696 0.442 0.297 0.445 0.210 

rs1640299 0.385 0.418 0.722 0.503 0.285 0.102 0.678 

rs720012** 0.355 0.161 0.696 0.099 0.993 0.063 0.163 

rs1633445 0.301 0.504 0.701 0.499 0.416 0.426 0.393 

rs885980 0.608 0.709 0.455 0.352 0.720 0.914 0.315 

rs175168 0.792 0.873 0.593 0.847 0.326 0.615 0.867 

rs175169 0.311 0.388 0.598 0.190 0.578 0.846 0.078 

rs175174 0.510 0.676 0.483 0.284 0.697 0.970 0.251 

rs175175 0.926 0.550 0.699 0.426 0.211 0.498 0.169 

* associated with SCZ in genetic study         **associated with BP in genetic study  
+diagnosis ++global miRNA expression  
Nominal significance at 0.10 = bold, at 0.05 = bold, at 0.01 = bold italicized 
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Discussion 
 

Expression profiling of 160 miRNAs was performed in post-mortem brain samples from 

the dorsolateral prefrontal cortex of patients with schizophrenia and psychiatrically 

normal controls. Highly sensitive and quantitative TaqMan miRNA assays were utilized 

to assess expression in a small set of samples, and follow-up expression profiling of a 

subset of miRNAs was performed in a larger, better characterized sample set. At the time 

of this work, no publicly available data existed showing the expression patterns of 

miRNAs in the adult human brain. Novel and useful baseline information was obtained 

from this work, including which miRNAs are expressed, and at what level. Surprisingly, 

virtually all miRNAs (157/160) were detectable at some level of expression in the adult 

human brain. Using a rough estimate of copy number, we determined that nearly 1/3 of 

those tested are expressed at >1000 copies per cell. 

The purpose of the study was to identify miRNAs differentially expressed 

between patients with schizophrenia, bipolar disorder, and psychiatrically normal 

controls. In both the pilot study and the follow-up studies in the Stanley sample set, 

differential expression of individual miRNAs was observed when assessing fold 

differences using the ΔΔCt method. However, an assessment of the statistical 

significance of these differences by regression analysis reveals no significant 

differentially expressed miRNAs, including miRNAs reported in the literature to be 

differentially expressed. The power to detect a significant difference in miRNA 

expression was assessed in the Stanley samples, using a significance level corrected for 

560 miRNAs (roughly the total number of identified human miRNAs) and 2 comparisons 

per miRNA (BP and SCZ versus control). Table 5.9 shows the required difference (on 
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the log base 10 scale) and m-fold increase (in relative expression) for 80%, 90%, and 

95% power. Power calculations indicate that we had a 95% probability of detecting true 

difference of 3.5 fold or greater, and an 80% probability of detecting true differences 2.9 

fold or greater. 

 

Table 5.9. Power to detect expression differences in the Stanley sample set 

 

Power 80% 90% 95% 

Difference 

(log base 10 

scale) 

0.46 0.50 0.54 

m-fold increase 2.92 3.21 3.47 

 

Of note, there was a consistent observation of mir-372 overexpression in samples 

from patients with both schizophrenia and bipolar illness, in both the pilot study and in 

two separate brain regions (BA9 and BA46) of the Stanley sample set. While it appears 

that this overexpression may be the result of treatment with antipsychotic medication, we 

must be cautious in interpreting the trend in overexpression associated with antipsychotic 

drug treatment. While the trend may be a drug effect, it is also plausible that patients with 

more severe disease are more likely to be treated with antipsychotic medications, and 

thus it is severity of disease that is causing the trend towards mir-372 overexpression. 

Alternatively, mir-372 overexpression might be a compensatory mechanism against 

illness, and drug treatment may mimic this compensatory mechanism. It should be noted 

that mir-372 is expressed at very low levels in adult human brain, and we do find it 

difficult to believe that a gene whose expression is near the limit of detection of TaqMan 

assays is of biological relevance. Additionally, it is a known phenomenon that assays at 
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the limit of detection of real-time PCR are subject to stochastic variation at the RT step, 

resulting in less quantitative assays near the limit of detection. In order to ensure that the 

observed mir-372 overexpression was not a technical artifact influenced by its extremely 

low expression, we assessed the variation of mir-372 expression in biological replicates 

by analyzing Stanley BA46 (n=105) using two amounts of input RNA at the RT step (200 

ng and 1ug). The Pearson correlation coefficient of mir-372 expression using two 

different RNA input amounts was r
2
 > 0.95, suggesting we are accurately quantifying this 

very lowly expressed microRNA. We also note that mir-372 is strongly predicted to 

target the 3’ UTR of the NOS1AP gene, a gene implicated in schizophrenia through both 

genetic and expression studies. Mir-372 may be an important regulator of NOS1AP at an 

earlier developmental time point when mir-372 is more highly expressed. 

Previously, we have identified polymorphisms in the gene DGCR8 that are 

associated with both schizophrenia and bipolar disorder. DGCR8 is involved in the 

processing of miRNAs, and it is conceivable that functional polymorphisms in this gene 

could impact mature miRNA expression levels. We therefore genotyped the Stanley 

sample set with the same set of markers used in the DGCR8 candidate gene study. We 

used regression analysis to determine if any correlations existed between DGCR8 

genotype and miRNA expression for the 19 miRNAs assessed in BA9 of the Stanley 

sample set. rs720012, a SNP significantly associated with bipolar type schizoaffective 

disorder and bipolar disorder, showed nominally significant association with hsa-mir-19a 

and hsa-mir-19b expression (both at p=0.007). Additionally, this SNP gave was 

nominally significant at the p=0.10 level for five other miRNAs. No other SNP showed 

this pattern, and it is of interest given the previous genetic finding. However, after 
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correcting for multiple testing none of the values remained significant. Additionally, no 

SNP was significantly correlated with a global measure of miRNA expression obtained 

by averaging the expression of all 19 miRNAs measured in BA9 of the Stanley sample. 
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Chapter 6 

Conclusion 

 

Review of major findings 

The work presented here focused on genetic studies of schizophrenia, by examining both 

the DNA and RNA of schizophrenia candidate genes in samples obtained from human 

patients. We began by developing an inexpensive, multiplexed genotyping method that 

allowed us to carry out SNP analysis on human genomic DNA obtained from collections 

of pedigrees segregating schizophrenia. The candidate gene studies focused on two major 

hypotheses of schizophrenia etiology: the well known glutamate hypotheses and a novel 

investigation into a potential role for miRNAs in this disease. Panels of tagSNPs were 

tested in three candidate genes for association with schizophrenia. Those genes included 

SNAP-25 and ZDHHC8, both with established roles in glutamate signaling at the NMDA 

receptor. Additionally the DGCR8 gene, a gene involved in global miRNA processing, 

was assessed. The expression of many candidate miRNAs was also measured in post-

mortem brain samples from patients with schizophrenia. Although the primary focus was 

on schizophrenia, the collections of samples utilized in these studies allowed us to assess 

genetic associations with schizoaffective and bipolar disorders as well. 

At the time these studies were undertaken, inexpensive multiplexed genotyping 

technologies were not readily available. Therefore, an in-house SNP typing assay was 

developed, built on existing methods, that was both high-throughput and inexpensive. A 

two-color flow cytometer (Luminex, Austin, Texas) was used in conjunction with 

oligonucleotide ligation assay chemistry and polystyrene beads to develop an assay 
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capable of genotyping 50 SNPs simultaneously at a cost of less than $0.09 per genotype. 

Three innovations helped reduce the cost and time of the assay, relative to previously 

published work. First, we established through extensive experimental work that far fewer 

beads than previously reported could be used to obtain accurate and reproducible 

genotypes. Second, a biotinylated universal oligonucleotide was used to offset the cost of 

labeling OLA products. Third, reagent concentrations were optimized such that no 

washing of the polystyrene beads was necessary during the entire course of the 

genotyping assay, in contrast to all previously published Luminex-based genotyping 

protocols. While new methods are continually being developed and old methods are 

becoming less expensive, our method remains a very inexpensive and reliable method 

that is widely useful to scientists performing targeted genetic studies. 

We next utilized the genotyping assay to perform a candidate gene study of 

SNAP-25, a t-SNARE protein involved in presynaptic vesicle docking and fusion with 

the lipid membrane. The function of SNAP-25, along with expression studies and its 

genomic location at 20p12-p11.2, make it an intriguing candidate gene for schizophrenia. 

No thorough assessment of SNAP-25 as a schizophrenia candidate gene has previously 

been published. A tagSNP approach was utilized to select SNPs for genotyping, and we 

assessed genetic association with schizophrenia in two collections of pedigrees of 

Caucasian ancestry. This study provided evidence of association with several SNPs 

within SNAP-25 and suggested that a causal mutation is present in the 3’ half of the gene. 

The presence of several nominally significant markers near exon 5 suggests that 

alternative splicing of this exon and the resultant SNAP-25 isoforms may be involved in 

schizophrenia etiology, possibly due to the altered capacity of SNAP-25 to regulate 
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synaptic vesicle fusion. This represents the first genetic association between the SNAP-

25 gene and schizophrenia. 

A study was also performed evaluating multiple genes within a 75 kb region on 

chromosome 22q11.2. This region of the genome is very likely to harbor schizophrenia 

susceptibility loci, with evidence from two sources. First, patients who are suffering from 

22q11DS – a disorder involving a common 3 Mb hemizygous deletion – have a greatly 

increased risk of neuropsychiatric disorders including schizophrenia. Second, genetic 

studies, including linkage and association analyses, have repeatedly implicated this 

region in schizophrenia. Our study focused on the chromosome 22 genes ZDHHC8 and 

DGCR8, genes with prior evidence (ZDHHC8) and no prior evidence (DGCR8) of 

association with schizophrenia. We failed to replicate previous findings of genetic 

association with the ZDHHC8 gene. We did, however, find convincing evidence that two 

SNPs within the DGCR8 gene are associated with psychotic disorders. SNP rs737935, 

located within exon 9 of DGCR8, was associated with schizophrenia in a large sample set 

collected by the NIMH, and in combined analysis of the NIMH sample and a separate 

sample from McLean Hospital. SNP rs720012, located in the 3’ UTR of DGCR8, was 

associated with psychotic disorders with a significant affective component in the NIMH 

sample set. Additionally, rs720012 was associated with a quantitative measure of 

craniofacial dysmorphology in subjects with affective psychoses in the McLean sample. 

The specific dysmorphology used to define the quantitative phenotype is based on a 

series of anomalies at the frontonasal-maxillary juncture, and has previously been linked 

to schizophrenia and correlated with anterior-posterior brain midline dysmorphology. 
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Finally, we performed expression analysis of miRNAs in post-mortem prefrontal 

cortex tissue from patients with schizophrenia, bipolar disorder, and psychiatrically 

normal controls. An initial study measured the expression of 160 miRNAs in a small 

number of samples, followed by screening of individual miRNAs of interest in a much 

larger sample set. We experimentally determined appropriate housekeeping genes for 

miRNA expression studies of the human brain, and profiled the expression of a large 

number of miRNAs in the prefrontal cortex of adult human brain. No statistically 

significant expression differences were observed based on the diagnostic category in the 

larger sample set, including four miRNAs reported as misexpressed by another group. 

We tested, and failed to find supporting evidence for, the hypothesis that a family of 

human miRNAs related to the zebrafish mir-430 family were misexpressed in samples 

from patients with schizophrenia or bipolar disorder. We do note, however, that we 

observed consistent overexpression of one mir-430 like miRNA, hsa-mir-372, in samples 

from patients with both schizophrenia and bipolar disorder. There are two major caveats 

to this observation; it appears that this overexpression is correlated with the use of 

antipsychotic medication, and the absolute expression level is quite low. Additionally, we 

assessed whether miRNA expression was associated with DGCR8 SNP genotypes using 

the same SNPs examined in our previous candidate gene study. While no statistically 

significant correlation was found between DGCR8 genotype and miRNA expression, 

there was a trend of nominally significant p-values observed for multiple miRNAs when 

regressing their expression against rs720012 genotype.  
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Future Work 

Investigation into the role that miRNAs play in major neuropsychiatric disorders is a 

novel, and potentially powerful, means by which to understand these enigmatic diseases. 

Our miRNA expression work was initially limited by the lack of available profiling 

methods in early 2004, when the work was first proposed. The importance of miRNAs in 

higher organisms was only just being realized, and large scale expression studies of 

human diseases were non-existent. While we struggled to use miRNA expression 

profiling methods that were still being developed during 2004 and 2005, the advent of 

commercially available assays in 2005 - 2006 allowed us to achieve accurate and 

reproducible expression profiling of miRNAs in post-mortem human tissue samples. Still, 

of the total number of miRNAs now known to exist, only a portion were included in first 

generation assays. In 2006 - 2007, there was rapid development of commercially 

available miRNA expression platforms, finally allowing comprehensive expression 

profiling. The Brzustowicz lab is currently profiling all known human miRNAs, in 

various tissues and at various stages of human development, using highly sensitive and 

quantitative TaqMan miRNA assays. This dataset will be invaluable not only for 

understanding the role of miRNAs in schizophrenia, but will represent the first truly 

quantitative global expression atlas of miRNAs in the human brain.  

This expression atlas will also be useful in expanding the work presented in this 

dissertation. Global miRNA expression patterns can be correlated with the disease-

associated DGCR8 polymorphisms identified in Chapter 4. While a similar analysis was 

presented in Chapter 5, it was limited by the small number of miRNAs profiled. 

Additionally, mRNA expression arrays have been performed on the same samples that 
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are currently being profiled for miRNA expression. Joint analysis of these datasets will 

allow assessment of miRNA impact on predicted mRNA targets in-vivo; no such studies 

are currently reported in the literature. This is one method, though not the only, that will 

be used to begin to identify the protein coding mRNA targets of miRNAs misexpressed 

in neuropsychiatric disorders, with the ultimate aim of identifying the core molecular 

pathways disrupted in schizophrenia. 

Ultimately, functional analysis will be necessary to fully understand the role of 

miRNAs involved in schizophrenia. Cell culture transfection experiments are one way, of 

many, to address the functional importance of misexpression. Transfection experiments 

of hsa-mir-372, the only misexpressed miRNA identified in this work, have recently been 

performed by a member of the Brzustowicz lab. Synthetic hsa-mir-372 was transfected 

into rat primary cortical precursors, to mimic the overexpression we observed in post-

mortem samples. In this experiment, overexpression of hsa-mir-372 resulted in a 

significant increase in neurite outgrowth, the only notable phenotype that was observed. I 

will end this discussion with an image of that experiment (Figure 6.1), to demonstrate the 

power of a single misexpressed miRNA as well as to indicate potential future directions 

of this research.  
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Figure 6.1. Misexpression of mir-372 in rat cerebral cortical precursors enhances 

neuritic outgrowth: Effects of miR-372 were examined by transfecting the pre-miR-372 

vector (Ambion) into cortical precursors. Pre-miR vectors are synthetic microRNAs 

designed to mimic endogenous mature miRNA molecules. Pre-miR-372 was transfected 

at 3, 30 and 100nMol concentrations that were co-transfected with a reporter construct, 

EGFP (CLONTECH).  Morphological differences in cortical precursor neurite outgrowth 

at 30nMol pre-miR-372 were observed compared to cells transfected with EGFP vector 

alone, while there was prominent cell death at the highest concentration. The figure 

demonstrates EGFP control transfection alone (top) and with pre-miR-372 (bottom). The 

processes on pre-miR-372 transfected cells were frequently longer than controls and had 

more branch points. (Work performed by Michael Moreau in collaboration with 

Emmanuel DiCicco-Bloom) 
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