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Abstract

Candidate Gene Analysis of Panic Disorder

Laura M. Hodges

Panic disorder (PD) is a common anxiety disorder of unknown etiology,
with a modest contribution estimated to come from multiple genes. Although
pharmacological and behavioral remedies are helpful, PD carries a significant
personal and socioecomonic burden in the population. Evidence from basic and
pharmaceutical research implicates a number of genes in PD. To date, among
many candidate gene studies, only two candidate genes, COMT and ADORAZ2A,
have been established to show significant association and/or linkage to PD in
different study populations. Pursuing a convergence of biological, ethological,
and pharmaceutical evidence, we investigated genetic variation in previously
untested neuropeptide system genes (GRP, GRPR, TACR1, CRHR1), and fine-
mapped the PD-linked GABA neurotransmitter receptor genes (GABRB3 and
GABRADJ), as risk factors for PD in 120 multiplex pedigrees. A second goal was
to characterize the heritability of COMT and GABRB3 expression patterns in a
control population of nuclear families, in order to identify variants in a ~440-480
kb region around the genes that may contribute to gene function.

We found marginal evidence for association and/or linkage in GRP,
TACR1 and CRHR1 that prohibits ruling them out as candidates for PD.

Suggestive and significant evidence for linkage and association of PD to



GABRB3 and GABRAS encouraged mutation screens of each gene in a subset
of ninety-six probands. A number of potentially functional variants, including a
synonymous SNP, 5’ and 3’ untranslated region SNPs, exon-flanking SNPs, and
two mutations that alter transcription factor binding sites were discovered in PD
probands. In lymphoblastoid cell lines from Northern European samples
represented in the HapMap, variants associated with the heritable expression of
GABRB3 were located in introns and 5’ to the gene. Significant evidence for
heritable COMT expression occurred for variants in genic as well as distant
regions, including a gene-poor region ~340 kb from COMT, which was previously
linked and associated to PD. This is the first evidence connecting potential long-
range regulation of COMT expression to possible COMT dysregulation in PD. As
well, nearer upstream and downstream variants to COMT were associated with
COMT gene expression, providing new positional targets for putative COMT

dysregulation in PD.
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1. Chapter One. Panic disorder (PD) and its genetic analysis
1.1. Background
1.1.1. Description of PD

Panic disorder (PD) is a common psychiatric disorder, of unknown
etiology, characterized by paroxysmal panic attacks and impairment from
ensuing anticipatory anxiety. Panic attacks manifest with intense
cardiorespiratory, autonomic, and neurobehavioral symptoms, often with the fear
of dying and an urge to flee or escape’? as coded in the Diagnostic and
Statistical Manual of Mental Disorders, 4™ edition, revised (DSM-IV-R). PD is
defined by the presence of at least four of thirteen somatic and/or cognitive
symptoms which develop abruptly, listed here with their associated frequency of
occurrence: palpitations, pounding heart or tachycardia (87%), dyspnea (difficulty
breathing) (77%), fear of dying (70%), dizziness (64%) or faintness (56%), chest
pain or discomfort (60%), trembling or shaking (69%), sweating (55%),
paresthesias (numbing or tingling sensations) (51%), hot flushes (or chills)
(50%), feeling of choking (40%), nausea or abdominal distress (31%),
depersonalization (self detachment) (29%) or derealization (feelings of unreality)
(27%), and/or fear of going crazy or losing control (27%). These symptoms
crescendo within ten minutes and can last for minutes to hours. PD is
diagnostically qualified by the recurrence of spontaneous panic attacks, followed
by at least a month of one or more of the following behavioral symptoms:

anticipatory anxiety about the recurrence of attacks, worry about dying or losing



emotional or behavioral control, or impairment in the form of phobic avoidance.
Resulting maladaptive avoidance behavior and persistent apprehension are the
cardinal features of PD. This contrasts with individuals who experience panic

attacks, which occurs at about five times the rate of PD3.

1.1.2. Physiological traits and potential endophenotypes of PD

Compared to most other psychiatric disorders, PD presents with
discernable physiological symptoms and a predisposition for certain
endophenotypes. For example, exposure to various agents, such as caffeine,
cocaine, cystokinin, beta-carbolines, marijuana, pentagastrin, sodium lactate
infusion, and carbon dioxide (CO,) inhalation, elicit panic attacks in patients with
PD at a significantly higher rate than the general population. Heritable aspects of
this vulnerability are suggested by the observation that CO, provocation in
asymptomatic relatives of PD probands is associated with higher rates of anxiety
than other controls®.

Other characteristics of PD are observed in both the peripheral and central
nervous systems. For example, the differential activation of brain regions®” and
heightened autonomic tone® can be seen as electroencephalogram (EEG)
abnormalities. Brain imaging also shows discrete differences in regional brain
activation at baseline®'® and during spontaneous panic attacks''. Deficits in
prepulse inhibition (PPI), with estimated 50-70% heritability, are characteristic in
PD patients'?, and altered in schizophrenia. Additionally, subjects with PD

exhibit differences in skin conductance related to amygdalar-based subjective



fear processing. In fact, PD patients demonstrate less variability in heart rate,
skin conductance', and blood pressure at baseline, and during spontaneous or
COx-induced panic attacks'?, reflecting decreased flexibility in the homeostatic
control of vagal tone, and physiological vulnerability to stress'®, with a reduced
ability to buffer autonomic responses in PD'™. Despite these characteristic
endophenotypes, variability in the individual physiological responses among
individuals with PD, such as individual differences in vulnerability to different
challenge agents, highlight a source of phenotypic heterogeneity in PD'®. We do
not know if this level of locus heterogeneity contributes to phenotypic
heterogeneity, or is merely due to variable penetrance of a singular underlying
disorder. In the following chapters, related phenotypes that inform the
hypothesis-driven selection of our candidate genes are highlighted in order to

propose a larger integrative hypothesis for PD.
1.1.3. Epidemiology of PD

Epidemiological studies estimate the lifetime prevalence of PD between
1.1-3.7%>"""8 in the United States, with between 1.4-2.9%"® among nine of ten
world cultures. The lowest prevalence rate for PD is in Taiwan at 0.4%, with
unknown causes for being an outlier'®. Inclusion of individuals with PD with co-
occurring agoraphobia, or phobic avoidance of situations or places in which
escape might be difficult or embarassing, raises the lifetime prevalence of PD to

between 4.8%° and 5.1%2° in the United States. PD with agoraphobia



constitutes between 20-50% of all subjects with PD?*?', depending upon the
population.

Age, gender, and ethnicity influence PD. Individuals with PD rarely fall
outside the ages of 20-50 years old®, which suggests the involvement of some
age-related factor. The genetic risk of PD in relatives of probands increases if
the age of onset less than 20 years old in probands ?°. Interestingly, PD has a
sexually dimorphic prevalence rate, with the female-specific risk between 1.9%
and 3.7-fold greater® than that of males across countries. This disparity
becomes more pronounced with age, as prevalence rates in males decline more
precipitously than in females®®. Symptoms can significantly vary by gender and
ethnicity as well. For example, females report more chronic and severe
agoraphobic avoidance symptomszs; males report more respiratory symptomszs,
and African Americans exhibit nearly 8 times greater incidence of isolated sleep
paralysis than Caucasians®’. Some of the gender-specific disparity is attributed
to a doubling in treatment relapse in females'®, ostensibly due to known
hormonal interactions with the pharmacological targets (e.g. GABAergic system
genes)?®?°. Fluctuations in hormones correlate with PD symptoms, as is
recapitulated by the adminstration of exogenous hormones to reduce the
provocation of panic attacks in a controlled setting3°. One hormone-mediated
mechanism thought to underlie greater risk of PD in females is the precipitous
spike in CO;levels and decreased respiratory stimulation with a drop in
progesterone, not unlike states of hyperventilation during panic attacks and

provocation of attacks with CO; inhalation. These sex-specific effects are



estimated to act upon the same genetic factors in males and females®' according
to a twin study that showed no difference in genetic or environmental factors
between the sexes. Thus, it is possible that hormonal influences may explain the
non-genetic, non-environmental variability in PD risk, prevalence, and

symptomology differences due to age and gender.
1.1.4. The etiology of PD

Evidence for genetic determinants for PD is observed in family and twin
studies. Family studies suggest an 8 to 20-fold increased relative risk to first-
degree relatives of probands compared to controls, depending upon the age of
onset®', while twin data suggests that less than 12% of the variance in anxiety
disorders is estimated to be due to shared environment®. Estimates of the
relative risk to siblings of PD probands at 5 to 10-fold higher than the population
risk (lambdas)**. PD exhibits moderate heritability of 0.48%*, with locus
heterogeneity*®, and with the remaining liability presumably due to environmental

factors. Segregation studies®®?

prescribe no consistent, simple mode of
inheritance for PD. Thus the diathesis for PD is thought to result from complex,
polygenic origins that are modified by epistatic interactions and environmental

factors®%*".

1.1.5. Comorbidity and syndromic features for PD

A number of psychiatric disorders are comorbid with primary panic

disorder, including major depressive disorder (35-39%), agoraphobia (50%),



recurrent nocturnal panic attacks (18-45%), alcohol (25-37%) and/or substance
abuse (18-36%), social anxiety disorder (31-70%), specific phobia (34-75%),
generalized anxiety disorder (GAD) (15-21%), suicide attempts (20%), bipolar
affective disorder (14-30%), posttraumatic stress disorder (22-40%), and
obsessive-compulsive disorder (8-19%)>****. Combining the prevalence of
multiple comorbidities, 83% of individuals with PD are likely to have a comorbid
disorder, while all individuals with PD and agoraphobia have comorbidities®.
Heterogeneity in the diathesis to PD is observed in the variability in
symptoms and outcomes, in agreement with putative multigenic origins of the
disorder. Many features of PD are nonuniform across patients. PD also exhibits
somatic or visceral syndromic features**, which may reflect pleiotropic effects of
a common, underlying origin. Comorbidity between PD and neurological,
gastrointestinal, cardiac, and respiratory conditions is well-documented in the

46,47

clinical literature*®. Comorbid physical disorders*®*’, such as bladder, kidney,

|49-51 35,37

thyroid*®, or gastrointestina problems®?, mitral valve prolapse®*’, and
migraine> are notably enriched in PD patients, suggesting a shared etiology.
Various studies show that this phenomenon is not due to ascertainment bias.
For example, independent analysis of patients with interstitial cystitis showed a
correlative increase in PD (odds ratio=4, p=0.02)*?. Using these syndromic
features as a diagnostic subclassification for PD has yielded evidence for
significant genetic linkage to multiple regions of a genome scan of sixty multiplex

pedigrees““. This sample is a subset of the larger set of pedigrees studied here.

Hypothetical pleiotropy underlying PD and the syndromic features is supported



by known pleiotripic effects of PD candidate genes (e.g. GABAergic-mediated
cerebral blood flow) and overlapping therapeutic interventions. For example, the
“brain-gut” disorder, irritable bowel syndrome (IBS), is 46% prevalent among PD
patients seeking treatment®, as compared to the 10-20% prevalence of IBS in
the general population. And psychotropic drugs, including GABRa-targeting
benzodiazepines, such as Valium (diazepam) and Xanax (alprazolam), are used
to treat IBS®"*°. In addition, the GABRB3 gene is upregulated in animal models
of IBS, via vagal sensory relays®®, and corticotropin releasing-hormone is
implicated in mediating IBS symptoms®'. Finally, neonatal maternal separation,
which is an environmental modifier of PD risk, is a testing paradigm for stress-
induced IBS in animal models®’. Therefore, genetic, pharmaceutical, and
environmental factors overlap in their involvement with PD and related syndromic

features, which reinforce the selection of our candidate genes in PD.
1.1.6. The societal and personal relevance of PD

PD exacts a heavy socioeconomic cost®®*°. The abrupt and often
unprovoked physical manifestations of panic attacks commonly lead to overuse
of emergency medical care centers®®®®. Outside of a psychiatric setting
misinterpretation of the symptoms incurs high medical testing costs that are
inconclusive®. Up to 98% of individuals with PD are left undiagnosed by
emergency departments®®. Maladaptive avoidance behavior and persistent
apprehension, which are hallmark features of PD, also lead to significant

personal and societal detriment in the form of work disability®>®%®°. Nearly one



third of PD patients are financially dependent®, with an average work disability of
2.7 years’®, and 25% unemployment’”.
Likewise, a high personal cost is incurred in the deterioration of

3,72,73
)

interpersonal relationships®®, risk of alcohol and substance abuse and

46,74,75

depression and suicide , including detrimental generational effects in

children of suicidal mothers with PD by showing an eight-fold increased risk of

depressive and anxiety disorders compared to other children’®"’.

1.1.7. Genetic studies of PD

A number of genome scans in PD pedigrees demonstrate multiple, non-

overlapping regions of genetic linkage to PD*04453.78-81

. One group carried out a
targeted genome scan in regions syntenic to mouse quantitative trait loci for
anxiety and found evidence of linkage in several of those regions in a single
extended pedigree®. In addition, basic neuroscience research has discovered a
number of potential biological mechanisms that underlie the manifestations of
PD. Despite this convergence of genetic and biological evidence, only two
hypothesis-based candidate genes on chromosome 22, catechol-O-
methyltransferase (COMT, 18.3Mb)®*%* and adenosine 2A receptor (ADORA2A,
23.1Mb)®>® | are established candidate genes for PD, showing replication in
more than one population with ethnic-specific differences in the valence of allelic
association®®”. Among the genes studied in this thesis, only the chr15q GABRA

candidate genes have prior postional support from linkage studies to complement

biological data. However, the successful replication results for COMT and



ADORAZ2A, which did not have prior positional data to support their involvement
in PD, illustrates the utility of the hypothesis-driven candidate gene approach in
identifying loci for PD. The sensitivity of association testing to alleles with small
effects, combined with the relatively high sibling risk for PD (lambdas) that is
required for gene-mapping efforts®® (see section 1.1.4.), make the genetic study
of PD a tractable endeavor. There are currently no published genome-wide

association studies for PD.
1.1.8. Treatment of PD

Besides cognitive behavioral therapy, which is particularly effective in
combination with medication for individuals with PD and agoraphobia, a number
of drugs are effective for PD. Current treatment of PD includes anxiolytic and
antidepressant medications such as the GABRa-targeting benzodiazepines
(BZs), and numerous monoamine-targeting drugs, such as the tricyclic
antidepressants (TCAs), monoamine oxidase inhibitors (MAOIs), selective
serotonin reuptake inhibitors (SSRIs), inhibitors of alpha-2-adrenergic receptors
(NaSSAs), and serotonergic-noradrenergic reuptake inhibitors (SNRIs)®. These
drugs modulate GABAergic, noradrenergic, dopaminergic, and serotonergic
signalling. Some of these drugs also remedy syndromic features, such as
migraine, enuresis, and comorbid disorders, such as melancholic depression

characterized by hypercortisolemia®®’

. The variability in pharmacological effects
in relation to PD symptomatology may shed light on the underlying biology. For

example, imipramine is shown to ameliorate PD patients presenting with more



dyspneic symptoms, while alprazolam appears to better treat PD in individuals
without dyspnea®. Insight into the effects of PD drugs, vis-a-vis their respective
molecular targets and effectiveness in quelling symptoms of PD, as well as the
syndromic sequelae in PD, gives insight into the complexity of the underlying
mechanisms of the disorder and related pleiotropic effects. Treatment of PD
using these drugs, by direct or indirect effects, supports the “monoamine
hypothesis” for anxiety and depression.

Despite the utility of the current therapies, more appropriate molecular
targets for treatment are needed. A study undertaken at 6 to 10 years post-
treatment showed that drug response was incomplete in 40-50%, or without
improvement in 20-30% of PD patients®™*°. Due to their broad mechanism of
action, side effects, (i.e. drug dependence, drug withdrawal, sexual dysfunction,
sedation, and unwanted somatic symptoms), are responsible for much non-
compliance and discontinuation. From a research standpoint, their utility is also
limited. Their broad actions are imprecise, and none of these drugs exhibits
plasma drug concentrations, or other indices (e.g. circulating GABA levels), that
are predictive of their response. Furthermore, the monoaminergic drugs have a
delayed pharmacodynamic response on the order of weeks, despite their
immediate molecular effects®. This lack of correlation in the pharmacokinetic-
pharmacodynamic (PK-PD) relationship implies possible alternative effectors for

therapeutic response. In summary, poor efficacy®”*®

, hon-specificity, and lack of
PK-PD correlation in our current arsenal of PD drugs warrants the identification

of alternative molecular targets. Neuropeptides have been of recent interest in
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drug development for their fine-tuned role in mediating neurotransmitter signaling
in animal models. This has lead to some success in clinical trials of inhibitors of
neuropeptide receptors. Our investigation of genes involved in the
neuropeptidergic, GABAergic, and catecholaminergic signaling systems are in
part based on the pharmaceutical evidence supporting their influence on PD and

anxiety.

1.1.9. Fear network structures in PD

Biological support for the involvement of our chosen candidate genes in
PD is based in part on evidence of fear signaling networks in the central and
peripheral nervous systems via brain structures in the amygdala, hippocampus,

thalamus, midbrain, caudal pons, medulla, cortex and cerebellum'®"

, as well as
neuroendocrine cascades via the hypothalamic-pituitary-adrenal (HPA) axis.
Somatic, cognitive and behavioral symptoms in PD parallel specific physiological
and psychological effects that occur with acute and chronic activation of the
stress response system. Panic attacks trigger programmed autonomic nervous
system (ANS) responses via the HPA axis. Hallmark anticipatory anxiety that
ensues with recurring panic attacks arethe hallmark effect of PD, distinguishes
PD from idiosyncratic panic attacks, and is hypothesized to engage higher order
fear learning and memory mechanisms in the cortex via limbic and brainstem
regions. Chronic stress may reflect a biological alteration in the response

threshold for somatosensory and psychogenic stimuli. Healthy stress responses

ensure adaptive “fight or flight” or freeze behaviors, by activating the
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parasympathetic and sympathetic arms of the ANS in response to a perceived
external or internal assault (e.g. physical predation, immune challenge). PD
symptoms appear to manifest inappropriately, due to putative dysregulation of
the stress response system. Aberrant activation of stress response is
hypothesized to underlie a number of psychiatric disorders (depression,
posttraumatic stress disorder, anorexia nervosa, and PD) as evinced by
molecular changes in the effectors of the stress pathway (neurotransmitters,
neuropeptides, hormones, and their cognate receptors), and their corresponding
ANS responses (respiratory, hemodynamic, cardiac, gastrointestinal,
immunoinflammatory), and behavioral adaptations (avoidance, anxiety,
somnolence, libido, addiction, feeding, arousal, escape, emotionality). The
molecular actions of neuropeptidergic genes, interacting with neurotransmitter
system genes, in controlling many aspects of PD pathology are natural

candidates for genetic contribution to the etiology of PD.

1.1.10. Candidate genes for PD

A number of hypothesis-based candidate genes, supported by positional
data and/or biological evidence, have been studied in PD (e.g. MAOA, ABCG1,

and serotinergic genes)**"’

. Despite numerous genetic studies, scant
reproducible evidence exists for linkage and association of candidate genes to
PD. Two exceptions are the catechol-O-methyltransferase (COMT) and

adenosine 2A receptor (ADORA2A) genes, with evidence for linkage and

association to PD in more than one study population. Genes encoding other
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neurotransmitter and neuropeptide system genes are of particular interest to us
based on their role in anxiety circuitry, their use as molecular targets of anxiety-
modulating agents (e.g. anxiolytic benzodiazepines), ethological evidence from
gene disruption studies, and overlapping mechanisms in other peripheral and
central nervous system processes in the syndromic features and comorbid
disorders of PD. In this thesis we detail the results from the investigation of
seven neurotransmitter and neuropeptide system genes in affected familes
and/or ethnically matched controls to pinpoint genetic determinants that may lead

to the diathesis of PD.

1.2. Aims

To identify genetic determinants for PD we used a three-tiered approach
in studying candidate genes with differing levels of evidence for their involvement
in PD: exploratory, suggestive, and well-established candidates. Genetic linkage
data from low-resolution genome scans in PD pedigrees implicates large regions
of the genome, on the order of 10 centimorgans, for which there may be a
hundred resident genes. Hypothesis-based selection of candidate genes is an
approach to prioritize the search. We chose four neuropeptidergic candidate
genes (gastrin releasing peptide (GRP), gastrin releasing peptide receptor
(GRPR), tachykinin receptor (TACR1), and corticotropin releasing hormone
receptor (CRHR1)) on the basis of biological data to test for association and
linkage in PD pedigrees. We also investigated two gama-aminobutyric acid
(GABA) type A receptor subunit genes (GABRAS5, GABRB3), for which there was

a convergence of both biological and positional data for PD as suggestive
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candidates. Lastly, we investigated the heritable influences of cis-acting variants
on the expression of a well-established candidate gene, catechol-O-
methyltransferase (COMT), for which there is more substantial evidence of its
involvement in PD in multiple populations. This pursuit is aimed to increase the
understanding of genetic risk factors and their biological consequences to
improve diagnosis and treatment of PD and related disorders, by providing new
targets for therapeutic intervention.

Outline of aims:

1) Test for linkage and allelic association of variants for the candidate
genes, GABRB3, GABRA5, GRP, GRPR, TACR1, and CRHR1, in 120
Caucasian, multiplex PD pedigrees.

2) Screen ninety-six PD probands for mutations in GABRB3 and
GABRAD5, for which there was evidence of linkage and association in
aim 1.

3) Characterize COMT and GABRB3 expression in unphenotyped
Caucasian trios, ethnically-matched to our PD pedigrees, to determine
the association of cis variants to expression and heritable expression

patterns.
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2. Chapter Two. Linkage and Association of Neuropeptide Genes in PD

2.1. Abstract

The polygenic origins of panic disorder (PD) remain elusive.
Following the hypothesis of altered neurotransmitter tone in PD putatively
underlying COMT and ADORA2A" involvement in PD, the neuropeptidergic
system genes are natural candidates for PD. Ethological and pharmacological
data show neuropeptidergic modulation of anxiety and stress via
neurotransmitters. The genes encoding the corticotropin releasing hormone
receptor 1 (CRHR1), tachykinin receptor 1 (TACR1), gastrin releasing peptide
(GRP), and gastrin releasing peptide receptor (GRPR) were selected as
candidates for linkage and association analysis in 120 multiplex, Caucasian PD
pedigrees. Modest logarithm of odds (LOD) scores for linkage (TACR1 and
CRHR1, LOD ~1) and association (GRP and TACR1, p=0.02) suggest that these

genes cannot be ruled out in the genetic susceptibility for PD.

2.2, Background

Dysregulation of the stress response system, including molecular changes
in the effectors of the stress pathway (i.e. neurotransmitters, neuropeptides,
hormones, and their cognate receptors) are thought to underlie the pathogenesis
of PD. The molecular actions of CRHR1, TACR1, GRPR and GRP in controlling
many aspects of PD pathology are natural candidates for genetic contribution to

the etiology of PD.
2.2.1. Pharmacological mechanisms of PD

23



Antagonists of CRHR1 and TACR1, such as R121919%* and MK869°,
have been developed for treatment of anxiety and depression, while a GRPR
antagonist (RC3095) results in increased anxiety® and altered memory
processing in animals®®, although its development as a therapeutic target for
psychiatric disorders, including anxiety, is currently under investigation'®. These
antagonists are potential tools in elucidating the role of neuropeptidergic
signaling systems as modulators of anxiety and cognition in ethological studies,
and suggest that genetic variation in the genes encoding their molecular targets

may influence the susceptibility to PD.
2.2.2. Effectors of the stress response system

GRPR, TACR1, and CRHR1 are G-protein coupled receptors that
enhance the release of co-localized neurotransmitters in response to
extracellular signals’""®. These neuropeptide receptors densely populate central
and peripheral neural structures responsible for modulating the stress response
system. Central distribution includes the hypothalamus, pituitary and adrenals
(HPA axis), hippocampus, amygdala, prefrontal cortex (PFC), locus coeruleus
(LC), septum, substantia nigra (SN), nucleus of the solitary tract (NST), raphe
nucleus (RN), periaqueductal gray area (PAG), bed nucleus stria terminalis
(BNST), and nucleus accumbens (NAcc). Ligands for these receptors (GRP,
tachykinin, and CRH) are secreted in response to humoral, somatosensory, and
psychogenic stressors. Downstream effects of GRPR, TACR1, and CRHR1

activation include enhanced release of neurotransmitters coexisting within the
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cell (gamma-amino butyric acid (GABA), glutamate, dopamine (DA)'"'2,
serotonin (5HT), norepinephrine (NE), and acetylcholine (ACh)”. Experimental
evidence reveals highly integrated interactions between these signaling systems.

For example, GRP and CRH are coordinately released with stress'®"°

, and
stress-induced hypothalamic serotonin (5HT) activity can be blocked by
antagonists of both CRH and GRP receptors'®'’. CRH and tachykinin mediate
dorsal raphe nucleus firing and 5HT release with stress'®, while activation of
TACR1 in turn inhibits CRH synthesis and the hypothalamic-pituitary-adrenal
(HPA) axis response'®.

Stress responses are mediated via the HPA axis and higher order central
processes (e.g., at the level of the hippocampus and amygdala). Stress signals
received by the hypothalamus evoke CRH secretion, targeting CRHR1 in the
anterior pituitary, where Gs-coupled signal transduction induces
adrenocorticotropin (ACTH) and beta-endorphin release. The latter two peptides
are both cleaved from the proopiomelanocortin (POMC) precursor protein.
ACTH secretion into the blood stream targets the adrenal gland to elicit
epinephrine secretion from the adrenal medulla, and glucocorticoid (GC)
secretion from the adrenal cortex (cortisol in humans, corticosterone in rodents).
ACTH upregulates the expression of TACR1, preprotachykinin-A (tachykinin
precursor), and initiates tachykinin/TACR1 signaling®. GCs simultaneously elicit
SNS responses while initiating feedback inhibition via glucocorticoid and
mineralocorticoid receptors (GR, MR) that reside along all various relay points in

the stress response regulatory regions, including the hippocampus,
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hypothalamus, and pituitary. GRP/GRPR and tachykinin/TACR1 signaling also
evoke the HPA axis response to transmit effects of the sympathetic and
parasympathetic nervous systems. Outside of the HPA axis, all of the candidate
neuropeptidergic signaling systems have multiple site-specific roles in modulating
the classic neurotransmitters to manifest specific central effects. For example,
GRPR mediates memory formation in the hippocampus and amygdala via
excitation of inhibitory GABAergic, GRPR-positive interneurons to inhibit CA1
principal cells'.

In the periphery, cellular responses include Gg-coupled, TACR1 and
GRPR-mediated cardiovascular and other smooth muscle contractility® to mount
the sympathetic nervous system “fight or flight” response by increasing heart
rate, which is a primary somatic symptom of panic attacks in PD. Gs-coupled,
CRHR1 and TACR1?' signaling alternatively evokes vasodilatory response in
arterioles, and bronchial/tracheal constriction, reminiscent of PD symptoms of
dizziness and dyspnea, and characteristic of the parasympathetic nervous
system “fright, freeze or faint” response. The Gq and Gs-coupled second
messenger cascades reflect opposing mechanisms of autonomic nervous system
response delineated by the PNS and SNS, respectively. TACR1 signaling may
evoke PNS or SNS responses depending upon ligand concentration. TACR1
coupling to Gs (high ligand affinity) or Gq (low ligand affinity) occurs in a biphasic
manner, with distinct cellular outcomes??. Therefore, manifold stress-response

effects of these neuropeptide signal systems are substrate concentration-
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dependent®?, tissue-specific®*, and context-dependent in integrating adaptive
responses.

These neuropeptidergic GCPR systems respond to signals sensed by
humoral (blood gases, osmolality, hormones), somatosensory (pain, infection,
trauma, ingestion), and psychogenic (predation, threat) inputs that in turn
modulate classical synaptic transmission and effect paracrine and endocrine
responses in the autonomic nervous system as adaptive compensation. Among
their duties in organismal homeostasis, the neuropeptidic signaling systems
controlled by GRP/GRPR, CRHR1, and TACR1 include the adaptive responses
of: immunoinflammatory, salt-water balance, blood acid-base balance, blood gas
balance, blood pressure, tissue growth and repair, reproductive efficiency,
digestion, energy use or storage, thermoregulation, muscle contractility,
cardiovascular, and nociception, all to shunt molecular resources to the task at
hand. Outward indices of these changes motivate behaviors that benefit the
adaptive internal molecular changes, such as: escape/exploration, sleep/arousal,
social/sexual, temperature regulating, feeding, water-seeking, and behaviors.

PD and depression, which are both stress-related disorders, are characterized by
chronic alterations in a number of the abovementioned molecular and behavioral

indices.
2.2.3. Pleiotropic effects of neuropeptidergic signaling

These neuropeptide modulators are implicated in PD for their direct

involvement in activating numerous somatic and cognitive responses observed
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with acute panic attacks and with ensuing anticipatory anxiety in PD. Important
to resolving the complex genetic etiology of PD, non-psychological symptoms
implicated with these genes may represent PD endophenotypes as potential
markers of underlying biological mechanisms for PD. Given the likelihood of
dysregulation of the stress-response system in PD, our neuropeptidergic
candidate genes appear to be associated with somatic and psychological effects
that parallel many PD symptoms. Examples include peripheral autonomic
reflexes in the skin and bladder, regulated by peptidergic signaling systems.
Observed differences in skin conductance is biological marker for PD*?7
Threshold set points for the “fight or flight” sympathetic tone and homeostasis,
marked by vasoconstriction of skin blood capillaries may be dysregulated in PD.
Dense peripheral innervation of the skin by TACR1%® and GRPR (43% of the
epidermal cells)29 is responsible for many important vascular®, immunological,
and inflammatory®’ effects. In the amygdala, where all of our candidate genes
probably play important anxiety-mediating functions, surgical resection for
refractory epilepsy results in changes in skin conductance associated with
reduced anxiety®’. Thus, skin conductance reflects centrally mediated autonomic
tone. Similarly, bladder function is regulated by neuropeptidergic regulation of
ANS roles for smooth muscle control, salt-water balance, and inflammation.
Interstitial cystitis (IC), a chronic and painful disorder, is characterized by
increased urinary histamine®, accumulation of lymphocytes and mast cells®*>°
and a breach in the bladder permeability barrier to urine*®, and is attributed to

HPA axis dysregulation. IC is 2 to 11 times more common in females than males
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1*”:38 and enriched in our PD cohort. Reciprocal enrichment of PD

in genera
exists in patients with urinary interstitial cystitis®**“°. Patients with IC exhibit
pronounced TACR1 mRNA expression by bladder biopsy'?, and significantly
increased catecholamine-synthesizing tyrosine hydroxylase in the LC*' and
bladder*?. Animal models of the tachykinin/TACR1 system (TACR1 gene
deletion) reveal similar symptoms of cystitis, with four fold greater mast cells in
the bladder*®, and impaired inflammatory response to antigen challenge
(including AP-1 responsive fos and TNF-beta genes)**. Treatment of IC includes
the anxiolytic TCA, amitriptyline; and relevant effects of TACR1 antagonists have
been found to increase bladder capacity without changing micturition pressure®.
On the basis of common psychological (anxiety, fear) and somatic (skin

conductance, bladder function) phenotypes in PD, these neuropeptidergic genes

are good candidate genes.
2.2.4. Gastrin releasing-peptide signaling

GRP is secreted in response to restraint stress15, and administration of

GRP or GRPR antagonists are shown to alter memory of aversive events®®

n
a region-specific and dose-dependent manner. GRPR knockout mice exhibit
enhanced learned fear memory'? due to increased long-term potentiation in the
cortex and amygdala. GRPR is distributed in both excitatory, glutamatergic
neurons, and inhibitory, GABAergic neurons, leading to memory enhancement'?

or inhibition®®, respectively. Thus, manifold effects of GRP/GRPR signaling

should depend upon specific neurocircuitry. Together these studies implicate
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GRP and GRPR in a number of autonomic nervous system and behavioral

responses, some of which may reflect PD symptomology.

2.2.5. Corticotropin releasing-hormone signaling

4851 or overexpression® of CRH induces anxiety

Exogenous administration
that can be blocked by the administration of the anxiolytic, GABRa-targeting
benzodiazepine (BZ), chlorodiazepoxide®. Heightened CRH levels are
suggested to be an endophenotype of anxiety, as indexed by greater freezing
behavior and adrenal-pituitary activity in non-human primates®®. Patients with PD

55 \which normalizes with

exhibit altered ACTH and cortisol responses
alprazolam treatment®°.
Knockdown of CRHR1 by antisense mRNA reduces anxiety that is

%6-61  Stress-

provoked by stress testing paradigms, or CRH administration
mediated surges in ACTH and GC are blunted in CRHR1 knockouts®?, as with
administration of CRHR1 antagonist®>. CRHR1 knockout animals exhibit
reduced anxiety, along with impaired cognition, and low basal plasma levels of
glucocorticoid stress hormones from adrenal agenesis and atrophy®*®4%°. Thus,
CRHRH1 is critical to proper adrenal development®®, not only for mounting a robust
stress response, but also for maintaining homeostasis with endocrine
fluctuations. Hyperactive CRH effectively causes functional adrenal hyperplasia,
with possible down-regulation of pituitary CRHR1, and lessened feedback

inhibition at hippocampal glucocorticoid receptors, typical of hypercortisolemic

subjects with depression or PD®®. Similar to CRHR1 gene deficiency,
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67-74’ and

antagonists of CRHR1 cause diminution of learned fear®®, anxiety
depression’>’®in animal behavior models. The CRHR1 antagonist R121919, has
shown efficacy, tolerability, and safety in trials for clinical treatment of anxiety and

depression”’.
2.2.6. Tachykinin signaling

TACR1 is the receptor for tachykinin (also called substance P), which is
secreted in response to stress'"’®. Treatment with antidepressants’ and
anxiolytics®® reduce tachykinin levels in the rat brain, while administration of
tachykinin induces anxiety in animals'®"®*. Tachykinin acts to enhance
inhibitory avoidance learning®® and conditioned place preference®®®’,

TACR1 knockout animals exhibit reduced nociception and psychogenic
anxiety provoked by TACR1 agonist or maternal separation®, but not anxiety
from exploration®. Other TACR1 deletion phenotypes include reductions in
aggression®, reward behavior®, and stress-induced analgesia®', as well as
altered pain perception®’.

Similarly, TACR1 antagonists lead to reductions in anxiety-like behaviors

583849295 raduction in aggression®, aversive memory

in a number of paradigms
conditioning®, defensive rage®, anxiety in maternal-separation®®, anxiety in
social interaction tests®®, and anxiety in some®*, but not all exploration-hiding
conflict tests®.

Both disruption of TACR1 gene®°"%® and pharmacological blockade by

TACR1 antagonists®*'% result in increased hippocampal 5HT neurotransmission,
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greater frequency of spontaneous 5HT-firing in the DRN®""

and subsequent
inactivation of 5HT4a autoreceptors that mimics the actions of antidepressants,
such as SSRIs, MAOQOIs, 5HT1a antagonists, and alpha 2-adrenoreceptor
antagonists (e.g. mirtazapine, bupropion). TACR1 antagonists, however, exhibit
less motor impairment and sedative side effects than traditional antidepressants,
as measured by rotorod test for performance in locomotion and balance®.
TACR1-mediated effects are complex due to differential cleavage of the
tachykinin precursor'®, and variability in tachykinin ligand concentration'®. This
reflects the biphasic Gs and Gg-coupled actions of TACR1-mediated signal
transduction inherent to substrate concentration?. Lastly, there are region-
specific differences in colocalized neurotransmitters within TACR1-positive cells,
such as ACh in ventral pallidum'®, glutamate in raphe and PAG™, and NE in
locus coeruleus.

In humans, TACR1-mediated signaling is implicated in the clinical
observation of sustained increases in plasma tachykinin levels with increased
anxiety'®, and decreased cortical TACR1 in depression'®. The TACR1
antagonist, MK869, has shown efficacy with less side effects than the selective
serotonin reuptake inhibitor (SSRI), paroxetine, in clinical trials for treatment of
anxiety and depression®, although this drug has yet to be pursued in large-scale
trials. Another TACR1 antagonist, GR205171, has proved comparable to the

107

SSRI, citalopram, in treating patients with social phobia ", which is up to 70%

comorbid in subjects with PD>.
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Given the compelling biological support involving these four genes with
anxiety, we investigated the hypothesis that genetic variations at these loci are
involved in the susceptibility to PD. No previous studies have been carried out in

PD with the candidate genes studied here.

2.3. Methods

2.3.1. Subject recruitment and sample collection

A total of 1,591 individuals (for which we collected 992 DNAs for
genotyping) in 120 PD pedigrees of primarily Caucasian Americans of Western
European descent were recruited from anxiety clinics, therapists, and support
groups from the Northeastern United States. Subjects were independently
assessed per the Diagnostic and Statistical Manual of Mental Disorders, Third
Edition, Revised (DSM IlI-R) criteria for PD by psychiatrists blinded to family
relationships'®. Diagnostic categories were defined as definite, probable,
possible, or any panic, and unaffected, or unknown, as described elsewhere'®.
These were used to establish three phenotypic designations for statistical
analysis: narrow (definite or probable PD), intermediate (adding possible PD),
and broad (adding any panic) PD phenotypes'®. These diagnostic categories
allow for the inclusion of individuals who did not meet the strict DSM III-R criteria
for PD * agoraphobia, but who might otherwise contribute to the genetic
susceptibility of PD. For example, the “any” panic category allows for inclusion of
individuals with some sign or symptom of PD, such as a single, severe

paroxysmal panic attack without sequelae, or medically unexplained bouts of “air
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hunger” '°. The individuals for whom we had no DNA were intermediate
relatives who were necessary to establish familial relationships among affecteds.

According to a disproportionate co-occurrence of PD with syndromic
features, such as mitral valve prolapse, migraines or serious headaches, thyroid
conditions, bladder or kidney problems (see section 1.1.5.), two additional
diagnostic categories were used, as described elsewhere™* ' Briefly, affected
status was broadened to include family members with syndromic or bladder
conditions. For example, the bladder and renal conditions included family
members with a history of enuresis, mild renal insufficiency with secondary
hypertension, or cystitis. Mechanistic and genetic studies show evidence for a
link between PD with the syndromic features enriched in PD pedigrees. These
mechanistic overlaps reflect potential pleiotropic effects of the candidate genes
for PD (sections 2.2.3., 3.2.5.,4.2.5., and 4.2.6.).

Genomic DNA was previously isolated from blood or lymphoblastoid cell
lines'™. All subjects provided informed consent, and the experimental protocol
was approved by the institutional review boards of the University of California,

San Francisco and New York State Psychiatric Institute.
2.3.2. Genotyping methods

Five to six single nucleotide polymorphisms (SNPs) per gene, with at least
10% minor allele frequencies (MAF), were selected for genotyping from the

Celera and National Center for Biotechnology Information (NCBI) databases.

34



Methods for genotyping DNA included fluorescence polarization template-

directed dye-terminator incorporation (FP-TDI)'"" and 5-nuclease (TagMan)''2.

2.3.3. FP-TDI genotyping

Polymerase chain reaction (PCR) was performed in 5uL reactions using
2ng/uL DNA, 200nM primers, 50-200uM deoxyribonucleotide triphosphate
(dNTPs), 1.0 or 1.5M anhydrous betaine (Acros Organics, Geel, Belgium), 50mM
KCI, 20mM Tris-HCI (pH 8.4), 1.0 to 2.5mM MgCl,, and 0.05U/uL Platinum Taq
DNA polymerase (Invitrogen, Carlsbad, CA). Oligonucleotide primers and
probes were designed using Primer3 software for synthesis (Invitrogen).
Conditions for PCR using ABlI GeneAmp PCR System (Applied Biosystems
(ABI), Foster City, CA) thermal cyclers were as follows: 94°C for 3min, followed
by 7 three-step touchdown cycles (94°C for 30s, decreasing 1C per cycle 65-
59°C for 30s, 72°C for 30s), followed by 38 three-step cycles (90°C for 30s, 58°C
for 30s, 72°C for 30s), and 72°C for 10min. Excess primers and dNTPs were
enzymatically digested with the addition of a 2uL PCR Clean-Up Reagent diluted
in PCR Clean-Up Dilution Buffer (USB Corporation, Cleveland, OH) and
incubation at 37°C for 90min, followed by enzyme deactivation at 95°C for 15min.
Incorporation of acycloNTP terminators followed with the addition of 13uL mixture
containing 250nM TDI probe, 0.4U Acyclopol DNA polymerase (Perkin Elmer Life
Sciences), 50mM Tris-HCI, 50mM KCI, 50mM MgCl,, 5mM NaCl, 8% glycerol,
and 125nM AcycloTerminator mix. Cycling conditions for terminator

incorporation were: 95°C for 2min, 10-45 two-step cycles (94°C for 15s, 55°C for

35



30s). SNP detection was performed using a fluorescence plate reader (Victor?
Multilabel Counter, PerkinElmer, Boston, MA) at 480nm/535nm and
544nm/595nm excitation/emission wavelengths for R110 and TAMRA-labeled
acycloNTP terminators, respectively. Genotypes were manually determined by
clustering on a 2-by-2 biallelic scatter plot'™ using internally developed software.

See table 2.1. for marker information.
2.3.4. TagMan genotyping

TagMan reactions were performed according to manufacturer’s
specifications for Assays-by-Design and Assays-on-Demand (Applied
Biosystems). PCR reactions contained 4ng/uL DNA with 1x concentration of
TagMan Universal PCR master mix containing AmpliTag Gold DNA polymerase
and 0.5x or 0.66x concentration of SNP genotyping assay mix in 5uL reactions.
Thermocycling conditions included 95°C for 10min, followed by 50 two-step
cycles (92°C for 15s, and 60°C for 60s). Thermocyling, data acquisition, and
analyses were performed using ABI Prism 7900HT Sequence Detection System.
PCR was performed in 10uL reactions using 3ng/uL DNA, 1M anhydrous
betaine, 2.5mM MgCl,, 50nM dNTPs, 0.025U/uL Platinum Taq polymerase,
300nM primers, 75mM KCI, and 30mM Tris-HCI (pH 8.4). PCR conditions for
STR genotyping using ABlI GeneAmp PCR System 9700 thermal cyclers were as
follows: 94°C for 3min, followed by 7 three-step touchdown cycles (94°C for 30s,
decreasing 1.14C per cycle 65-58°C for 30s, 72°C for 30s), followed by 38 three-

step cycles (90°C for 30s, 58°C for 30s, 72°C for 30s), and 72°C for 10min.
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Quiality control procedures for genotyping included monitoring concordant
genotypes for duplicate samples, as well as routine mendelization error checks.
Inconsistent genotypes were re-typed, and unresolved incongruent genotypes

were dropped.
2.3.5. Linkage and association analysis

Parametric linkage analysis was performed assuming 1% and 20%
disease allele frequencies in probands using dominant and recessive genetic
models, respectively'"*"°. Maximum logarithm of odds (LOD) scores for genetic
linkage were reported as maximized over 0 to 0.5 recombination fraction,
assuming locus homogeneity or heterogeneity disease partition models, 1%
phenocopy rate, and 50% reduced penetrance. Parametric assumptions in the
models were based upon previous segregation analyses''®. Based upon
sexually dimorphic prevalence rates in PD, unknown or unaffected phenotypes
were assigned 66% and 33% penetrance, and 14% and 7% phenocopy rate in
females and males, respectively. Parametric linkage scores were generated
using FASTLINK'""'8 given locus homogeneity, and using HOMOG under the
assumption of locus heterogeneity. Identity-by-descent nonparametric linkage
(NPL) LOD scores were also determined for allele sharing among family
members using GENEHUNTER'""®. Allelic association analysis in nuclear trios
and extended pedigrees was determined using the family-based association test

(FBAT)'?%"21 Multimarker haplotypes that were inferred by the maximum-
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likelihood method imbedded in GENEHUNTER, were tested for association using

FBAT'®. We report uncorrected p-values for association analyses.

2.4. Results

In a previous genome-wide scan of the 120 multiplex PD pedigrees, using
371 markers at a low-resolution spacing of 9 cM on average, we did not find
significant positional support for the neuropeptidergic candidate genes tested'?.
Using a more focused candidate gene approach, we used twenty-one SNPs at
the candidate loci in 120 PD pedigrees with 992 available DNAs to test for

linkage and association to PD.
2.4.1. Allelic association

Three SNPs in two genes (GRP and TACR1) showed nominally significant
p-values of between p=0.02 and p=0.05 for allelic association under the
phenotypic designations of broad, intermediate or narrow PD (table 2.2.).
Observed allelic association was robust to at least two of the three phenotypic
designations for analysis. For example, two markers in GRP each showed
nominally significant association to PD for the narrow and intermediate diagnostic
categories, but not for the broad phenotype. Due to its being an X-linked locus,
GRPR was analyzed with a family-based association test within ANALYZE'?,

and the results were not significant.

2.4.2. Multimarker haplotypic association
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Global p-values for haplotypic association were calculated using the
family-based association test. Given the multiple tests generated in the
haplotype association testing, the threshold for significance in association was

not met by any of the two-, three-, or four-marker haplotypes.

2.4.3. Two point parametric genetic linkage

Modest linkage signals were observed for TACR1 at rs3755460 (SNP 3,
LOD>1.1) and rs1477157 (SNP 6, LOD>1.2) given the broad diagnostic
category, dominant genetic model, and assuming locus heterogeneity (figure

2.1.). No other neuropeptidergic genes showed linkage of LOD>1.

2.4.4. Multipoint genetic linkage and non-parametric linkage scores

Using multipoint analysis all SNPs in TACR1 and CRHR1 (figures 2.1. and
2.2.) gave LOD scores >1.0. Locus heterogeneity multipoint LODs between 1.1
and 1.5 were found for all of the TACR1 SNPs given the broad diagnostic
category, dominant mode of inheritance. The maximum multipoint score for
CRHR1 was 1.35 for the narrow diagnostic category, assuming locus
heterogeneity, in 11% of the families. Non-parametric linkage (NPL) scores were
determined and converted to LOD scores for ease of comparison. LOD-
transformed NPL scores by multipoint analysis reached a maximum of 1.2
(p=0.014) for two TACR1 SNPs, and 1.1 (p<0.018, or p<0.015) for the three
SNPs, using both dominant and recessive genetic models. The linkage and

association results presented in this report are without correction for multiple
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testing as it is yet unclear how to interpret data generated from candidate genes
with a prior probability of hypothetical correlation to PD, given the biological and
pharmacological support for their involvement in anxiety. Given the negative
single marker LOD results for each of the GRPR SNPs, GRPR was not analyzed

for multipoint linkage.

2.5. Discussion

Modest linkage and/or association results for GRP, CRHR1, and TACR1
suggest that they cannot be ruled out as genetic contributors to PD. To our
knowledge, our cohort constitutes the largest PD pedigree collection for study in
linkage analysis. It may be that linkage analysis simply cannot detect the small
effects that may underlie complex disorders like PD'**. These candidate genes
may constitute major susceptibility loci for PD, but contribute only a minor portion
of the variance observed in our cohort.

Genetic background plays an important role in the presentation of traits,
vis-a-vis our neuropeptidergic candidate genes, suggesting that regional cis
variants may modify the effects of linked and/or associated SNPs. For example,
differences in spontaneous locomotor activity in the GRPR knockout are

dependent upon the background strain'?*12°

, and breed-specific differences in
CRHR1 and tachykinin levels have been associated with increased anxiety in five
behavioral testing paradigms, and blunted reduction in tachykinin with stress'?’.
A three-marker CRHR1 haplotype (rs1876828-rs242939-rs242941) was

associated with reduction in anxiety in response to antidepressant treatment for a

subset of depressed patients who had high trait anxiety'?®. Similarly, comparison
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of animal strains showed that anxiolytic effects of CRHR1 antagonist, R121919,
correlated with strains having high innate emotionality129. Expression profiles
suggest that this may be related to different mRNA patterns observed between
high and low anxiety strains'®.

One can speculate as to the potential cis variants that could modify
CRHR1 effects. For example, an intronic CRHR1 variant, rs1876831, lying in an
SP1 transcription factor binding site (TFBS), is associated with alcohol abuse™’,
which is also highly comorbid with PD. Characterization of linkage disequilibrium
patterns may show that this SP1 TFBS SNP segregates with the CRHR1 SNP
linked to PD. Interestingly, this SP1 transcription factor is significantly
downregulated in females with PD'*?, so there is at least a rationale for further
characterization of this locus, with potential influences from gender-specific traits,
and/or specific gene-gene interactions (e.g. CRHR1 and SP1).

Heritable gender effects occur for GRPR as well. GRPR, which lies on
chromosome Xp22, is inherited at a double dose in females, due to escape from
X-inactivation'®. This is seen in baseline GRPR mRNA expression in lung

fibroblasts'*

, which makes females more susceptible to hyperactive, mitogenic
GRP signaling. Hormonal regulation is also known to modify the effects of
tachykinin in the brain. The concept of genetic epistasis, defined by the masking
or enhancing of one gene by another'®®, is characterized by non-mendelian
segregation ratios that are typical of complex genetic traits, such as PD. Genetic
programming of the fetus in utero, for example, results in heritable hypertension

136

(ANS dysregulation) *” and reduced learning memory. In the progeny of mothers
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with excess glucocorticoids, this was associated with baseline elevation in
plasma glucocorticoid levels, region-specific alterations in GR mRNA, and
increased hypothalamic CRH mRNA levels'’.

In summary, heritable alteration of gene regulation in clinical and animal
data suggest a mechanism for global and gender-specific genetic background
differences that modify genes involved in PD, perhaps explaining phenotypic
heterogeneity and sexual-dimorphic prevalence rates in PD. Our work is limited
by the few markers used per gene to describe the LD pattern of these genes. To
understand potential genetic background influences, further mapping and
characterization of linkage disequilibrium patterns in these candidate genes may
help to pinpoint or exclude the involvement of these neuropeptidergic candidate
genes in PD. In summary, genetic background, hormone status, and gender-

specific effects may be important factors influencing the actions of these

candidate genes.
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2.7. Figures and tables

Figure 2.1. Two point and multipoint linkage results for TACR1 in 120 PD
pedigrees.

Phenotypic diagnostic categories for panic disorder (PD) are broad, intermediate,
or narrow, for dominant or recessive mode of inheritance, given locus
heterogeneity. LOD = logarithm of odds, SNPs =single nucleotide
polymorphisms, Mb = megabase (May 2004, build 35, hg 17). Locus

homogeneity scores were negative.
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Figure 2.2. Multipoint heterogeneity and nonparametric linkage results for
CRHR1 in 120 PD pedigrees.

Parametric logarithm of odds (LOD) scores are given for broad, intermediate, or
narrow phenotypic diagnostic categories for panic disorder, given a dominant or
recessive mode of inheritance, under the assumption of locus heterogeneity
(Het). NPL = nonparametric linkage, SNPs =single nucleotide polymorphisms,

Mb = megabase (May 2004, build 35, hg 17). Locus homogeneity scores were

negative.
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Table 2.1. Neuropeptide variant information

The minor allele frequency (MAF) for each single nucleotide polymorphism is

given according to HapMap (H), Celera (C), and NCBI (N) databases. ND = no

data, S>R = serine to arginine, |1>| = isoleucine synonymous change, R>H =

arginine to histidine, IMP5 = intramembrane protease 5 gene, TFBS =

transcription factor binding site, UTR = untranslated region.

Marker ID Variant NCNéa:ypig(i)t?on Location Alleles MAF
GRP-1 rs755719 | Chr18:55028469 5’ of gene A>G 0.45"; 0.40"
GRP-2 rs1517036 | Chr18:55029342 5" of gene C>T 0.13"
GRP-3 rs1517035 | Chr18:55029464 5’ of gene C>T ND
GRP-4 rs4108697 | Chr18:55034501 5" of gene C>T ND
GRP-5 rs1062557 | Chr18:55038487 | Exonic S>R A>C 0.20"; 0.10"
GRP-6 rs936431 | Chr18:55039736 Intronic A>C 0.17%;0.17¢

GRPR-1 rs4084832 | ChrX:15895480 5' of gene Cc>T ND

GRPR-2 rs2353577 | ChrX:15926919 Intronic C>T 0.23"
GRPR-3 rs4986945 | ChrX:15928124 Exonic S>S C>T 0.23"
GRPR-4 rs4986946 | ChrX:15928334 Exonic I>1 C>T 0.37"
GRPR-5 rs3747411 | ChrX:15930734 | 3'UTR; TFBS A>T 0.18"
GRPR-6 rs2353576 | ChrX:15931617 3’ of gene G>T 0.46"

CRHR1-1 rs242924 | Chr17:41241147 Intronic G>T 0.45"; 0.38°

CRHR1-2 rs242940 Chr17:41248380 Intronic A>G 0.43°

CRHR1-3 rs173365 | Chr17:41256855 Intronic A>G 0.40"; 0.49°

CRHR1-4 | rs1396862 | Chr17:41258778 Intronic A>G 0.20"; 0.28°

3’ of CRHR1;

CRHR1-5 rs242944 | Chr17:41278960 | Exonic R>H in A>G 0.40"; 0.48°

gene IMP5

TACR1-1 rs754978 | Chr2:75183451 3’ of gene A>C 0.43", 0.44°

TACR1-2 | rs4439987 | Chr2:75198761 Intronic A>G 0.49"; 0.45°

TACR1-3 | rs3755460 | Chr2:75233290 Intronic A>G 0.39°

TACR1-4 rs741418 | Chr2:75274841 Intronic A>G 0.41": 0.40°

TACR1-5 | rs2058860 | Chr2:75310956 Intronic C>T 0.45°

TACR1-6 | rs1477157 | Chr2:75340883 5’ of gene A>G 0.45";0.45°




Table 2.2. Allelic association (p<0.05) of neuropeptidergic variants

Nominally significant allelic associations are given for narrow, intermediate and

broad diagnostic categories for panic disorder using the family-based association

test. NS = non-significant.

p-values
Marker ID SNP
Narrow Intermediate Broad
GRP-3 rs1517035 0.05 0.02 NS
GRP-4 rs4108697 0.02 0.03 NS
TACR1-2 rs4439987 0.05 0.02 0.04

58



3. Chapter Three. The contribution of the chr15q12 GABRA genes to PD’

3.1. Introduction

Pharmacological, ethological, and clinical evidence implicates the gamma-
aminobutyric acid (GABA) type A receptor (GABR,) in the pathogenesis of PD.
Dysregulation of the GABAergic system is hypothesized to underlie PD
pathology, according to observed phenotypes resulting from GABRa-targeting
compounds and GABRa gene mutation, as well as trait differences in GABAergic
tone in subjects with PD. Supporting the biological rationale for the GABRa
genes as candidates for PD, we previously revealed positional evidence for
linkage to GABRa genes on chromosome 1512 in a gene-agnostic scan of the
genome in 120 Caucasian, multiplex PD pedigrees’, which was sustained in
finemapping efforts using eight microsatellite markers in the chr15q0-13.1 region
of interest (0-19.3 cM). A mutation screen in a subset of probands revealed a
number of potentially functionally relevant variants in the beta 3 (GABRB3) and
alpha 5 (GABRADS) subunit genes. Additionally, we characterized the heritable
expression of ribonucleic acid (RNA) as a biomarker of GABAergic regulation in
thirty-five Caucasian controls. Our combined results reveal evidence for linkage
and association, as well as novel identified variants in PD, and heritable

expression patterns in GABRAS and/or GABRB3.

" The material in this chapter is in preparation for publication (Hodges LM et al.).
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3.2. Background

Prior to the aims detailed in this thesis, previous work to this thesis
showed positional evidence for linkage in Caucasian, multiplex PD pedigrees to a
cluster of GABRa genes at chr15q12", which led to the investigation the beta 3
(GABRB3) and alpha 5 (GABRAJS5) subunits as candidate genes for PD. Two
other genome scans by other investigators*® plus a scan of PD comorbid with
agoraphobia®, in which chromosome 15 was interrrogated, failed to show
genome-wide level of suggestive linkage to PD'. However, previously a genome
scan using twenty-three Caucasian, multiplex PD pedigrees showed nominal
linkage to chr15q11-14 (LOD>1.7). In sixty PD pedigrees overlapping with the
earlier study a separate scan for syndromic features revealed a LOD-
transformed, multipoint NPL score of 3.0°. And augmenting the sample to 120
PD pedigrees revealed suggestive linkage (LOD=1.9-2.0) to marker D15S822 in
chr15q12 (12cM) in a convergence of analytical approaches’, including multipoint
non-parametric analysis (LOD=2.56)". Thus, there is sufficient positional

evidence in support of the involvement of the GABRB3 and GABAS5 genes in PD.
3.2.1. GABRAa function, distribution, and gene structure

Membrane-bound GABRAas are the principal molecular mediators of
neuronal excitability in the brain®'", able to integrate signals from the central and
peripheral nervous systems'? (CNS, PNS), where they transduce somato-
behavioral “fight or flight” stress responses'®, psychogenic anxiety, vigilance,

seizures, muscle tension', and nociception'®. GABRas are distributed
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throughout the CNS, neuroendocrine thyroid'®'’, and ganglia relays, including

the thalamocortical'®, hypothalamic-pituitary adrenal (HPA)*®, somatic and central

19-21

sensory structures'®?', such as the olfactory bulb, bladder??, skin®>, viscera,

16.17.21  caridorespiratory®*, and other autonomic axes, interconnected

intestine
with limbic amygdala, hippocampus?’, hypothalamus, thalamus and prefrontal
cortex regions.

GABRAa-potentiating ligands, such as GABA, neuroactive steroids,
benzodiazepines, alcohol, and barbiturates exert anxiolytic, sedative, analgesic,
anticonvulsant, and muscle-relaxing effects, with a reduction of autonomic
system outflow®®. Alternatively, decreased GABRa function, achieved by GABR,
antagonists?’ or physiological signals for metabolic or respiratory demand®®?°,
evoke autonomic excitation?”, arousal, convulsions, pain hypersensitivity*', and
panic attacks.

GABRas come from a superfamily of ligand-gated amino acid channels,
including the glutamate and nicotinic receptors, and are characterized by
structural and sequence homology. All superfamily members form multimeric
complexes composed of five receptor subunits, forming a ligand-gated pore at
synaptic and extrasynaptic membranes. Binding of GABRa ligands translate into
membrane potentials by alosterically permitting monovalent anions (chloride,

bicarbonate®**?3*, thiocyanate>*

) to influx or efflux, depending upon the
electrochemical gradient established by other passive and active transport
systems®’. GABRas convey both fast and slow kinetics for different effects>®.

Transient, multiphasic currents recruit pathways for acute neurobehavioral and
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3946 signalling allows for neuroplasticity*’, for

somatic responses, while tonic
example, that are important in long-term learning and memory. GABRa
dysregulation can lead to paroxsymal symptoms and/or changes in homeostasis
that are pathological, which correspond to the paroxysmal panic attacks and
chronic anticipatory anxiety characterizing PD.

A family of GABRa genes encode eighteen known human receptor
subunits®’, divided into eight classes (a1-6, B1-3, y1-3, 8, p1-2*', m, € and 6)*?
based on sequence homology®®. The extant structure of GABRa gene isofoms
reflects evolutionary duplication, translocation and expansion events®* that
dispersed the genes among six chromosomes (X, 5, 15, 4, 6, 1), typically in gene
clusters that aid in the putative coordinate expression of multiple subunits for
efficient coassambly into the pentameric channel complex. In part, due to
abundant stretches of repeat nucleotides and high GC content of the chr15g12
GABRAa genes, de novo microdeletions, as well as duplications, are relatively
common in the population, as seen in the neurodevelopmental disorders, Prader-
Willi syndrome (PWS) and Angelman syndrome (AS)>>°.

GABRAa genes each contain extracellular amino and carboxy terminals,
four transmembrane domains, and two intracellular loops. The sequence for the
second and largest intracellular loop (IC2) contains the greatest nucleotide

diversity among the subunit isoforms, as well as a highly conserved consensus

sequence for intracellular modulation of GABR, activity®”.

3.2.2. Low GABRa mutability
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Important parts of the GABRa genes exhibit low mutability and nucleotide
diversity due to critical structural and functional constraints, for extracellular

8,58-63

ligand binding , permeant ion selectivity (an exclusive property of

47,67 For

GABRB3)**, subunit-subunit coassembly®>®®, and subcellular trafficking
example, nucleotides unique to beta subunits®® are responsible for insertion of
the oligomeric receptor complex into the membrane through interaction with
intracellular proteins®’. Four amino-terminal signal sequence residues in
GABRB3 have been found to promote cell surface function®. A single residue in
GABRADS5 causes decreased expression with chronic diazepam administration,
and is responsible for the development of tolerance to its sedative effects’.
Residues at the interface of alpha and beta subunits, and alpha and gamma
subunits allow for GABA® and BZ’" binding, respectively. Critical cytoplasmic
residues are relevant for long-lasting GABRy effects mediated by intracellular

enzymes. Intracellular kinases and phosphatases’?”* interact with a consensus

sites in IC2 for neuroplasticity”®"®

. Phosphorylation of conserved tyrosine and
serine residues in GABRB3 causes upregulation of activity*’ by enhancing the
efficacy of inhibitory post-synaptic currents (IPSCs) and receptor density at the
membrane’®. Kinase activity also enhances the actions of BZs, barbiturates, and
neurosteroids, and has been shown to specifically modulate GABRAS-directed
tonic inhibition*”.

Given the multiple functional constraints of GABRas, few mutations

resulting in a residue change have been found to be associated with neurological

phenotypeSSO. However, a number of non-coding SNPs and microsatellite
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markers for GABRB3 and GABRAS have been linked or associated with
neuropsychatric disorders, such as epilepsy®', bipolar disorder®?3, depression®,
schizophrenia®®, and autism®*°. One such example is a promoter variant
associated with childhood absence epilepsy that alters GABRB3 expression by
disrupting a transcription factor binding site®’. Our mutation screen of GABRB3
and GABRAS in ninety-six PD probands identified only one low frequency
synonymous SNP in GABRAS. However, given the relatively low nucleotide
diversity observed among the GABR4 isoforms, there may be regulatory
significance to the seven novel SNPs that we found in untranslated regions

(UTRs) for the two genes.
3.2.3. Evidence for anxiolysis via GABRA remodeling

The molecular actions of various PD drugs inform the role of the
GABAergic system in PD. Treatment of PD has evolved with improved drug
development in order to acheive greater molecular target selectivity, optimized
drug response, and minimized side effects. Prior to the development of BZs, PD
treatment included the tricyclic antidepressant (TCA), imipramine, with broad
effects on the serotonergic, noradrenergic, dopaminergic and opiate systems.
Librium in 1960, followed by the prototypical 1,4-BZ, diazepam (Valium) in 1963,
replaced TCAs as treatment for PD. With further drug development, BZs
became a second-line drug, chiefly due to the development of tolerance and
potential for dependence/abuse with chronic use, although other 1,4-BZ class

drugs, alprazolam (Xanax), lorazepam (Ativan) and clonazepam, are still used as
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treatment adjuncts and in refractory cases. Current first-line treatments include
the selective serotonin reuptake inhibitors (SSRIs), monoamine oxidase inhibitors
(MAOI: phenelzine), and other mixed target drugs (e.g. serotonin-noradrenergic
reuptake inhibitor, venlafaxine (Effexor)®"), which all enhance monamine levels.
In contrast to the BZs, however, the newer generation therapeutics show a much
delayed drug response on the order of weeks. Consequently, concommitant BZ
administration is often prescribed to control acute symptoms while the
pharmacodynamic response accrues for the non-GABRAa-targeting drugs.
Related to this pharmacological difference, GABAergic mechanisms are thought
to underlie the anxiolytic effects of many PD drugs, including those that do not
directly target GABRas. For example, transcriptional profiles of MAOI and TCA
drugs show an upregulation of GABRa genes in a time frame commensurate with
the delayed onset of their therapeutic effects. Meanwhile, acute SSRI and MAOI
administration normalizes levels of GABR, ligands, such as GABA%*** and
neurosteroids®®; and pretreatment with TCA can block GABRa antagonist-
induced anxiogenic responses®. These data suggest that GABRa remodeling is
a key mechanism for the long-term efficacy of TCA, MAOI, and SSRI

anxiolytics®’, accompanied by rapid changes in GABAergic signaling.

3.2.4. Low GABAergic tone in PD recapitulated in genetic and

pharmacological manipulation

Low GABAergic tone promotes anxiety and serves as a putative

endophenotype for PD. Pharmacological manipulation of upstream GABAergic
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pathway genes is consistent with downstream alterations in GABRa-mediated
signalling. Inhibition of the proteins responsible for GABA degradation (GABA
transaminase; GABA-T) and reuptake (neuronal and glial GABA transporter;

GATs), have anxiolytic effects by enhancing GABAergic tone. For example, the

99,100 101,102

anti-ischemic tiagabine®® (GAT inhibitor), and valproate or vigabatrin

(GABA-T inhibitors) are among drugs that treat PD, anxiety, and block the
experimental provocation of panic attacks. Likewise, low GABAergic tone,
achieved by mutation of GABRB3 or GABRAS, shows an anxiogenic response.

Targetted deletion of GABRB3 in mice and low GABAergic tone reveal increased

cardiorespiratory stress responses ', spontaneous fear behavior'®'%,

avoidance behavior'®, risk assessment behavior'®’, hypersensitivity to sensory

15,106,108

stimuli , and altered fear conditioning'®®, among other developmental (cleft

106,109.

palate : noradrenergic neurogenesis '’

) behavioral, and phenotypic

effects, including hyperactivity, EEG abnormalities'"" and seizures'%1%.

Disruption of GABRAS results in less dramatic neurological deficits''?. However,

GABRAS deficiency by gene deletion or point mutation is associated with altered

113,114

BZ pharmacodynamics7°, hippocampal disinhibition , and selective learning

58,115

deficits, such as altered conditioned aversive learning , and reduced

inhibition of intrusive or irrelevant stimuli (prepulse inhibition, PPI)'®.
PD subjects exhibit less habituation to startle, and significantly reduced
PPI'"". Mechanistically, this may be explained by the actions of bicarbonate,

which is a permeant ion of GABRa channels, causing excitatory, GABRa—

mediated long-term potentiation of habituation responses and neuroplasticity33.
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Alprazolam shows significant amelioration of auditory startle, as measured by
decreases in anxiety and skin conductance (an index of autonomic output) in
subjects with PD'"®.

In the special case of the GABRa genes, whose function is dependent
upon the proper expression and co-assembly with other subunits genes,
aberrations in one subunit requisitely affect the function of the pentameric
complex. Their interdependence, for example, has been demonstrated with in
vitro recombinant gene studies, as well as in developmental studies. Switches in
subunit expression'® can lead to stoichiometric shifts in the combinatorial subunit
composition of GABRas, which is reflected in changes in membrane
expression®’, ligand sensitivity?, and related neurobehavioral effects. Thus,
changes in either or both the GABRB3 or the GABRAS5 subunits should have
highly integrated effects in GABAergic signalling, especially in regions of their
coexpression. Thus, gene-gene interactions are the rule, rather than the

exception in this case.

3.2.5. GABAergic drugs highlight GABRA-mediated syndromes and

comorbidities in PD

GABAergic dysfunction, which is implicated in PD pathogenesis, may also
manifest in syndromic features and comorbidities seen in the same PD proband.
GABAergic drugs accordingly treat alcohol and substance abuse, migraine,
thyroid, bladder, and intestinal problems, obsessive-compulsive disorder (OCD),

and bipolar disorder (BP), in addition to PD. For example, BZs, such as
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diazepam, have treat alcohol withdrawal syndrome and opiate abuse; and other
GABRAa-potentiating drugs (valproate, gabapentin, vigabatrin) aid in alcohol'?
and substance abuse®**. Diazepam (with high affinity for GABRAS5) and
alprazolam also treat irritable bowel syndrome (IBS), interstitial cystitis (IC), and

downregulate thyroid hormone signalling’'®. Migraine is treated with gabapentin

120 121

(GABA analogue), valproate “*, and prophylatically with GABRa agonists <.
Gabapentin (off-label) and valproate are indicated for BP'?2. Gabapentin is also
used to treat IC'*'?* and OCD'%?. Thus, GABAergic pharmacology elucidates
pleiotropic effects that parallel pervasive syndromic features and comorbidities in
PD.

The GABRa genes have important developmental functions. Congenital
GABRAa deficiencies in animals and in humans can be recapitulated by
GABAergic drug exposure during development. For example, vigabatrin causes
tetratogenic cleft palate. Cleft palate is a trait of the murine GABRB3

knockout %109

, and patients with Angelman syndrome (AS) and Prader Willi
syndrome (PWS) who carry microdeletion of chr15q11-13°¢. Other GABRa—
mediated disturbances seen in AS and PWS, are also seen in PD. Similarities to
PD include abnormal electroencephalography (EEG), tremulousness,
hyperactivity, and behavioral paroxysms seen in AS; and hypotonia,

hypothyroidism'®, obsessive behavior, learning deficits, and anxiety observed in

PWS. Thus, low GABAergic tone causes common effects in AS, PWS, and PD.

3.2.6. GABRA4 physiology reflects PD symptoms, comorbidity, and

syndromic features
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Paroxysmal dyspnea (shortness of breath) and tachycardia (pounding
heart, or increased heart rate) are common somatic symptoms of a panic attack.
Homeostatic signals for hypoxia, hyperventilation, and increased metabolic
demand are detected by changes in endogenous levels of carbon dioxide (COy),
lactate, and its metabolite, bicarbonate, which can trigger reflex tachycardia. In
controlled settings, the administration of exogenous “challenge agents”, like CO,
inhalation or sodium lactate infusion, provokes panic attacks in PD subjects at a
significantly higher rate than in healthy controls. This characteristic
hypersensitivity is also observed in the first degree relatives of probands'?"'?8,
although not in all studies'®®. Mechanistically, subjects with PD exhibit
exaggerated metabolic response to alkalosis, and delayed recovery to normal
arterial CO; pressure (normocapnia) after hyperventilation, exercise, and lactate
infusion™. Klein'' proposed the “false suffocation alarm” hypothesis for PD to
explain the observed hyperexcitation of autonomic and neuroendocrine cascades
in response to these physiological cues.

GABRa-mediated mechanisms are implicated in studies demonstrating
precipitation of somatic and behavioral stress symptoms by GABR, inverse
agonists'®. Wildtype animals are also rendered sensitive to lactate-induced
anxiogenic and sympathoexcitatory responses by administration of GABRa

133 and hypothalamus'®***. As well,

antagonists in the amygdala
cardiorespiratory and anxiogenic responses (e.g. increased heart rate, blood
pressure, respiration) to psychogenic stressors, sympathetic excitation, and

provocation agents, can be abolished or attenuated by anxiolytic GABRa
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agonists, such as diazepam'*®, alprazolam®™®, clonazepam®, muscimol*, and
the beta carboline abecarnil’®. BZs are generally prescribed for patients with
hyperventilation syndromem. The 1,4-BZ agonist, midazolam (Versed), which
has high affinity for GABRAS, is used for rapid anxiolysis with concommitant
depression of carotid body chemoreceptor activity to counteract the depolarizing

effects of hypoxia during respiratory distress'*®

. In summary, pharmacological
GABRAa blockade?’?*'¢ induces psychogenic and hypoxic stress, which is
reversed by GABRa agonists.

Migraine is a frequent syndromic feature of PD'%; and the same GABRx-
targetting drugs are used to treat PD and migraine, as discussed earlier. A
possible mechanistic explanation for the apparent pleiotropic GABRj effects
underlying PD and migraine may result from disturbances in GABRAa's role in
maintaining metabolic homeostasis. GABRa-mediated inhibitory effects are
sensitive to metabolic demand, and appear to be dependent on GABR
expression, as illustrated by comparison of different species. GABR4 inhibitory
activity is overridden by metabolic demand. However, an interesting finding in
freshwater turtles demonstrates a species-specific mechanism for underwater
survival in response to prolonged anoxia, by sustaining an upregulation of
GABRA (and inhibitory GABAergic actions) despite high metabolic demand. In
this way the turtle can maintain a hypometabolic state at least for twenty-four
hours®?®. The rat also initially upregulates GABAergic tone in response to

hypoxia, but subsequently loses GABAergic inhibition, which leads to a

compensatory increase in arterial cerebral blood flow to restore the normoxic
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state. Likewise, in humans, the cardiorespiratory response to dyspnea in panic
attacks, as well as to GABR, antagonism, causes hypertension®” and increased
blood flow. This undoing of the GABRa inhibitory activity has shared mechanistic
and genetic overlap with migraine. Paroxysmal migraines can occur with an
oxidative metabolic trigger that results in cortical spreading depression (a wave
of cellular ischemia and depolarization with vasodilation, followed by
vasoconstriction). GABRa-potentiating drugs counter these effects. The BZ,
lorazepam, treats especially severe migraines and acutely reduces cortical blood
flow'°. Other antimigraine drugs include GABAergic-potentiating valproate and
gabapentin, as well as GABR, agonists'?' for prophylatic use.

Multiple symptoms are observed during both migraine attacks and panic
attacks alike, including disruption of metabolic homeostasis, EEG abnormalities,
decreased vagal tone, and abnormal levels of GABA and lactate, as measured in
cerebral spinal fluid™'. Similar to PD, migraine has also been genetically linked
to GABRB3 (max LOD=5.6; multipoint LOD=6.5)"*?, although yet
unreplicated'**'*. PD and migraine also share similar gender-specific
prevalences'*° with hormonal implications'®. For example, protective
neuroactive steroids, such as progesterone and its derivatives, are potent
allosteric modulators of GABRas as well as transcriptional regulators of GABRa
gene expression'?*2_ Their effects extend to dampening symptoms of panic
attack (see section 1.1.3.) and countering the neurotoxic effects of ischemia or
chronic hyperventilation™®.

Putative pleiotropic effects of underlying GABRa dysregulation in thyroid
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problems are another example to reinforce the possible biological underpinnings
of PD. Thyroid dysfunction, which is a frequent syndromic feature of PD 3149
(usually hypothyroidism), and observed in PWS subjects with chr15q11-13
microdeletions, is mechanistically linked to the multiple effects of GABRa

dysregulation and psychiatric disorders'.

Hyperthyroidism enduces HPA axis
activity, hyperactivity, and increases oxygen consumption; while hypothyroidism
shows contradicting excitatory and depressing effects during development versus
adulthood, respectively'. Thiocyanate is a permeant ion of GABRa channels,
with powerful antithyroid activity, particularly in subclinical and overt
hypothyroidism. It inhibits thyroid hormone'", which in turn inhibits GABRA
actions'?, and is also shown to alter binding affinities of GABAA antagonists and
agonists'. Thiocyanate can be found in dietary and toxic xenobiotics, and is a
detoxification product of cyanide, which is contained in cigarettes'®. Relatedly,
smoking is thought to be a risk factor for PD'°; while nicotine plus the BZ,
midazolam, synergistically enhances GABRA5-mediated IPSCs'*®. Thus,
GABAA mechanisms impinge on psychiatric and somatic effects of thyroid
hormone dysregulation and related mechanisms. Experimentally, acute
administration of the BZ, diazepam, is shown to reduce thyroid activity and a
reduction in thyroid receptor density in the CNS and liver''®. Thus, there is a
potential mechanistic overlap in GABAx—mediated thyroid and psychiatric health.
Furthermore, thyroid homeostasis, which can be altered in at least by
environmental factors, provides potential non-genetic, epigenetic and/or genetic

contributions to PD via GABR actions.
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3.2.7. Subunit-specific kinetics and phenotypes of GABRB3 and GABRA5

Complex GABRa kinetics yield a range of effects, depending upon subunit-
specific, neuroanatomical, and subcellular expression. GABRB3 is more

promiscuously distributed than GABRAS5 throughout the brain'®" in both

158 9

extrasynaptic'®® and synaptic sites’®. However, GABRB3 colocalizes with

GABRAS in granule cells'® and the multiple pyramidal hippocampal cells'® they

161

innervate ”'. Their respective kinetic effects can be elucidated by subunit-

specific GABAergic ligands. For example, GABRAS5 subunit exerts tonic

162,163

inhibitory effects, primarily (although not exclusively ) at extrasynaptic sites®®

37,162,164’ where

(soma, axons, base and spines of dendrites) in the hippocampus
low micromolar or submicromolar*® ambient concentrations of GABA exist.
Increasing extracellular GABA with GAT antagonists enhances tonic inhibition at
high affinity extrasynaptic GABRas*®, which do not become desensitized to
ligands. This change in ambient GABA “spillover” does not influence phasic
neurotransmission conveyed by fast IPSCs?'®. Likewise, the 1,4-BZ agonist,
midazolam, which is highly selective for GABRADS, increases tonic current in a

165 In

functionally and pharmacologically distinct way from synaptic BZ effects
contrast, at the synaptic cleft, where high concentrations of vesicular-released
GABA exerts quantally discrete pulses of phasic inhibition by IPSCs, the
GABRAG5-insensitive®*® BZ agonist, zolpidem (Ambien), causes a 66% increased
phasic inhibition by prolonging the decay of IPSCs. However, by using

alternative GABRja antagonists, both the tonic and phasic inhibitory currents can

be blocked*”'%. Thus, the selectivity of ligand affinity for specific GABRas, and
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their cellular location manifest different kinetic profiles with distinct
neurbehavioral outcomes. These differences may be important in elucidating the
relative genetic and biological contribution of the chr15912 genes to PD, since
their differential effects can lead to distinct mechanistic and neurobehavioral

outcomes.

3.2.8. Trait GABAergic differences in subjects with PD and animal models

of anxiety

Inherent trait-like GABAergic differences are observed in subjects with PD.
Probands show reduced cortical GABA levels'®”, and BZ binding'®®'" at
171,175,177

baseline as well as during spontaneous'”, or provoked panic attacks

Compared to controls, BZ administration is associated with attenuated
GABAergic response in PD patients'’®, and blunted behavioral sensitivity'"® in
animal models of anxiety. These findings further support the idea of an overall
decrease in GABAergic flux in PD. Further evidence extends to differences in
endogenous neuroactive steroids derived from progesterone that are potent
nanomolar ligands of GABRas, binding at two specific sites on the receptor®.
Subjects with PD exhibit a significant disequilibrium toward the GABR,-
potentiating steroids at baseline, compared to controls and patients with
depression, which is thought to reflect a compensatory mechanism for low
GABAergic tone''. Provocation of panic attacks by challenge agents in PD

patients causes a dramatic shift in the composition of the 3-alpha-reduced

pregnane steroids. During induced panic attacks, there is a 5-fold increase in
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GABRAa-antagonizing isopregnanolone (33,5a-THP), with a concomitant
decrease in the GABRAa-potentiating metabolites, allopregnanolone (3a,5a-THP)

and pregnanolone (3a,53-THP)""”

. In contrast, a shift toward GABRa-potentiaing
steroids usually occurs during stress'®®, pregnancy'®, and acute ethanol
consumption'®* in humans, and in response to CO, challenge'® or stress testing
paradigms’”® in wildtype animals. Thus, neurosteroidal modulation of GABRx
genes may factor into the complex etiology of PD.

Lastly, PD subjects exhibit trait brain activity differences in “fear

network”'%®

regions associated with altered GABRa BZ binding. Provocation
agents and states of anticipatory anxiety in PD patients show region-specific
activity differences (f.g. amygdala, insula, hypothalamus), compared to
controls'®. Subjects with PD exhibit baseline increases in incidental and specific
rythmic wave activity using EEG, MRI, and computerized tomography, which
measures the summation of post-synaptic conductances across regions of the
brain'®'%  GABRa-mediated EEG abnormalities are a putative endophenotype
of PD. As well, imaging studies have delineated differences between autonomic
fear processes and cortical ones using skin conductance as an index of
autonomic excitation. Functional magnetic resonance imaging (fMRI)
demonstrates that visceral, subjective fear processing, activates an amygdala-
medial frontal network with increased skin conductance, while contextual fear
engages a hippocampus-lateral frontal network alone'®. Measurements in

subjects with PD shows a prolonged skin conductance in fear conditioning during

extinction'®®, and an overall smaller variability in skin conductance with
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spontaneous ' or CO,—induced panic attacks'. Similarly, PD subjects exhibit
decreased variability in heart rate and vagal tone, which reflects a physiological
vulnerability to stress'®. Together these data suggest a reduced ability to buffer

autonomic responses in PD'?", all implicated in GABR, dysfunction.
3.2.9. Gender-specific phenotypes, GABRA mechanisms, and linkage to PD

Gender differences in PD symptoms, biometric indices, and GABRa-

mediated phenotypes''>'"

may contribute to the gender-specific prevalence
rates of PD. For example, males with PD exhibit higher hematological indicators
of respiratory distress, similar to that of patients with chronic obstructive
pulmonary disease and inhabitants of high altitudes'®*, which simultates the
effect of chronic hypoxia. However, in CO, provocation studies, females with PD

exhibit greater increases in respiratory rate'®

relative to males, who exhibit more
somatic symptoms'®®. Studies in rats, comparing the influence of gender-specific
hormones, reveal a female-specific diminution of hormones responsible for
GABRAa-mediated tolerance to chronic diazepam administration, due to pregnane
steroid-mediated reduction in cortical BZ binding'®’. A large body of work
supports the hypothesis of a gender-specific hormonal contribution to anxiety;
and GABAergic neurotransmission is tightly regulated by the menstrual cycle'®.
Progesterone metabolite synthesis is sensitive to fluctuations in estrogen'®®, and
the allopregnanolone (3a,5a-THP) isoform is shown to upregulate GABRA

expression in the dentate gyrus of the hippocampus to enhance tonic

inhibition?®.
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During the mid-luteal menstrual phase, the GABAergic system is
upregulated, when progesterone and estrogen levels are high, and
downregulated in the late-luteal and early follicular phases with autonomic
upregulation®®?*®. Females with PD exhibit greater skin conductance response
to anxiogenic stimuli during the premenstrual phase®’. Females with PD with

agoraphobia exhibit greater severity of symptomszoz*203

, and a 3-fold greater rate
of relapse®® in PD compared to males. Females have 1.9 to 3.7-fold greater
prevalence of PD than males, depending upon age (see gender section
3.2.8.)%52% Thys, hormonal status plays an important role in PD. The linkage
data from our initial genome scan revealed a gender differences for the
microsatellite marker, D15S822 at 12cM, which gave an HLOD (locus
heterogeneity logrithm of odds) of 2.0 (given broad PD phenotype and recessive
genetic model) for the combined sample. When parsed for gender, female
probands gave HLOD scores of 1.3, 1.1, and 0.9 for narrow, intermediate, and

broad phenotypic definitions for PD, respectively, given a recessive genetic

model, versus HLODs of 0.0, 0.1, and 0.4 for corresponding male probands.
3.2.10. Environmental and psychological factors in GABRa dysfunction

GABRAa activity is also influenced by exogenous ligands such as
insecticide, anthelmintic (avermectin, ivermectin) and antibiotic (Ciprofloxacin®’)
antagonists, as well as agonists like dietary flavonoids®®®, barbiturates, alcohol®*®,

and smoking. Sustained xenobiotic exposure is shown to alter GABRa subunit

distribution and activity in animal studies. For example, chronic ethanol exposure
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selectively upregulates GABRAS expression in the hippocampus, and
downregulates it in the corticocerebrum®®®. Exogenous GABR, substrates can
also cause transgenerational, epigenetic effects that are transmitted from parent
to child. For example, chronic exposure to stress or ethanol acts as a
neurobehavioral teratogen in GABRa remodelling?'%%'2,

Remodelling of the GABAergic system also results from psychological
experiences. For example, chronic exposure to the stress hormone
corticosterone (cortisol in humans) is shown to increase GABRB3 expression in
the hippocampus?'?, which is responsible for the development of contextual fear
conditioning by long-term potentiation (LTP)213. In animal modelss of anxiety,
chronic stress exposure decreases BZ binding in the frontal cortex and
hippocampus?'2. Studies in animals show that early adverse experience?™ and
separation anxiety is associated with long-term changes, including a loss of
GABRAa-mediated inhibition of the hypothalamic-pituitary-adrenal axis stress
response?'®, and trait hypoxic ventilatory responses, both reflecting life-long
alterations in GABAergic homeostasis®'®. Fluoxetine BZ treatment significantly
abated the usual reductions in DG cell density in pups due to maternal
separation stress'’. A similar connection is observed between PD and early life
stressors in humans (disturbed childhood environment, early separation,
childhood separation disorder), and is proposed to be predictive of susceptibility
to PD'**?'® And behavioral, electrophysiological, and immunohistochemical
studies revealed a GABRa-mediated learned fear circuitry in the amygdala and

lateral nucleus involving long-term potentiation for the formation of fear
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memory®? (

see section 2.2.4.). Thus, both interoceptive and exteroceptive
signals impinge on GABRas to mediate a multitude of physiological and
neurobehavioral outcomes. This complexity may explain the interplay of genetic

and environmental cues in PD pathogenesis.

3.3. Aims

In this study, using the same Caucasian sample of 120 multiplex PD
pedigrees previously used in the latest genome scan, we fine-mapped the
chromosome 15q region of interest (0-19.3 cM) using eight microsatellite
markers, and subsequently with ten single nucleotide polymorphisms (SNPs) at
finer-resolution to the candidate genes GABRB3 and GABRAS, to pinpoint the
linkage signal and test for allelic association to PD. In a subset of ninety-six PD
probands we performed a mutation screen of both genes to identify novel
variants potentially linked to PD, and/or enrichment of known variants in PD
probands. Lastly, to understand possible endophenotypes informing putative
GABAergic dysregulation in PD, we sought to characterize the expression of our
GABRA4 genes in an otherwise normal (unphenotyped) population of Caucasians.
We performed a test of genetic association with ribonucleic acid expression

levels as a quantitative trait to identify heritable determinants of expression.

3.4. Methods

3.4.1. Subject recruitment and sample collection
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Subject recruitment and sample collection was performed as described in

Chapter Two.

3.4.2 Genotyping by TagMan

SNP genotyping was also performed using primers (table 3.1.) designed
for the 5’ nuclease (TagMan) assay according to manufacturer’'s specifications
for Assays-on-Demand (ABI). PCR reactions contained 4 ng/uL DNA with 1x
concentration of TagMan Universal PCR master mix containing AmpliTaq Gold
DNA polymerase and 0.5x or 0.66x concentration of SNP genotyping assay mix
in 5 uL reactions (ABI). Thermocycling conditions included 95°C for 10 min,
followed by 50 two-step cycles (92 °C for 15 sec, and 60 °C for 60 sec).
Thermocyling, data acquisition, and analyses were performed using ABI Prism
7900HT Sequence Detection System, and allele calls were determined using
loaded ABI SDS software. Quality control procedures for all genotyping included
monitoring concordant genotypes in duplicate samples, as well as routine
Mendelization error checks. Inconsistent duplicate genotypes were re-typed, and

unresolved incongruent genotypes were dropped.

3.4.3. Resequencing analysis of GABRB3 and GABRAS

Oligonucleotide primers for PCR and sequencing were designed using
Primer 3 software (table 3.2.) for synthesis by Invitrogen to target exonic
sequence, exon-flanking non-coding sequence, non-coding regions with high

cross-species nucleotide conservation, and regions enriched for clusters of
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transcription factor binding sites according to the National Center for
Biotechnology Information (NCBI) website, Build 35. PCR conditions varied
depending on the amplicon (table 3.3.). Amplification was performed in a 5-10
uL total reaction volume using a final concentration of 2-5 ng/uL genomic DNA,
150-500 nM primers, and 50-200 uM deoxyribonucleotide triphosphate (ANTPs).
Possible adjuncts included 1.0-1.5 M anhydrous betaine (Acros Organics, Geel,
Belgium), 5% dimethylsulfoxide (DMSO), and 1.25 M BD GC-Melt (Clontech).
The final concentration of DNA polymerase was 0.05-0.075 U/uL Platinum Taq
(InVitrogen) for most amplicons, or 1x concentration BD Advantage polymerase
mix (Clontech), 0.04 U/uL JumpStart AccuTaq LA polymerase (Sigma-Aldrich), or
0.03 U/uL AmpliTaq GOLD polymerase (ABI). Salt content was typically
maintained using 1x concentration manufacturer's PCR buffer (20 mM Tris-HCI
(pH 8.4), 50 mM KCI), and 1.5-2.5 mM MgCl, for most reactions. Some
amplicons required the use of salt buffers specified by special polymerase kits,
such as 2.75 mM Mg(OAc); in BD mix (Clonetech), 1x concentration of LA buffer
(Sigma-Aldrich), or 2.5 mM GeneAmp GOLD buffer (ABI). Most reactions
followed the usual touchdown PCR protocol using Applied Biosystems
Incorporated (ABI) GeneAmp PCR System (Foster City, CA) thermal cyclers as
follows (unless otherwise specified in table 3.3.): 94°C for 3 min, followed by 7
three-step touchdown cycles (94 °C for 30 sec, decreasing 1 °C per cycle 65-59
°C for 30 sec, 72 °C for 30 sec), followed by 38 three-step cycles (90 °C for 30
sec, 58 °C for 30 sec, 72 °C for 30 sec), and 72 °C for 10 min. In preparation for

sequencing, excess primers and dNTPs were enzymatically digested with the
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addition of a 2.5-2.8 pyL mix containing a final concentration of 0.7 U/uL
Escherichia coli exonuclease | (USB, Cleveland, OH), and 0.07 U/uL shrimp
alkaline phosphatase (Roche, Indianapolis, IN) in water, and incubated at 37 °C
for 2 hr, followed by 80 °C for 15 min, and 95 °C for 1 min. Sequencing reactions
were performed using BigDye v3.1 (ABI) scaled to 1/16™ in a 5 uL total volume of
1 uL PCR-amplified product, 2.5 pmol PCR primer (used also for sequencing),
0.75 uL ABI buffer and 0.5 uL BigDye v3.1 in water. Sequencing reactions were
cycled at 96 °C for 3 min, followed by 25 cycles at 96 °C for 10 sec, 50 °C for 5
sec, and 60 °C for 4 min in 9700 GeneAmp PCR System (ABI). Reactions were
purified with Montage MultiScreen-SEQ (Millipore, Bedford, MA) plates and the
Hamilton Microlab 4200 (Hamilton, Reno, NV) 96-probe liquid robotic system.
Samples were analyzed on a Prism 3730xI DNA Analyzer (ABI), and analysis of
mutations was performed SEQUENCHER DNA sequence analysis software

(http://sequencher.bio.indiana.edu/).
3.4.4. Linkage and association analysis

Data analysis for parametric and non-parametric linkage and allelic
association were performed as previously described in Chapter Two (section
2.8.5.). We report p-values that are uncorrected for multiple tests, although we
used permutation analysis to increase signal to noise ratio in our exploratory

results.

3.4.5. Cell culture
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We investigated the expression levels of ribonucleic acid (RNA) in
Epstein-Barr virus-transformed lymphoblastoid cell lines from ninety Caucasian
individuals from Utah purchased from the Coriell sample repository. These
samples consisted of thirty mother-father-child trios, with publicly available
genotypes provided by the International HapMap Project. We expanded and
maintained the immortalized cell lines in suspension using uniform culture
conditions and a target cell density range, according to Coriell recommendations.
Briefly, cells were cultured in RPMI (Roswell Park Memorial Institute) 1640
medium (Biowhittaker, Walkersville, MD) with a final concentration of 15% heat-
inactivated fetal bovine serum (Sigma), 2 mM L-glutamine (Fisher), and 100 U/ml
penicillin, 100 ug/ml streptomycin (HyClone, Fisher), in a humidified incubator at
37 °C and 5% COy. Cell cultures were regularly split to maintain a target range of
0.2-1.0 million cells/mL, as determined by counting cell density with a
hemocytometer under a microscope. Cells were harvested by centrifugal
pelleting, and washed twice with Dulbecco’s phosphate buffered saline (Cambrex

Bio Science, Walkersville, MD) before storing at —70 °C.

3.4.6. RNA preparation

Cell RNA was isolated from up to ten million cells using the Qiagen
Rneasy Mini prep kit (Qiagen, Valencia, CA) with beta-2-mercaptoethanol
(Fisher, Pittsburg, PA) according to manufacturer’s protocol. Total RNA quality
and yield was assessed by optical density measurement using the NanoDrop

UV-Vis spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE) and
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the RNA 6000 Nano Kit for the 2100 Bioanalyzer (Agilent, Palo Alto, CA)
electropheresis instrument according to manufacturer’s suggestions. Synthesis
and amplification of complementary RNA (cRNA) from 275 ng of RNA was
performed using the lllumina RNA Amplification kit (Ambion, Foster City, CA)
according to manufacturer’s suggestions. Briefly, first strand cDNA synthesis by
reverse transcription with T7 promoter-bearing oligo(dT) primers and reverse
transcriptase for 2 h at 42 °C, followed by second strand cDNA synthesis using
DNA polymerase for 2 h at 16 °C to create double-stranded T7 promoter
sequence-bearing template for in vitro transcription. After subsequent solid
phase purification of the cDNA, biotin-16-UTP (Roche, Mannheim, Germany)
labeled antisense RNA (aRNA) was synthesized, purified, and amplified for 14-
16 h at 37 °C to generate biotinylated cRNA from the double-stranded cDNA for
subsequent visualization via streptavidin-Cy3 (Ambion) binding. Then, 275 ng
RNA was then hybridized to complementary 50mer target transcript
oligonucleotides embedded on Sentrix BeadChips for quantification by lllumina
BeadArray Reader scanner. Detection of RNA levels was determined using the
lllumina BeadStation Gene Expression system with BeadStudio data analysis

software (lllumina, San Diego, CA).

3.4.7. Heritable expression analysis

We measured RNA levels in ninety cell lines to test for association with cis
variants for heritable expression patterns. Expression of GABRAS5 was below the

detection limit in the peripheral lymphoblastoid cell lines, however, GABRB3
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expression was reliably detected in thirty-five of the ninety individuals. These
thirty-five cell lines formed one nuclear trio, six parent-child dyads, and twenty-six
unrelated individuals (20 additional unrelateds) to assess heritable transmission
of GABRB3 expression. Preliminary analyses showed very low variation in
expression levels for the same cell line sample analyzed on replicate BeadChips
(see Chapter Four). However, other sources of biological and technical
intrasample variation, including day-to-day variation in culturing and RNA
isolation, were addressed by using internal controls for relative gene expression.
In a pilot study of cell lines that were cultured, harvested and processed for RNA
in replicate, and on different days, we assessed the intra-sample variation of
target gene expression. Among the 6,355 transcripts detected by the lllumina
BeadChip assay, six reference genes within a five-fold signal intensity of the
mean GABRB3 expression (LRRFIP2, TBL1X, FKBP4, VPS13A, C3F, and IL15),
were empirically selected for their ability to significantly reduce intra-sample
variability, and applied to the larger sample set for normalization.

Using UNPHASED statistical software?®, the relative ratio of GABRB3 to
the average of the six reference genes was assessed in a quantitative
transmission disequilibrium test (QTDT). Genotypes, available from the
International HapMap Project website (Release 20/ phase Il Jan 2006 on NCBI
B35 assembly, dbSNP b125), for 198 non-redundant SNPs (r’<1.0) with at least
5% minor allele frequency, were tested for correlation to parent to child
transmission of GABRB3 expression levels and genotypic association with

expression levels.

85



3.5. Results

Results from serial genome scans performed in twenty-three, sixty, and
120 PD pedigrees, as additional subjects were recruited and became available
for analysis, showed sustained evidence of suggestive linkage to the proximal
arm of chr15q at D15S822, near the GABRB3 and GABRAS candidate genes.
Follow-up analysis of the implicated region in chr15g11-13 with eight
microsatellites showed further linkage in the same sample (Bautista and
Hamilton, unpublished data). Four of the eight microsatellite markers showed
suggestive linkage (LOD=2) using multipoint and two-point analyses given the
assumption of locus homogeneity and/or heterogeneity, which prompted finer-
resolution mapping using ten SNPs at the candidate genes GABRB3 and
GABRAD5, based upon ethological, mechanistic and clinical support for their
involvement in PD. We observed linkage to GABRB3 (rs11631421, LOD=4.6)
(figure 3.1.) and GABRAS5 (rs2075716, LOD=2.2) (figure 3.2.) in two-point
parametric linkage analysis, and GABRB3 (rs3212337, LOD=1.6) (figure 3.3.)
and GABRAS5 (rs35399885, rs140682, rs140685 LOD=2.8) (figure 3.4.) in
multipoint analysis under the assumption of locus heterogeneity. Allelic
association was found in GABRB3 (rs8024564, p=0.005-0.03; rs8025575,
p=0.02) and GABRAS5 (rs35399885, p=0.05) (table 3.4.). Further analysis
revealed nominally significant p-values (p<0.05) for two-marker haplotypes that
were protective against PD. Three two-marker haplotypes exhibited smaller p-
values (p=0.003-0.01) in allele-specific analyses (table 3.5.). Other work in the

laboratory suggests that SNPs in the GABRB3 and GABRAS region are
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associated with PD in an independent PD sample of Sardinian trios (Terrill and
Hamilton, unpublished data).

A mutation screen of GABRB3 and GABRAS in a subset of ninety-six PD
probands revealed thirteen novel GABRB3 variants (table 3.6.), and seventeen
novel GABRADS variants (table 3.7.) that were predominantly uncommon minor
allele frequency (MAF<0.05) and in introns. Two novel GABRB3 variants in the
3’ untranslated region (UTR) of the gene are predicted to alter the transcription
factor binding sites (TFBSs) for the transcription factors, GATA?" and NCX (or
TLX2, HOX11L1)?*2, which are distributed in the brain?**%?*, and relevant for

224220 Three additional novel GABRB3 variants were detected at

neurogenesis
high frequency (MAF=0.35-0.50). In GABRAS, novel variants were observed in
J'UTR, 5’UTR, and coding regions (MAF=0.001-0.05), including a synonymous
SNP at a wobble codon position (alanine GCc> alanine GCt). Two novel and
common (MAF=0.13-0.49) GABRADS variants were also detected, both within
200bp of a GABRAS5 exon, which have not been characterized in control
individuals. Among the previously known variants that were observed in our
probands, none showed significant deviation in allele frequency from the publicly
available databases for Caucasians.

Using the llumina 6-BeadChip Gene Expression system to detect RNA
levels in ninety control lymphoblastoid cell lines from thirty CEU HapMap trios,
6,255 transcripts were reliably detected for all ninety samples. GABRAS

expression was undetected in our samples using this platform; however,

GABRB3 was detected in thirty-five of the ninety samples, which provided one
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nuclear trio, six parent-child dyads, and twenty-six unrelated individuals (20
additional unrelateds) in which to examine heritable gene expression patterns
and genotypic association with GABRB3 transcript levels. Among 198 non-
redundant (r’<1.0), tagging SNPs around GABRB3 genotyped in these samples
as part of the HapMap, four variants were significantly associated (p<0.01) of
GABRB3 expression after 10,000 permutations (table 3.8.). The most
significantly associated SNP, rs2315904, gave a p-value of 0.00021, which also
met Bonferroni correction at p<0.05 for 198 tests (p<0.00025), prior to
permutation analysis. LD relationships between the associated SNPs and
untested SNPs (MAF>0.05, r’=1.0) broaden the implicated region 5’ of the gene

to ~1100bp around rs6576613.

3.6. Discussion and future directions

GABRB3 and GABRAS were investigated as candidate genes for the
susceptibility to PD based upon prior genetic linkage in serial genome scans in
multiplex PD pedigrees, and a convergence of pharmacological, ethological and
mechanistic evidence for their role in the pathogenesis of PD. We report
association and linkage to markers at GABRB3 and GABRAS in PD pedigrees,
as well as several novel variants in a mutation screen in probands. As well, in an
uncharacterized Caucasian population, heritable expression analysis revealed
significant association (p<0.01, given 10,000 permutations) to three intronic
GABRB3 SNPs and one SNP lying 5’ to GABRB3 in the intergenic region
between the 5’ ends of GABRB3 and GABRAS. Future studies include

replication of the association and linkage results, and/or finer mapping with
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denser marker genotyping in the region. The novel variants found by mutation
screening could be characterized in an ethnically-matched control population to
look for differences potentially associated with PD. Heritable expression profiles
in affecteds would be needed to show potential differences in gene regulation
with PD, as compared to the control population characterized here.

A previous study using a simple sequence repeat polymorphism in each of
eight GABRa candidate genes, including GABRB3 and GABRAS5, found no
evidence for linkage to PD (negative LOD scores) in twenty-six PD pedigrees
from the U.S. and Iceland®*’. Here we observed linkage and allelic association of
GABRB3 and GABRAS in PD pedigrees using ten SNPs in the candidate gene
regions. Our study used 4.8 times more PD pedigrees and 5 times more
markers for testing, which suggests that the previous studies may have been
relatively underpowered to detect positive linkage.

Our mutation screen revealed several novel variants of potential functional
significance in both GABRB3 and GABRAS. Two low frequency GABRB3
variants were discovered in TFBSs for GATA and NCX transcription factors,
which may play an important role in long-term GABAergic tone, due to their
relevance during neurogenesis. Three low frequency, genic SNPs were also
discovered in the coding region, and 3’ and 5° UTRs of GABRAS. Each of these
SNPs may have a functional role in regulating gene expression, by potentially
altering transcriptional processes. For example, downregulation of GABRB3 in
patients with autism??®, Rett syndrome?®?®, and childhood absence epilepsy

(CAE)¥, is associated with GABRB3 variants in regulatory elements or in
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mutations of transcription factors themselves. Comparison of the potential
expression differences for these variants in PD probands and controls could
pinpoint potential regulatory differences between the groups.

A synonymous GABRAS5 SNP, which results in a cytosine to thymine
transition in the third codon position, found in the mutation screen, is of particular
interest. The potential relevance of this SNP, given the relative low mutability of
this gene, is suggested in the literature. For example, housekeeping genes,
which have low mutability and low rates of protein evolution, exhibit a
disproportionate enrichment of cytosines in the wobble codon position®*'. Since

housekeeping genes have relatively high mRNA stability®*°

, it is suggested that
this constitutes a role for codon usage bias in humans. For example, tRNA
abundance is associated with codon usage in human globin genes®', and
cytosine-enriched codon ends are significantly more common in constitutive
versus alternative exons of the human genome®®*. Computational work to derive
the thermodynamic changes in mRNA stability in silico for over 19,000 human
and mouse mMRNA sequences shows a significantly higher abundance of C and
G nucleotides at the wobble position, suggesting selective pressure for its non-
random maintenance®*. And mechanistic insight comes from studies in
drosophila showing that silent mutations in alcohol dehydrogenase genes alters
gene expression by altering pre-mRNA and mRNA secondary structure. In
Chapter Four (section 4.2.11.), a study by Nackley et al. decribes a dramatic

structural change in the mRNA of COMT, based on the presence of a

synonymous SNP, correlated with significant alteration of mMRNA stability, mRNA
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levels, protein levels, and activity differences?*®. Determination of allele
frequency differences for this variant in a control population, compared to PD
probands, would ascribe its potential relevance to PD. Studies to determine the
functional impact of this SNP could include tests of differential mRNA stability,
protein and RNA expression, or ligand binding, for example.

As for the novel mutations found in TFBSs (i.e. NCX and GATA), there is
good evidence for their role in psychiatric disease. For example, decreased
GABRB3 expression,which is seen in patients with Rett syndrome (RS), autism,
and Angleman syndrome, is also observed in mouse strains with deficiency in the
transcription factor, methyl-CpG-binding protein 2 (MECP2)??°. RS is marked by
symptoms which overlap with PD, such as hyperventilation, EEG abnormalities,
and urinary pH differences®®. By different mechanisms, decreased GABRB3
expression is also common in patients with autism, which is linked and
associated with the chr15q GABR genes®. Persons with autism can exhibit EEG

239,240 gimilar to

abnormalities, altered BZ binding®*®, and altered GABAergic tone
subjects with PD. Thus, future studies to pinpoint epigenetic or other effects that
alter gene expression in subjects with PD, will help inform the potential functional
causes of the heritablity of PD. Future tests could include characterization of
allele frequency differences in cases and controls, followed by functional assays,
including differential transcription factor binding (e.g. electrophoretic gel mobility
shift assay).

Our data suggests that a proportion of the genetic liability for PD could be

explained by mutations in GABRB3 and GABRAS. As the heritability of PD
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(0.48) suggests that there are environmental and potential epigenetic effects at
play in the susceptibility for PD, we may not be sufficiently powered to show
significant association and linkage to these candidate genes to the level of strict
multitesting correction, given our sample size. However, we view these findings
as exploratory results that can be used for further investigation. Given the
overlapping evidence by multiple analytical approaches, including gene-agnostic
markers in the genome scans, we are encouraged that GABRB3 and GABRAS
are good candidates to explain at least a portion of the biological and genetic

factors in PD path.
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3.8. Figures and tables

Figure 3.1. Two point linkage results for GABRB3 in 120 PD pedigrees

Phenotypic diagnostic categories for panic disorder (PD) are broad (b),
intermediate (i), narrow (n), PD with syndromic features (s), or PD with bladder
problems (bl), for dominant (dom) or recessive (rec) modes of inheritance. LOD
= logarithm of odds, Het = locus heterogeneity, Hom = locus homogeneity, SNP

= single nucleotide polymorphism.
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Figure 3.2. Two point linkage results for GABRAS in 120 PD pedigrees

Phenotypic diagnostic categories for panic disorder (PD) are broad (b),
intermediate (i), narrow (n), or PD with bladder problems (bl), for dominant (dom)
mode of inheritance. LOD = logarithm of odds, Het = locus heterogeneity, Hom =

locus homogeneity, SNP = single nucleotide polymorphism.
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Figure 3.3. Multipoint linkage results for GABRB3 in 120 PD pedigrees

Phenotypic diagnostic categories for panic disorder (PD) are broad, intermediate

(intermed), narrow PD, PD with syndromic features (syndrome), and PD with

bladder problems (bladder), for dominant (d) or recessive (r) modes of

inheritance. Single nucleotide polymorphisms markers are the denotedon the x-

axis. LOD = logarithm of odds, Het = locus heterogeneity, cM = centiMorgans.

Locus homogeneity scores were negative.
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Figure 3.4. Multipoint linkage results for GABRA5 in 120 PD pedigrees

Phenotypic diagnostic categories for panic disorder (PD) are broad, intermediate
(intermed), narrow, PD with syndromic features (syndrome), or PD with bladder
problems (bladder), for dominant (d) or recessive (r) modes of inheritance.
Single nucleotide polymorphisms markers are the denoted on the x-axis. LOD =
logarithm of odds, Het = locus heterogeneity, cM = centiMorgans. Locus

homogeneity scores were negative.
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Table 3.1. GABRB3 and GABRA5 TagqMan reagent information
ABI = Applied Biosystems Incorporated.

Marker ID Variant Location ABI Assay ID CeleralD
GABRB3-01 rs8025575 863bp 3’ C_2911914_10 hCVv2911914
GABRB3-02 rs8024564 intronic C_2901104_10 hCVv2901104
GABRB3-03 rs754185 intronic C_2901163_10 hCVv2901163
GABRB3-04 rs11631421 intronic C_245488 10 hCV245488
GABRB3-05 rs3212337 intronic C_218360_10 hCVv218360
GABRA5-01 rs2075716 intronic C_1843341_1 hCV1843341
GABRAS5-02 rs9745027 intronic C_27725 10 hCVv27725
GABRA5-03 rs35399885 intronic C_42974 10 hCV42974
GABRA5-04 rs140682 synonymous C_1028938 1 hCVv1028938
GABRA5-05 rs140685 synonymous C_1028939 1 hCV1028939

118




Table 3.2. Sequence primer information for GABRB3 and GABRAS5 mutation

screens

Numerical rows indicate amplicon number, corresponding to table 3.3.

Location Chri5 Mayl2_004 Forward Primer Reverse Primer
NCBI position
1 GABRB3 24339689- cataacccaaaagggcatgt tccacctgaaaaccagttca
3'UTR 24340395
2 G?B'FI'{F??) 2212123%% gtttcaccaattgttcagttttg attctgaacccggacctctgac
3 GABRB3 24341076- tccccaatgataacgtttctg tggacaaaaacagtcaatggtc
3'UTR 24341784
4 GABRB3 24341597 atccagaaaaccttgggaag gaggatgcgtgtggtgtg
3'UTR 24342276
5 Gep)‘(isgs 221%‘:12218%%- tgggttttgaactgttgcag catcctcatgcctttatttctg
6 63(3533 2;%1%1%95 ctectttgectcagagaacg ggcagtgtgcttacctgttg
7 GABRB3 24343242- gaagctggatccactccaag acacacaagcagacacacaca
exon 9 24343943
8 GQ(EESP’ %i%iiﬁ%% actttctttaatatgcatcctgtgg gaaattatgctgctggctgtc
9 G§E§23 22A;1?C’3557717%38 tcatgcaagtaaatgcagtagc tgctaaattctgggcttattttt
10 G§E§33 2;%%3%2231 tccagctgtcaaataaccaatg tctgccatgttgtttctcca
11 GABRB3 24376234- ctgcctccaaggtcatcaat ccagcctctcgacttttcag
exon 6 24376923
12 GABRB3 24379030- cctgatatgccaggaggtgt gttcccacaggggcttactc
exon 5 24379749
13 GABRB3 24417275 ccatcctgagggaatctgtg tgacacacacagactcatgtacc
exon 4 24417983
14 GABRB3 24427299 ggaggcaaggaaagtattgc gggaggagagttggttgtga
intron 3 24428020
15 GABRB3 24462161- gaaatggcacgtgtggtaag gtcaggctctcagtggcttg
intron 3 24462815
GABRB3 .
16 intron 3 see primer 3 ggctgcaaaattatgggaaa cactcacacacatgcacagg
GABRB3
17 | exon 2, 3, 2;‘55%%517719 actgtggacgcctgtgat gcttttcggcatcttcteg
partial 1
18 GABRB3 24568586- gatcgccgtgtcctgtgctt gatcccagacagcgggcec
exon 3 24568736
19 GABRB3 24569856- gggggtaggggcggggatc tgcagaacgccgggaagcec
exon 1a, 5' 24570059
20 S of 24570431 tcattagaaggctactggcgcactgg | ccagcagggcatttctccaaaagaac
GABRB3 24571127
21 G A?B?{fB3 2211"55772231) catcaagctcgtttttgtgttc tgtaatgtggctttgcaagtct
22 GABRAS 24663078- ctatcacccgactgctgacact cagtcgccagggtaaagtttg
5'UTR 24663818
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Chr15 May 2004

Location NCBI position Forward Primer Reverse Primer
GABRAS 24664932-
23 5UTR 24665357 tgtgcttttccecacttctt cctggaatcaaatcacactgc
GABRAS
24| exon1, Zzi%%%%%i tccaggaactgtgacacaaca tcacagctgactcggatatcat
5'UTR
GABRA5 24676965-
25 exon 2 24677655 tgttctcagatcctcgtctca aaggatgactgcattccaca
26 GABRA5 24742482- tactaagtaqattt tqatt
exon 5 24743178 ccgaagtgctgagtagatttga cacagcaatgattacagcacaa
GABRA5 24764928-
27 exon 6 24765661 tccaaccaccctatgcattt ttgagagcatctgcttccttc
8 GABRA5 24767473- taaatcct t tat
exon 7 24768236 ggggaggctaaatcctgaaa ggcaatgtcaaaccacacaa
29 GABRA5 24770882- tcactt tacataat t
exon 8 24771651 cacaagaatcgcttgaacca accctgcatggtgaaatga
GABRA5S
30| exon?9, 24775789- caaatggcgtgtccttacatt ttcactgggaaaatttgtatgaaa
3UTR 24776495
GABRA5S 24776419-
31 3UTR 24777156 tttttaactgcttcaagtgttacct tcaggaaatgagtccaccaa
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Table 3.3. GABRB3 and GABRA5 mutation screen sequencing reactions
conditions

TD = touchdown, cyc = cycles, s = seconds, m = minutes, C = Celsius, numerical

rows indicate amplicon number, corresponding to table 3.2.

dNTP . Primer DNA oy
uM Salt Adjuncts uM Polymerase ngluL PCR conditions
1| 50 | 1.5mM 15M 1 02 |0.05U/LPlatTaq| 4 Usual TD method
MgCl, betaine
> | 200 1.5mM 1.5M 02 0.05U/uL 3 Usual TD method with 42
MgCl, betaine ' Plat Taq post-TD cyc
3,
5-
7, 1.5mM 1.5M
10, 50 MgCl, betaine 0.2 |0.05U/uL PlatTaq| 2 Usual TD method
13-
15
94Cx3m hotstart; 7cyc:
94Cx30s melt, 65-59C
TDx30s at -1C/cyc
2.5mM 1.5M 0.05U/uL anneal, 72Cx30s extend;
4 | 200 . 0.4 25 .

MgCl, betaine Plat Taq 42cyc: 94Cx30s melt,
58Cx30s anneal,
72Cx30s extend;
72Cx10m extend

94Cx5m hotstart; 45cyc:
8 | 200 2.5mM 1.5M 0.2 0.05U/uL 2 90Cx30s melt, 58Cx30s

MgCl, betaine ' Plat Taq anneal, 72Cx30s extend;

72Cx10m extend
94Cx5m hotstart; 45cyc:
9| 50 1.5mM 1.5M 0.2 0.05U/uL 2 90Cx30s melt, 58Cx30s

MgCl, betaine ) Plat Taq anneal, 72Cx30s extend;
72Cx10m extend

- 1.5mM 1.5M
12, 200 : e 0.2 |0.05U/uL PlatTaq| 2 Usual TD method
16 MgCl, betaine
94Cx1m hotstart; 45cyc:
17! 200 1x conc 1.5M 05 0.04 U/uL 2 94Cx30s melt, 60Cx15s
LA buffer betaine ' AccuTaq LA anneal, 68Cx5m extend;
68Cx30m extend
95Cx12m hotstart; 5cyc:
25 mM 95Cx15s, 72-68C
: 0.03U/uL Ampli TDx20s at -1C/cyc;
18] 200 G%ngﬁgnp none 0.5 Taqg GOLD pol 2 33cyc: 95Cx15s melt,
68x15s anneal, 72x30s
extend
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dNTP . Primer DNA .-
uM Salt Adjuncts uM Polymerase ngluL PCR conditions
95Cx12m hotstart; 5cyc:
25 mM 95Cx15s, 72-68C
) 0.03U/uL Ampli TDx20s at -1C/cyc;
191 200 Gg”gfg"p none | 05 | T i GOLDpol | ° | 33cyc: 95Cx15s melt,
68x15s anneal, 72x30s
extend
95Cx1m hotstart; 40cyc x
2.75mM |~ 1.25M 1x conc 95Cx20s melt, 65Cx30s
20| 250 BD mix BD GC- | 0.25 . 2 )
Mg(OAC), Melt BD Adv pol mix anneal, 68Cx4m extend;
68Cx3m extend
94Cx5m hotstart; 45cyc:
21! 200 1.5mM 1.5M 0.2 0.05U/uL 2 90Cx30s melt, 58Cx30s
MgCl, betaine ' Plat Taq anneal, 72x30s extend,
72Cx10m extend
95Cx5m hotstart; 10cyc:
94Cx30s melt, 65-60.5C
1.25M TDx30s at -0.5C/cyc,
22| 100 1M5rg||\/| betaine, 0.2 OP(:;S %.J;u" 2.5 | 72Cx45s extend; 38cyc:
9% | 59, DMSO q 94Cx30s melt, B0Cx30s
anneal, 72Cx45s exten;
72Cx10m extend
23, 15mM | 1.0M
25-| 50 M L 0.2 |0.05U/uL PlatTaq| 2 Usual TD method
30 gCl, betaine
24| 50 | 1SmM 1 1SM g 45 | 0.05UML Plat Tag| 2 Usual TD method
MgCl, betaine
94Cx3m hotstart; 45cyc:
31| 100 1.5mM 1.5M 04 0.05U/uL 2 90x30s melt, 62x30s
MgCl, betaine ' Plat Taq anneal, 72x45s extend;
72Cx10m extend
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Table 3.4. Association results (p<0.05) for GABRB3 and GABRAS5 SNPs in
120 PD pedigrees

Phenotypic diagnostic categories for panic disorder are broad, intermediate, or

narrow. NS = non-significant, FBAT = family-based association test.

Association p-values from FBAT Ananlysis
Marker ID Variant Broad Intermediate Narrow
GABRB3-01 rs8025575 0.02 NS NS
GABRB3-02 rs8024564 0.005 0.02 0.03
GABRAS-03 rs35399885 0.05 NS NS
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Table 3.5. Association results (p<0.05) for two-marker GABRB3
haplotypes, protective against PD.

Haplotype ID Variant 1 Variant 2 Fﬁ:f;?:é H?)F_)\Ilztlyl/lzic D' |Phenotype
GABRB3-01,-02 | rs8025575 | rs8024564 0.03 0.003 0.89| Broad
GABRB3-01,-05 | rs8025575 | rs3212337 0.05 0.005 0.31 Broad
GABRB3-03,-05 | rs754185 | rs3212337 0.05 0.011 0.06| Broad
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Table 3.6. Mutation screen results for GABRB3

Variations observed in a mutation screen of GABRB3 in 26-92 PD probands

depending upon the amplicon. MAF = minor alllele frequency.

GABRB3 Mutation Screen

May 2004 NCBI position Variant Location Alleles PD MAF
chr15:24568629 rs8179186 intronic C>T 0.17
chr15:24427342 rs751994 intronic G>A 0.30
chr15:24462207 novel intronic T>C 0.01
chr15:24462234 novel intronic G>A 0.06
chr15:24462237 rs11161328 intronic T>C 0.22
chr15:24462683 rs7181175 intronic C>T 0.01
chr15:24462711 novel intronic C>G 0.02
chr15:24462768 rs4567674 intronic G>A 0.03
chr15:24471663 rs7164718 intronic C>T 0.39
chr15:24569890 rs20318 synonymous C>T 0.18
chr15:24570030 rs20317 intronic C>G 0.32
chr15:24417406 rs5811434 intronic del>T 0.14
chr15:24417831 novel intronic G>A 0.50
chr15:24417301 novel intronic C>G 0.02

chr15:24417317,8 novel intronic TA>del 0.35
chr15:24417359 novel intronic del>T 0.50
chr15:24379094 rs2033420 intronic G>A 0.01
chr15:24379208 novel intronic A>C 0.01
chr15:24379261 novel intronic G>A 0.01
chr15:24379341 novel intronic C>T 0.01
chr15:24357157 rs3751582 intronic A>G 0.15
chr15:24357453 novel intronic C>G 0.02
chr15:24357486 rs3751583 intronic A>G 0.06
chr15:24357752 rs11631853 intronic C>T 0.41
chr15:24343508 rs11637141 3'UTR C>T 0.21
chr15:24341934 novel Noxiras | GoA 0.01
chr15:24341930 novel oA | CoT 0.01
chr15:24340255 rs2017247 3'UTR G>A 0.25
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Table 3.7. Mutation screen results for GABRA5

Variations observed in a mutation screen of GABRAS in 38-92 PD probands

depending upon the amplicon. MAF = minor alllele frequency.

GABRAS Mutation Screen

May 2004 NCBI position Variant Location alleles | PD MAF
chr15:24663219 rs8036439 5'UTR G>C 0.24
chr15:24663263 rs25411 5'UTR G>A 0.36
chr15:24663255 rs25410 5'UTR G>A 0.36
chr15:24663615 rs8041106 intronic G>C 0.23
chr15:24664985 novel 5'UTR G>T 0.002
chr15:24665132 novel intronic A>G 0.003
chr15:24665214 novel intronic T>C 0.003
chr15:24665298 novel intronic A>G 0.003
chr15:24677377 rs9286393 intronic A>C 0.49
chr15:24677361 novel intronic A>G 0.01
chr15:24677001 novel intronic G>A 0.01
chr15:24765544 rs11630089 intronic A>G 0.09
chr15:24765402 novel intronic T>C 0.49
chr15:24765103 rs140682 synonymous G>A 0.49
chr15:24764958 rs140681 intronic C>T 0.10
chr15:24768103 novel intronic C>T 0.13
chr15:24770953 novel intronic G>A 0.04
chr15:24771081 rs140683 intronic A>T 0.38
chr15:24771099 rs140684 intronic T>G 0.12
chr15:24771205 rs140685 synonymous A>G 0.49
chr15:24771246 novel synonymous G>A 0.01
chr15:24771450 novel intronic G>A 0.01
chr15:24771551 novel intronic A>G 0.01
chr15:24776393 novel 3'UTR C>T 0.05
chr15:24776355 novel 3'UTR A>G 0.01
chr15:24776075 novel 3'UTR T>C 0.01
chr15:24775871 rs2229942 synonymous T>C 0.07
chr15:24775813 novel intronic T>C 0.01
chr15:24776533 novel 3'UTR T>C 0.02
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Table 3.8. Genotypic association (p<0.05) of GABRB3 expression in 35
unphenotyped Caucasians, given 10,000 permutations

Cell lines from 35 unphenotyped Caucasians consisted of 6 dyads, 1 trio, and 20

additional unrelateds individuals for analysis. MAF = minor allele frequency, r? =

measure of linkage disequilibrium between variants.

. May 2004 . -log1op Variants captured
Variant | NcBiposition | -ocation permuted | r’=1.0, MAF>0.05
rs2315904 | chr15:24518365 | GABRB3 intron 4.0 rs2315903
rs10519566 | chr15:24526713 | GABRB3 intron 3.2 N/A
. ) rs12595843,
rs6576613 | chr15:24585909 | 5 of GABRB3 22 rs7497801
rs7183628 | chr15:24546570 | GABRB3 intron 2.1 N/A
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4. Chapter Four. The Genetic Determinants of COMT Expression’

4.1. Abstract

Catechol-O-methyltransferase (COMT) is a ubiquitous enzyme that
mediates neurotransmission, autonomic homeostasis, and xenobiotic/endobiotic
elimination via phase Il biotransformation of substrates, such as the
catecholamines and catechol estrogens. A convergence of positional and
biological evidence implicates COMT in the susceptibility of panic disorder (PD).
Our lab previously showed genetic linkage to several variants within and near the
COMT locus in seventy PD pedigrees. Including our study, the non-synonymous
single nucleotide polymorphism (SNP), rs4680, has been significantly associated
to PD in five independent study populations, although the valence of allelic
association is inconsistent. For example, rs4680 has been associated with PD in
different studies, although populations differ in their association to the valine or
methionine allele. The SNP rs4680 is a natural candidate for phenotypic
association to COMT-related disorders due to its correlation with variation in
COMT activity, however, the literature is replete with contradictory data, such as
with PD. Population-specific patterns of linkage disequilibrium (LD), contributing
to large ethnic haplotype diversity, could inform, or explain the discordant data.
Allelic association to opposite alleles of the same variant in different studies may
be explained by a causal, pan-ethnic variant that is harbored on the population-

specific haplotype. Our approach is to characterize the pattern of COMT

“ The material in this chapter is in preparation for publication (Hodges LM et al.)
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expression in a control Caucasian population for association with potential cis
regulatory variants, with the goal of identifying COMT mutations imparting
potential functional consequences on COMT activity. Our analysis reveals that
variation in steady-state expression of COMT is heritable. The variants found to
cosegregate with COMT expression patterns may be used for comparison in
other ethnic groups and/or disease populations to pinpoint etiological factors in

COMT dysregulation, and perhaps PD, that are generalizable to all populations.

4.2. Background

4.2.1. COMT function and distribution

Catechol-O-methyltransferase (COMT) is a key deactivating enzyme that
catalyzes the transfer of a methyl group from S-adenosyl-L-methionine (SAM)
coenzyme to the meta- or para- hydroxyl substituents of catechol substrates.
COMT terminates dopaminergic and noradrenergic neurotransmission, mediates
physiological processes, and biotransforms xenobiotic and endobiotic toxins?. It
is distributed throughout the human brain® at neuronal and extraneuronal sites, in
the cortex, striatum, and spinal sensory ganglia*® to mediate cognition,
information processing, behavioral affect, and nociception. Expression of COMT
in the hypothalamus, thyroid, adrenal gland, pituitary, pancreas, and kidney
serves to mediate autonomic homeostasis, such as salt-water balance and blood
pressure control®. In the gut, liver, lung, and kidney, COMT serves both roles of
detoxification and physiological regulation. The role of COMT in blood/spinal

fluid-brain barriers (cerebromicrovascular smooth muscle, epithelial capillaries of
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the choroid plexus, ependymal cells of the ventricles)’®, blood-gut barrier
(epithelia of stomach, intestinal mucosa, duodenum, and ileum), uterus’, and
placenta® protects against toxins. COMT distribution in somatostatin- and
enkephalin-secreting cells reflects its endocrine function. Examples include
anxiety reduction'®, mediation of autonomic signaling, nociception, and learning
and memory''. Due to its ubiquity, dysregulation of COMT is associated with

pleiotropic systemic and neurological disorders.
4.2.2. The valine to methionine SNP, rs4680

4.2.2.1. Variation in COMT activity correlated to rs4680

The much studied non-synonymous single nucleotide polymorphism
(SNP), rs4680 (formerly rs165688, also val158met, val108met), is associated
with variation in COMT activity in humans'? and is therefore a natural candidate
for COMT dysfunction. The rs4680 G>A nucleotide transition in the fourth exon
of COMT, results in a valine (val) to methionine (met) residue change that
exhibits greater protein thermolability’®. This SNP is associated with 70% to 90%
reduced protein in liver'*, and 40% to 80% (1.6 to 5-fold) less activity in red blood
cells, liver, kidney and the duodenum™"’. A parallel decrease of ~40% (1.6-fold
less) activity for the rs4680 A (met) allele is seen in lymphocytes and in the brain
in Caucasians and African Americans'®. Kinetic studies in vitro using
heterogously expressed recombinant COMT and protein fractions from different
tissues, show that the rs4680 SNP is the principal genetic determinant of a

trimodal distribution of high, intermediate, and low COMT activity, correlated with
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the G/G (val/val), G/A (val/met), and A/A (met/met) genotypes, respectively'.
4.2.2.2. Other contributions to COMT activity

Segregation analysis attributes only 59% of the variance in COMT activity
to a biallelic major gene locus'®, with an additional 27% due to polygenic
inheritance®, and 14% undetermined. Allele-specific expression studies in
heterozygous individuals show that the rs4680 A (met) allele is overexpressed
relative to the rs4680 G (val) allele, which might represent a compensatory

2122 |n vitro studies also show that the more

mechanism for low activity
thermolabile rs4680 A (met) allele can be stabilized by SAM coenzyme,
suggesting that COMT kinetics may depend upon the physiological availability of
SAM™. Conformational changes caused by the rs4680 A (met) allele is predicted
to expose a number reactive cysteines in the protein, allowing for greater
inactivation by exogenous hormones® and protein-glutathione adduct formation
under oxidative conditions®*. So, a portion of the variability in COMT activity is
owed to allele-specific transcriptional regulation, exogenous and endogenous
stabilizing or inactivating factors, and physiological conditions associated with the
rs4680 A (met) allele. Finally, there are significant gender differences in COMT
activity that are unexplained by rs4680, and certain ethnic groups are nearly
monomorphic at this locus. Thus, the presumption of COMT activity being a

direct reflection of the rs4680 genotype may be an oversimplification of the true

in vivo situation.

4.2.3. COMT substrates, metabolites, and inhibitors
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4.2.3.1. The catecholamines

The catecholamines (dopamine, norepinephrine, and epinephrine) are
substrates for COMT that are stored in vesicles, each with signature effects®
upon their release or leakage from neuronal and endocrine cells®®. Dopamine
(DA) in the basal ganglia is associated with cognition, emotions, motor control,
learning, pleasure and drive. Central DA levels are elevated in schizophrenia
(SCZ) and low in Parkinson’s disease. Peripheral DA acts as a natriuretic
hormone to regulate blood pressure, diuresis, and natriuresis®>?’.
Norepinephrine (NE) contained in neurons of the locus coeruleus, project to the
cortex, hippocampus, thalamus and midbrain, to mediate attention and arousal,
potentiated by amphetamines. In the peripheral sympathetic nervous system
(SNS), NE induces vasoconstriction, blood pressure elevation, and bladder
relaxation. NE levels rise with anoxia, migrainezs, aggressionzg, “fight or flight”
stress, and accumulates with cardiac ischemia (hypoxia)®* and injury. COMT is
critical in clearing ischemic accumulation of NE*°.

Tricyclic antidepressants (TCA) used to treat PD, enuresis, migraine, and
neuropathic pain, paradoxically cause NE levels to rise, although side effects
include tachycardia and anxiogenesis, due to dose-sensitive noradrenergic
effects. The symapthomimetic, cocaine, which causes accumulation of NE, DA,
and the indole monoamine, serotonin (5HT) by non-specific blockade of their
respective reuptake transporters, can trigger panic attacks in chronic users>".
Epinephrine (E) is tightly regulated by the hypothalamic-pituitary-adrenal (HPA)

axis, and disproportionally increases over NE levels? in response to
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hypoglycemia and symptoms reminiscent of panic attacks, such as asphyxiation,
fainting, fear, and emotional distress. Endocrine effects of E include increased
heart rate, vasodilation, and activation of energy stores, with spillover associated
with panic attacks, severe exercise, and essential hypertension in the heart®.
Paroxysmal hypertension and panic (anxiety, palpitations, and dyspnea) are
symptomatic of E-secreting adrenal tumors?°.

Comorbidities of PD, such as substance abuse, and syndromic features of
PD, such as migraine, enuresis, bladder or renal problems with secondary
hypertension, mitral valve prolapse®, and cardiovascular disorders®, overlap
with catecholaminergic effects, including downstream symapthomimetic effects®
of the meta metabolites of COMT. Meta metabolites of COMT have high affinity
for the trace amine associated receptor (TAAR1, formerly TAR1)*’, which is
implicated in migraine'®’, and is the target of substances of abuse (e.g. ecstasy,
amphetamines, lysergic acid diethylamide-like hallucinogens®), and is
hypothesized to be essential for cocaine sensitivity>®. This may explain the
mechanisms underlying the propensity for substance abuse in subjects with PD.
4.2.3.2. Other COMT substrates

Other COMT substrates include L-3,4-dihydroxyphenylalanine (L-
DOPA)*, and alpha-methyldopa*'. Compounds that act as substrate and
inhibitor include dietary flavonoids (e.g. in green and black tea) with both anti-
oxidant/cytoprotective*? and cancer-promoting®® effects, as well as oncogenic
catechol estrogens’, and the COMT pro-oxidant reaction by-product,

homocysteine**, which is implicated in cardiovascular disease, Parkinsonism,
y
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and Alzheimer’s disease. Variation in COMT is associated with altered
antioxidant capacity and redox homeostasis in autism'®*, and cancer risk due to
reduced ability to clear mitogenic catechol estrogens in hormone replacement

drugs1,152,193-196.

COMT inhibitors, such as tolcapone and entacapone, are used
as adjuncts to potentiate levodopa and reduce anxiety in Parkinsonism®®, induce
natriuresis with intrarenal DA increases*®, reduce levodopa-induced elevations in
plasma homocysteine*’, and have been shown to enhance avoidance memory
and learning among the male rats*®. And anxiolytic properties of COMT inhibitor,
Rhodiola rosea, occur with increased attention span, memory, and 60%
decreased COMT activity*®. Thus, COMT contributes to salt-water balance,
memory, anxiety, and cellular oxidative homeostasis implicated in neurological
and cardiovascular disease.
4.2.3.3. Abnormal COMT metabolite levels in PD

Altered steady-state levels of COMT metabolites are associated with PD
probands at baseline, and with PD drugs that alter catecholaminergic tone, by
shunting the system reaction pathway in favor of COMT. For example, drugs
that target the alpha-2-adenoreceptor (ADRAZ2A) alter NE levels (with agonism
resulting in feedback inhibition of NE release), and TCAs enhance DA, NE, and
S5HT by inhibiting reuptake transporters for NE and SHT (i.e. NET, SERT). TCAs
cause DA accumulation by inhibiting NET, which has higher affinity for DA than
NE®’. The TCA desipramine, used to treat PD, enuresis, neuropathic pain, and
phobic disorder, elevates DA and NE in the frontal cortex’. In subjects with

comorbid PD and social anxiety, lower baseline levels of HVA in the

134



cerebrospinal fluid (CSF) are observed relative to controls®'. Anxiety scores for
people with PD are modestly correlated to COMT metabolite levels in the CSF*,
and significantly decreased with anxiolytic TCAs®®. Administration of NE-
reducing ADRAZ2A agonists, such as clonidine, (anxiolytic, antimigraine,
antihypertensive), and NE-enhancing ADRA2A antagonists, like panicogenic
yohimbine, in subjects with PD with or without agoraphobia reveals significantly
exaggerated decreases and increases in plasma COMT metabolites relative to
controls, respectively®*>®. An herbal anxiolytic, Kampo, which has shown
efficacy in a small trial of PD subjects®, increases cerebral COMT metabolite
levels, with concomitant diminution of striatal DA flux in mice®®. Thus,
catecholaminergic tone is important for endogenous and pharmacological control
of anxiety and other symptoms associated with PD.

Catecholaminergic effects, seen by changes in COMT metabolite levels,
follow “fear network” relays in the brain. Electrical stimulation of NE flux in the
locus coeruleus (the panic/stress and main homeostatic control center) causes
increases in DA and COMT metabolites in the hippocampus (memory center).
Although COMT prevents the entry of substrates from the blood into the brain®,
plasma COMT metabolite ratios parallel central COMT activity®®, via
communication between the central and peripheral compartments. For example,
enkephalin-mediated changes in catecholaminergic tone in the periphery sends
autonomic signals to the brain to influence learning and memory'" via sensory

ganglia and circumventricular organs. ldeal for the study of psychiatric
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phenotypes, COMT activity and expression in peripheral blood lymphocytes

reflects central COMT.
4.2.4. Compensatory mechanisms to COMT

Postsynaptic and glial COMT activity in the central nervous system (CNS)
is tempered by the contribution of multiple pathway genes for the biosynthesis,
release and clearance of COMT substrates. Key catecholaminergic pathway
genes include synthesizing tyrosine hydroxylase (TH), storage and release by
vesicular monoamine transporters (VMATSs) and chromogranin (CHGA),
extracellular clearance by high affinity (synaptic) or high capacity (glial) DA and
NE reuptake transporters (DATs, NETs), and mitochondrial deamination by
monoamine oxidases (MAOs) at presynaptic (MAO-A) and glial (MAO-B) sites®.
Thus, pharmacological blockade or targeted deletion of COMT causes no gross
deleterious consequences®', and few changes in catecholamine levels at
baseline. COMT is of particular importance in regulating dopaminergic tone in
the prefrontal cortex (PFC)®%®® due to a regional paucity of DAT expression®*®®,
where postsynaptic O-methylation of DA to 3-O-methoxydopa comprises >60%
of total PFC DA metabolism®. In the PFC, NET®, with greater affinity for DA
than DAT®®, also contributes. As a result, administration of COMT and NET
inhibitors, tolcapone and desipramine, raise DA and NE in the PFC.

Feedback regulation of other pathway genes in response to COMT also

highlights the relative impact of COMT in the system. In COMT null mice little

compensatory regulation of pathway genes was observed®®. However, in
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humans, increased TH mRNA expression was observed for in brain tissue of
healthy controls with a COMT SNP associated with higher O-methylation activity,
as a putative feed-forward mechanism®. Individuals with the rs4680 G/G
(val/val) genotype showed a 42% increase in TH expression in neurons
projecting to the striatum, and a 48-72% increase in regions of the substantia
nigra, relative to the rs4680 G/A (val/met) genotype®®, suggesting a heritable
influence on homeostasis of catecholaminergic tone. In individuals with SCZ and
BP (highly comorbid with PD), excess brain expression of the membrane-bound
COMT (MB-COMT) isoform (see COMT mRNA isoforms and kinetics) is
inversely correlated with DA receptor 1 (DRD1), in contrast to the opposite
relative expression (DRD1>MB-COMT) in controls®®. Similar gene-gene
interaction occurs in the periphery to regulate blood pressure and salt-water
balance, as when the COMT inhibitor, entacapone, causes intra-renal DA

elevation and induction of DRD1-mediated natriuresis™®.
4.2.5. Lessons from animal models of COMT function

In multiple experimental animal paradigms, COMT deficiency alters
dopaminergic metabolism, although studies differ for other endpoints according
to gender and breed. COMT knockout results in a two-to-three-fold increase in
DA accumulation in the PFC in males only, of a mixed 129Sv/6J-C57BL genetic
background®®, and in both sexes of COMT knockouts of the more homogenous
C57BL/6J strain®®. Other studies revealed no PFC accumulation of DA in the

C57BL/6J strain at baseline®®, but did show brain DA accumulation when
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overcoming the capacity for DA storage and catabolism with a DAT inhibitor®®, or
with administration of levodopa and the DA decarboxylase (DDC) inhibitor,
carbidopa®2. Conversion of dihydroxyphenylacetic acid (DOPAC) to homovanillic
acid (HVA) is a COMT-specific reaction’’. Elevation in the DOPAC/HVA ratio is
observed with COMT inhibitor drugs’?, and in COMT-deficient animals. Baseline
elevation in the DOPAC/HVA ratio in both genders of COMT knockouts was
observed for the C57BL/6J% and 129Sv/6J /C57BL? strains.

Ethological tests revealed heightened anxiety in COMT null (-/-) females,
and heightened aggression in heterozygous-deficient (+/-) males of the mixed
129Sv/6J /C57BL background®, but not in the C57BL/6J strain for either gender
or genotype®'. Using the Affymetrix microarray system, variation in COMT
expression was inversely correlated (0.9, p<0.05) with eight inbred mouse
strains, ranked by intensity of aggression as a phenotype’, in agreement with
the knockout study by Gogos et al.?°. High COMT expression in the C57BL/6J
strain was associated with low aggression’®, in agreement with the lack of
aggression in the knockout study by Hassio et al. ®*. In dogs, the aggression
phenotype of territorial defensiveness was associated with one missense and
one synonymous SNP in the canine homolog for COMT (84% homologous with
human COMT), at sites predicted to be responsible for magnesium and SAM
binding”, which authors suggests may influence phenotypic variation. And
distinctive morphine responsiveness in the C57BL mouse correlated with strain
differences in striatal COMT expression, by Affymetrix microarray and

quantitative real time-polymerase chain reaction (QRT-PCR), although with
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opposite expression valences by technique’. Interestingly, the PD candidate
gene, GABRj, was also among the 3% of 39,000 transcripts showing baseline
expression differences in this study.

Similar to animals, human anxiety’®, harm avoidance in women’’, female
phobic avoidance’®, panic attacks in females’®, opioid response®, and

81,82

aggression are associated with the rs4680 A (met) allele in COMT activity or

allele frequency.

4.2.6. Pleiotropic and sexual dimorphic effects of COMT

Relevant to our interest in pathological effects of genes in common
between PD and related features of PD, COMT variants have been significantly
associated with comorbid, syndromic, and other features of PD, such as

84,85

migraine®, alcoholism®*®, prefrontal working memory®®, and bladder/renal

problems (in men)®’. COMT dysfunction in animals is reminiscent of the
bladder/renal conditions used to categorize our PD/bladder families during
subject recruitment (see section 2.3.1), such as renal insufficiency with
secondary hypertension. Mechanistically, variation in COMT activity significantly
alters renal salt-water balance® and blood pressure® via peripheral DA actions.
For example, spontaneously hypertensive rats have lower renal COMT activity®
and CHGA overexpression®® (see section 4.2.4.), resulting in less vesicular
release and turnover of catecholamines than in the normotensive rat; and

knockout of COMT in normotensive rats results in resistance to salt-induced

hypertension®. Reduced COMT expression in the hypertensive Dahl salt-
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sensitive (DS) rat is thought to arise from a palindromic insertion in the 3’
untranslated region (UTR) of the gene, which may promote mRNA instability®'.
The DS rat also exhibits cognitive impairment®. Prepulse inhibition (PPI)
response, which is a highly heritable (50-70%) cognitive index of sensorimotor
gating® is altered in PD'%"% and normalized with DA-interfering drugs®%+9°.
Similar to the animal models, COMT-related phenotypes, such as PD, BP, SCZ,
OCD®%, and pain sensitivity?”, have distinctive gender effects at the molecular

level®®

, in symptomology, prevalence, and/or in the pattern of genetic association.
In fact, as a class, the biogenic amines show highly conserved sexually
dimorphic effects from fruit flies to humans®. Thus, sexually dimorphic and

pleiotropic COMT effects are conserved among species.
4.2.7. COMT mRNA isoforms and kinetics

COMT exhibits different kinetic profiles from two different messenger
ribonucleic acid (MRNA) isoforms, transcribed from alternative start sites on a
single gene®. The isoforms show different substrate affinities'® and tissue-
specific distribution and abundance in the CNS and periphery®. The membrane-
bound isoform (MB-COMT) has greater affinity for the SAM coenzyme'®, NE, and
DA, than does the soluble isoform (S-COMT)">'%'. Therefore, despite greater

18102 and the brain®>*

mRNA and protein abundance of MB-COMT in lymphocytes
101103 'S_ and MB-COMT kinetics depend more on substrate affinity and sub-
cellular localization than on their relative abundance. High-affinity MB-COMT

kinetics predominate in the CNS, where it efficiently catalyzes ambient,
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nanomolar concentrations of catecholamines'®. Alternatively, high substrate
concentrations in the periphery (e.g. liver, kidney, duodenum) that saturate the
MB-COMT isoform, leave the high capacity S-COMT isoform to predominate in
clearance of peripheral substrates”®.

Due to structural constraints, MB-COMT exhibits greater reaction

13101 relevant

regioselectivity resulting in a higher meta-to-para methylation ratio
to the aforementioned TAAR1 in its ligand affinity for the symapthomimetic meta-
methylated metabolites of DA and NE*'. In the CNS, MB-COMT lies
preferentially just at the inner surface of post-synaptic neurons for
neurotransmission®, as well as non-neuronal sites in the glia (astrocytes,
oligodendrocytes, and microglia)*® and capillary walls'®>. Central S-COMT
localizes mostly to the cytoplasmic and nuclear compartments of glia®*. Both S-
and MB-COMT require internalization of substrates for catechol-O-methylation"’.
MB-COMT-mediated cognitive processes are thought to reflect a human-specific
evolutionary change, since this high affinity isoform is all but absent in the rodent
brain®. In vitro studies show higher COMT activity in the rat compared to
humans'®, suggesting that modulation of a finer dynamic range in COMT activity
is an adaptation of humans. Indeed, brain imaging in humans suggests that
cognitive performance follows an inverted-U curve of dopaminergic tone in the
PFC, where optimal functioning occurs at mid-range DA levels, causing
pharmacogenetic differences in amphetamine drug response’®®. Homozygotes

for the “low-activity” rs4680 A/A (met/met) genotype outperform G/G (val/val)

homozygotes at baseline, but monoamine potentiation with cognition-enhancing
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amphetamines is shown to enhance cognitive performance in rs4680 G/G
(val/val) homozygotes, but cause deleterious effects in rs4680 A/A (met/met)
homozygotes'®. Because of this dose-dependent effect in catecholaminergic
tone, genotype-phenotype associations to COMT-related dysfunction may likely

show non-linear correlation.
4.2.8. Lessons from COMT gene structure

Structural features of the COMT gene highlight important functional
attributes. The 27 kb gene on chromosome 22q11.2 contains six exons,
including two non-coding exons, and two ATG start codons for initiating the
translation of the 1.5 kb and 1.3 kb transcripts, for MB- and S-COMT,
respectively’. A proximal “P1” promoter, situated between the two start codons
(200 bp upstream of the MB-ATG start codon), controls S-COMT expression,
while the distal “P2” promoter regulates MB-COMT expression®. The 271-
residue MB-COMT isoform contains fifty extra amino acids at the amino terminus

to anchor the protein into the membrane'®

of the endoplasmic reticulum and at
the plasma membrane'®. One potential source of discordance between isoform-
specific mMRNA and protein levels is attributed to a leaky translation-initiation
scanning mechanism whereby the 1.5 kb mMRNA can generate the S-COMT

protein®. However, because the MB-ATG site is more favorably located for the

ribosomal machinery, this mechanism is thought to play a minor role>.
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4.2.8.1. Epigenetic regulation of COMT expression

An important genetic feature of the COMT locus is the preponderance of
nucleotide repeats, making the region susceptible to deoxyribonucleic acid (DNA)
methylation at regulatory CpG dinucleotide repeats in promoter regions, and
chromosomal rearrangements causing megabase microdeletions or
amplification. DNA methylation of the COMT gene is common and rarely

10 ‘and chromosomal

dissimilar in blood and brain tissue of healthy controls
rearrangements occur in asymptomatic people. However, aberrant COMT
methylation and/or copy number is observed in a number of COMT-related
psychiatric and systemic disorders. There is also evidence that varied DNA
methylation states may serve to compensate for copy number aberrations.
Hemizygous microdeletion of chromosome 22q11, found in 1 in 4,000
individuals, reduces the copy number for COMT, and is associated with disorders
having related etiology'"" or comorbidity with PD"'?, such as schizophrenia (SCZ)
"3 bipolar disorder (BP), obsessive-compulsive disorder (OCD)'"*, and
attention-deficit hyperactivity disorder (ADHD) ®®"**. A study of chromosome
22q11 deletion syndrome mice revealed decreased expression of COMT (0.6-
fold, p<0.0005), the adjacent gene, TXNRD2 (0.73-fold, p<0.0005), and
increased expression of GRP (1.69-fold, p<0.005) (PD candidate gene on chr18)
in the hippocampus compared to wild-type mice'"®. Rarer microduplication,
triplication, or tetrasomic chr22q11 is observed in Cat Eye''® and other

syndromes'"” with phenotypic effects ranging from below detection, to

measurably impairment in cognition, sleep, abnormal electroencephalogram, and
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behavioral problems (e.g. aggression), some of which overlap with PD.
Methylcytosine, the product of DNA methylation, which occurs at 60-90%
of CpG sites, is considered the ‘fifth base’ of the genome'*®, with significant
epigenetic effects that occur irrespective of the target DNA sequence. Aberrant
DNA hypermethylation (gene silencing) of MB-COMT is observed in endometrial
cancer''. Interestingly, there may be generational effects that are transmitted by
epigenetic modifications since risk of estrogen-related cancer is transmitted from
mothers with the rs4680 A (met) allele to daughters, irrespective of the
daughter’s genotype'?°. This potential epigenetic effect certainly would hamper
traditional initiatives to identify genetic determinants of COMT-related disease
using a case-control design, where segregation patterns are not observed.
Furthermore, observations suggest a possible dynamic interplay between
epigenetic mechanisms to normalize COMT function. Perhaps as compensation
for low copy number due to microdeletion, Abdolmaleky et al. showed that brain
samples from subjects with SCZ and BP show a two-fold increase in MB-COMT
expression associated with hypomethylation of the COMT promoter region®®. As
well, a subset of SCZ and BP subjects who were taking psychiatric medication,
or who had a history of comorbid alcohol abuse, exhibited greater COMT
methylation as compared with those who were unmedicated®. We are reminded
that alcohol and substance abuse is highly comorbid with PD'*'. Thus, DNA
methylation of COMT may mechanistically explain efficacy of drugs and motives
to self-medicate to bring about changes in brain chemistry. Abdolmaleky et al.

also showed that MB-COMT methylation was found to be approximately 2.7-fold
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greater in the left hemisphere of the brains of healthy controls compared to SCZ
and BP patients®®. Similarly, strong right lateralization in PFC activation during
cognitive tests are associated with COMT haplotypes in healthy controls®, and
asymmetric hippocampal activation via limbic relays occurs in PD patients in
response to threat words'?2. Thus, complex, region-specific regulation of COMT
by DNA methylation may contribute to modulating emotional and cognitive
neurocircuits.
4.2.8.2. Hormonal influences on COMT

Human COMT activity is widely reported to be lower in females compared

15,123,124 Jiver'®, and the PFC'. However, studies in

to males, in erythrocytes
Asian'® and mixed ethnic groups'® showed non-significant differences in COMT
activity in lymphoblastoid cells, and one study showed higher brain mRNA
expression in females compared to males'®®. Sex differences in COMT activity
have been attributed to sex-specific hormonal regulatory differences'?’, which
may explain the conflicting data, since hormone status was not monitored in
these studies. Mechanisms of hormonal regulation of COMT include less
transient DNA hypermethylation of MB-COMT in estrogenic cancer' ', as well as
more cyclic changes with fluctuations in hormones. Both the P1 and P2

129,130

promoters contain progesterone128 and estrogen response elements for the

128-130

upregulation'® and downregulation of COMT, depending upon tissue-

specific abundance of nuclear hormone receptors'?®'*". Estradiol binds the
estrogen receptor (ESR) in the COMT promoter to suppress COMT activity and

129
0

protein levels, which is reversed by ESR inhibitor ICl 128,780 “°. Progesterone
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with the progesterone receptor (PR) upregulates uterine COMT during
implantation of the fertilized egg, which is reversed by the PR antagonist, RU-486
(mifepristone)'®?. Variants, such as the P2 promoter SNP, rs2097603,
associated with lower lymphoblastoid COMT activity'® and ethnic differences in

133 are additional variables in hormonal control of COMT. Thus,

hormone levels
physiological and disease-related changes in hormones modulate COMT
expression at promoter regions (1) via nuclear receptor transactivation or
transrepression, which may be influenced by mutations in regulatory regions,
and/or (2) by DNA methylation, which is independent of target gene sequence,
but may be influenced by variation in hormone levels.

Neurobehavioral phenotypes are partly mediated by hormones.
Reduction in hypothalamic (but not hepatic or frontal cortex) COMT protein is
observed in estrogen-deficient, aromatase knockouts, as well as OCD-like
behaviors in males that can be reversed with exogenous estrogen

administration*

. In humans, OCD also presents sex-specific symptomology
and association to COMT'*"*¢_ Estrogen is protective against OCD in
women'¥ | such that hormonal changes during pregnancy and postpart are
associated with episodic OCD'®. Pro-dopaminergic effects of estrogen
significantly reduce threshold doses of levodopa required to treat Parkinson’s

patients who lack DA™, and exacerbates symptoms of SCZ'*°, which results

from excess DA.

4.2.9. Important population differences in COMT allele frequencies
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The frequency of the rs4680 A (met) allele ranges between <1% (near
fixation of the G (val) allele) to 62% among different ethnic populations, reflecting
divergent microevolution at the human COMT locus. Variation in rs4680 is
therefore a poor candidate for explaining COMT-related phenotypes across
populations. Asians and African Americans have roughly half the minor allele
frequency (MAF) of Caucasians of the rs4680 met (A) allele (~25% vs. ~50%)"",
giving a four-fold difference in the frequency of A/A (met/met) homozygotes
between populations (~6% vs. ~25%, respectively). Among seventy-five different
ethnic groups in ALelle FREquency Database (ALFRED,
www://alfred.med.yale.edu)'*?, the frequency of rs4680 A/A (met/met)
homozygotes varies substantially world-wide (0.008-9% in six South American,
0.003-14% in fifteen African, 2-20% in twenty-one Asian/East Asian, 11-38% in
seventeen European populations, respectively). Similarly, the heterozygosity for
a seven-marker haplotype containing rs4680 ranges between 0.25-0.94 in thirty-
eight ethnic populations, with ten European populations ranging between 0.79-
0.91 alone™'. Thus, genotype-phenotype associations need be controlled for
population stratification by ethnicity.

The low-activity rs4680 A (met) allele is up to ten-times less frequent in
Asians compared to Caucasians, however the rs6267 G (ala)> T (ser) SNP in

this population explains additive reduction in COMT activity'*°

, increased protein
thermolability, and susceptibility to inactivation by hormone drugs'®. The rs6267
T/T (ser/ser) genotype was significantly associated SCZ in Koreans'®, in

contrast to the Ashkenazi Jewish population, which is monomorphic at this
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site’*®. Thus, requisite differences in population-specific associations to COMT
are borne out of ethnic allele frequency differences.

In addition to ethnic differences, significant gender differences in allele
frequency has been reported in healthy Ashkenazi Jewish replicate populations,
where the G allele of the 3’UTR A>G SNP, rs165599, was significantly less
frequent in females, compared to males'?, and out of Hardy-Weinberg
equilibrium®, which begs the question of fithess issues associated with COMT
alleles in certain populations, as speculated by Shifman et al. Therefore,
matching case and control subjects by ethnicity and gender is important for this

locus due to the unusual population effects.
4.2.10. Utility in multimarker haplotypes

Despite the increase in statistical tests with multiple haplotypes, its
advantage over single-marker analysis is finer definition of the architecture of the
genetic background in which a phased causative variant lies'**. The COMT
SNP, rs4680, has shown controversially inter-study association to PD (see
COMT association to PD) and other COMT-related phenotypes, by ethnic group

80145148 "and OCD'*. Large genetic

or gender, for SCZ, pain sensitivity
background differences are presumed to cause population-specific genotype-
phenotype associations.

Haplotype information can explain seemingly confounding effects of a

single marker, for example, if the same allele of a single marker resides on

different haplotype backgrounds with opposing phenotypic associations, thus
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haplotypes can pinpoint the contribution from cis variants. For example, analysis
of a two-marker (rs6267-rs4680) diplotype parses out the confounding effect of
the rs4680 G (val) allele, and reveals the contribution of both the rs4680 A (met)
allele and rs6267 C (ser) allele with reduced COMT activity and SCZ in Korean
subjects'?.

In a study of female subjects with pain from temporomandibu disorder by
Diatchencko et al., a multimarker COMT haplotype (rs6269-rs4633-rs4818-
rs4680) was associated with low (G-C-G-Gval), average (A-T-C-Amet) and high
(A-C-C-Gval) pain sensitivity (LPS, APS, HPS, respectively)®’, in which the
rs4680 G (val) allele was found at opposite extremes of the pain phenotype.
Therefore, the rs4680 allele alone does not explain the association. Using three
of these markers (rs4633-rs4818-rs4680) in haplotypes corresponding to LPS,
APS, and HPS, Nackley et al. showed that in silico differences in the mRNA stem
loop structure, local to rs4818 and rs4680, alters mRNA stability (calculated by
Gibbs free energy), and observed enzyme activity and protein levels in vitro'.
This highlights important structural and functional contributions from synonymous
SNPs, such as rs4818 in combination with the non-synonymous rs4680, in
generating the conditions in which the same rs4680 allele could mechanistically
explain opposing phenotypes. In this case, haplotypic analysis is better than a
single functional variant in predicting functional variability.

A study by Meyer-Lindenberg et al. of prefrontal working memory in
Caucasian controls was significantly associated with a COMT haplotype formed

from the P2 promoter variant, rs2097603, with rs4680, and 3’UTR SNP,
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rs165599, and not with any of numerous single markers tested®®. Thus,
contribution from cis variants can improve the power to detect association. Ying-
yang haplotypes (in which each haplotype is composed of entirely opposite
alleles) in this population exhibited the largest difference in PFC activation, and in
a separate study by Michaelovsky et al. were also shown to be significantly
associated with opposing risk to OCD (deleterious, protective) in the single
COMT copy from individuals with hemizygous chromosome 22q11
microdeletions™"*.

Multimarker studies such as those by Lee et al., Diatchencko et al., and
Nackley et al., help discern the contribution of markers other than rs4680, such
as the non-synonymous rs6267 and synonymous rs4818, in COMT activity
related to SCZ and pain. Studies by Meyer-Lindenberg et al. and Michaelovsky
et al. are shown to correlate common COMT haplotypes with phenotypes such
as prefrontal cognition and OCD susceptibility. Thus, cis variants help to pinpoint
complex COMT associations with COMT-related phenotypes in different
populations. Despite the improvement of multimarker analysis over single-
marker analysis'’, haplotypic associations are still prone to population
differences as haplotype frequencies also vary dramatically by population'’.
This is reflected by recombination hot spots that reduce LD in the region'?.

To illustrate, the A-A-A haplotype for rs737865-rs4680-rs165599 was
associated with protection against OCD, but population background differences
in haplotype frequencies cause discordant results for risk of OCD. For example,

the converse G-G-G haplotype was overtransmitted among OCD probands in a
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family-based study population, while the A-G-G haplotype showed significant
overtransmission in the unrelated cases of OCD due to the relative rarity of the
G-G-G haplotype in the case-control OCD study population. The same three-
marker haplotype was studied in SCZ wth similar results. SCZ was associated
with the G-G-G haplotype in Ashkenazi Jews'*, whereas in U.S. Caucasians, a
haplotype with the opposite alleles in a four-marker haplotype with rs2097603
was significantly associated with reduced risk of psychotic-affective disorders'*.
Interestingly, the A-A-A haplotype for rs737865-rs4680-rs165599 is
undertransmitted in two PD study populations (family-based and case-control) of
predominantly Caucasian Canadians'>.

An explanation for potential discord in study population results is reflected
in large population-specific differences in LD patterns. For example, Samaritan
and Ashkenazi Jewish populations show high pairwise LD for the two-marker
haplotype, rs2097603-rs737865, (Xi, £ >0.6-0.8, and > 0.4, respectively). In
contrast, the Pima, Micronesian, Cambodian, Ibo, Yoruban and Biaka
populations, show no LD for these markers, and thus would be not be expected
to carry similar multimarker association'*'. Genetic background differences
among study populations warrant further characterization of cis variants in
homogeneous populations to discern the genetic factors influencing COMT
function. LD blocks up to ~46kb, generated from the HapMap variants for the
Caucasian population for the ~480kb region investigated in this work, are

outlined in the results (see figure 4.6.; tables 4.1.-4.4.; section 4.5.4.).

4.2.11. Linkage and association of COMT to PD
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COMT was significantly associated and linked to PD in a study of seventy
Caucasian, multiplex PD pedigrees'®, with the highest logarithm of odds score,
assessing locus heterogeneity (HLOD), = 2.93 for a microsatellite, D225944,
which lies approximately 339 kb centromeric to the COMT locus. The non-
synonymous and synonymous SNPs, rs4680 and rs4633, also had maximal
HLODs of 2.88 and 2.62, respectively. Using sibling pairs, non-parametric
linkage (NPL) scores were significant for D22S944 (p=0.00008-0.02), rs4680
(p=0.001-0.004), rs4633 (p=0.006-0.01), and for an intronic tetranucleotide
repeat, (AAAT)n, (p=0.02-0.04). The transmission disequilibrium test (TDT) in
triads revealed significant allelic association to D22S944 (p=0.0001-0.0003), and
the rs4680 G (val) allele (p=0.02-0.03), improved when stratified for gender
(females p=0.0003-0.0004). Mild association was also observed for rs769224
(p=0.03, 0.05 in females, males). Significant female-specific associations were
observed for a number of genic SNPs, including rs4680, using gender-based
TDT and haplotype-based haplotype relative risk (HHRR) (p=0.0003-0.03) tests.
In the family-based sample, female probands were three-fold greater in number
than male probands across diagnostic phenotype definitions, thus better-
powered for female-specific association. Significant multimarker associations
included the D22S944-rs4680-rs4633 haplotype (global p=0.005), in which the
rs4680 G (val) allele was present, and D22S944-rs362204 (p=0.0005), capturing
the two farthest spaced markers for the locus. LD estimates revealed high
correlation between a genic (AAAT)n tetranucleotide repeat and SNPs, but not

between D22S944 with the SNPs. However LD between the D22S944 and
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(AAAT)n was significant. Interestingly, D22S944 was significantly associated to
SCZ in Caucasians from the United Kingdom and Ireland’®®, as well as in female
Ashkenazi Jews'®”. Thus, our investigation of COMT expression extends to a
~480 kb region around COMT that encompasses the proximal D225944
microsatellite to test for possible long-range cis-acting mutations contributing to

COMT-related phenotypes (see Methods).

4.2.11.1. Replication of COMT association studies in Caucasian PD
subjects

Three out of four PD studies by other investigators showed association of
the rs4680 G (val) allele, with female-specific effects in probands of primarily
Caucasian ethnicity. In a case-control study by Domschke et al. using 115
Caucasian probands and 115 ethnically and gender-matched controls from
Germany, the rs4680 G (val) allele was associated (p=0.04) to PD, with female-
specific effects (p=0.01 in females, p=0.1 in males), given only 1.8 times more
females in the study’®®. Rothe and colleagues showed similar association to the
rs4680 G (val) allele in Canadian probands in two independent studies, using a
family-based study design and a case-control study design with gender and
ethnicity-matched subjects'®. The rs4680 G (val) allele was significantly
associated with PD in the case-control study (p<0.01), as well as in the family-
based study (p=0.004) using FBAT, and overtransmitted to children affected with
PD from heterozygous parents in nuclear families (p=0.005) using TDT. When
stratified by gender, significant association to rs4680 G (val) was found only in

the female probands (genotypic p=0.014, allelic p=0.008) in the case-control
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study. After combining the z-scores from the family-based and case-control
studies, the significance of the association improved (p=0.00002). No
association was found for the MB-COMT intronic SNP, rs737865, and the 3’UTR
SNP, rs165599. In trios, there was little LD among the three SNPs (D’=0.01-
0.27), but in the case-control sample good LD was observed between each of the
other variants and rs4680: rs787365-rs4680 (D’=0.72) and rs4680-rs165599
(D'=0.62). Population-specific allele frequency and LD patterns at the COMT
locus are known to vary greatly, even between Caucasian groups (see section
4.2.8.). According to the different LD patterns observed for the two above
mentioned PD study cohorts, different three-marker haplotypes formed by the
SNPs (rs737865-rs4680-rs165599) were associated with PD, although the
valence of the rs4680 allelic association remained consistent. In the case-control
study, rs4680 G (val)-harboring haplotypes (A-G-G and A-G-A) were significantly
overrepresented (p=0.002 and p=0.039, respectively), while a rs4680 A (met)-
harboring haplotype (A-A-A) was underrepresented (p=0.039) in PD probands.

In trios, having less inter-marker LD, a different G (val)-harboring haplotype (G-
G-G) was overtransmitted (p=0.017), but the same A (met)-harboring haplotype
(A-A-A) was undertransmitted (p=0.001). Thus, at least in the study by Rothe the
rs4680 G (val) allele consistently segregated with PD, although the haplotypic
architecture differed between the family-based and case-control study
populations. Interestingly, Rothe et al. showed significant parental bias in rs4680
allelic transmission (maternal p=0.02, paternal p=0.0006), such that subjects with

PD received the associated allele from fathers more than mothers. Lastly, in a
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fourth study of Caucasians, Samochowiec and colleagues, showed no
association to rs4680 in a case-control study using 197 controls and ninety-five
panickers from Poland, as assessed by the Composite International Diagnostic
Interview (CIDI)"*°. However, compared to the other studies of PD, in which the
Diagnostic and Statistical Manual of Mental Disorders (DSM) was used to define
PD, it is unclear how the Polish study compares, given that CIDI diagnostic

criteria tend to generate more false negatives'®.
4.2.11.2. Replication studies in Asian PD subjects

In contrast to the major findings in Caucasians, two of three studies in
Asian populations reveal association between PD and the rs4680 A (met) allele.
Woo and colleagues initially tested fifty-one cases and forty-five controls from
Korea, with equal matching for gender, and found significant association to the
rs4680 A (met) allele (p=0.005) and A/A (met/met) genotype (p<0.04), as well as
poorer response to paroxetine SSRI treatment given the A/A (met/met) genotype
(p=0.01)"*". A independent replication study by Woo et al. using separate
Korean subjects (178 cases and 182 gender-matched controls) revealed less
significant association to the rs4680 A (met) allele (p=0.1), but sustained
association to the A/A (met/met) genotype versus the combined alternate
genotypes (OR=2.38, p=0.04)"%?. The latter, better-powered study revealed
more significant association between the A/A (met/met) genotype and poor
paroxetine response (p=0.002), with only a trend toward association in female

probands (p=0.063) when stratified by gender. As an aside, and related to the
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chromosome 15012 GABRa candidate genes for PD (Chapter Three), it is
interesting to note that in both Woo et al. studies, adjunctive GABRa-targeting
benzodiazepines (alprazolam or clonazepam) were coadministered with the
SSRI, paroxetine, in a proportion of subjects to control symptoms in the first
month of treatment. Given that SSRIs and GABRa-targeting anxiolytics are both
shown to alter GABRa expression patterns, there may be interesting gene-gene
interaction between these candidate genes (see Chapter Three).

An earlier Asian study by Ohara and colleagues used twenty-nine
Japanese probands and 135 ethnic and gender-matched controls and revealed
no association to rs4680'°®. However, perhaps due to the relative scarcity (n=3)
of probands with the A/A (met/met) genotype compared with the Woo studies
(3.3 to 6.3 times more met/met homozygote cases), which appears to account for
Asian-specific rs4680 allelic association, the Ohara study may have been
underpowered. Ohara et al. also noted the number of probands with family
history of PD, which would presumably increase the genetic load for PD. They

cite only three out of the twenty-nine cases with family history of PD.

4.2.11.3. Contradiction in COMT association studies related to our study

aims

To conclude, the contradictory association with the rs4680 G (val) and A
(met) alleles in Caucasian and Asian studies, respectively, suggests ethnic-
specific causes, which was confirmed by meta analysis of the above-mentioned

case-control studies'®, with a significant ethnic effect on the valence of the odds
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ratio (OR) (p=0.035) according to Asian or Caucasian ethnicity. Among female
probands, the rs4680 G (val) allele was a risk factor in the pooled Caucasian
sample (OR=1.54, p=0.04) and protective in the pooled Asian sample (OR=0.61,
p=0.02). Observation of dramatic rs4680 A (met) allele frequency differences
between the Caucasian (Canadian, German, Polish) controls (0.53-0.63) versus
Asian (Japanese, Korean) controls (0.19-0.35) points to large ancestral
differences in human microevolution of COMT. Depending upon the population
studied, the frequency of the rs4680 A (met) allele was 0.009-0.62 among
seventy-five distinct ethnic populations, per ALFRED.

Association studies are prone to spurious association due to population
stratification. The meta-analysis of PD studies showed population-specific allele
frequency differences in the control subjects that result in a 10-fold difference in
the abundance of A/A (met/met) homozygotes between Koreans and Poles at the
extreme (0.036 vs. 0.396, respectively). By contrast, the P2 promoter region
SNP, rs2097603, exhibits far less variation in allele frequency, perhaps due to
functional constraints, since it may be important for the expression of the MB-
COMT isoform. The contribution of important cis variants, such as this promoter
region SNP, relative to functional coding variants, like rs4680, are therefore
expected to vary by population and perhaps explain population-specific

associations.

4.2.12. COMT expression
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Variability in gene expression is a potential source of human disease
susceptibility and pharmacogenetic differences. Changes in COMT expression
occur in cell lines from individuals with breast cancer'?, with chronic DA-

regulating drug exposure'®>'6®

, and during hypoxic events that are implicated in
SCZ'". A comparison of the variances in COMT expression in lymphoblastoid
cell lines from individuals ranging in relatedness provides evidence for heritability

of gene expression (variance in unrelated>siblings>twins)'®

. In a genome-wide
San Antonio Family heart study of thirty extended families, using the Illumina
BeadChip expression platform and 432 microsatellites, both COMT
(G1_6466449-A) and MB-COMT (GI_6466451-1) were found to be heritably
expressed (heritability = 0.29 and 0.31, respectively)'®®; and the heritable
expression of COMT in thyroid cancer has been associated with the cis variant,
rs165849'°. Allelic imbalance of gene expression implicates cis variants in the
mediation of differences in gene expression. A study by Yan et al. showed that
allele-specific expression (ASE) occurred in lymphoblastoid cell lines for certain
genes, including some which showed Mendelian segregation in pedigrees'’".
They did not find significant difference in COMT allelic expression for twenty-one
rs4633 heterozygotes; however Bray et al. found lower relative expression of the
rs4633 C and rs4680 G (val) alleles in twenty-three postmortem control brain
samples?’. In Bray’s study, a haplotype formed from the intronic MB-COMT
SNP, rs737865, and 3'UTR SNP, rs165599, with rs4680 was correlated with
underexpression of the G-G-G (rs737865-rs4680-rs165599) haplotype, which is

significantly associated with SCZ in an Ashkenazi Jewish population (OR=1.4)".
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However, the rs4680 met (A) allele, contained in the opposite A-A-A haplotype
was associated with SCZ in Australian Caucasians (OR=3.12)""2. Thus, Bray’s
expression study is compelling in light of the controversy over the discordant
association of rs4680 to SCZ'**1%¢1"® hecause SCZ is hypothesized to result
from hyperdopaminergic tone'* due in part to decreased COMT function. This
agrees with psychotic symptoms observed in patients with velocardiofacial
syndrome (VCFS) and SCZ, who often present with a 1.3-1.5 Mb hemizygous
microdeletion in chr22q11 around COMT. Furthermore, DA antagonists are
effective antipsychotics, and side effects of excess dopaminergic tone in
Parkinson’s treatment result in psychosis®. Presuming that the rs4680 G (val)
allele displays greater COMT activity, it's downregulation could explain the
overall loss in activity of the G-G-G haplotype in SCZ in Ashkenazi. Using brain
and lymphoblastoid samples from various ethnic controls Zhu et al. showed that
the rs4680 G (val) and rs4818 G alleles were underexpressed in both tissues?.
Multimarker rs2097603-rs4680-rs165599 diplotypes (i.e. formed from both
chromosomes) were predictive of COMT expression in the brain. The rs165599
G allele most often resided on underexpressed haplotypes harboring the rs4680
G (val) allele, in agreement with Bray et al. Characterization of COMT
expression patterns in a larger homogenous population should reveal population-
specific contributors to COMT expression in order to resolve differing genotypic

association with COMT-related disorders.
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4.3. Aims

In this study, we sought to characterize COMT expression levels in a
population of Caucasian nuclear families from Utah, of Northern and Western
European descent, to test for heritability of expression. We selected variants in a
480 kb region encompass both COMT and the microsatellite, D22S944, situated
~339 kb proximal to COMT that was previously linked and associated to PD in
multiplex pedigrees. We used variants in this region to test for association with
variation in COMT expression. ldentification of genetic contributors to variation in
COMT expression in this unphenotyped Caucasian population may be used to
compare with PD probands and families to isolate loci responsible for the genetic

risk of PD.

4.4. Methods

4.4.1. Samples

Ninety Epstein-Barr virus-transformed lymphoblastoid cell lines (LCLs)
from thirty Caucasian nuclear families (mother-father-child trios) were purchased
from the Coriell sample repository for expansion under uniform cell culturing
conditions as described in Chapter Three. Association of variants with
expression levels was carried out for thirty trios (n=90 LCLs), as well as for the

unrelated parents (n=60 LCLs).

4.4.2. Cell culture, RNA prep, and heritable expression analysis
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Cell culture, RNA preparation, and heritable RNA expression analysis
using the lllumina BeadChip assay were performed as described in Chapter
Three (sections 3.4.7. and 3.4.8). Reference genes were empirically selected
from a pilot study (see Chapter Three) to normalize intra-sample variability in
target gene expression due to biological and procedural sources. Briefly, these
reference genes were empirically selected from a subset of five cell lines in which
replicate culturing, harvesting, and RNA preparation was performed over multiple
days. Reference gene expression was within a five-fold signal intensity of the
target gene expression.

Two transcripts for COMT were detected using different 50-mer
hybridization probes on an Illumina expression array (HumanRef-8 v1 Expression
BeadChip, ~ 24,000 transcripts). MB-COMT expression was detected by a probe
complementary to a non-coding exonic region specific to the MB-COMT isoform
(G1_6466451-1). Global COMT expression (thus forth called COMT) was
detected by a probe complementary to the 3’'UTR region, common to both the S-
COMT and MB-COMT isoforms (Gl_6466449-A) in all ninety LCLs. Ten
reference genes for COMT were selected (FLJ21128 (Gl_19923612-S), RING1
(G1_11863157-S), IDH3B (GI_28178815-A), LOC375391 (GI_37540588-S),
LOC115098 (GI_34147541-S), NDUFV3 (GI_21361323-S), FLJ20422
(G1_8923393-S), DT1P1A10 (GI_24308387-S), FLJ10581 (GI_21359921-S), and
DEPC-1 (GI_21040274-S)), and averaged for each cell line before used in the
denominator in a ratio of COMT over reference gene. Four reference genes

were empirically selected for MB-COMT (M11S1 (GI_42558249-1), TANK
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(Gl_19743570-A), MEDG6 (GIl_42544154-S), and PDCD10 (Gl_22538793-A)).

Expression of the MB-COMT isoform was detected in eighty-eight of the
ninety samples. MB-COMT for two cell line samples (#4, GM07029 1340-01,
and #77, GM12716 1358-11) was below the limit of detection. Selection of
reference genes for MB-COMT was carried out in eleven out of the fifteen
harvest replicates (three triplicates and one duplicate harvest in four cell lines)
due to suboptimal signal-to-noise ratio in four samples. To summarize, rather
than apply externally derived reference genes to normalize our expression data,
we empirically derived our normalization genes. We utilized the available
transcriptome data en masse to identify co-expressed transcripts which could
reproducibly reduce the intra-sample variation in MB-COMT and global COMT
expression due to artifacts of cell culture and sample processing procedures.

Genetic markers spanning ~480 kb around the COMT locus (18.3 Mb),
encompassing the D225944 (17.9 Mb) microsatellite previously linked to PD,
were used for analysis. Genotypes annotated by the International HapMap
Project website (phase Il data from NCBI build 35) (www.hapmap.org), for 302
non-redundant SNPs (the majority SNPs with correlation of r’=1.0 were
discarded), plus coding COMT SNPs of interest, with at least 2% minor allele
frequency (MAF), and the microsatellite 217xF4 from the Mammalian Genotyping
Service database (research.marshfieldclinic.org) were used for quantitative trait
association testing. The genotypic information for 217xF4 (16 Mb) was available
for twenty of the thirty trios. All positional data is given per NCBI genome

browser website annotation from May 2004.
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Using UNPHASED statistical software, the relative ratio of COMT to the
average of the reference genes was assessed in a quantitative transmission
disequilibrium test (QTDT)”S. Genotype-phenotype association was performed
using the quantitative transmission disequilibrium test (QTDT) in informative trios,
and unrelated parents (from the same ninety LCLs). Permutation analysis of
10,000 tests was performed for data points that reached nominal significance (p

< 0.05) by a single test.

4.5. Results
4.5.1. Characteristics of the sample set data

Six thousand two hundred fifty-five transcripts (13% of HumanRef-8 v1
Expression BeadChip transcripts) were reliably detected (p<0.05) in all ninety cell
lines using the lllumina BeadChip Gene Expression system. The distribution of
the average percent standard deviation, or coefficient of variation (CV), for each
transcript across the ninety cell lines was relatively flat among expressed
transcripts (figure 4.1.). The minimum CV was 15%, with ninety percent of the
transcripts below 41% CV, and 57% CV at the 99" percentile. An outlier with
142% CV for the heat shock protein 1B gene, HSPA1B was detected among the
ninety samples. HSPA1B lies in the major histocompatibility complex class Il
region, involved in the cellular protection from ischemic shock. CVs for the global
COMT (S- and MB-COMT) and isoform-specific MB-COMT transcripts were
average for all transcripts, as 26% and 23%, with 821 and 180 average arbitrary

signal intensity, respectively. The mean transcript level across the ninety cell
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lines ranged from 142 to 35,942, with 90% of the data at a median level of 1,841,
and only a slight increase in CV according to increase in signal strength (figure
4.2.). The mean fold change (MFC), defined as the ratio of maximum to
minimum expression in the entire sample set, is a measure of expression
variability. MFC values across all expressed transcripts were relatively flat, with
the minimum MFC at 2, the maximum at 69, and the 90" percentile at 8 MFC.
The top 5% of expressed transcripts (n=311) showed greater than 10.6 MFC

(figure 4.3.). The MFC for COMT and MB-COMT was 3.2 and 4.8, respectively.

4.5.2. Determination of BeadChip assay variability

Four cell lines were used in a preliminary analysis to determine the
inherent variability in the lllumina BeadChip analysis procedure using the lllumina
48K HumanWG-6 BeadChip. Each cell line was split into duplicate samples at
the point of hybridization to different lllumina BeadChips for detection of gene
expression. Inter-sample variation of gene expression exceeded the intra-
sample variation. Regression of the detected transcripts from duplicate
hybridizations of the same cell line shows very high intra-sample correlation of
expression (r?=0.97) as compared to different cell lines. Within-sample
correlation of all expressed transcripts for duplicate hybridizations was 0.987,
0.997, and 0.995 by logarithmic, linear, and power methods, respectively.
Specifically, the average percent standard deviation (%CV) between duplicates
was 11% and 7% for COMT and MB-COMT, respectively. Comparatively, the

inter-sample %CV was 18% and 14% for COMT and MB-COMT, respectively,
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among three cell line samples. Similar correlation (r*=0.96-0.99) among replicate
samples between and within BeadChips was observed by Stranger et al. for sixty
parental cell lines among the same HapMap sample set'’®. Thus, procedural

variability in the lllumina assay was minimal.
4.5.3. Determination of intra-sample variability in replicate sample preps

A pilot study was carried out for five cell lines in triplicate to determine the
contribution of biological and procedural variability within a cell line to COMT
expression. The maximum observed intra-sample %CYV in triplicate cell line
preparations for the lllumina BeadChip assay was 37% for COMT before
normalization. This exceeded the inter-sample variation of 26% among the entire
sample set of ninety cell lines. Normalization of target gene expression to a
selection of reference genes significantly reduced the within-sample variation
4.6-fold to a maximum of 8%CV for all five cell lines prepared and analyzed in
triplicate. To minimize inflation of variance with signal intensity, reference genes
were within five-fold of target gene signal intensity. After normalization, inter-
sample variability in COMT expression in the entire ninety cell lines was reduced
to 12%CV, which exceeded the within-sample variability of 8%CV, and allowed
for sufficient signal-to-noise to detect differences in COMT expression between
samples. Inter-sample variation for normalized MB-COMT expression in eighty-
eight cell lines (21%CV) likewise exceeded the maximum intra-sample variation
in a subset of harvest replicates (7%CV). Prior to normalization, variability in

MB-COMT was between 15 and 42%CV among replicate harvests.

165



In contrast, the commonly used housekeeping gene, beta-actin (ACTB),
performed poorly as a reference gene for COMT in the lllumina BeadChip assay
and in a quantitative real-time PCR (qRT-PCR) assay. In the lllumina assay,
ACTB had a mean intensity value at 40 times that of COMT (33,454 arbitrary
units), with 2.2 MFC, and 16%CV. In the lllumina BeadChip assay ACTB
normalization caused two-fold greater intra-sample %CV in COMT expression
values. Using qRT-PCR, relative quantitation of COMT against ACTB likewise
introduced greater intra-sample variability in triplicate samples (results not
shown). This was in agreement with data from 13,629 human gene Affymetrix
array samples, in which ACTB was found unsuitable as a housekeeping gene
due to wide variability in expression'®. The qRT-PCR assay is limited in the
number of genes able to be simultaneously detected within a sample, thus
normalization is highly dependent on the reference gene selected. Two studies
attempting to cross-validate COMT expression results in microarray and qRT-
PCR technologies, were unable to do so’>'"". One study showed opposite
correlation, while the other showed a lack of correlation thought to be due to poor
signal strength by qRT-PCR.

Data from comparable studies is often log-transformed, however our
COMT expression data did not contain outliers, uneven or non-normal
distribution, unequal variation (SD) across data points (after normalization), or
greater than 3 MFC'"8. By contrast, microarray data in the meta-analysis by
Dedonge et al., taken from different tissue types and experimental conditions,

reported three orders of magnitude difference in the COMT expression intensities

166



(93 to 176,310), which necessitated log-transformation of the raw data. Our
lllumina data showed a relatively flat distribution in COMT expression across
samples, thus no transformation was applied. This is one way in which our
analysis differs from other studies.

Data normalization techniques also differed. Quantile normalization in
which the entire distribution of the expression data is compared pairwise between
samples is often used'”. lllumina BeadStudio software applies iterative pairwise
selection of an average of the top least-variably expressed transcripts as internal
control to target gene expression. However, this procedure does not apply the
same reference transcripts to the entire data set of ninety samples, thus lacks
uniformity. Our study used evidence-based selection of reference genes to
normalize the intra-sample variation from biological and technical sources of cell
culturing and sample preparation differences prior to detection using the lllumina
platform, while other studies do not address this variability, and focus on
controlling for variability in hybridization by performing multiple hybridizations of
the same sample. Our preliminary tests showed that variability in hybridization
steps and BeadChip arrays for the same sample was less than the intra-sample
variation generated by day-to-day differences in cell culture and sample
preparation. Correction for this external variability successfully dampened the
spurious variability in target gene expression that would otherwise be falsely
attributed to sample-to-sample differences. Similar expression studies in

cultured lymphoblastoid cell lines do not address this issue.

4.5.4. Global COMT expression
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We determined the association between DNA variants and a quantitative
COMT expression phenotype, first for global COMT (soluble and membrane-
bound isoforms, combined), then for the membrane-bound form, alone. Three
hundred and two SNPs with at least 2% MAF, and most with less than perfect
linkage disequilibrium (LD) to one another (°<1.0), as well as two microsatellites
were tested for association to global COMT expression (S-COMT and MB-
COMT) in lymphoblastoid cell lines (LCLs) from ninety Caucasians cell lines.
The variants covered a 480 kb region around COMT and microsatellite D22S944,
which was previously linked and associated with PD'*°. Eight genes, besides
COMT, lie in this region: septin (SEPT5), platelet glycoprotein Ib (GP1BB), a
transcription factor (TBX1), a guanine nucleotide binding protein (GNB1L),
hypothetical protein (C220RF25), thioredoxin reductase (TXNRDZ2), a catentin
family gene (AVRCF), and a gene associated with DiGeorge microdeletion
syndrome (DGCRS) (see figures 4.4.-4.7.).

Among the SNPs tested for association to global COMT expression, none
met the level of Bonferroni correction at p=0.05 significance for 302 tests
(p=0.00017, or 3.8 —logop-value) in trios or unrelated individuals. At the
significance level of p<0.05, twenty SNPs were associated in thirty nuclear
families (figure 4.4.), and twelve in sixty unrelated parents (figure 4.5.). Several
of the SNPs that showed a significance level of p < 0.05 sustained significant
association upon 10,000 permutations. Seven SNPs were significantly
associated in thirty nuclear families (table 4.1.), and nine in sixty unrelated

parents (table 4.2.). Results from the trios gives information as to the
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transmission of alleles associated with variable COMT expression (n=30 trio
tests), while results from the parents has slightly more power to detect strict
association of alleles with variable COMT expression (n=60 unrelated sample
tests). There was little correlation between the top best-associated SNPs
(r’<0.2).

Four of the variants associated with global COMT expression in nuclear
families and unrelated parents lay in a gene-poor region within ~0.5-19 kb of the
microsatellites D22S943 and D22S944. Predicted TFBSs for TCF4, NKX3A,
NKX22, and SOX9 in this region occur with high sequence conservation across
species. There is a gene poor region greater than 183 kb around rs9617813,
although a 2,026 bp LD block formed (r? = 0.8) with nearby variants, spans
potentially important D22S944 repeat and the predicted TFBSs for SOX9 and
TST1 (chr22:17,983,211-17,985,236 per May 2004 NCBI build 35) according to
the HapMap browser for these Caucasian cell lines.

Other variants associated with global COMT expression were found in the
introns of ARVCF, DGCR8, TXNRD2, TBX1, and COMT itself (rs740603).
Several predicted TFBSs were found near association signals, or implicated
indirectly through LD relationships with other variants (see tables 4.1.-4.2.).
Regression of the rs4680 variant in COMT expression by gender showed no
significant association in our control sample. Regression of the rs4680 genotype
against COMT expression in sixty unrelated parents was also insignificant.
There was no significant difference in the mean expression COMT in 44 males

was 1.10 (0.15 standard deviation (SD)), and in 46 females was 1.12 (0.11 SD).

169



The intronic variant rs2871047 in TXNRD2 associated with COMT expression in
trios gave one of the highest scores (-log1op=4.0). This SNP is in high LD with
another SNP, rs10483103, at a predicted ESR1 TFBS, which may potentially be
important for hormonal control of COMT expression (see section 4.2.8.2.).

About half of the variants associated with global COMT expression in
nuclear families lay in a gene-poor region within ~1-19 kb of the D22S943 and
D22S944 microsatellites. SNP rs2078747, located within 3.7kb of D22S943, was
significantly associated (p<0.001) to COMT expression in trios. Predicted TFBSs
for TCF4, NKX3A, and NKX22 in this region occur with high sequence
conservation across species. Variant rs9617813, associated in unrelated
individuals, lies ~500bp from D22S944. There are no genes in greater than 183
kb around rs9617813, although a 2,026 bp LD block formed (r*>0.8) with nearby
variants spans D22S944 and the predicted TFBSs for SOX9 and TST1. These
TFBSs reside in sequence with very high species conservation according to the
7-way regulatory potential (comparing human, chimp, macaque, dog, cow, rat,
and mouse). The SOX9 TFBS also shows high phylogenetic sequence
conservation across 17 vertebrates (LOD=36), as well as in a 28-way vertebrate
(LOD=55) and mammal (LOD=30) comparisons, as annotated in the UCSC
Genome Browser on Human March 2006 Assembly.

Other variants associated with global COMT expression were found in the
introns of ARVCF, DGCRS8, TBX1, and COMT itself (rs740603). Several
predicted TFBSs were found near association signals, or implicated indirectly

through LD relationships with other variants (see tables 4.1.-4.2.). In the subset
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of LCL samples with available genotypes for microsatellite 217xF4, there were no
significant associations to global COMT expression (p>0.1). Regression of the
rs4680 variant in COMT expression by gender showed no significant association
in the total sample set. Regression of the rs4680 genotype against COMT
expression in sixty unrelated parents was also insignificant (?=0.04). The mean
expression COMT in 44 males was 1.10 (0.15 SD), and in 46 females was 1.12

(0.11 SD), a non-significant difference.
4.5.5. MB-COMT Expression

All but one SNP from the variants tested for global COMT expression was
available in the smaller sample set that showed reliable MB-COMT expression.
Among those 302 SNPs tested for association to MB-specific COMT expression
(with MAF=>0.02, most with r’<1.0), and combining the sample data sets for
twenty-eight nuclear families and fifty-nine unrelated parents, thirty-nine SNPs
were nominally associated with MB-COMT expression at significance of p<0.05
(figures 4.6. and 4.7.). Among those SNPs nominally associated, twenty-three
sustained significant association to MB-COMT expression after 10,000
permutation tests (table 4.3.-4.4.). More than half of the permuted associations
occur in a gene-poor region near the D225944 and D22S943 microsatellites,
including the top three associated (p=0.001-0.005) SNPs (rs9617813,
rs10854554, and rs13054962) (MAF=0.22-0.24) in parents. These three SNPs
are in high LD with each other (r?20.8), as well as with another SNP, rs10854553

(r*>0.8), which lies within 100bp of the D22S944 (CA), microsatellite sequence.
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This LD relationship implicates a 2 kb LD block (r?20.8) spanning microsatellite
D22S944, SOX9 and TST1 TFBSs, and including rs10854553 within the (CA)n
sequence for D22S944 with high LD to rs10854554 (r2 > 0.9). This is intriguing
since the best linkage score in pedigrees with PD was for the D225944 marker,
some ~340 kb away from COMT.

SNPs associated with MB-COMT expression were also found in GNB1L,
TXNRD2, and DGCRS. Interestingly, GNB1L has been associated with SCZ'®.
None of the exonic SNPs tested for COMT (rs4680, rs4818, and rs4633) showed
association to global COMT, or MB-COMT-specific expression.

In trios, SNP rs11912807, ~2,900 bp from D22S943, showed significant
association after 10,000 permutations. This is intriguing since the best linkage
score in PD pedigrees was for the D22S944 marker, some ~340 kb away from
COMT (see section 4.2.12. linkage and association of COMT to PD), followed by
SNP markers at the COMT locus'. None of the exonic SNPs tested for COMT
(rs4680, rs4818, and rs4633) showed association to global COMT, or MB-
COMT-specific expression.

The MB-COMT isoform showed nominal association to the 217xf4
microsatellite in twenty trios (p=0.04) and and non-significant association in forty
unrelated parents (p=0.06), however their significance p-values were not
sustained in 1,000 permutations (p>0.1).

Despite the reported predominance of the MB-COMT mRNA form in
lymphocytes'®'%2 the MB-COMT isoform showed very low expression, at the

limit of detection, in our lllumina assay. This may have been an artifact of the
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oligomer probe design, since the sequence contains two low-frequency SNPs
and a nucleotide mismatch, according to the reference sequence on the NCBI
genome browser website. However, we would expect minimal contribution of the
SNPs in hybridization efficiency due to their rarity (figure 4.8.). Despite this, the
global COMT and MB-COMT expression results had five SNPs in common at the
level of 10,000 permutation tests (rs2078747, rs2157732, rs2871047, rs9617813,
and rs11912807). Both MB-COMT and global COMT expression results were
significant for SNPs in TXNRD2 and DGCR8. SNP rs2078747 in the first intron
of TXNRD2, which showed significant association (p = 0.0001) to both global
COMT and isoform-specific MB-COMT in trios, and rs2157732 likewise showed
overlapping significance for MB-COMT and COMT expression. The SNP,
rs10854554, which is significantly associated to MB-COMT expression in
unrelateds by permutation, is in high LD with rs9617857 (also named
rs12168204), which was associated to MB-COMT expression in trios. Both MB-
COMT and global COMT expression results were significant for SNPs in
TXNRDZ2 introns. So, there is some overlap in markers and heritable expression

between parents, families and the two COMT isoforms.

4.6. Discussion

4.6.1. Comparison with other expression studies

In a genome-wide association study in fifty-seven of our sixty unrelated
parental lymphoblastoid cell lines by Affymetrix platform, Cheung and Spielman

et al. observed significant association to trans or cis variants in fifteen of the top
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forty transcripts having the greatest variability in gene expression'®®. (COMT
was not among the top most variably expressed genes tested.) Our results for
six of these genes (CTSH, DDX17, EIF3S8, IL16, VAMPS8, and SMARCB1), in
the same fifty-seven cell lines revealed only nominal association (p<0.02) for two
transcripts (CTSH and EIF3S8), and a trend for association (p=0.06) in one
transcript (IL16). Another gene, cystatin B (CSTB), was significantly associated
to different cis variants (rs880987, rs2838386, rs1041456, rs26539999) in four
expression studies, using Affymetrix and lllumina detection platforms in more
than one population of of Caucasian and Asian ethnicity’®'®%82 Given the
convergence of evidence for CSTB, we tested three of the variants in our sample
as a positive control. Genotype information for the chimpanzee-specific SNP,
rs26539999, reported by Morley et al. was unavailable. Perhaps the annotation
for this variant was updated since its analysis, or there is yet unresolved
information for this SNP. Our data showed CSTB to have greater expression
variability (5.6 MFC) than COMT and MB-COMT, thus calculations were made
for absolute and log-transformed expression values alike. Using the quantitative
transmission disequilibrium test (QTDT) in UNPHASED, we observed nominal
association of CSTB expression to the three variants (p=0.0004-0.02) in sixty
unrelated parents, which was sustained by permutation testing (10,000
permutations). However, no association was observed in the thirty trios (p>0.4).
Log-transformation of the CSTB expression values did not significantly improve
p-values, and regression of the natural log of CSTB against genotype was also

insignificant. Thus, although we did not replicate the previously reported results
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to the same level of significance, we saw a trend for association in these variants

as determinants of CSTB expression in our hands.

4.6.2. Normalization techniques for gene expression

In traditional quantitative and semi-quantitative gene expression assays,
correction for sources of technical and biological variation has been addressed
by the use of stably expressed housekeeping genes, or by averaging results from
replicates of the same sample. It is recommended to select reference genes that
control for sample variation empirically, in order to address study-specific
variables'®®. Despite wide use of various constitutively expressed reference
genes, such as ACTB, GAPDH, hypoxanthine—guanine
phosphoribosyltransferase (HPRT), B2-microglobulin (B2M), glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), and glucose 6-phosphate dehydrogenase
(G6PDH), systematic evaluation of these transcripts by quantitative real-time
polymerase chain reaction (QRT-PCR) showed significant inter-study variation
leading to dramatic misinterpretation of the data, which is particularly problematic

for low abundance transcripts'®

. In our lllumina results, MB-COMT was among
the lowest abundance of the transcripts in our assay, with an average absolute
signal (180 average signal, Gl_6466451-1) just above the limit of detection. MB-
COMT expression in two of the ninety cell lines (parental samples GM12873,
1459-10, and GM11829, 1350-10) was undetected (detection p-value >0.05). In

contrast, ACTB was three orders of magnitude greater (33,454 average signal,

GI-5016088-S), being the second highest expressed transcript out of 6,255 total
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detected probes in the lllumina BeadChip assay. We saw similar disparity in
reference (ACTB) and target (COMT) gene expression was observed in a pilot
gRT-PCR study. Due to the larger variation in ACTB than COMT in samples
analyzed in triplicate, ACTB was discarded as an internal control for target gene
expression (data not shown). Ribosomal RNA is likewise unsuitable as a
reference for mMRNA samples and poly-A tail-primed reverse transcription
products, and also shows large transcriptional variation'®*,

Meta analysis of more than 13,000 human samples from different tissues
and experiments, assayed by Affymetrix array technology, identified the top most
stably expressed housekeeping genes (e.g. RPS13, RPL27, RPS20 and OAZ1),
which were recommended to use as internal controls for target gene expression

normalization'®.

In this study selection criteria included low absolute variation in
expression, as determined by the <2 mean fold change (MFC), and <4%
coefficient of variation (CV). However, Affymetrix and lllumina data are not
directly comparable. For example, the minimum MFC and %CV seen in our
lymphoblastoid cell lines by lllumina was 2 MFC and 15%. In addition, the
recommended housekeeping genes by De Jonge et al. were not among the most
stably expressed transcripts in our lllumina BeadChip-based data, with fourteen
of the fifteen top suggested housekeeping genes (RPL9 was not available)
having an average of four-fold absolute variation in expression across sample
cell lines (range 2.3-6.0) (see Characteristics of the sample set data). As the

authors suggest, and as is observed here, reference genes are not universally

applicable to all experiments across different assay platforms, which underscores
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the importance of empiric validation for each study.

Vandesompele et al.'®®

suggest taking the average of a number of
reference genes to reduce the risk of spurious effects of a single gene. The
lllumina BeadStudio software offers a number of normalization procedures to
apply to the data. None, however, apply the same reference genes calculation
across all samples in the sample set, but instead performs iterative, pairwise
comparisons throughout the sample set. Therefore, in order to apply a uniform
correction for intra-sample variation, we empirically selected reference genes
from a subset of harvest replicates to minimize spurious variation in target gene
expression. The probability of randomly finding these reference genes is highly

unlikely, as it would translate into the probability of finding by chance the same

proportion of genes in all five cell lines, or a probability of (0.05)° = 3 x10™.

4.6.3. Expression profiling studies

4.6.3.1. Long-range associations

Significant association of gene expression with long-range markers has
been found in regions with greater than 100 kb to the nearest transcribed
gene'®, and within 5 Mb of target genes'®*'®. A study by Davidson et al.
exploited the “phylogenetic footprint” of multiple species to pinpoint a highly
conserved sequence with multiple transcription factor binding sites (TFBSs) as a
potential long-range enhancer of the tachykinin (substance P neuropeptide)
gene, lying 158 kb away'®. They generated transgenic mice with the conserved

TFBS sequence in an expression reporter gene construct, and showed region-
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specific colocalization with tachykinin in the amygdala, supporting the hypothesis
of a remote enhancer for tachykinin expression. In addition, both TAC1 and
TACR1 contain nearby MEIS1 TFBSs.

A number of the SNPs most significantly associated to COMT expression
in the unphenotyped population were to distant markers, in a region surrounding
the D22S944 and D22S943 microsatellites, ~340 kb upstream of COMT (tables
4.1.-4.4.). Interestingly, the D22S944 marker in this region is also associated
and linked to PD"*° in our PD pedigrees, and SCZ in different populations'*®"°’.
Perhaps variation in this proximal region, which is implicated in normal COMT
and MB-COMT expression, may be the source of dysregulation in PD. This is
the first link between the regulation of normal COMT expression and PD.

Interestingly GNB1L, which harbors SNPs associated with COMT expression in

this study, is also associated with SCZ'®°.

4.6.3.2. Phylogenetic footprinting and TFBSs

How might a distant region, some ~340 kb away, be correlated with COMT
expression? The phylogenetic footprint generated by multi-species sequence
alignment'®® in a 150 kb region around D22S944 and D22S943 reveals discrete
regions of highly conserved sequence, with the most significant alignment among
twenty-eight vertebrates near three predictied TFBSs. They are TCF4 (also
named ITF-2, SEF2, E2-2, and ME2), NKX22, and NKX3A. Because TCF4
binds glucocorticoid response elements (GREs)'®", which are also located in

COMT, this raises the possibility of TCF4 regulation of COMT. Binding sites for
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the more ubiquitous NKX family members of transcription factors, including
NKX22, NKX3A, NKX25 and NKX61, were observed at candidate genes for PD
(TAC1, TACR1, GABRB3, GRP, GRPR, and COMT). TFs implicated in COMT
and MB-COMT expression have potentially important functions, including
neurological or other related phenotypic relationships to PD and anxiety
processes. For example, EGR2 is shown to regulate genes critical for
myelination of neurons, and is disrupted in patients with peripheral
neuropathies®®. Pulmonary and repiratory dysfunction is also observed in
patients with EGR2 mutations?®.

In a case-control study of PD, Philibert et al. observed approximately
three-fold greater COMT expression in lymphoblastoid cell lines from males
relative to females with PD'”". Thus, disease state may exacerbate gender
differences. Interestingly, the same study found in male probands nearly two-fold
greater expression of the transcription factor SP1, which regulates COMT
expression. SP1 TFBSs are present in the second intron of COMT, in the region
of the S-COMT promoter®. The SP1 TFBS also serves as a site for the estrogen
receptor alpha (ESR1)"", which downregulates COMT expression in the
presence of estrogen. Variability in ESR1 and SP1 transcription factor
expression, altering the availability of these TFs, could speculatively impact the
epigenetic regulation of target genes by competitive binding to common TFBSs.

Variants associated with COMT expression lying in regions of predicted
TFBSs suggest that there may be possible coregulation of these TFs with COMT.

Alternatively, variation within or near these predicted TFBSs may impact TF-
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mediated regulation of COMT. Other definitive functional studies could include
chromatin imunoprecipitation (ChlP) and electrophoretic mobility gel shift (EMSA)
assays to show the binding of these TFs to regions of chromosome 22
associated with COMT expression. Additionally, reporter assays could be
exploited to show direct regulation of COMT, as Xie et al. and Jiang et al. did for
estrogenic downregulation of COMT via estrogen response elements'?*'%°.

Many interesting hypotheses may be generated from the interaction of
these TFs in the putative dysregulation of multiple candidate genes for PD. A
number of phenotypes reflecting symptoms and syndromic features of PD are
observed for these TFs. Both TCF4 and NKX2-2 are known to mediate neuronal
development®®*?%. TCF4 is also implicated in adult neuronal plasticity®®, bipolar
disorder®®, and Pitt-Hopkins syndrome, which are characterized by symptoms
that include severe autonomic dysfunction and intermittent hyperventilation®””.
Target genes for TCF4 include the glucocorticoid receptor (GR)'®" and
somatostatin 2 receptor (SSTR2)?%2?%° expressed in the brain among other
tissues. Downstream effects of glucocorticoid stress hormones impinge on all of
our candidate genes for PD, including negative feedback on hypothalamic
corticotropin-releasing hormone (CRH) and pro-opiomelanocortin (POMC).
Somatostatin is co-localized with COMT in the brain and periphery, and is
observed to suppress anxiety in rats'® as well as have anxiolytic properties in a
trial of subjects with panic-like symptoms?'°. Somatostatin suppresses the
release of two panicogenic compounds: gastrin (pentagastrin) and

choleocystokinin (CCK). Their respective receptors are targets of a patented
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anxiolytic antagonist in Europe. The somatostatin 3 receptor (SSTR3) family
member, with 46% identity to SSTR2, which is shown in vitro to inhibit

dopaminergic effects®"”

, resides at a significant linkage peak (D22S445,
LOD=2.93) in PD families with syndromic features. The NKX2-5 transcription
factor has homeostatic roles, including atrial natriuresis, which is important for
modulating cardiac function?'? and inflammation associated with bladder
disorders via TACR1 actions?'®. Therefore, given the potential mechanistic
overlap in these candidate genes, one can envision multiple endocrine and
autonomic effects by their coordinate regulation of TCF4 and NKX TFs.

Higher density genotyping in the proximal and other region associated
with COMT expression would provide finer positional information. Comparison of
the heritability of COMT expression in PD probands versus the HapMap sample
described here would be a natural next step. About a third of the seventy PD
pedigrees in the initial genome scan study showed linkage to the proximal
variant, D22S944. Since the previous genome scan, an additional fifty PD
pedigrees have been added to our sample collection for investigation. The
proximal region around D22S944 is susceptible to chromosomal abberations that
could be assayed for copy number variants in control and affected individuals.
Although the D22S944 marker is approximately 1 Mb away from the nearest
annotated gene, according to the NCBI Genome Browser, a study in cancer
patients illustrates the relevance of this gene-poor region. Colon cancer patients
show an increase in microsatellite instability in this region that disrupts the TCF4

TFBS and causes downstream dysregulation of target genes and signalling
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pathway partners of the TCF4 transcription factor'®2. Thus, non-genic regions of
the genome have important roles in disease states via long-range cis and trans
regulation of expression of target genes.

Sex differences in gene expression in lymphoblastoid cell lines have been
observed in clinically important genes, including CYP3A4, which is responsible
for the metabolic turnover of approximately 60% of prescribed drugsm.
Hormonal control of the expression of PD candidate genes is a common theme,
based on observed phenotypic changes correlated with hormonal fluctuations.
Functional studies show that estrogen and progesterone regulate transcription of
COMT'?"3% We, however, saw no inherent gender difference in COMT
expression. Since the lymphoblastoid cell lines in this study are expected to be
devoid of estrogen, hormonal regulation of COMT should not be operant in this
assay. However, a microarray expression study by Philibert et al., which
compared the expression profiles of lymphoblastoid cell lines in controls and PD
probands, showed that COMT was significantly overexpressed in males relative
to females with PD. Thus, it appears that gender differences in COMT
expression may result from other, non-hormonal causes.

Expression profiling studies suggests that approximately 10-30% of genes
tested are heritably expressed®®'. Here we present data in support of heritable
factors associated with the expression of COMT in cell lines from an
unphenotyped Caucasian population. Genetic variants in COMT have been
linked and/or association with PD in five studies, with controversial results based

upon the different populations, albeit with some controversy as to the ethnic-

182



specific valence of association to alleles. In order to map the causative
mutation(s) that may contribute to the clinical phenotype of PD in our own
affected Caucasian pedigrees, we characterized the natural variation in COMT
expression as a molecular phenotype of COMT function. In this way, inherited
COMT expression patterns can be used as a molecular phenotype for COMT
regulation, operant in a control Caucasian population. It is intriguing to observe
the same proximal region to the COMT, which was associated and linked to PD,
is also associated with COMT expression in an otherwise healthy population.
Perhaps this is evidence of a link between a potential regulatory element in

control subjects that may be dysregulated in PD probands.

4.7. Future directions

Gene expression may be influenced by short-range and long-range
regulatory factors, mRNA splice sites, as well as alterations in RNA stability. To
better understand the role of COMT in PD across different ethnic populations,
future studies may want to investigate the variables that may underlie the
contradictory allelic association of COMT variants with PD in different study
populations. A study by Spielman et al., showed that about a quarter of the
heritably expressed genes in Caucasians were differentially expressed in Asians,
in which about half of the ethnic expression differences was accounted for by
allele frequency differences in cis regulatory variants'®'. The SNP rs12168204
(or rs9617857), associated with with COMT expression in this study, for example,
has 19.2% MAF in Caucasians, 6-7% MAF in Asians, and 47.5% in Yorubans.

Thus, comparison of the heritable expression pattern of COMT across ethnic
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groups would be helpful to resolve differences that may be due to disparity in
allele frequency. Since the prevalence of PD across countries is relatively
similar, one might expect a unifying reason for the involvement of COMT in
different populations, despite the vast allele frequency differences by ethnic
group.

Functional studies would ultimately be needed to show the unambiguous
role of associated variants in COMT expression. For example, binding assays
(e.g., chromatin immunoprecipitation (ChIP) with specific transcription factors),
DNase | hypersensivity, and transfection assays for reporter gene assays may be
used to demonstrate a mechanism behind the genetic association.

Comparative expression profiling in disease states could be used to
identify changes in gene expression in response to physiological challenges. For
example, perivascular microglia (i.e. brain macrophage cells) are activated with
injury and microenvironmental changes, causing induction of COMT expression
and activity, which is implicated in pathological inflammatory responses leading
to cardiovascular and neurological disease®®. Dysregulation of more than one
gene pathway, such as the GABAergic and catecholaminergic pathways, are
interesting to note in the literature as well. For example, chronic and subchronic
administration of L-DOPA, which mimics catecholamine-overexpressing adrenal
pheochromocytoma'®, significantly increases GABA levels in the substantia
nigra in rats'®®. Thus, comparative expression profiling in PD subjects and

controls could identify gene networks purported to be dysregulated in PD.
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4.9. Figures and tables

Figure 4.1. Coefficient of variance of expressed transcripts in LCLs
The distribution of the average percent standard deviation (ave%SD, or %CV) for

detectable transcripts in ninety lymphoblastoid cell lines (LCLs) using the lllumina

BeadChip assay.
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Figure 4.2. Mean transcript intensities in LCLs

The distribution of the average transcript level, measured as arbitrary intensity

values, in ninety lymphoblastoid cell lines (LCLs).
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Figure 4.3. Mean fold change in transcripts expressed in LCLs

The distribution of the mean fold change (maximum:minimum expression ratio in

the sample set) for ninety lymphoblastoid cell lines (LCLs).
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Figure 4.4. Association of SNPs with COMT expression in Caucasian trios

The significance values for the association of global COMT transcript levels in
LCLs from thirty trios with 303 SNP genotypes are plotted as the negative log
(base 10) of the p-value on the y-axis against the position of the interrogated
SNP on the x-axis. Chr = chromosome, Mb = megabase. Genes and

microsatellite markers are denoted at the top of the graph.
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Figure 4.5. Association of SNPs with COMT expression in unrelated

Caucasians

The significance values for the association of global COMT transcript levels in
LCLs from sixty unrelated parents with the 303 SNP genotypes are plotted as the
negative log (base 10) of the p-value on the y-axis against the position of the
interrogated SNP on the x-axis. Chr = chromosome, Mb = megabase. Genes

and microsatellite markers are denoted at the top of the graph.
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Figure 4.6. Association of SNPs with MB-COMT expression in Caucasian

trios
The significance values for the association of MB-COMT transcript levels in LCLs

from twenty-eight trios with 302 SNP genotypes are plotted as the negative log
(base 10) of the p-value on the y-axis against the position of the interrogated
SNP on the x-axis. Chr = chromosome, Mb = megabase. Genes and

microsatellite markers are denoted at the top of the graph.
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Figure 4.7. Association of SNPs with MB-COMT expression in unrelated
Caucasians

The significance values for the association of MB-COMT transcript levels in LCLs
from fifty-nine unrelated parents with 302 SNP genotypes are plotted as the
negative log (base 10) of the p-value on the y-axis against the position of the
interrogated SNP on the x-axis. Chr = chromosome, Mb = megabase. Genes

and microsatellite markers are denoted at the top of the graph.
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Figure 4.8. Sequence alignment of MB-COMT hybridization probe
Alignment of the probe sequence for the isoform-specific MB-COMT hybridization

probe (Gl_6466451_1) to the reference sequence of the May 2004 NCBI Genome

Browser, showing one basepair mismatch and two rare SNPs within the probe

sequence.
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Table 4.1. Association of 7 SNPs (p<0.05) with global COMT expression
Caucasian trios given 10,000 permutations

TFBS = transcription factor binding site, LD = r*>0.8 linkage disequilibrium,

sequence positions per May 2004 NCBI build 35.

-log1o p
SNP Permuted Comments
10,000
~930bp proximal to D22S943; TCF4 TFBS; ~4,900bp
rs11912807 4.0 LD block chr22:17,993,087-17,998,020 spans
D22S943 and NKX22 and NKX3A TFBSs
rs2078747 4.0 ~3,700bp distal to D225943
(2871047 40 TXNRD?2 first intron; high LD with rs10483103 at ESR1
TFBS
rs737935 4.0 DGCRS intron
rs8139968 :
(rs5748374) 1.9 19kb distal to D225943
rs11089328 1.7 DGCRS intron; SRF, PAX6, and MEIS1AHOXA9 TFBSs
rs739374 1.5 ~8,800bp proximal to TBX1; NRSF TFBS

211

n



Table 4.2. Association of 9 SNPs (p<0.05) with global COMT expression in
unrelated Caucasians given 10,000 permutations

TFBS = transcription factor binding site, LD = r*>0.8 linkage disequilibrium,

sequence positions per May 2004 NCBI build 35.

-logqo p
SNP Permuted | Comments
10,000
rs1012157 2.3 TXNRD2 intron
rs11089325 1.7 ARVCEF intron
~500bp proximal to D22S944 within a gene desert of >182kb;
rs9617813 1.6 ~2,000bp LD block chr22:17,983,211-17,985,236_spans
D22S944; two SOX9 and one TST1 TFBS
rs2157732 1.6 no genes within >20kb; between SEPT5 and TBX1
rs9306229 15 TXNRD2 intron
rs740603 1.5 MB-COMT intron
rs11089305 14 no genes for >20kb; between SEPT5 and TBX1
rs1978060 1.3 TBX1 intron; ISRE TFBS
rs12483887 1.3 ~10kb distal to SETP5
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Table 4.3. Association of 8 SNPs (p<0.05) with MB-COMT expression in
Caucasian trios given 10,000 permutations

TFBS = transcription factor binding site, LD = r*>0.8 linkage disequilibrium,

sequence positions per May 2004 NCBI build 35.

-log1o p
SNP Permuted | Comments
10,000
~4,900bp LD block chr22:17,993,087-
rs11912807 4.0 17,998,020_spans D22S943; NKX22 and NKX3A
TFBSs
rs4141526 4.0 ~2,900bp distal to D22S943
rs11705143 4.0 GNB1L intron
rs13055873 4.0 GNB1L intron
rs2871047 4.0 TXNRD?2 first intron
~390bp distal to ARVCEF; in predicted sequence for
rs2531716 1.9 C220RF25; CpG island; LUN1 TFBS; ~46kb LD block
~chr22:18,333,223-18,379,258 spans most of ARVCF
rs2157732 1.7 middle of ~33kb region between SEPT5 and TBX1
GNB1L intron/exon; ~4400bp LD
rs5993834 1.5 block_chr22:18,162,901-18,167,266_PAX4, CHX10, and
CEBPA TFBSs
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Table 4.4. Association of 15 SNPs (p<0.05) with MB-COMT expression in
unrelated Caucasians given 10,000 permutations

TFBS = transcription factor binding site, LD = r*>0.8 linkage disequilibrium,

sequence positions per May 2004 NCBI build 35.

-logo p
SNP Permuted | Comments
10,000

~700bp proximal to D22S944; ~680bp LD
rs9617813 3.2 block_chr22:17,984,426-17,985,109_in D22S944; high LD
with rs110854553 in D225944

~100bp distal to D22S944; high LD with rs9617857

rs10854554 | 2.6 (rs12168204) and rs13054962

~1,900bp proximal to D22S944; high LD with rs10854553;

r$13054962 | 25 | pigh conservation; LUN1 and TST1 TFBSs

no genes within ~40kb; high regulatory sequence

rs5748403 2.0 conservation; ~3,900bp LD block chr22:18,051,567-
18,055,430

rs4819811 2.0 ~1,300bp proximal to D22S944

rs4597638 2.0 TXNRD2 intron

no genes within ~60kb; high regulatory sequence

rs1123657 1.9 .
conservation

TXNRDZ2 intron; ~1300bp LD block_chr22:18,252,916-

rs3788309 1.9 18,254,191 EGR2, RP58, and GATA1 TFBSs

rs5992493 1.8 TXNRD?2 intron

rs9606176 1.7 TXNRD?2 intron

TXNRDZ2 intron; ~4,300bp LD block _chr22:18,254,894-

rs732262 16| 18259,211 spanning TXNRD2 exon

~7,500bp proximal to D22S1624; ~19kb distal to SEPT5;

r$5992465 | 15 | [\'TFBSs within 15kb; no genes within >37kb

rs1558496 1.4 DGCRS8 intron; RFX TFBS

rs7291726 1.4 ~1,300bp distal to D22S943; NKX22 and NKX3A TFBSs
~3,600bp distal to D22S943; ~3,200bp LD block

rs2078747 1.3 chr22:17,997,914-18,001,083_~1,800bp distal to

D22S943; high regulatory sequence conservation
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5. Chapter Five. Integrative hypothesis for PD

PD is a complex, multigenic disorder, thought to arise from more than one
gene. The challenge is therefore to detect the contribution of different genes
which may explain only a portion of the overall genetic liability for PD.
Phenotypic heterogeneity can be observed in gender-specific prevalence rates,
population-specific propensities for different symptoms and comorbidities, as well
as differences in drug response, potentially owed to the fractional genetic
contributions of different genes. This may in part explain the difficulty in
replicating correlations that have been observed for other candidate genes in
different populations (see section 1.1.10.). Ethnicity explains some of the
discordance even in the two replicated candidate genes for PD (COMT and
ADORAZ2A)"2. To our knowledge, the 120 multiplex PD pedigrees used in this
study constitute the largest PD sample available. Further gains may therefore

benefit from an integrative approach to identifying the polygenic origins of PD.

5.1. The potential role of transcription factors

Data from various sources, including gene expression profiles, animal
studies, and basic research have uncovered gene-gene interactions that would
otherwise not be predicted to play a role in phenotypic outcomes. Our data point
to transcription factors involved of with our candidate genes. Two transcription
factor binding sites (TFBSs) are altered in our GABRB3 mutation screen of PD
probands (section 3.5., table 3.6.), and several TFBSs lie near variants that are

associated with heritable COMT and MB-COMT expression patterns in an
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unphenotyped population (sections 4.5.4. and 4.5.5., and tables 4.1.-4.4.). The
transcription factor SP1, is an interesting example, since its expression is altered
in a gender-specific way in individuals with PD®. A mutation in the SP1 TFBS in
the CRHR1 gene is associated with alcohol abuse®. The SP1 TFBS is also
present in the S-COMT promoter®, where it can also serve as a site for
estrogenic effects via the ESR1 transcription factor®. ESR1 is known to
downregulate COMT expression, and has several predicted TFBSs in GABRA5'.
The TCF4 transcription factor (also named ITF-2, SEF2, E2-2, and MEZ2), which
is implicated in the heritable regulation of S- and MB-COMT expression in
HapMap CEU samples, is predicted to contain TFBSs in TAC1, TACR1, CRHR1,
GRP, GRPR, and GABRB3. A known target gene for the TCF4 transcription
factor is the glucocorticoid receptor (GR) via glucocorticoid response elements
(GREs)®, which are also present in COMT, TAC1, and TACR1.

Glucocorticoids (GCs) that are released during the stress response, are
blunted in CRHR1 knockouts®, and altered in patients with PD'®'". Normalization
of GC levels by BZ treatment in PD probands implicates the GABRa genes”.
Chronic GC exposure causes GABRB3 upregulation in the hippocampus'?,
related to the development of long-term contextual fear learning’ (see Chapter
Three). Congenital effects of high GC levels on offspring, for example, due to
maternal stress with pregnancy, are correlated with increased CRH mRNA and
neuroendocrine dysregulation in the progeny through adulthood. Finally, work
by Weiss et al. showed that GC levels show sexually dimorphic linkage, with

significant linkage to variants in females that are not linked in males'. Thus,
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gender-specific genetics are correlated with phenotypic differences in SP1,
TCF4, and glucocorticoid transcription factor systems.

Other overlaps include a 3’UTR SNP discovered in a mutation screen of
GABRBS3, which lies in a GATA1 TFBS. The GATA1 TFBS also lies near a SNP
implicated in the heritable expression of COMT. Binding sites for the more
ubiquitous NKX family members of transcription factors, which are implicated in
long-range COMT expression, are also observed in TAC1, TACR1, GABRB3,
GRP, GRPR, and COMT. Interestingly, inflammatory bladder effects are
mediated by NKX25 via TACR1. This is intriguing because the pathogenesis of
PD is thought to derive from complex, oligogenic origins with putative pleiotropic
effects. Finally, the NRSF TFBS, associated with COMT expression, also
regulates CRH expression®. These are a few examples of the multiple lines of
evidence for the phenotypic and genetic role of transcription factors in our

candidate genes for PD.

5.2. Gene-gene interactions

Exploiting known interactions among pathway genes may provide more
power to detect culprit alleles for PD. The interaction of genetic variables
necessary to produce a clinically relevant phenotype could effectively increase
the genetic load for PD. For example, a candidate gene association study in
Korean alcoholics demonstrated that by combining the alleles of missense
mutations from two alcohol-metabolizing genes, investigators were able to derive
a synergistic 91-fold increased risk of alcoholism (OR=91.4), which explained

approximately 86.5% of the population risk in Koreans'’. Presumably, genetic
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factors with small effect size by themselves could be combined with other
postively associated genetic factors to determine possible synergistic effects in
PD.

The literature is replete with known interactions between our candidate
genes. Some gene-gene relationships are borne out the expression studies, and
others come from positional data. For example, somatostatin has overlapping
distribution with COMT, and plays a role in reducing anxiety'®, as well as
mediating autonomic signals, nociception, and learning and memory'®. As well,
significant linkage (LOD=4.1) was found in seventy PD pedigrees with syndromic
features at the microsatellite D22S445 (chr22, 33.8 Mb) at the somatostatin
receptor gene SSTR3.

Anxiety-modulating drugs that either directly or indirectly target PD
candidate genes point to potential gene-gene interactions, for example, between
COMT and GABRas, with different levels of overlapping effects. For example,
the ADRAZ2A blocker, yohimbine, raises COMT metabolites, blood pressure, and
anxiety. GABRAa-targetting alprazolam, and ADRAZ2A agonist, clonidine, each
lower COMT metabolite levels, blood pressure, and anxiety®, although the
GABRA4 agonist, diazepam, lowers anxiety without altering COMT metabolite
levels or autonomic endpoints®.

Other potentially important gene-gene interactions to be pursued are the
transcription factors that impinge on our candidate genes. Clues as to the role of
the transcription factors which harbor TFBSs in our candidate genes, and at

regions associated with heritable expression, come from the literature. Gender-
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related differences in transcription factors could explain sexually dimorphic
phenomena. For example, SP1 transcription factor is differentially regulated in
females with PD*®. Hormonal differences, acting at the same genetic locus could
explain gender differences. However there is also evidence of gender-specific
linkage to quantitative traits related to neurotransmission and anxiety. Work by
Weiss et al., demonstrated that normal variation in stress system effectors
showed gender-specific genetic correlations, for example for serotonin levels,
which showed large sex-specific differences in heritability and linkage peaks, and
cortisol levels, which revealed an additional linkage peak for females only™. At
the level of our low-resolution genome scans, little evidence of sex-specific loci
exists, and segregation studies suggest that gender differences occur by
phenomena acting at the same genetic loci in males and females. However
epistatic gender differences could be tested by parsing the affected population
into narrow categories reflecting observed phenotypic differences.
Subcategories of probands could be categorized by differential drug response,
symptomology, syndromic features, and comorbidity, as well as gender, to test
for significant variables that may resolve related genetic and/or phenotypic
heterogeneity. For example, respiratory symptoms are more prevalent in
females, correlated with greater refractory response to drug treatment in females.
Females are prone to hormonal supression of respiration via progesterone
associated with increased incidence of PD in females, and certain drugs are
more successful at treating these respiratory symptoms, presumable via specific

molecular mechanisms related to respiration. Overlaps in transcriptional
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regulation of our candidate genes by hormones are common (e.g. COMT,
TACR1, GABRB3 and GABRAS5)?", and the preponderance of hormone-sensitive
TFBSs (including ER and GR) in the genes points to yet undiscovered hormonal
interactions. Therefore, hormone status, drug responsiveness, SP1 levels
(dysregulated in PD)®, and hormone-responsive TFBS genotypes could be used

to further distinguish subcategories for comparison.

5.3. Physiological themes to identify gene interactions

A unifying theme related to a physiological overlap in the effects of our
candidate genes is highly coincidental with processes responsible for oxidative
stress, hypoxia, and pH balance. In addition to the important role for the
GABRas, COMT, and the neuropeptidergic genes in neurotransmission and
autonomic signaling cascades, our candidate genes have important roles for
oxidative homeostasis, including cicurmstances of hypoxia, as well as oxidative
stress. This commonality provides another source of putative variables that may
influcence the disposition toward PD, which may be exploited to find further
candidates genes of PD. Support for this less-cited role has been in the literature
for a long time, related to the dubbed “false suffocation alarm” hypothesis for PD.
It is based on the premise that the PD subjects exhibit altered oxidative
homeostasis, both in the physiological triggering of responses to oxygen
shortage, and reduced ability to buffer homeostatic control of vagal tone and
autonomic responses (see sections 1.1.2., 3.2.6., and 3.2.8.). COMT variation is
also implicated with reduced ability to mediate oxidative stress (see sections

4.2.2.2.and 4.2.3.2.). Subjects with PD are hypothesized to be hypersensitive to
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signals of oxygen shortage (or an increase in COg, lactate, and metabolite,
bicarbonate), causing inappropriate activation of neuroendocrine and autonomic
signaling cascades (section 3.2.6.).

Mechanisms for the normal physiological regulation of intracellular pH
includes acid/base transport across the cell membrane, include transmembrane
bicarbonate influx by GABRas??, and metabolic responses acting to normalize the
pHZ%. Thus, metabolic or respiratory alkalosis prompts the generation of lactic
acid in response. Exaggerated elevation in blood lactate levels (and intracellular
alkalosis) in response to challenge agents, such as CO; inhalation and sodium
lactate infusion, is characteristic of subjects with PD. Trait dysregulation of blood
gases in PD are also measured as lower urinary pH?*. Hypoxic and ischemic
conditions also cause transcriptional downregulation of GABRAs?, and
upregulation of COMT as well as related neuronal genes (e.g. GAD1, CCKAR,
NRG1, RELN, GABRB1, MECP2)%®. Haploinsufficiency of methyl-CpG-binding
protein 2, MECP2, is associated with decreased GABRB3 expression in Rett
syndrome (RS) patients, having phenotypic overlaps with PD, such as
hyperventilation, EEG abnormalities, and urinary pH differences (section 3.6.).
Interestingly, the transcription factors SOX9 and EGR2% are also downregulated
with hypoxia. SOX9 and EGR2 lie in LD blocks that are associated with COMT
expression in our data (see section 4.5.4., and tables 4.2. and 4.4.). Other
oxidative state-responsive transcription factors that were noted in the heritable
expression of COMT were TST1 (also named POU3F1) and PAX4%®. POU3F1

and GABRAS are differentially expressed in hippocampal tissue in response to
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oxidative stress®®. Finally, estrogen via ESR1 has protective effects against
oxidative stress>',

GABRAa genes directly mediate transmembrane bicarbonate efflux,
dependent on the biocarbonate transmembrane gradient, having an excitatory
GABAergic effect that is associated with long-term potentiation of habituation
responses, short-term neuroplasticity, and paired pulse depression®. This less-
cited GABRj function has implications on the development of maladaptive
behavior, and long-term molecular effects of PD. COMT, as well as other genes
known to be regulated by brain ischemia/hypoxia in the adult brain (e.g. BDNF
and CCKAR) are operant in protecting the developing brain against endogenous
stressors, such as maternal starvation during pregnancy associated with non-
affective and affective pychosis%, or perinatal hypoxia associated with the
development of SCZ?’. But besides such severe effects of chromosomal
aberrations, as seen with Rett Syndrome, or trauma due to complications at birth,
studies in animals show that early adverse experience and separation anxiety
can alter trait hypoxic ventilatory responses (section 3.2.9.).

Similar to genetic study of PD, genes responsible for the risk of SCZ have
also been elusive, despite the greater heritability of SCZ compared to PD (0.80
vs. 0.48). ltis likely that the polygenic nature of PD makes the contribution of
any given susceptibility gene difficult to detect. Positional data at chromosome
15912 helped to pinpoint identify the GABRa genes as candidates for PD.
However, COMT and ADORAZ2A, which are more established candidate genes

for PD, had no positional support for their involvement among the genome scans
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conducted to date. Of benefit, PD is characterized by far more easily discernable
symptoms than depression, for example. Therefore the lion’s share of further
exploration may depend on empirical data generated from clinicians, drug
studies, and expression profiles to inform necessarily hypothesis-based research

in the genetic analysis of PD.
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