CHAPTER |

BACKGROUND ON MULTIPLE SCLEROSIS

Basics of Multiple Sclerosis

Multiple sclerosis (MS) is primarily characterized as a neurodegenerative
autoimmune disease. MS affects the central nervous system (CNS), mainly the
white matter tissue, producing plaques or lesions in the brain and spinal cord. The
white matter tissue contains nerve fibers, which transmit electrical signals
throughout the nervous system. In addition to CNS lesions, MS is also
characterized as an autoimmune disorder, which involves a dysregulation of the
immune system causing the myelin sheath to be degraded. The myelin sheath
insulates axons, which are used to send electrical signals between nerve cells.
Thus, this demyelinating process leads to the retardation or complete blockage of
signal pathways in the CNS. The inflammation can also affect the oligodendrocytes,
which nourish the nerve cells. Without insulation from the myelin and a source of
nutrients because of degenerating cells surrounding the axons, the axons
themselves are more prone to damage. It is through these processes that scar
tissue is formed (“sclerosis”) in various areas in the CNS (“multiple”).

Like most common diseases, MS has several characteristics of an
etiologically complex disease including heterogeneity, incomplete penetrance,
temporal changes, polygenic inheritance, environmental risk factors, and genetic
predisposition. Clinically, the complexity of this disease involves the location, size,
and duration of these lesions, which are variable and unpredictable. This lack of

predictability can lead to a vast spectrum of symptoms, which can vary among



attacks or episodes of the disease throughout the progression of MS (Compston
and Coles 2002; Kutzelnigg et al. 2005).

Symptoms for this disorder involve disturbances of vision, motor and sensory
systems, coordination and balance, bowel/bladder/sexual function, and cognition.
Vision difficulties may include double vision, blurred vision, blindness in one or both
eyes, eye pain, and jerky eye movements. Motor problems include partial or full
paralysis, muscle weakness, stiffness, slurred speech, and twitching muscles or
tremors. Some individuals experience sensory discomfort, such as numbness
(especially in the extremities), loss of awareness, facial pain, electric shocks,
sensitivity to heat, and a tightness around the torso or stomach (termed “the MS
hug”). Ataxia, nausea, vertigo, stuttering, and loss of the ability to produce rapidly
alternating movements are symptoms of impaired coordination and balance.
Bowel/bladder problems include urgency, incontinence, retention, and sexual
impotence. Cognitive difficulties include depression, short-term or long-term
memory loss, dementia, mood swings, and anxiety. Other symptoms include
fatigue, sleeping disorders, and epileptic seizures. The most common of these
symptoms includes visual problems, spasticity, numbness/tingling,
bowel/bladder/sexual dysfunction, depression, and fatigue; some of which affect
over 80% of people with MS (Compston and Coles 2002; Noseworthy et al. 2000).

These various symptoms can appear in each of the four clinically-defined
types of MS (Figure 1.1). The most common type is relapsing-remitting MS
(RRMS), which occurs in approximately 55% of the cases. Clinically, it is
characterized by relapses or attacks followed by either partial or total recovery of
symptoms. Biologically, it is characterized as focal areas of inflammation and
demyelination, which resolve themselves over time leading to recovery. Thus, the
damage done by inflammation is at least partially reversible. Secondary progressive
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MS (SPMS) is the second most common type of MS accounting for about 30% of
cases. SPMS is characterized by the initial relapses of RRMS, which over the
course of the disease are replaced by progressive disability. Individuals with SPMS
begin with reversible disability, but for unknown reasons, axonal degeneration
occurs leading to irreversible damage, which presents clinically as progressive
disability. Primary progressive MS (PPMS) occurs in approximately 10% of MS
cases. PPMS is characterized by progressive disability with no remitting stages.
Thus, individuals with this clinical sub-type are plagued with irreversible damage
that causes a slow or step-wise progression to increased disability with little to no
symptomatic relief. Progressive relapsing MS (PRMS) occurs in nearly 5% of
cases. This clinical sub-type is characterized by progressive disability from the
onset of symptoms, similar to PPMS, but also involves acute attacks or relapses.
The reasons for this neurological variability remain unknown. Much of the biological
process is clinically silent. Moreover, despite intuitive reasoning, the amount of
lesions does not necessarily correlate with the amount or intensity of disability
(Confavreux et al. 2000; Noseworthy et al. 2000; Trapp and Nave 2008).

MS is unmistakably a clinically complex disease. The heterogeneity in
severity, multiple phenotype presentations, rate of onset, and pattern of symptoms
are highly variable among individuals, where a continuum between slow mild onset
and rapid acute onset is possible. This clinical variability translates to extreme
debilitation for some, where others conduct their daily lives with no dramatic
changes. Understanding the disease etiology of this autoimmune disorder is crucial
to help those who suffer with extreme disability and to prevent those mildly affected

from becoming debilitated.
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Figure 1.1. Types of MS (left to right; top to bottom): relapsing-remitting, secondary
progressive, primary progressive, and progressive relapsing (excerpt from All About
Multiple Sclerosis, available at www.mult-sclerosis.orq).

Pathogenesis

MS is characterized as an inflammatory disease. The active demyelinating
lesions contain about 10% T cells and 90% macrophages. Because of this, MS is
generally thought of as a T cell-mediated disease, in particular CD4+ T cells. These
helper T cells are the primary component in active MS lesions. There are distinct
types of CD4+ T cells: Thl, Th2, and Th1l7 cells. Thl cells are involved in
stimulation of macrophages leading to an immune response. Th2 cells are
associated with the release of various cytokines, which regulate the immune

response. Thl7 cells, which have been shown to be associated with autoimmunity,
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produce IL17 leading to a proinflammatory response. Cytotoxic T cells (CD8+) also
have been linked to MS. An enrichment of memory CD8+ T cells has been isolated
from MS patients. It is through these various kinds of T cells, which are over-
reactive, that an immune response occurs leading to demyelination of the axons. In
the absence of the myelin sheath, inflammatory cells, such as macrophages,
infiltrate the delicate network of nerve signals leading to slow or blocked neuronal
transmissions. It is through these blockages that the symptoms or attacks
associated with MS occur. Thus, using the autoimmune response to destroy the
myelin sheath, the inflammation cells permeate to the axons causing
neurodegeneration to occur. The underlying mechanism for the dysregulation in
these T cells remains a mystery. In addition, where this immune response decides
to attack is unpredictable. Our understanding of the MS pathogenesis continues to
be incomplete, thus, making the search for biological pathways associated with MS
vital to improve our understanding of the underlying mechanism leading to this

demyelination and autoimmune response in MS patients (Friese and Fugger 2009).

Risk factors

Multiple sclerosis is primarily a disease of the temperate climates;
approximately 1 in every 1,000 Americans suffer from this disorder (e.g. about
400,000 Americans), which is a point prevalence estimate of ~0.1%. MS is
moderately common in the United States, Canada, Russia, Israel, Europe, New
Zealand, and parts of Australia. Incidence in these high risk areas ranges from 0.1
to 0.2%. Historically, individuals from regions above 40° latitude within the western
hemisphere generally have a higher risk of MS than other regions. Although the
regions of risk have not changed, it appears that the latitude gradient is
disappearing, which indicates an increase in incidence in southern regions of these
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areas; for example, the southern part of the United States has comparable MS
incidence to the northern parts, and southern regions in Europe have increased
incidence of MS (Ascherio and Munger 2007). Thus, in these regions of high risk,
clinicians are noticing a loss in the latitude effect and a more congruent prevalence
throughout these high risk countries. Areas of low prevalence, for example Asia,
Africa, and South America, have incidence rates much lower than 0.1%, more on
the order of ~0.005%. Equatorial countries are usually the areas of low risk, while
the northernmost and southernmost countries tend to be areas of high risk (Kantarci
and Wingerchuk 2006).

The geographic variation of MS may result in part from differences in genetic
predisposition. However, beyond the potential for underlying genetic predisposition,
it is possible that geographic differences in the amount of sunlight may prove to be
potential risk factors. Incidence patterns have shown that risk cannot be associated
with sunlight alone. For example, the far northern region of Norway should have the
highest incidence of MS, but Scotland and England have higher incidence rates.
This suggests that there may be some kind of interaction between sunlight and
other factors, such as diet (Ebers 2008). Suggestions have been made that there is
a connection between sun exposure and vitamin D deficiency because vitamin
supplementation and past sun exposure are both associated with a person’s risk of
MS. In addition to vitamin D, consumption of oily fish has been shown to lower the
risk. Further evidence for the suggestive protection of a fish diet stems from the
differences in prevalence between inland and coastal regions of various countries
(prevalence up to 5 times higher among inland regions). Although positive
relationships have been established, no conclusive evidence has pointed to how
these factors contribute to the pathogenesis of MS (Cantorna 2008; Ebers 2008;

Kantarci and Wingerchuk 2006).



The typical onset of MS is between the ages of 20 and 40 (Hauser and
Goodkin 1998). Incidence for MS is low in childhood and rare past the age of 50
(Ascherio and Munger 2007). MS incidence peaks around age 24 and returns to
baseline by age 60. This is opposite of what would be expected of an age-related
disorder, such as myasthenia gravis or rheumatoid arthritis where incidence
increases with age (Ebers 2008).

Women have a two to three-fold higher incidence of MS compared with men.
This is consistent with the phenomenon that women, especially during childbearing
years, are more likely to have autoimmune diseases. Women in high risk areas
have a lifetime risk of 1 in 200 (Ascherio and Munger 2007). However, this gender
ratio was measured before oral contraceptives were commonly used and the
increase of smoking in women. Oral contraceptives are associated with decreased
risk, while smoking is associated with increased risk (Alonso et al. 2005; Sundstrom,
Nystrom, and Hallmans 2008; Trapp and Nave 2008). Whether or not this gender
ratio will continue to change with these growing society trends is unknown.

Other potential risk factors include: a common pathogen specific to
particular geographic areas, seasonal differences, diet differences, and variable soil
minerals. There are two mainstream hypotheses concerning a widespread microbe
causing MS: the virus hypothesis and the prevalence hypothesis. The virus
hypothesis suggests that a virus increases one’s risk of developing MS if a person is
infected in late childhood/early adulthood; however, the virus confers protection if a
person is infected during infancy. The second hypothesis simply states that a
specific unidentified pathogen that leads to MS is more prevalent in regions of high
risk for MS. According to both hypotheses, age of infection by these microbes
determines one’s level of susceptibility to MS. Other studies suggest a protective
effect of Epstein-Barr virus seronegativity by up to a ten-fold decrease in the risk of

7



acquiring MS (Ascherio and Munger 2007). Some studies suggest the involvement
of Chlamydia pneumonia with MS and found an association between MS and C
pneumonia seropositivity (Giovannoni et al. 2006). However subsequent studies
have drawn conflicting conclusions (Giovannoni et al. 2006).

Although many putative risk factors have been identified, their contributions
to the pathogenesis of MS are not well understood. With a better understanding of
the etiology of MS, these risk factors may prove useful in identifying gene targets
and clinical methods for alleviating symptoms. Certain individuals (i.e. women and
individuals diagnosed before age 35), certain disease courses (i.e. those diagnosed
with RRMS with long intervals between relapses and complete recovery from
relapses), and certain disease symptoms (i.e. those experiencing sensory
symptoms, such as tingling or numbness, during relapses instead of motor
symptoms, such as tremors and spasticity) have better prognoses (Jenkins and
Thompson 2009). The future of MS research involves the continued identification of
genetic variants and environmental factors that will lead to an increased
understanding of the pathogenesis of this disorder. With this increased knowledge,
better therapeutic treatments can be designed to alleviate an individual’'s symptoms,
improve outcomes, or aid in the prevention of disease (Compston and Coles 2002;

Noseworthy et al. 2000).

Diagnosis
The phenotype of MS must be carefully defined. There are no reliable
specific laboratory tests for MS, so clinical and paraclinical evidence is essential for
the diagnosis. A definite diagnosis of MS requires two different areas of the CNS
being affected by inflammation in the form of lesion or plague formation with two
separate occurrences of an “attack,” usually described as a neurological dysfunction
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(Poser et al. 1983). This broad definition of an attack provides a challenge when
designating individuals as affected; thus, paraclinical techniques, such as evoked
response studies, tissue imaging procedures, and examination of the cerebrospinal
fluid (CSF) were initially used to reduce subjectivity (Goodkin et al. 1991). In
addition to this broad definition, there are six criteria required to give a positive
diagnosis: 1) Objective abnormalities must be present causing dysfunction in the
CNS. 2) These abnormalities must involve the white matter long tracts. 3) Two or
more areas of the CNS must be affected. 4) The clinical pattern must either involve
two or more separate episodes, each lasting 24 hours and at least 30 days apart, or
a slow or step-wise progression of disability over six months and an abnormal spinal
fluid screen, in which CSF would contain oligoclonal bands and increased
production of immunoglobulin G (IgG). 5) The age of onset should be between the
ages of 10 and 60. 6) The symptoms experienced cannot be attributed to another
neurological disease.  With advancing technologies, the criteria for MS were
updated to integrate magnetic resonance imaging (MRI) into the diagnostic scheme.
If clinical evidence does not support dissemination of lesions in both time and
space, then MRIs can be used to provide evidence for this (McDonald et al. 2001).
Especially for the relapsing forms of MS (i.e. RRMS and SPMS), patients usually
initially present with acute clinically isolated syndrome (CIS) with either a monofocal
(a single symptom caused by one lesion) or multifocal (more than one symptom
caused by multiple legions) episode. With this diagnosis and magnetic resonance
imaging (MRI) showing demyelination, patients have an 88% chance of developing
MS (Rovira and Leon 2008).

Various tests, both paraclinical and laboratory-based, are now used to
provide more accurate diagnoses. MRI scans are used to examine the brain and

spinal cord for lesions, both active and old. Neurologic exams are performed to
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investigate coordination, strength, reflexes, and sensation. Various evoked potential
tests are utilized to measure nerve response to stimulation. A spinal tap or lumbar
puncture is performed to evaluate the CSF for various abnormalities, such as the
number and type of white blood cells, glucose levels, and the levels of various
proteins (antibodies and immunoglobins). Medical histories are collected along with
various blood tests to rule out other disorders, such as neuromyelitis optica, stroke,
brain inflammation, Lyme disease, tumors, or other autoimmune diseases
(McDonald et al. 2001; Poser et al. 1983).

Once a person has been diagnosed with MS, the severity of disability must
be quantified. Kurtzke Extended Disability Status Score (EDSS) measurements
were developed as a method for measuring disability in eight functional systems
(FS): pyramidal, cerebellar, brain stem, sensory, bowel and bladder, visual,
cerebral, and other. The scale ranges from 0.0 (normal neurological exam) to 10.0
(death due to MS). Measurements 1.0 to 4.5 indicate a person who is fully
ambulatory, while the 6.0 to 9.5 range indicates significant impairment. This scale is
not linear; some of the important landmarks include: 6.0, requires unilateral
assistance; 6.5, requires bilateral assistance; and 7.0, restricted to a wheelchair
(Table 1.1) (Kurtzke 1983).

The EDSS, while an excellent attempt at quantifying MS disability, has its
drawbacks. It is a subjective measurement that can change frequently even during
a single exam. EDSS measurements do not assess disease duration or the
difference in rates of disease progression. For example, a person who has a score
of 5.0 after 3 years has a very different pattern of progression than a person with a
score of 5.0 after 20 years. An algorithm was developed to create a new severity
score, the Multiple Sclerosis Severity Score (MSSS), which provides clinicians with

a more accurate gauge of future disability in their patients. This method compares
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the distribution of disability in individuals with comparable durations. The model was
tested for its stability over time and its ability to predict future disability with a single
EDSS measurement. This new score uses disease duration with EDSS
measurements to calculate a person’s decile in the MS severity spectrum. Each
decile corresponds to a pattern of disability or disease progression (Table 1.2).
Thus, by simply knowing the EDSS measurement and the disease duration, it is
possible to predict a person’s approximate disability level after 30 years with MS

(Roxburgh et al. 2005).

Table 1.1. EDSS measurements and correlated disability (excerpt from All About
Multiple Sclerosis, available at www.mult-sclerosis.orq).

0.0 Normal neurological exam
1.0-45 Fully ambulatory without aid
5.0-5.5 Disability impairs daily activity

6.0 Unilateral support needed

6.5 Bilateral support needed
7.0-9.5 Restricted to wheelchair

10.0 Death due to MS
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Table 1.2. Global Multiple Sclerosis Severity Scores (the x-axis corresponds EDSS scores from Table 1.1 and the y-axis
corresponds to disease duration years). The deciles are color coded to illustrate different patterns in progression of MS (Roxburgh et
al. 2005).
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Genetics- Early Success

Family studies and twin studies have shown that there is a strong genetic
component underlying the etiology of multiple sclerosis. The prevalence of this
disease among first-degree relatives of affected individuals is 20 to 40 times higher
than the overall population prevalence (A;=20-40) (Hauser and Goodkin 1998;
Mumford et al. 1994; Sadovnick et al. 1993; Sadovnick and Ebers 1995) (Figure
1.2). The higher concordance rate for monozygotic twins (25-34%) than for
dizygotic twins (2-5%) indicates a high heritability. Various genetic studies have
examined the risk of the disease to family members of an affected individual. Thus,
those genetically identical (monozygotic twins) have the highest risk (~25-34%), and
those genetically unrelated (general population) have the lowest risk (~0.1-0.2% in
high risk areas). Adoptees have a comparable risk to the general population
indicating that living with an affected individual has little or no effect on one’s
susceptibility in the absence of biological relatedness (Compston and Coles 2002;

Kantarci and Wingerchuk 2006).
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Figure 1.2. Lifetime risk of MS. (Reprinted from The Lancet, Volume 360, Issue
9333, Alastair Compston and Alasdair Coles, Multiple Sclerosis, Pages 1221-1231,
2002, with permission from Rightslink)

13



These data confirm the significant genetic contribution to MS. Because of
the autoimmune nature of MS, early attempts to identify MS genes were focused on
the Major Histocompatibility Complex (MHC). The association between the MHC
and MS was first discovered in the early 1970s (Batchelor, Compston, and
McDonald 1978; Bertrams and Kuwert 1972; Naito et al. 1972). The specific
haplotype associated with the original HLA-DR2 allelic association (HLA-
DRB1*1501-DQB*0602) (Kantarci and Wingerchuk 2006) is responsible for this
association, but explains only ~25-35% of the genetic component of MS (Dyment,
Ebers, and Sadovnick 2004; Haines et al. 1998; Sawcer 2008), with an allelic odds
ratio of ~2.00. This haplotype (HLA-DRB1*1501-DQB1*0602) has a strong MS
association across populations except for MS cases from Sardinia and other
Mediterranean and Asian populations. These populations have strong associations
with different DRB1-DQB1 haplotypes (Barcellos et al. 2006). Recently,
independent effects of additional alleles at the HLA-DRB1 locus (Barcellos et al.
2006) and other loci within the MHC (Chao et al. 2008; Yeo et al. 2007) have been
described. However, the exact mechanism of how this region increases

susceptibility is still unknown.

Genetic Challenges Beyond HLA
Since the HLA-DR*1501 allele is not solely responsible for the genetic
influence on MS, the search for additional MS genes has been extensive
(Oksenberg and Barcellos 2005). MS researchers availed themselves of both
genome-wide linkage screens and candidate gene approaches to identify additional
genes. Since the mid-1990s, numerous genome-wide linkage screens have been
performed to identify regions that contain MS susceptibility loci. In initial screens,
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over 70 regions were identified as possible loci for harboring disease alleles (Ebers
et al. 1996; Haines et al. 1996; Kuokkanen et al. 1997; Sawcer et al. 1996).
However, there is little or no overlap between these regions and every chromosome
has been implicated in the risk of MS (Transatlantic Multiple Sclerosis Genetics
Cooperative 2001). With limited exceptions, further linkage investigations of these
regions has resulted in a lack of replication (Kenealy et al. 2004; Kenealy et al.
2006). More recent and definitive linkage studies performed by the International
Multiple Sclerosis Genetics Consortium (IMSGC) (International Multiple Sclerosis
Genetics Consortium 2005) clearly demonstrated that the only reliably strong
linkage signal resides in the MHC. The primary conclusion from these studies,
aside from confirmation of the MHC effect, is that the remaining genetic effects in
MS are more moderate in size, and that linkage studies are not adequately powered
to detect or confirm these disease loci. Thus development of more powerful
genome-wide screening tools was needed for complex diseases, such as MS.

The alternative approach of taking a focused look at specific candidate
genes has been equally frustrating. Although over 100 different candidate genes
have been examined and published since the initial MHC finding (Oksenberg et al.
2008), none have been consistently replicated and none have been accepted by the
MS genetics community as confirmed. In subsequent review of these studies,
several reasons became obvious as to why these studies have not been successful.
Most studies lacked strong biological rationale for their candidate genes, others
lacked comprehensive coverage of variation in their genes of interest (i.e. few SNPs
or haplotypes were examined), and arguably the most crucial fact was that these
studies had small sample sizes resulting in a lack of power to detect the small to

moderate effects these genes might have in MS (Sawcer 2008).
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New Genetic Approaches

To address the problems in candidate gene studies, there is a need to
design studies that explicitly identify the most likely biological candidates by
applying the concept of genomic convergence (Hauser et al. 2003). This
methodology first identifies candidate genes where altered gene expression has
been observed in multiple independent studies of MS patients or MS animal models.
Then the list is further refined to genes (directly or peripherally) known to have
involvement in the autoimmune process. The final requirement is that these genes
lie within regions of previous genetic linkage. Gregory et al. (2007) used this
approach to identify a set of biologically plausible candidate genes. Then using the
emerging HapMap data, they identified SNPs “tagging” the common genetic
variation in the genes under study (fulfilling the requirement of a comprehensive
examination of the candidate gene locus). Finally, large family-based and case-
control datasets with sufficient power to detect moderate genetic effects were
assembled. In 2007, more than three decades since HLA was first identified, this
approach was used to detect a second susceptibility locus for MS, interleukin-7
receptor a gene (IL7RA) with much smaller effect size (odds ratio=1.18) compared
to the effect of HLA (odds ratio=2.00) (Gregory et al. 2007).

New innovations in technology have addressed the power and coverage
issues related to genome-wide screens and in the past two years, genome-wide
association studies (GWAS) have become the norm. The IMSGC performed one of
the first published GWAS, resulting in the confirmation of IL7RA and the
identification of other genetic associations. This study identified an additional gene,
interleukin-2 receptor a gene (IL2RA), as an MS disease locus (International
Multiple Sclerosis Genetics Consortium 2007). Based on this initial GWAS, a set of

additional genes were tested in independent datasets and have now been confirmed
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in multiple datasets including CLEC16A, and CD226 (International Multiple Sclerosis
Genetics Consortium 2009). More recently, additional genes were tested and
confirmed in multiple datasets including TYK2, CD58, CD6, IRF8, and TNFRSF1A
(Ban et al. 2009; De Jager et al. 2009; Hafler et al. 2009; International Multiple
Sclerosis Genetics Consortium 2008) (Table 1.3).

With this second discovery wave, we have a better understanding of what
we might expect to find going forward not only in MS, but in complex genetic
disease in general. As a scientific community, the field was perhaps naive to think
that all the loci would have larger effects like HLA (despite the high heritability
estimates) and that all the risk alleles would be common variants (seen in at least
1% of the population). Using current GWAS study designs, we are most likely

looking for smaller effect sizes with odds ratios around 1.1-1.3.
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Table 1.3. Nine replicated non-MHC genes associated with multiple sclerosis in
European-American populations (CEU population).

Gene SNP(s) OR(s) (allele) Other Publications
Information
IL7RA rs6897932 1.18 Nonsynonymous | Gregory et al.
© (T2441) SNP 2007,
IMSGC 2007;
IL2RA (CD25) | rs12722489 1.25 (C) Intronic SNPs; IMSGC 2007;
rs2104286 1.19 (T) strong LD IMSGC 2008
(r’=0.5)
CLEC16A rs6498169 1.14 (G) Intronic SNPs; IMSGC 2007;
(KIAA0350) rs12708716 1.19 (A) strong LD IMSGC 2009
(D’=1.0;
r2=0.26)
CD58 rs12044852 1.24 (C) Intronic SNPs IMSGC 2007,
rs2300747 0.77 (G) DeJager et al.
2009
CD226 rs763361 1.12 (A) Nonsynonymous | IMSGC 2009;
(G307S) SNP Hafler et al.
2009
TYK2 rs34536443 1.32 (G) Nonsynonymous Ban et al.
(P1104A) SNP 2009
CD6 rs17824933 1.18 (G) Intronic SNP DeJager et al.
2009
IRF8 rs17445836 0.80 (A) Intergenic SNP | DeJager et al.
(within 61kb of 2009
IRF8)
TNFRSF1A rs1800693 1.2 (C) Rs4149584: DeJager et al.
rs4149584 1.58 (T) nonsynonymous 2009

(R121Q) SNP

Common Versus Rare Variation

The data to date suggest that there is one strong genetic effect (HLA

DR*1501) and a series of smaller yet important effects (i.e. IL7R, IL2R, CLEC16A).

These latter effects have been identified primarily through the GWAS approach,

whose success in complex disease cannot be ignored. However, it is important to

point out that the GWAS approach rests, and tests, only one of two alternative

theories that have emerged concerning the architecture of susceptibility to common
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diseases. GWAS assumes the common disease/common variant hypothesis
(CDCV) (Pritchard 2001; Reich and Lander 2001). The CDCV hypothesis suggests
that susceptibility to common diseases is determined by a few common variants with
lower penetrance. However, the alternative hypothesis invokes the existence of
multiple rare variants (MRV, e.g. extensive heterogeneity) (Smith and Lusis 2002).
The MRV hypothesis suggests that susceptibility is determined by a large humber of
rare variants with higher penetrance. Both hypotheses are likely involved in
association with complex diseases; however, the GWAS approach can only test for
the common variation present in a population.

The primary focus in the field of gene discovery over the past five years has
been testing the CDCV hypothesis, in part because the tools to do so (i.e. dbSNP,
the HapMap Project, and large-scale so-called SNP chips) have become available.
These tools have been brought together to perform GWAS, which have now been
applied to over 100 different phenotypes and have identified and confirmed over 400
new genetic associations (http://www.genome.gov/19518660#3). With  this
incredible flood of data comes the problem of performing thorough analyses.
Virtually every study published so far has analyzed the data one SNP at a time and
performed analyses assuming simple models. More complex analyses, including
those using haplotype information, stratification, and particularly examining the data
for gene x gene interactions have yet to become part of the mainstream analysis
paradigm.

The MRV hypothesis has received much less attention, but there is growing
evidence that it is an important aspect of some complex diseases. The HLA allele
and the IL7RA allele are both great examples of common alleles. The HLA allele
(with an allele frequency of 19%) has a larger effect (odds ratio (OR) ~2) while the
IL7RA allele (with an allele frequency of 75%) has a smaller effect (OR~1.2). These
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two gene polymorphisms, however, have modest attributable risk of 40.1% and
16.4%, respectively (the attributed risk for both loci was 49.6%) (Gregory et al.
2007). Thus, most of the genetic variance, or heritability, attributed to MS is still
unknown. MS susceptibility is likely determined by both common variants with lower
penetrance and rare variants with higher penetrance. Due to the heterogeneity of
this disease, we could be looking for 20-100 common alleles with very modest effect
sizes and many more rare alleles. The large number of loci involved could explain
the variable nature of this complex disease (Sawcer 2008; Wang et al. 2005). With
new technology and our ability to combine larger datasets, we are now better
equipped to begin looking for common variants with smaller effect sizes and for

rarer variants that could contribute to MS susceptibility.

Gene-gene And Gene-environment Interactions

Another explanation for the missing heritability is the possibility of gene x
gene or gene x environment interactions. With the lack of great success of GWAS
in finding a multitude of variants associated with MS and with the new view that we
are looking for variants with smaller effect sizes, interactions between various genes
has also surfaced as an architectural component to consider when examining the
genetics of complex diseases; perhaps we have not found many large effects
because two or more variants have to be present. Despite the vast humber of
linkage and association studies and the large amount of available samples, few
significant results replicate across different samples. This could be explained by
epistasis, an interaction between two genes or a gene with an environmental factor.
If epistasis is present, previously unreplicated main effects could have been
observed under the context of other polymorphisms or environmental influences,
which were lacking in replication studies. If a variant with an observed main effect is
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analyzed with another variant (or environmental variable), these two small effects
could create a larger, nonlinear effect (Hirschhorn et al. 2002; Moore 2003).
Epistasis may explain why there has been so much frustration over the years to
identify a large portion of the genetic component of many common diseases
(Sawcer 2008; Wang et al. 2005). These analyses are in their infancy as the data
generated from GWAS is only how beginning to be examined in greater depth.

MS has a strong genetic component that is finally beginning to reveal itself.
The success of both the genomic convergence influenced candidate gene approach
and the GWAS approach has been both a relief and a boon to the collective efforts
of the scientific community. MS researchers have made significant inroads, but the
majority of the genetic architecture of MS remains undefined. As we move forward,
we will continue to extend our knowledge of the genes related to the CDCV
hypothesis and their functional consequences, begin to test the MRV hypothesis,
and utilize more comprehensive analytic approaches with the existing genetic and
epidemiologic data. It is through these comprehensive approaches that we will

continue to expand our understanding of the genetics influencing MS.
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CHAPTER Il

CANDIDATE PATHWAY APPROACH

Precedent For Pathway Approach

With the discovery of the second MS susceptibility locus (IL7RA), the
functionality of this gene was examined for biological relevance to the pathogenesis
of MS. Rs6897932, a non-synonymous coding SNP in IL7RA, plays a functional
role in MS, as the major allele (C) increases skipping of exon 6 and thus increases
the soluble form of IL7RA. IL7RA is a likely functional candidate for this complex
disease because it is involved in the development, maturation, and homeostasis of
T and B cells. It is involved in two signaling pathways: IL7 and thymic stromal
lymphopoietin (TSLP) (Gregory et al. 2007).

The downstream signaling cascades are involved in various cell processes
including development of B and T cells, regulation of cell proliferation, regulation of
survival for progenitor and mature lymphoid cells, and gene transcription following
an immune response (Hofmeister et al. 1999; Jiang et al. 2005). Thus, genes
involved in these various signaling pathways are good candidate genes for MS
susceptibility loci. Other genes in the IL7RA pathway may have independent or
interactive effects with this known polymorphism in IL7RA (Gregory et al. 2007).

Other complex diseases, including schizophrenia and Crohn’s disease (CD),
have employed the approach of examining the extended pathways identified
through known susceptibility genes to identify new disease loci (Hennah et al. 2007,
McGovern et al. 2009). With the prior knowledge that IL23R contains a previously
identified CD associated SNP and that the biologically plausibility of its pathway with
CD pathogenesis, ten genes in the IL23/IL17 pathway were examined for other
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disease loci. The data implicated six genes (IL17A, IL17RA, IL17RD, IL12B,
IL12RB1, and IL12RB?2) in the association to CD (McGovern et al. 2009).

With the prior knowledge that variation in IL7RA is associated with MS, it is
plausible that this pathway (IL7/IL7RA) involving lymphocyte development is
involved in the autoimmune aspect of the disease. With this biological relevance to
the etiology of MS and knowing that IL7RA is a known MS susceptibility gene, we
hypothesized that other genes involved in this pathway may be associated with MS.
We designed our study to investigate the role of genes in the IL7RA pathway in MS
susceptibility both for independent and interactive gene effects. We selected genes
as part of this pathway if they were directly involved in the downstream signaling

cascade or were known to be influenced by varying IL7 concentrations.

Selection Process For Pathway Genes

IL7 is an essential cytokine for lymphocyte development. Its receptor is
made of two components: IL7RA and IL2RG (gamma c); the latter also
heterodimerizes with receptors for IL2, IL4, IL9, IL15, and IL21. Evidence has
shown that both components are essential for the biological effects of IL7 and are
also required for Statba/b activation. Thus, IL7RA is directly responsible for the
activation of Janus kinases (Jaks) and transcription factors (i.e. signal transducers
and activators of transcription (STATs)). For the Jaks to cross-phosphorylate, IL7
binds to IL7RA. This action recruits gamma c, which is pre-associated with Jak3.
Jakl associates with IL7RA. Thus, the intracellular domains (Jakl and Jak3),
brought together upon IL7 binding, are cross-phosphorylated and cause a
downstream phosphorylation cascade with Stats5. The phosphorylated tyrosine 449
(Y449) site on IL7RA binds Stat5 and also is an essential binding site for

phosphoinositide-3-kinase (PI3K), which starts a kinase-dependent cell cycle entry
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and proliferation of B cells. PI3K has four catalytic polypeptides: alpha, beta,
gamma, and delta. Following Jak3 phosphorylation of Jakl and the o chain, Jak3
creates docking sites for other transcription factors in addition to Stat5: Statl and
Stat3. Once the cross-linking of the receptors and the rapid activation of various
kinases occurs, transcription factors, such as STATs, c-myc, NFAT (NFATC1 and
NFATC2), and AP-1 are also activated (Figure 2.1) (Hofmeister et al. 1999; Jiang et
al. 2005; Fry and Mackall 2005).

IL7 is involved in regulation of proliferation. Following cross-phosphorylation
of Jakl and Jak3, PI3K binds to Y449 site. This binding inhibits p38 (MAPK14);
however, withdrawal of IL7 activates this stress kinase causing it to phosphorylate
Cdc25a leading to its degradation. Cdc25a is a phosphatase that is required for
proliferation. Thus, low IL7 occupancy has been associated with survival of
lymphocytes without proliferation. In addition, the PI3K pathway causes the
breakdown of p27 (Cyclin-dependent kinase—Cdk—inhibitor, CDKN1B), which
when activated, contributes to cell cycle arrest. Phosphorylated PI3K also causes
inhibition of GSK-3 (FRAT1), which is a gene involved in a major pathway to
proliferation through Cdks and cyclins. Another gene, c-myc, contributes to
activating cell division in the IL7 signaling pathway (Hofmeister et al. 1999; Jiang et
al. 2005).

IL7 is also involved in regulation of survival for progenitor and mature
lymphoid cells. This function is also activated through the PI3K pathway. How
exactly IL7 protects these cells is not yet fully understood; however, the regulation of

the apoptotic proteins (i.e. death proteins), Bcl-2 family proteins, is part of this
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Figure 2.1 IL7/IL7RA pathway genes (adapted from BioCarta www.biocarta.com)
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protection. There is a delicate balance between the anti-apoptotic proteins (i.e. life
proteins, such as Bcl-2 and Mcl-1) and the death proteins (Bim, Bax, and Bad).
Thus, IL7 induces activation of the life proteins and suppresses activation of pro-
apoptotic or death proteins. AKT is also a key downstream target of the PI3K
pathway in the survival regulation function of IL7. AKT has been proposed to
promote survival of pro-T cells by regulating Bad, a pro-apoptotic protein. AKT also
phosphorylates p27 (Cdk inhibitor), which regulates by reducing transcription and by
supporting degradation. PTEN has also been implicated in the survival pathway
cascade because of its function as a negative regulator of AKT signaling. Also, upon
IL7 initiation, phosphorylation of insulin receptor substrate 1 and 2 (IRS1/2) is
associated with Jakl and Jak3. This suggests a close regulation between PI3K and
IRS1/2 (Hofmeister et al. 1999; Jiang et al. 2005).

In addition, Src family kinases are activated by IL7. SKAP2 and CSK are
two such members that have been suggested to flow from IL7RA. NFATC1/2 are
components of the nuclear factor of activated T cells, thus playing a role in gene
transcription following an immune response. These genes have been suggested to
be regulated by IL7 (Jiang et al. 2005).

Also, IL7RA forms another heterodimer with TSLP receptor (CRLF2), which
serves as a receptor for TSLP. This heterodimer is expressed mainly in B and T
cells and is involved in the homeostasis of CD4+ T cells. This suggests that the
TSLP pathway may be involved in immune response (Gregory et al. 2007).

We also examined the IL4 pathway given a recent computational study
provided evidence that a promoter variant in IL4 was associated with MS (Motsinger
et al. 2007). Upon further research, it was found that IL4 and IL7 pathways may be
related since both their receptors form heterodimers with gamma c. L4 is
expressed by T helper cells type 2 (Th2), which are produced by the TSLP signaling
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cascade from the CD4+ T cells. These T helper cells are responsible for alerting
the immune system to an infection site (Ansel et al. 2006). MS patients have a
breakdown in this communication process, which leads to an autoimmune response.
Therefore, the IL4/IL4R pathway is a biological relevant pathway for investigation.

IL4 is a cytokine produced by activated T cells and influences differentiation
of CD4+ T cells into Th2 cells, which is crucial for antibody response. IL4 is located
in a gene cluster very close to IL13. Also, when IL13 binds with IL13RAL,
heterodimerization is induced between this receptor and IL4R. This receptor
(IL13RA1) binds Tyk2, a member of the Jak family, and is suggested to activate
Jakl. Upon Jakl activation, Stat3 and Stat6é are activated by IL13 and IL4,
respectively. SHC associates with Jakl upon IL4 activation; SHIP is directly
downstream of SHC in the IL4 pathway. Also, when IL4 is bound to IL13RA1 in
hematopoietic cells of myeloid lineage, Jak2 becomes activated (Kisseleva et al.
2002; O'Shea 2004).

IL5 is another cytokine that is regulated by long-range regulatory elements
that are coordinated with the regulation of IL13 (in a close gene cluster with 1L4).
IL2 is the ligand whose receptor (gamma c) is shared by IL4 and IL7. GCET2 is a
protein found in B cells whose expression is specifically induced by IL4. IFN-
gamma, a cytokine of T helper cells type 1 (Thl), is a stimulant for the Jak-Stat
pathway and is produced by the induction of IL18, a proinflammatory cytokine. In
addition, IL1R2, which is released by IL4 to interfere with IL1 activity, was chosen as
a gene of interest. IL27RA, a T cell cytokine receptor, is the mediator of tyrosine
phosphorylation of Statl, and also a component in the IL7RA pathway

(http://www.ncbi.nlm.nih.gov/).

Additionally, interleukin 12 (IL12A and IL12B) is required for T cell-

independent induction of IFN-gamma and are important for differentiation of Thl
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and Th2 cells. IL12B overexpression has also been seen in the CNS of patients
with MS. IL12-receptor’s subunits (IL12RB1 and IL12RB2) may also be important in

this extended pathway (http://www.ncbi.nlm.nih.gov/). Another transcription factor

(a Thl-specific T box factor—TBET) has correlated expression with IFN-gamma and
is responsible for directing naive T helper cells to differentiate into the Thl lineage
(Szabo et al. 2000). Also associated with the IL7RA-IL2ZRG complex are
suppressors of cytokine signaling (SOCS) for regulation of this signaling cascade.

There are seven known SOCS genes (SOCS1-7) (http://www.ncbi.nim.nih.gov/).

The genes that code for these interacting proteins were chosen as genes
involved in the IL7/IL7RA pathway and were investigated in this study (Table 2.1).
Other Bcl-2 family proteins were added to our gene list: Bcl-3, Bcl-2L1, and BID.
The remaining genes selected for examination in our study (PTK2B, CPLA2, LAG3,
PRKCE and PRKCA, and PLA2G4A/B/C) were recommended as other genes to
consider  based on their biological functions related to IL7

(http://www.ncbi.nlm.nih.gov/).

With our list of genes, we chose to examine the variants in these genes for
association with MS (Table 2.1). Using case-control samples from the International
Multiple Sclerosis Genetics Consortium (IMSGC), we assembled various
independent projects and genotyped each individual group’s list of genes or SNPs
on the same set of individuals. Through pooling our resources (i.e. combined
samples), we were able to design an lllumina iSelect 60K BeadChip assay, such

that each group could have sufficient space for their candidate genes of interest.
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Table 2.1. Genes Related to the IL7/IL7RA Pathway (and number of SNPs analyzed

following quality control processes).

*Genome build 36

Gene Coordinates (for SNPs Number of
Symbol Gene Name Chr. that passed QC)* SNPs
phosphoinositide-3-
PISKCD kinase delta 1 9593070-9746371 21
JAK1 Janus kinase 1 1 65023091-65173160 127
interleukin-12
IL-12RB2 receptor, beta 2 1 67497708-67684847 100
myeloid cell leukemia 148764762-
MCL1 sequence 1 1 148866805 31
Src homolog 2
domain containing 153151879-
SHC1 transforming protein 1 1 153262127 28
phospholipase A2, 185017477-
PLA2G4A group IVA 1 185273804 172
protein kinase C
PRKCE subunit epsilon 2 45685041-46317889 736
suppressors of
SOCS5 cytokine signaling 5 2 46730462-46886582 192
interleukin-1-receptor 101925952-
ILIR2 type Il 2 102131207 183
Bcl-2-like 11
(apoptosis facilitator) 111551960-
BIM (Bcl2111) 2 111688759 110
signal transducer and
activator of 191493020-
STAT1 transcription 1 2 191637067 88
insulin receptor 227259449-
IRS1 substrate 1 2 227421412 79
inositol
polyphosphate-5-
phosphatase 233685562-
SHIP (INPP5D) 2 233831061 93
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Gene Coordinates (for SNPs Number of
Symbol Gene Name Chr. that passed QC)* SNPs
cell division cycle 25
CDC25A homolog A 3 48127566-48251081 22
germinal center 113275284-
GCET2 | expressed transcript 2 3 113384312 50
phosphoinositide-3- 139812552-
PI3KCB kinase beta 3 140009784 67
interleukin-12 subunit 161142407-
IL12A alpha 3 161239145 145
phosphoinositide-3- 180301163-
PISKCA kinase alpha 3 180480472 79
123545419-
IL2 interleukin-2 4 123642766 42
142731964-
IL15 interleukin-15 4 142918791 115
interleukin-7 receptor
IL7RA subunit alpha 5 35843872-35962098 148
thymic stromal 110385325-
TSLP lymphopoietin 5 110490818 83
131857196-
IL5 interleukin-5 5 131946343 26
131976790-
IL13 interleukin-13 5 132030743 37
132031985-
IL4 interleukin-4 5 132093779 60
interleukin-12 subunit 158624371-
IL12B beta 5 158738822 93
mitogen-activated
MAPK14 protein kinase 14 6 36056981-36235447 120
src kinase associated
SKAP2 phosphoprotein 2 7 26623232-26919427 309
phosphoinositide-3- 106244287-
PIBKCG kinase gamma 7 106382121 95
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Gene Coordinates (for SNPs Number of
Symbol Gene Name Chr. that passed QC)* SNPs
protein tyrosine
PTK2B kinase 2 beta 8 27175455-27422069 249
IL7 interleukin-7 8 79761659-79929054 95
myelocytomatosis 128768636-
C-MYC oncogene homolog 8 128870327 64
JAK?2 Janus kinase 2 9 4925533-5167573 146
phosphatase and
PTEN tensin homolog 10 89569626-89764558 87
frequently rearranged
in advanced T-cell
FRAT1 lymphomas (GSK3) 10 99019268-99119220 41
Bcl-2-associated
BAD agonist of cell death 11 63744678-63853809 35
cytosolic
CPLA2 phospholipase a2 11 65186512-65289576 38
111472815-
IL18 interleukin-18 11 111587703 61
lymphocyte-activation
LAG gene 3 12 6703365-6806048 74
Cyclin-dependent
kinase inhibitor
CDKN1B member 1B 12 12714688-12816346 73
signal transducer and
activator of
STAT6 transcription 6 12 55725484-55832023 47
IFNG interferon gamma 12 66784937-66888366 140
suppressors of
SOCS2 cytokine signaling 2 12 92437803-92540873 74
insulin receptor 109154301-
IRS2 substrate 2 13 109280740 134
suppressors of
SOCS4 cytokine signaling 4 14 54522509-54634918 52
v-akt murine
thymoma viral 104260549-
AKT oncogene homolog 1 14 104364985 29
phospholipase A2,
PLA2G4B group IVB 15 39859822-39977361 70
CSK c-src tyrosine kinase 15 72812385-72929814 54
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Gene Coordinates (for SNPs Number of
Symbol Gene Name Chr. that passed QC)* SNPs
suppressors of
SOCS1 cytokine signaling 1 16 11206351-11306199 100
ILAR interleukin-4 receptor 16 27183964-27333237 124
suppressors of
SOCS7 cytokine signaling 7 17 33732717-33859016 49
signal transducer and
activator of
STAT5B transcription 5B 17 37559601-37682487 23
signal transducer and
activator of
STAT5A transcription 5A 17 37699948-37716520 8
signal transducer and
activator of
STAT3 transcription 3 17 37719618-37843998 65
Th-1-specific T box
TBET factor 17 43118004-43228183 61
protein kinase C
PRKCA subunit alpha 17 61679959-62287007 589
suppressors of
SOCS3 cytokine signaling 3 17 73816066-73917432 72
B-cell CLL/lymphoma
BCL2 2 18 58894080-59180491 224
suppressors of
SOCS6 cytokine signaling 6 18 66061517-66194992 116
nuclear factor of
activated T-cells,
cytoplasmic,
calcineurin-dependent
NFATC1 1 18 75207288-75439753 214
TYK2 tyrosine kinase 2 19 10276781-10398268 65
interleukin-27-
receptor subunit
IL27RA alpha 19 13981069-14056892 9
JAK3 Janus kinase 3 19 17748563-17868077 63
interleukin-12
IL12RB1 receptor, beta 1 19 17984617-18107891 96
B-cell CLL/lymphoma
BCL3 3 20 49893892-49989909 20
phospholipase A2,
PLA2GAC group IVc 19 53197280-53352257 178

32




Gene

Coordinates (for SNPs Number of
Symbol Gene Name Chr. that passed QC)* SNPs
Bcl-2-associated X
BAX protein 19 54100115-54206769 49
BCL2L1 Bcl-2-like 1 20 29667817-29822555 85
nuclear factor of
activated T-cells,
cytoplasmic,
calcineurin-dependent
NFATC?2 2 20 49393068-49638447 206
BHS3 interacting
BID domain death agonist 22 16549672-16686812 112
cytokine receptor-like
CRLF2 factor 2 X N/A 0
interleukin-2 receptor
subunit gamma
IL2RG (gamma c) X 70196217-70295254 24
interleukin-13- 117697403-
IL13RA1 receptor alpha 1 X 117857874 71
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CHAPTER III

METHODS AND RESULTS

Introduction

With the identification of the second multiple sclerosis (MS) disease locus in
2007 (IL7RA) (Gregory et al. 2007) and subsequent findings in a genome wide
association study (GWAS) (International Multiple Sclerosis Genetics Consortium
2007), we realized it was essential to compile large datasets to identify additional
disease alleles. With the identification of IL7RA and its known function, we
hypothesized that additional genes in the pathway could also be associated with
MS. Thus, we identified 73 genes suggested to be involved in the IL7/IL7RA

pathway to examine for MS susceptibility.

SNP Selection

For our discovery screen, we identified 73 genes demonstrating putative
biological involvement within the IL7RA pathway (Table 2.1) by performing a
PubMed search (Ansel et al. 2006; Fry and Mackall 2005; Gregory et al. 2007;
Hofmeister et al. 1999; Jiang et al. 2004; Jiang et al. 2005; Kisseleva et al. 2002;
Motsinger et al. 2007; O'Shea 2004). All known SNPs within the genomic
sequence of each gene and 50 kb flanking upstream and downstream of the gene
were identified using dbSNP version 127. The flanking regions of each gene were
included to thoroughly cover the common variation of each gene and any possible
regulatory regions surrounding the gene.

With collaborators from the International Multiple Sclerosis Genetics

Consortium (IMSGC), we aggregated a total of 48,767 SNPs for multiple projects
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into a single 60K BeadChip design based on the chemistry on the chip. This study
selected 7,865 SNPs for the 73 gene regions based on lllumina’s list of SNPs from
these chromosomal regions. These SNPs represented 16% of the total 60K
BeadChip. The criteria for picking SNPs were the following: minor allele
frequencies greater than 5% in the CEU population, validated SNPs (from dbSNP),
and lllumina Infinium score greater than 0.60 (proprietary score used to predict the
overall success of the assay). We selected all SNPs in these gene regions that met
the criteria regardless of linkage disequilibrium (LD) patterns.

For validation, we selected genes or gene regions with several SNPs from
our nominally most significant p-values. Reviewing the most significant results, we
initially identified five gene regions of particular interest. SNPs were genotyped
across Sequenom pools for the aggregated multiple IMSGC projects. This study
selected 31 SNPs across these gene regions. The SNPs chosen for replication
were those with the highest Armitage p-values from the five gene regions.

Another follow-up Sequenom pool was genotyped at Brigham’'s and
Women’s Hospital (BWH) looking at nominally significant SNPs from our secondary
analyses (discussed later in the Analysis). Sixteen SNPs from eight gene regions
were selected for further genotyping based on their significant differential p-values in
our stratified datasets (compared to the unstratified dataset p-values), mainly the

HLA- (those individuals without an HLA risk allele), females only, and males only.

Samples
Samples for the discovery screen came from both the United States (US)
and the United Kingdom (UK). Subjects came from BWH in Boston, the University
of California at San Francisco (UCSF), and University of Cambridge (CMS), UK.
The McDonald criteria were used to provide a positive diagnosis for MS; these
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criteria are discussed elsewhere (see Chapter 1, Diagnosis) (McDonald et al. 2001).
Healthy unrelated controls were selected from the same US sites and from the 1958
Birth Cohort in the UK (International Multiple Sclerosis Genetics Consortium 2007).
Controls were selected to match the appropriate ratio of female to male cases.
Controls were also age-matched to the cases when possible. Subjects were chosen
with all four main types of MS and varying disability. In the UK subset, those with
clinically isolated syndrome (CIS) were excluded from this study, however, about
6% of the US subset had CIS at their examination dates. All participants self-
reported as non-Hispanic whites (Table 3.1).

Samples for the replication dataset (Sequenom) also were obtained from
the United States and the United Kingdom, including BWH, UCSF, Washington
University (WashU), the Accelerated Cure Project (ACP) out of Massachusetts,
Rush University of Chicago (RUSH), and Cambridge (CMS). The same criteria
were applied for diagnosis (McDonald et al. 2001). The controls were collected from
the same ascertainment sites as the controls with the UK controls coming from the
1958 Birth Cohort. Like the discovery dataset, the UK cases with CIS were
removed; whereas, CIS cases only made up 4% of the US cases. All samples
were self-reported non-Hispanic whites (Table 3.2). This dataset consisted of
4,831 samples (2,397 cases and 2,434 controls). Concordance tests were
performed to ensure these two datasets (discovery dataset and the replication

dataset) are independent.
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Table 3.1. Demographics of Case-control dataset from initial screen using lllumina 60K BeadArray (following quality control).

United Kingdom United States
Case Control Case Control
Gender (#)
Female 493 570 343 329
Males 181 194 326 286
Total 674 764 669 615
Ratio (female-male) 2.72 2.94 1.05 1.15
Age (yrs)
Average 50.0 50.0 50.0 48.5
Range 27-72 50 23-89 23-84
Age at onset (yrs)
Average 32.3 N/A 33.9 N/A
Range 9-57 N/A 4-64 N/A
Disease course (%)
Relapsing remitting 55.21 N/A 49.93 N/A
Secondary
progressive 28.57 N/A 17.94 N/A
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United Kingdom

United States

Case Control Case Control
Primary
progressive 13.69 N/A 10.16 N/A
Progressive
relapsing 0 N/A 2.99 N/A
Unknown 2.53 N/A 12.26 N/A
Expanded Disability
Status Scale score
(%)
<3 36.2 N/A 52.99 N/A
3to <6 23.68 N/A 23.76 N/A
6 15.84 N/A 8.89 N/A
6.5 8.9 N/A 6.15 N/A
>6.5 15.38 N/A 8.21 N/A
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Table 3.2. Demographics of Case-control dataset from replication screen
(following quality control).

Case Control
Gender (#)
Female 1572 976
Male 539 1061
Total 2111 2037
Ratio (female-male) 2.91 0.92
Age (yrs)
Average 45.83 N/A
Range 17-79 N/A
Age at first symptoms (yrs)
Average 19.05 N/A
Range 1-71 N/A
Disease course (% of known)
Relapsing remitting 66.36 N/A
Secondary progressive 21.56 N/A
Primary progressive 7.02 N/A
Progressive relapsing 0.59 N/A
CIS 4.48 N/A

Genotyping Techniques

We used the lllumina iSelect 60K BeadChip assay as our genotyping
platform. The lllumina protocol involves amplification of genomic DNA,
fragmentation of this DNA, hybridization of the DNA on the BeadChip, extension on
the BeadChip, and imaging to read the chip (Steemers et al. 2006). With our
collaborators from the International Multiple Sclerosis Genetics Consortium
(IMSGC), we compiled a set of 48,767 SNPs onto a 60K BeadChip. Thus, we were
able to genotype the maximum number of beadtypes (60,800) available for the
iSelect platform. Depending on the chemistry used for assaying a particular SNP,
there is either one beadtype per SNP or two beadtypes per SNP. The genotyping
for this stage was performed at John P. Hussman Institue for Human Genomics at

the University of Miami.
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We used the Sequenom MassARRAY iPLEX platform for genotyping our
most significant results from our lllumina experiment for validation purposes. The
Sequenom protocol involves a multiplex PCR reaction preceding a single base
primer extension reaction. The individual SNPs are identified by using Matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI TOF
MS). The detailed protocol for this platform is described elsewhere (Gabriel,

Ziaugra, and Tabbaa 2009). The genotyping was performed at BWH.

Quality Control (QC)

The initial dataset contained 2,961 individuals (1,479 cases and 1,482
controls). Using the Whole-genome Association Study Pipeline (WASP) (Sexton et
al. 2007), we tested for SNP and sample genotyping efficiency, allele frequencies,
gender errors, and Hardy-Weinberg equilibrium (HWE). To ensure thorough
cleaning of the data, this process was performed recursively.

Overall, 92 individuals were eliminated based on low genotyping efficiency
(<95%). Sixty-eight additional individuals were eliminated based on gender
discrepancies (X-chromosome heterozygosity scores) and/or apparent relatedness
(using IBS statistics in Graphical Relationship Representation) among samples in
the dataset. Over 800 X-chromosome SNPs were on the BeadChip and could be
used to determine possible gender discrepancies. Population stratification was
investigated, and 79 samples were dropped if the probability was <0.90 of being
from European descent. Population stratification processes (Structure) were run
using 500 SNPs most different between the YRI and CHB/JPT HapMap populations
compared to the CEU population.

SNPs were eliminated based on low genotyping efficiency (<95%), on the

absence of a minor allele in our dataset (monomorphic), and on deviation from HWE
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(<0.0001). Seventy-three SNPs were out of HWE in the overall dataset but were in
HWE (>0.05) in either the cases alone or the controls alone and were subsequently
retained for analysis.

The QC process eliminated ~8% of the samples and ~4% of the SNPs. The
estimate of residual genotypic error (based on X-chromosome heterozygosity in
males) was 1.87 x 10°. Overall, QC was completed yielding 2,722 (1,343 cases
and 1,379 controls) individuals and 46,874 SNPs (Figure 3.1). The IL7RA pathway
project included 7,637 SNPs (16.3% of the total BeadChip).

Following validation genotyping, QC processes similar to the initial screen
were run on the 31 SNPs (Sequenom pools 1-3). The initial dataset contained
4,831 individuals (2,397 cases and 2,434 controls). Unlike the discovery screen, we
only had access to our SNPs; thus, QC processes were only performed on these 31
SNPs. Using WASP, we tested for SNP and sample genotyping efficiency, allele
frequencies, and HWE. Overall, 474 individuals were eliminated based on low
genotyping efficiency (<85%) or the individuals self-reporting as not non-Hispanic
Caucasians. We used a lower standard (<85%) for the validation samples
compared with the lllumina experiment because the genotyping efficiencies were
substantially lower in the Sequenom pools compared with lllumina. In addition, 209
individuals were eliminated due to overlap with the discovery dataset. No X-
chromosome SNPs were run so gender discrepancies could not be addressed, and
there were not enough SNPs genotyped to examine relatedness. SNPs were
eliminated based on low genotyping efficiency (<95%) and overall deviation from
HWE (<0.0001). Four SNPs had genotyping efficiencies lower than 95%, and
three SNPs were out of HWE. The QC process eliminated ~14.3% of the samples
and ~22.5% of the SNPs in the validation dataset. Overall, QC was completed
yielding 4,148 individuals (2,111 cases and 2,037 controls) and 24 SNPs.
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48,767 SNPs, 2,961 samples

92 - Eliminated < 95% genotyping efficiency- sample
760 - Eliminated < 95% genotyping efficiency -SNPs
563 - Eliminated monomorphic SNPs

380 - Eliminated HW < 0.0001 unless case/control > 0.05- SNPs
47,064 SNPs, 2,869 samples

68 - Eliminated by gender discrepancies/apparent relatedness- samples
57 - Eliminated by population stratification (Structure) - samples

6 - Eliminated < 95% genotyping efficiency -SNPs

164 - Eliminated monomorphic SNPs

46,894 SNPs, 2,744 samples

22 - Eliminated by population stratification (Structure) —samples
3 - Eliminated < 95% genotyping efficiency -SNP

13 - Eliminated monomorphic SNPs

4 - Eliminated HW < 0.0001 unless case/control > 0.05- SNPs

46,874 SNPs, 2,722 samples

Figure 3.1. Flowchart of QC Process (for 60K BeadChip).

Likewise, the fourth Sequenom pool was cleaned using a same QC process
as the first 3 Sequenom pools. The initial dataset contained 4,679 individuals
(2,384 cases and 2,295 controls), which were the same individuals as in the first
three Sequenom pools. Using WASP, we eliminated 267 individuals based on low
genotyping efficiency (<85%). We also eliminated 2 SNPs because of low
genotyping efficiency (<95%). This QC process eliminated ~5.7% of the samples
and ~11.1% of the SNPs. Overall, for the second part of replication, QC yielded

4,412 individuals and 16 SNPs.

Analysis Plan
The analysis of the Illlumina data was divided into 3 tiers: primary,
secondary, and tertiary. The primary analyses involved Armitage trend tests and
genotypic chi square analyses performed using WASP software. In addition,
haplotype blocks were identified and examined for haplotypic associations using
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HaploView (Barrett et al. 2005) and haplo.stats from the R project (http://www.r-
project.org/). Only the nominally significant SNPs from the Armitage trend test (p-
values<0.05) (578 SNPs) were considered for this latter analysis; as such,
haplotypic analysis was performed on the tagging SNPs for only the significant
SNPs (p-values<0.05) in each gene region. Finally, using tag SNPs for all the SNPs
(~2,500 tag SNPs), we tested for interactions between two or three SNPs using
Multi-factor dimensionality reduction (MDR). The MDR method pools multilocus
genotypes into high-risk and low-risk groups, thus, reducing the variable into one
dimension. This data mining approach then analyzes combinations of SNPs for
associations with MS. MDR tests this new variable’s ability to categorize and
predict disease status using cross validation and permutation tests to statistically
test and report a level of significance. The main goal of this method is to identify
gene X gene or gene X environment interactions with or without a main effect
present (Ritchie et al. 2001). For our purposes, we chose to explore all 2-way and
3-way interactions (all pairwise combinations of our tagged SNP set and all 3-SNP
combinations, respectively) to identify a main effect interaction on MS in the
absence of a main effect SNP. MDR was used to look for gene x gene interactions
both within the pathway and separately with each of the known MS disease loci, the
HLA allele or the IL7RA allele (Ritchie et al. 2001).

Rs3135388, a SNP that is highly predictive of the HLA-DRB1*1501 allele,
(International Multiple Sclerosis Genetics Consortium 2007), and the non-
synonymous SNP (rs6897932) in IL7RA (Gregory et al. 2007) were included on the
lllumina chip as positive controls and for stratification purposes. We report nominal
p-values (p-values <0.05) (unless otherwise indicated). A stringent Bonferroni
corrected p-value is 2.0x10° calculated using ~ 2,500 independent SNPs
(accounting for linkage disequilibrium in each gene region at r* > 0.80).
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The secondary analyses involved the nominally significant SNPs from the
primary analyses (578 SNPs) and analyzing them separately in the various strata.
The samples were stratified four separate times to look at strata specific results;
these strata included: allelic stratification of the HLA risk allele, allelic stratification of
the IL7RA risk allele, gender, and type of MS (RRMS or SPMS only). In each of
these subgroups of our dataset, we performed Armitage trend tests and genotypic
and haplotypic chi square analyses. Also, we tested for interactions using MDR for
each subgroup. Additionally, a case-only analysis was performed using logistic
regression to investigate the effect of our continuous variable for severity of the
disease, MSSS, on the presence or absence of the minor allele for each SNP.
Finally, tertiary analysis involved all the secondary analyses in each stratified
subgroup for all 7,637 SNPs, not just those SNPs with nominally significant p-values
(p-values <0.05).

We chose to stratify our samples by the presence of the HLA risk allele
(rs3135388) (genotypes AA and AG) and the absence of the HLA risk allele
(genotype GG) to test for both interactive effects with HLA and for independent
effects that may be masked by the strong association of HLA with MS. Stratifying
by the IL7TRA SNP was used to explore the possibility of interaction as previously
suggested (Gregory et al. 2007). We stratified by the presence of the IL7RA risk
allele (rs6897932) (genotypes GG and AG) and the absence of the IL7RA risk allele
(genotype AA). In addition, we stratified our data by gender because of the gender
disparities in MS prevalence and MS disease course. Likewise, because of the
phenotypic differences between the types of MS, we stratified by type of MS.
Because of sample size constraints, we stratified by the two largest groups: RRMS

and SPMS.
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Our follow-up dataset (our Sequenom pools) analyses were similar to those
for the discovery dataset. For the first set of follow-up (31 SNPs and 5 gene
regions), we performed Armitage trend tests, genotypic and haplotypic chi square
analyses, and MDR for interactions (same as our primary analyses for Illlumina
data). We also stratified these new individuals by HLA risk allele, by IL7RA risk
allele, and by gender. In each of these subgroups, we performed Armitage trend
tests and genotypic and haplotypic chi square analyses. For the second set of
follow-up (16 SNPs and 8 gene regions), we performed Armitage trend tests and
genotypic chi square analyses. We also stratified the dataset by HLA risk allele, by
IL7RA risk allele, and by gender. We analyzed all 16 SNPs in each stratum despite
the fact that we chose certain SNPs because of their significant p-values in specific

Strata.

Main Results (Armitage Trend Test)

After all quality control was completed, our discovery dataset consisted of
7,637 SNPs genotyped in 1,343 cases and 1,379 controls. Our results using the
Armitage trend test found 578/7,637 (7.57%) nominally significant SNP results with
estimated genotype relative risks (GRRs) of 1.11-1.64 (over 75% have GRRs<1.20).
None of these SNPs met a Bonferroni experiment-wise correction, although one
SNP in IL7 (rs2587156) trended towards corrected significance (p-value=2.46x107).
There are seventeen SNPs of particular interest (p-values<1 x 107, Table 3.3) (for
the full set of significant SNPs, see Table 3.7), representing five gene regions.
These five gene regions (IL7, PRKCE, SOCS1, TYK2, and BCL2) became top
priority for follow-up studies. We selected 31 SNPs including the seventeen top
SNPs and fourteen additional SNPs with interesting p-values (p-values<1x107?) from
these five gene regions.
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Following QC analyses, 24/31 SNPs were analyzed in the independent
validation dataset of 2,111 cases and 2,037 controls. We observed 11/24 significant
SNPs (p-values<0.05) with estimated GRRs of 1.11-1.25 (Table 3.4). In addition,
we merged the two independent datasets together to obtain the overall Armitage p-
values for all 3,454 cases and 3,416 controls. The SNPs on chromosome 16
flanking SOCS1 were the most significant having an estimated GRR of 1.25; the
most significant p-value (3.48x107) was with SNP rs441349. IL7 also had
significant SNPs as well with estimated GRRs of 1.14 and 1.35 (Table 3.5) with p-
values of 6.92x10™ and 8.29x10°° for SNPs rs1054283 and rs2587156, respectively.

Following QC analyses, sixteen additional SNPs were analyzed in this same
independent validation dataset for possible replication of some of our significant
secondary analyses. One of the sixteen SNPs was significant with an estimated
GRR of 1.16 (Table 3.6), however we chose SNPs from our stratified datasets with
substantial differential p-values compared with the unstratified dataset Armitage
trend test p-values. These initial findings (from our discovery dataset) and the
replication dataset findings will be discussed in Chapter 4. However, the strata with
the most significant findings were the HLA- (those individuals without an HLA risk

allele), females only, and males only.
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Table 3.3. Armitage Trend Test Results for lllumina screen (most significant SNPs) (p-values<1 x 107).
*OR calculated for minor allele
** Minor Allele Frequency is for the overall dataset (both cases and controls)

Minor
Allele
Nearby Armitage p- | Odds Minor | Frequency
Chr. SNP Location (bp) Gene Gene Location value Ratio* | Allele **

Flanking

8 rs2587156 79885663 IL7 IL7 5UTR 2.46E-05 0.63 A 0.07

2 rs2711285 46083353 PRKCE PRKCE intron 3.47E-04 1.23 G 0.37

19 rs368835 10286986 MGC19604 TYK2 intron 3.97E-04 0.77 A 0.17
Flanking

18 rs8092360 58924818 BCL2 BCL2 3UTR 4.32E-04 1.26 A 0.22
Flanking

16 rs1794019 11287276 PRM1 SOCS1 5UTR 4.33E-04 0.78 C 0.18
Flanking

16 rs181694 11292330 PRM1 SOCS1 5UTR 4.35E-04 0.78 A 0.18
Flanking

16 rs1646026 11290196 PRM1 SOCS1 5UTR 4.86E-04 0.78 T 0.18
Flanking

16 rs12922733 11288171 PRM1 SOCS1 5UTR 5.38E-04 0.78 G 0.18
Flanking

16 rs12599908 11303416 PRM1 SOCS1 5UTR 5.47E-04 0.78 A 0.18

2 rs2595218 46079469 PRKCE PRKCE intron 5.65E-04 1.22 A 0.37

19 rs281423 10296493 RAVER1 TYK2 intron 5.72E-04 0.78 A 0.17
Flanking

18 rs9947451 58894080 BCL2 BCL2 3UTR 6.12E-04 1.24 T 0.26
Flanking

16 rs2867936 11306199 PRM1 SOCS1 5UTR 6.42E-04 0.78 T 0.18
Flanking

16 rs12596260 11305766 PRM1 SOCS1 5UTR 7.31E-04 0.79 C 0.18
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Minor

Allele
Nearby Armitage p- | Odds Minor | Frequency
Chr. SNP Location (bp) Gene Gene Location value Ratio* | Allele **

Flanking

16 rs441349 11279260 PRM2 SOCS1 5UTR 7.68E-04 0.79 T 0.18
Flanking

16 rs497184 11297090 PRM1 SOCS1 5UTR 9.40E-04 0.79 T 0.18
Flanking

8 rs6993386 79816700 IL7 IL7 5UTR 9.58E-04 1.21 G 0.33

48




Table 3.4. Armitage Trend Test Results for Replication Study (24 SNPs)

**Minor Allele Frequency is for the overall dataset (both cases and controls)

*OR calculated for minor allele

Nearby Armitage Odds Minor Minor Allele
Chr. SNP Location (bp) Gene Gene Location p-value Ratio* Allele Frequency**

Flanking

16 rs441349 11279260 PRM2 SOCS1 5UTR 6.90E-05 0.80 T 0.18
Flanking

16 rs423674 11280906 PRM1 SOCS1 3UTR 2.35E-04 0.82 T 0.19
Flanking

16 rs12599908 11303416 PRM1 SOCS1 5UTR 2.80E-04 0.82 A 0.19
Flanking

16 rs2867936 11306199 PRM1 SOCS1 5UTR 2.86E-04 0.82 A 0.19
Flanking

16 rs12922733 11288171 PRM1 SOCS1 5UTR 4.14E-04 0.82 G 0.19
Flanking

16 rs1794019 11287276 PRM1 SOCS1 5UTR 4.81E-04 0.83 C 0.19
Flanking

8 rs2587156 79885663 IL7 IL7 5UTR 0.01042 0.81 T 0.07
Flanking

16 rs2301365 11282787 PRM1 SOCS1 5UTR 0.02198 1.12 T 0.27
Flanking

8 rs2953475 79800693 IL7 IL7 3UTR 0.03075 1.11 A 0.28

8 rs1483573 79786172 C8orf70 IL7 intron 0.03584 1.11 A 0.28

8 rs1054283 79773265 C8orf70 IL7 coding 0.03781 1.10 A 0.28

8 rs894221 79811612 IL7 IL7 intron 0.04752 1.10 C 0.28
Flanking

18 rs8088739 58918068 BCL2 BCL2 3UTR 0.04857 1.10 C 0.26

18 rs8092360 58924818 BCL2 BCL2 Flanking 0.06704 1.10 T 0.21
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Nearby Armitage Odds Minor Minor Allele
Chr. SNP Location (bp) Gene Gene Location p-value Ratio* Allele Frequency**
3UTR

Flanking

8 rs7816065 79925213 IL7 IL7 5UTR 0.08336 1.08 T 0.46
Flanking

8 rs6993386 79816700 IL7 IL7 5UTR 0.08728 1.08 G 0.35
Flanking

8 rs4739140 79915565 IL7 IL7 5UTR 0.1937 0.94 C 0.38
Flanking

8 rs1545298 79924391 IL7 IL7 5UTR 0.2219 1.05 T 0.49
Flanking

18 rs8083921 58917082 BCL2 BCL2 3UTR 0.244 0.94 T 0.27
Flanking

8 rs2887502 79919146 IL7 IL7 5UTR 0.2483 0.95 C 0.40

MGC

19 rs368835 10286986 19604 TYK2 intron 0.4392 0.95 A 0.14
Flanking

18 rs9947451 58894080 BCL2 BCL2 3UTR 0.5561 1.03 A 0.26

5 rs17624563 110484162 WDR36 TSLP coding 0.6875 1.03 G 0.09

19 rs2304256 10336652 TYK2 TYK2 coding 0.8539 1.01 A 0.28
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Table 3.5. Armitage Trend Test Results for the Combined Datasets (included both
discovery screen and replication; 3454 cases and 3416 controls).
*OR calculated for minor allele

Merged

Location Nearby Armitage | Odds

Chr. SNP (bp) Gene Gene Location p-value | Ratio*
flanking 3.48E-

16 rs441349 | 11279260 PRM2 SOCS1 5UTR 07 0.80
flanking 1.12E-

16 | rs12599908 | 11303416 PRM1 SOCS1 5UTR 06 0.81
flanking 1.26E-

16 rs2867936 | 11306199 PRM1 SOCS1 5UTR 06 0.81
flanking 1.46E-

16 rs1794019 | 11287276 PRM1 SOCS1 5UTR 06 0.81
flanking 1.49E-

16 | rs12922733 | 11288171 PRM1 SOCS1 5UTR 06 0.81
flanking 2.34E-

16 rs423674 | 11280906 PRM1 SOCS1 3UTR 06 0.81
flanking 8.29E-

8 rs2587156 | 79885663 IL7 IL7 5UTR 06 0.74
3.63E-

8 rs1483573 | 79786172 | C8orf70 IL7 intron 04 1.15
flanking 3.75E-

8 rs2953475 | 79800693 IL7 IL7 3UTR 04 1.15
flanking 5.07E-

8 rs6993386 | 79816700 IL7 IL7 5UTR 04 1.13
6.92E-

8 rs1054283 | 79773265 | C8orf70 IL7 coding 04 1.14
flanking 7.85E-

16 rs2301365 | 11282787 PRM1 SOCS1 5UTR 04 1.14
8.06E-

8 rs894221 | 79811612 IL7 IL7 intron 04 1.14
flanking 1.17E-

18 rs8092360 | 58924818 BCL2 BCL2 3UTR 03 1.15
flanking 2.84E-

18 rs8088739 | 58918068 BCL2 BCL2 3UTR 03 1.12
2.90E-

19 rs368835 | 10286986 | MGC19604 | TYK2 intron 03 0.86
flanking 4.02E-

8 rs7816065 | 79925213 IL7 IL7 5UTR 03 1.10
flanking 5.44E-

8 rs1545298 | 79924391 IL7 IL7 5UTR 03 1.10
flanking 5.65E-

8 rs4739140 | 79915565 IL7 IL7 5UTR 03 0.91
flanking 8.81E-

18 rs8083921 | 58917082 BCL2 BCL2 3UTR 03 0.90
flanking 1.32E-

8 rs2887502 | 79919146 IL7 IL7 5UTR 02 0.92

18 rs9947451 | 58894080 BCL2 BCL2 flanking 0.03075 | 1.09
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Merged

Location Nearby Armitage | Odds
Chr. SNP (bp) Gene Gene Location p-value | Ratio*
3UTR
5 rs17624563 | 1.1E+08 WDR36 TSLP coding 0.09066 | 0.91
19 rs2304256 | 10336652 TYK2 TYK2 coding 0.09189 | 0.94
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Table 3.6. Armitage Trend Test Results for Replication Study #2 (Sequenom pool 4
— 16 SNPs).
*OR calculated for minor allele

Location Nearby Armitage | Odds
Chr. SNP (bp) Gene Gene | Location | p-value | Ratio*

16 | rs1646066 | 11226007 | LOC729954 | SOCS1 | intron 0.018 0.86
flanking

3 rs581127 | 161153704 IL12A IL12A 5UTR 0.050 0.92
flanking

18 |rs11152368 | 58914092 BCL2 BCL2 3UTR 0.18 1.06

18 | rs11152377 | 59123426 BCL2 BCL2 intron 0.25 1.05

18 | rs9972995 | 59072837 BCL2 BCL2 intron 0.25 1.06
flanking

16 rs3024685 | 27284411 ILAR ILAR 3UTR 0.32 1.05
flanking

17 | rs7503524 | 33859016 | ARHGAP23 | SOCS7 | 5UTR 0.33 1.05

5 rs17554123 | 110484407 WDR36 TSLP intron 0.34 1.08

2 rs2595218 | 46079469 PRKCE PRKCE | intron 0.35 1.04
flanking

17 | rs2013383 | 43146122 TBKBP1 T-BET | 3UTR 0.44 1.04

18 rs2850761 | 59117377 BCL2 BCL2 intron 0.46 0.97
flanking

17 | rs8070463 | 43123835 TBKBP1 T-BET | 5UTR 0.49 1.03

17 rs887797 62009907 PRKCA PRKCA | intron 0.53 0.97

5 rs17624563 | 110484162 WDR36 TSLP coding 0.78 1.02
flanking

16 | rs4787956 | 27285750 IL4R IL4R 3UTR 0.82 1.01

17 |rs10514934 | 43167123 TBX21 T-BET intron 0.85 1.01

2 rs1987070 | 46090950 PRKCE PRKCE | intron 0.93 1.01
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Table 3.7. Armitage Trend Test Results for all 578 significant SNPs (p-values <0.05) from Illlumina 60K screen.
*OR calculated for minor allele

Nearby Armitage | Odds
Chr. SNP Location (bp) Gene Gene Location pvalue Ratio*

flanking-

8 rs2587156 79885663 IL7 IL7 5UTR 2.46E-05 0.63

2 rs2711285 46083353 PRKCE PRKCE intron 3.47E-04 1.23

19 rs368835 10286986 MGC19604 TYK2 intron 3.97E-04 0.77
flanking-

18 rs8092360 58924818 BCL2 BCL2 3UTR 4.32E-04 1.26
flanking-

16 rs1794019 11287276 PRM1 SOCS1 5UTR 4.33E-04 0.78
flanking-

16 rs181694 11292330 PRM1 SOCS1 5UTR 4.35E-04 0.78
flanking-

16 rs1646026 11290196 PRM1 SOCS1 5UTR 4.86E-04 0.78
flanking-

16 rs12922733 11288171 PRM1 SOCS1 5UTR 5.38E-04 0.78
flanking-

16 rs12599908 11303416 PRM1 SOCS1 5UTR 5.47E-04 0.78

2 rs2595218 46079469 PRKCE PRKCE intron 5.65E-04 1.22

19 rs281423 10296493 RAVER1 TYK2 intron 5.72E-04 0.78
flanking-

18 rs9947451 58894080 BCL2 BCL2 3UTR 6.12E-04 1.24
flanking-

16 rs2867936 11306199 PRM1 SOCS1 5UTR 6.42E-04 0.78
flanking-

16 rs12596260 11305766 PRM1 SOCS1 5UTR 7.31E-04 0.79
flanking-

16 rs441349 11279260 PRM2 SOCS1 5UTR 7.68E-04 0.79

16 rs497184 11297090 PRM1 SOCS1 flanking- 9.40E-04 0.79
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Nearby Armitage | Odds
Chr. SNP Location (bp) Gene Gene Location pvalue Ratio*
5UTR

flanking-

8 rs6993386 79816700 IL7 IL7 S5UTR 9.58E-04 1.21
flanking-

16 rs529866 11280821 PRM1 SOCS1 3UTR 1.11E-03 0.79
flanking-

8 rs1545297 79924406 IL7 IL7 5UTR 1.17E-03 1.19

2 rs2255094 46085546 PRKCE PRKCE intron 1.28E-03 0.83
flanking-

2 rs895761 46280959 PRKCE PRKCE 3UTR 1.32E-03 0.82
flanking-

3 rs4524326 161155705 IL12A IL12A 5UTR 1.43E-03 0.84
flanking-

16 rs423674 11280906 PRM1 SOCS1 3UTR 1.49E-03 0.80
flanking-

3 rs649852 161160314 IL12A IL12A 5UTR 1.56E-03 1.19
flanking-

2 rs6725556 227375236 IRS1 IRS1 5UTR 1.66E-03 1.40

2 rs10168349 46214411 PRKCE PRKCE intron 1.72E-03 0.84

8 rs1483573 79786172 C8orf70 IL7 intron 1.83E-03 1.21
flanking-

3 rs13069625 161142407 SCHIP1 IL12A 3UTR 1.85E-03 0.84
flanking-

3 rs480350 161150985 IL12A IL12A 5UTR 1.86E-03 0.84
flanking-

3 rs581127 161153704 IL12A IL12A 5UTR 1.88E-03 0.85
flanking-

3 rs1366302 161143969 IL12A IL12A 5UTR 1.88E-03 0.85

8 rs1545298 79924391 IL7 IL7 flanking- 1.94E-03 1.18
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Nearby Armitage | Odds
Chr. SNP Location (bp) Gene Gene Location pvalue Ratio*
5UTR
flanking-
18 rs8088739 58918068 BCL2 BCL2 3UTR 2.00E-03 1.21
8 rs2953477 79787160 C8orf70 IL7 intron 2.05E-03 1.21
flanking-
8 rs2919936 79796562 C8orf70 IL7 3UTR 2.39E-03 1.21
flanking-
17 rs8070463 43123835 TBKBP1 T-BET S5UTR 2.41E-03 0.85
flanking-
8 rs2953475 79800693 IL7 IL7 3UTR 2.43E-03 1.21
2 rs7575331 46101492 PRKCE PRKCE intron 2.52E-03 0.84
16 rs1646066 11226007 LOC729954 | SOCS1 intron 2.53E-03 0.78
5 rs17624563 110484162 WDR36 TSLP coding 2.59E-03 0.76
16 rs1640922 11227343 LOC729954 | SOCS1 intron 2.64E-03 0.79
16 rs1646070 11228424 LOC729954 | SOCS1 intron 2.64E-03 0.79
16 rs1640923 11228478 LOC729954 | SOCS1 intron 2.64E-03 0.79
8 rs1872072 79763975 C8orf70 IL7 intron 2.76E-03 1.20
flanking-
13 rs2026815 109162594 IRS2 IRS2 3UTR 2.86E-03 1.20
8 rs10093127 79761659 C8orf70 IL7 intron 2.90E-03 1.20
flanking-
3 rs524599 161165285 IL12A IL12A 5UTR 2.98E-03 0.85
flanking-
20 rs1883859 49613884 NFATC2 NFATC2 5UTR 3.01E-03 1.20
2 rs4952801 46207749 PRKCE PRKCE intron 3.01E-03 0.84
flanking-
8 rs1441850 79820221 IL7 IL7 5UTR 3.03E-03 1.20
2 rs2711286 46063632 PRKCE PRKCE intron 3.14E-03 0.83
8 rs4739140 79915565 IL7 IL7 flanking- 3.15E-03 0.85
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Nearby Armitage | Odds
Chr. SNP Location (bp) Gene Gene Location pvalue Ratio*
5UTR

8 rs894221 79811612 IL7 IL7 intron 3.18E-03 1.20
flanking-

13 rs7323205 109163526 IRS2 IRS2 3UTR 3.22E-03 0.85

2 rs10495928 46206670 PRKCE PRKCE intron 3.22E-03 0.85
flanking-

13 rs7336999 109159306 IRS2 IRS2 3UTR 3.29E-03 1.20
flanking-

3 rs2561288 161157622 IL12A IL12A 5UTR 3.29E-03 0.85
flanking-

3 rs7642216 161168494 IL12A IL12A 5UTR 3.29E-03 0.85
flanking-

18 rs4941178 58909266 BCL2 BCL2 3UTR 3.32E-03 0.84
flanking-

8 rs2717538 79795704 C8orf70 IL7 3UTR 3.35E-03 1.20
flanking-

8 rs1441438 79804324 IL7 IL7 3UTR 3.35E-03 1.20
flanking-

3 rs530015 161173110 IL12A IL12A 5UTR 3.43E-03 0.85

2 rs1562652 46050286 PRKCE PRKCE intron 3.50E-03 0.83
flanking-

8 rs1545228 79806992 IL7 IL7 3UTR 3.66E-03 1.20

8 rs7001074 79766479 C8orf70 IL7 intron 3.69E-03 1.20

8 rs1054283 79773265 C8orf70 IL7 coding 3.69E-03 1.20
flanking-

13 rs6492221 109158183 IRS2 IRS2 3UTR 3.92E-03 1.19

17 rs12452290 62047733 PRKCA PRKCA intron 3.97E-03 0.74

16 rs4781046 11223140 LOC729954 | SOCS1 intron 3.97E-03 0.79

17 rs8082188 37652351 STAT5B STAT5B intron 3.97E-03 1.18

57




Nearby Armitage | Odds
Chr. SNP Location (bp) Gene Gene Location pvalue Ratio*
17 rs8082391 37652499 STAT5B STATS5B intron 3.97E-03 1.18
17 rs16967609 37653938 STAT5B STATS5B intron 3.97E-03 1.18
17 rs8078309 43129071 TBKBP1 T-BET intron 4.03E-03 1.17
flanking-
17 rs2013383 43146122 TBKBP1 T-BET 3UTR 4.03E-03 1.17
8 rs7010897 79782909 C8orf70 IL7 intron 4.07E-03 1.19
flanking-
18 rs8083921 58917082 BCL2 BCL2 3UTR 4.10E-03 0.84
8 rs2369440 79784264 C8orf70 IL7 intron 4.27E-03 1.19
17 rs11079041 37667605 STATSB STATSB intron 4.29E-03 1.18
2 rs12989656 46141058 PRKCE PRKCE intron 4.35E-03 0.84
17 rs9913503 43131329 TBKBP1 T-BET intron 4.42E-03 1.17
2 rs1987070 46090950 PRKCE PRKCE intron 4.44E-03 0.84
17 rs6503692 37675039 STATSB STATSB intron 4.49E-03 1.18
flanking-
17 rs4029774 37682487 STATSB STATS5B 5UTR 4.61E-03 1.18
2 rs1868390 46054668 PRKCE PRKCE intron 4.84E-03 0.84
17 rs16967620 37675867 STATSB STATS5B intron 4.85E-03 1.18
16 rs152303 11215600 LOC729954 | SOCs1 intron 4.88E-03 0.85
flanking-
17 rs4794053 43124550 TBKBP1 T-BET 5UTR 4.92E-03 1.17
19 rs2304256 10336652 TYK2 TYK2 coding 4.92E-03 0.84
2 rs13033158 46137131 PRKCE PRKCE intron 4.96E-03 0.84
17 rs9906933 37663571 STATSB STATS5B intron 5.04E-03 1.18
2 rs2595205 46047720 PRKCE PRKCE intron 5.04E-03 0.84
2 rs2122112 46073453 PRKCE PRKCE intron 5.08E-03 0.85
17 rs16967611 37655093 STATSB STATSB intron 5.17E-03 1.18
flanking-
13 rs9587970 109168563 IRS2 IRS2 3UTR 5.18E-03 1.19
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Nearby Armitage | Odds
Chr. SNP Location (bp) Gene Gene Location pvalue Ratio*

2 rs7602129 46088863 PRKCE PRKCE intron 5.19E-03 1.21
2 rs2249633 46059429 PRKCE PRKCE intron 5.20E-03 1.17

flanking-

13 rs7985560 109168774 IRS2 IRS2 3UTR 5.24E-03 1.19

17 rs8064638 37677781 STAT5B STAT5B intron 5.25E-03 1.18

12 rs6581124 55832023 LRP1 STAT6 intron 5.29E-03 0.84

17 rs6503807 43127931 TBKBP1 T-BET S5UTR 5.30E-03 1.17
2 rs1562649 46070404 PRKCE PRKCE intron 5.36E-03 0.85

17 rs16967593 37649071 STAT5B STATS5B intron 5.39E-03 1.18

flanking-

13 rs7319633 109175464 IRS2 IRS2 3UTR 5.40E-03 1.18

17 rs7217728 37700927 STAT5A STAT5A intron 5.44E-03 1.18

17 rs16967637 37699948 STAT5A STAT5A intron 5.51E-03 1.18

17 rs7209222 37680015 STAT5B STAT5B intron 5.51E-03 1.18

flanking-

3 rs11130158 48173304 CDC25A CDC25A 3UTR 5.60E-03 0.83

2 rs6752057 46053488 PRKCE PRKCE intron 5.60E-03 0.84

2 rs2595204 46047369 PRKCE PRKCE intron 5.62E-03 0.86

2 rs7597768 191550124 STAT1 STAT1 intron 5.66E-03 0.84

2 rs1868392 46054841 PRKCE PRKCE intron 5.69E-03 0.84

flanking-

16 rs243318 11265519 TNP2 SOCS1 3UTR 5.71E-03 0.85
2 rs1562650 46048225 PRKCE PRKCE intron 5.74E-03 0.84
2 rs6544865 46044534 PRKCE PRKCE intron 5.81E-03 0.85

flanking-

2 rs9808454 227263778 IRS1 IRS1 3UTR 5.84E-03 0.86
17 rs12452012 62082820 PRKCA PRKCA intron 5.85E-03 0.75
17 rs17761417 62087750 PRKCA PRKCA intron 5.85E-03 0.75

2 rs2066804 191550004 STAT1 STAT1 intron 5.95E-03 0.84
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17 rs7218653 37678846 STAT5B STAT5B intron 6.00E-03 1.17

2 rs1914408 191548221 STAT1 STAT1 intron 6.00E-03 0.84
flanking-

16 rs243317 11264832 TNP2 SOCS1 3UTR 6.04E-03 0.85
flanking-

16 rs4451969 11291020 PRM1 SOCS1 5UTR 6.06E-03 0.85
flanking-

18 rs1484736 66092446 SOCS6 SOCS6 S5UTR 6.17E-03 1.37

17 rs12451150 62071051 PRKCA PRKCA intron 6.24E-03 0.75

17 rs2293158 37701084 STAT5A STAT5A intron 6.24E-03 1.17

17 rs17686720 62049664 PRKCA PRKCA intron 6.25E-03 0.75
flanking-

16 rs1690500 11297487 PRM1 SOCS1 5UTR 6.27E-03 0.82
flanking-

2 rs10173144 45696348 SRBD1 PRKCE 5UTR 6.30E-03 0.78

2 rs1562654 46050469 PRKCE PRKCE intron 6.38E-03 0.84
flanking-

13 rs1330545 109176016 IRS2 IRS2 3UTR 6.38E-03 0.86

5 rs17311549 35956015 CAPSL IL7R intron 6.48E-03 1.21
flanking-

16 rs1646019 11267181 TNP2 SOCS1 3UTR 6.50E-03 0.85

12 rs11172113 55813550 LRP1 STAT6 intron 6.52E-03 0.86

2 rs2595209 46054176 PRKCE PRKCE intron 6.53E-03 0.84

2 rs2595200 46041743 PRKCE PRKCE intron 6.74E-03 0.85

17 rs12451852 62065178 PRKCA PRKCA intron 6.79E-03 0.75

2 rs2711301 46049642 PRKCE PRKCE intron 6.81E-03 0.84
flanking-

13 rs9301408 109175309 IRS2 IRS2 3UTR 7.18E-03 1.17

5 rs10941268 35959446 CAPSL IL7R intron 7.19E-03 1.20
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2 rs753572 46055842 PRKCE PRKCE intron 7.21E-03 1.17
flanking-

16 rs1029489 27283718 IL4AR ILAR 3UTR 7.24E-03 1.16
2 rs1868391 46054688 PRKCE PRKCE intron 7.25E-03 0.84

flanking-

16 rs243323 11268703 TNP2 SOCS1 3UTR 7.30E-03 0.85

19 rs3731007 53318416 LIG1 PLA2GAC intron 7.40E-03 1.38

flanking-
8 rs2887502 79919146 IL7 IL7 5UTR 7.41E-03 0.86
2 rs1562651 46049888 PRKCE PRKCE intron 7.43E-03 0.84
flanking-
3 rs7372767 161181560 IL12A IL12A 5UTR 7.43E-03 0.87

19 rs1366444 53255346 PLA2G4C | PLA2G4C intron 7.47E-03 1.17

flanking-

16 rs243324 11262471 SOCS1 SOCS1 5UTR 7.48E-03 0.87

17 rs17760282 62065033 PRKCA PRKCA intron 7.69E-03 0.75
2 rs3768738 46216981 PRKCE PRKCE intron 7.71E-03 1.16

flanking-

20 rs6119610 29689201 COX4l12 BCL2L1 5UTR 7.75E-03 1.19

flanking-

17 rs7223784 37831106 PTRF STAT3 5UTR 7.84E-03 1.18

flanking-

12 rs3871519 92440053 MRPL42 SOCS2 3UTR 7.85E-03 1.16
2 rs12994911 46145410 PRKCE PRKCE intron 7.97E-03 0.85
2 rs10495927 46206003 PRKCE PRKCE intron 8.04E-03 0.86

flanking-
2 rs1317063 227282465 IRS1 IRS1 3UTR 8.07E-03 1.29
flanking-

13 rs9587971 109177140 IRS2 IRS2 3UTR 8.14E-03 0.86
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flanking-

13 rs980179 109171546 IRS2 IRS2 3UTR 8.19E-03 0.86

19 rs1010103 54153023 BAX BAX intron 8.20E-03 0.81

17 rs7215747 62155186 PRKCA PRKCA intron 8.27E-03 1.16

17 rs7223228 37679020 STAT5B STAT5B intron 8.31E-03 1.17

17 rs9907247 37679402 STAT5B STAT5B intron 8.46E-03 1.17

17 rs17760398 62067234 PRKCA PRKCA intron 8.50E-03 0.76

8 rs891394 27375686 CHRNA2 PTK2B intron 8.64E-03 1.17

2 rs1562656 46050563 PRKCE PRKCE intron 8.67E-03 0.85

2 rs11125045 46051710 PRKCE PRKCE intron 8.67E-03 0.85

19 rs2304136 53334936 LIG1 PLA2GA4C intron 8.68E-03 1.37
flanking-

13 rs992366 109172769 IRS2 IRS2 3UTR 8.69E-03 0.86
flanking-

13 rs1330540 109172131 IRS2 IRS2 3UTR 8.71E-03 0.86

2 rs6718902 191546449 STAT1 STAT1 intron 8.74E-03 0.85
flanking-

3 rs479952 161173743 IL12A IL12A 5UTR 8.81E-03 0.87
flanking-

17 rs7503524 33859016 ARHGAP23 | SOCS7 5UTR 8.82E-03 0.86

2 rs13410378 46217311 PRKCE PRKCE intron 8.96E-03 1.15

17 rs4267364 43136263 TBKBP1 T-BET intron 9.05E-03 1.16

17 rs10451280 62051541 PRKCA PRKCA intron 9.06E-03 0.77

2 rs3754569 46205957 PRKCE PRKCE intron 9.09E-03 0.87
flanking-

16 rs2301365 11282787 PRM1 SOCS1 5UTR 9.10E-03 1.18

2 rs13001074 46138804 PRKCE PRKCE intron 9.27E-03 0.85
flanking-

12 rs11107059 92439171 MRPL42 SOCS2 3UTR 9.29E-03 1.16
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flanking-
2 rs16822551 227289824 IRS1 IRS1 3UTR 9.29E-03 1.28
17 rs17688743 62101486 PRKCA PRKCA intron 9.36E-03 0.76
flanking-
8 rs7816065 79925213 IL7 IL7 5UTR 9.42E-03 1.15

19 rs4802533 54204669 RUVBL2 BAX intron 9.51E-03 0.87

flanking-
2 rs4953323 46283341 PRKCE PRKCE 3UTR 9.57E-03 0.83
flanking-

16 rs3024685 27284411 IL4R IL4R 3UTR 9.61E-03 1.16
2 rs3754568 46224718 PRKCE PRKCE intron 9.75E-03 1.15
2 rs12993843 46144958 PRKCE PRKCE intron 9.76E-03 0.85

11 rs660442 63799573 BAD BAD intron 9.87E-03 0.84
2 rs13398251 46087481 PRKCE PRKCE intron 0.010 1.20

flanking-

18 rs11152368 58914092 BCL2 BCL2 3UTR 0.010 1.15

flanking-

18 rs9945969 58905752 BCL2 BCL2 3UTR 0.010 1.15

17 rs10451281 62051647 PRKCA PRKCA intron 0.010 0.77

flanking-
3 rs9811792 161179692 IL12A IL12A 5UTR 0.010 0.87
flanking-

16 rs7191188 27296912 IL4R IL4AR 3UTR 0.010 1.17

flanking-

18 rs7230761 58929884 BCL2 BCL2 3UTR 0.010 1.15

19 rs274889 53334343 LIG1 PLA2G4C intron 0.011 1.36

flanking-

16 rs16976728 27289213 IL4R IL4R 3UTR 0.011 1.16

18 rs4941181 58917935 BCL2 BCL2 flanking- 0.011 1.15
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3UTR
flanking-
2 rs1522990 45698989 SRBD1 PRKCE S5UTR 0.011 1.15
flanking-
13 rs1330539 109172306 IRS2 IRS2 3UTR 0.011 0.87
17 rs8072566 37729889 STAT3 STAT3 intron 0.011 1.18
12 rs4759044 55816937 LRP1 STAT6 intron 0.011 0.87
2 rs7607360 46047838 PRKCE PRKCE intron 0.011 1.16
flanking-
12 rs12298170 55801630 LRP1 STAT6 5UTR 0.011 0.87
2 rs2595201 46045228 PRKCE PRKCE intron 0.012 0.86
17 rs12948909 37824128 PTRF STAT3 intron 0.012 1.17
12 rs1466535 55820737 LRP1 STAT6 intron 0.012 0.86
19 rs2304237 10307568 ICAM3 TYK2 coding 0.012 1.18
2 rs12105417 46214759 PRKCE PRKCE intron 0.012 0.86
flanking-
18 rs9962479 75256172 NFATC1 NFATC1 5UTR 0.013 1.15
flanking-
12 rs10859507 92443521 MRPL42 SOCS2 3UTR 0.013 1.15
flanking-
12 rs10859508 92443572 MRPL42 SOCS2 3UTR 0.013 1.15
flanking-
18 rs7242415 58904805 BCL2 BCL2 3UTR 0.013 1.14
flanking-
2 rs9808105 227263311 IRS1 IRS1 3UTR 0.013 0.86
19 rs3817074 54151024 BAX BAX intron 0.013 0.82
flanking-
8 rs17187428 128815526 -99 MYC 5UTR 0.014 0.77
3 rs671046 161148504 IL12A IL12A flanking- 0.014 0.87
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5UTR

2 rs6755308 46083771 PRKCE PRKCE intron 0.014 1.20
flanking-

8 rs2583762 79860038 IL7 IL7 3UTR 0.014 1.20
flanking-

16 rs367569 11273001 PRM3 SOCS1 3UTR 0.014 0.86

18 rs451691 75388373 NFATC1 NFATC1 intron 0.014 0.87

2 rs13406901 46216570 PRKCE PRKCE intron 0.014 0.86

16 rs8043625 11269396 TNP2 SOCS1 intron 0.014 0.88

2 rs13406773 46216372 PRKCE PRKCE intron 0.014 0.86
flanking-

12 rs7962330 92442743 MRPL42 SOCS2 3UTR 0.015 1.15
flanking-

13 rs1928937 109164374 IRS2 IRS2 3UTR 0.015 0.82
flanking-

2 rs6756738 46862468 SOCS5 SOCS5 3UTR 0.015 1.15
flanking-

16 rs7204874 27210788 IL4AR IL4R 5UTR 0.015 0.81
flanking-

12 rs3913260 92442194 MRPL42 SOCS2 3UTR 0.015 1.15

12 rs1385526 55819016 LRP1 STAT6 intron 0.015 0.87
flanking-

12 rs3913261 92442110 MRPL42 SOCS2 3UTR 0.015 1.15
flanking-

12 rs3913259 92442364 MRPL42 SOCS2 3UTR 0.015 1.15
flanking-

12 rs3867978 92442417 MRPL42 SOCS2 3UTR 0.015 1.15
flanking-

12 rs7299894 92443050 MRPL42 SOCS2 3UTR 0.015 1.15
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flanking-

12 rs10859504 92443413 MRPL42 SOCS2 3UTR 0.015 1.15

2 rs6544867 46091748 PRKCE PRKCE intron 0.015 1.19
flanking-

12 rs6538430 92442939 MRPLA42 SOCS2 3UTR 0.015 1.15
flanking-

2 rs16822518 227264747 IRS1 IRS1 3UTR 0.015 0.81

2 rs17484848 111617031 BCL2L11 BIM intron 0.015 0.81
flanking-

12 rs11172106 55799142 STAT6 STAT6 5UTR 0.015 0.87

2 rs7593128 46098684 PRKCE PRKCE intron 0.015 0.87

19 rs1009316 54150382 BAX BAX intron 0.015 0.82

2 rs10183887 46215312 PRKCE PRKCE intron 0.015 0.86

19 rs1366443 53255428 PLA2G4AC | PLA2GA4AC intron 0.015 1.18
flanking-

2 rs12474387 227264919 IRS1 IRS1 3UTR 0.016 0.86

2 rs13414554 191502186 GLS STAT1 intron 0.016 0.86
flanking-

8 rs16906083 79849930 LOC644363 IL7 5UTR 0.016 1.20
flanking-

12 rs6538428 92437803 MRPL42 SOCS2 3UTR 0.016 1.15

17 rs3198502 37716520 STAT5A STAT5A 3UTR 0.016 1.18

2 rs6705321 46052090 PRKCE PRKCE intron 0.016 0.86

12 rs715948 55819249 LRP1 STAT6 intron 0.016 1.15
flanking-

12 rs10859505 92443428 MRPL42 SOCS2 3UTR 0.016 1.15
flanking-

12 rs3868604 92442708 MRPL42 SOCS2 3UTR 0.016 1.15

3 rs540722 161175680 IL12A IL12A flanking- 0.016 1.17
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5UTR

2 rs13405741 111629527 BCL2L11 BIM intron 0.016 0.81
flanking-

13 rs7985034 109168465 IRS2 IRS2 3UTR 0.017 1.16

5 rs1295686 132023742 IL13 IL13 intron 0.017 1.18

5 rs17554123 110484407 WDR36 TSLP intron 0.017 0.79

5 rs2290680 110487846 WDR36 TSLP intron 0.017 0.79

5 rs11951907 110489521 WDR36 TSLP intron 0.017 0.79

5 rs17625012 110490818 WDR36 TSLP 3UTR 0.017 0.79

19 rs1010104 54152727 BAX BAX intron 0.017 0.82
flanking-

19 rs845377 18030444 IL12RB1 IL12RB1 3UTR 0.017 1.15
flanking-

16 rs7191538 11270890 TNP2 SOCS1 5UTR 0.017 0.88
flanking-

18 rs7230135 58929472 BCL2 BCL2 3UTR 0.017 0.87

2 rs12988237 46082647 PRKCE PRKCE intron 0.017 1.20
flanking-

2 rs12616128 227264515 IRS1 IRS1 3UTR 0.017 0.82

17 rs17759657 62040942 PRKCA PRKCA intron 0.017 0.77

2 rs10198247 46216181 PRKCE PRKCE intron 0.018 0.87

12 rs4759277 55819957 LRP1 STAT6 intron 0.018 0.87

17 rs3744483 37719964 STAT3 STAT3 3UTR 0.018 1.17

2 rs6715810 233737315 INPP5D INPP5D intron 0.018 1.19

12 rs7968719 55827018 LRP1 STAT6 intron 0.018 1.14
flanking-

18 rs8083811 66094933 SOCS6 SOCS6 5UTR 0.019 1.30

17 rs8074524 37723124 STAT3 STAT3 intron 0.019 1.17

17 rs17686540 62045179 PRKCA PRKCA intron 0.019 0.77
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17 rs9909659 37727361 STAT3 STAT3 intron 0.019 1.17

2 rs6743504 46102256 PRKCE PRKCE intron 0.019 0.88
flanking-

17 rs1808192 43149705 TBKBP1 T-BET 3UTR 0.019 1.14
flanking-

13 rs1411552 109169265 IRS2 IRS2 3UTR 0.019 0.82
flanking-

8 rs2717543 79845168 LOC644363 IL7 S5UTR 0.019 1.19

2 rs2203715 191517128 GLS STAT1 intron 0.019 0.86

19 rs372889 18034603 IL12RB1 IL12RB1 intron 0.019 0.88
flanking-

2 rs16822508 227263874 IRS1 IRS1 3UTR 0.020 0.82

19 rs383483 18032886 IL12RB1 IL12RB1 intron 0.020 0.88

2 rs1547550 191553970 STAT1 STAT1 intron 0.020 0.88

18 rs12457893 59077141 BCL2 BCL2 intron 0.020 1.13
flanking-

13 rs7320738 109154406 IRS2 IRS2 3UTR 0.020 1.16
flanking-

12 rs11107070 92446148 MRPL42 SOCS2 3UTR 0.020 1.15
flanking-

17 rs7221341 73843066 SOCS3 SOCS3 3UTR 0.020 1.14
flanking-

19 rs404733 18030997 IL12RB1 IL12RB1 3UTR 0.020 1.13

2 rs12712959 46077899 PRKCE PRKCE intron 0.021 1.19
flanking-

2 rs2894608 227265431 IRS1 IRS1 3UTR 0.021 0.87

19 rs8102185 53259915 PLA2GAC | PLA2G4AC intron 0.021 1.18
flanking-

8 rs2280376 27373679 CHRNA2 PTK2B 3UTR 0.021 1.15
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flanking-

8 rs17774098 128843831 MYC MYC 3UTR 0.021 1.19

flanking-

5 rs2243204 132027393 IL13 IL13 3UTR 0.021 1.26

flanking-

13 rs8000638 109174600 IRS2 IRS2 3UTR 0.021 0.82

flanking-

13 rs7990738 109177243 IRS2 IRS2 3UTR 0.021 0.82

flanking-

2 rs882586 46277905 PRKCE PRKCE 3UTR 0.021 0.88
12 rs324011 55788449 STAT6 STAT6 intron 0.021 0.88
18 rs2236719 59157272 FVT1 BCL2 intron 0.021 1.14

flanking-

13 rs4773073 109170271 IRS2 IRS2 3UTR 0.021 0.82

flanking-

13 rs913952 109176120 IRS2 IRS2 3UTR 0.021 0.82

flanking-

13 rs1556225 109162494 IRS2 IRS2 3UTR 0.022 0.83

flanking-

16 rs11644626 11280837 PRM1 SOCS1 3UTR 0.022 1.15
5 rs11952682 110489938 WDR36 TSLP intron 0.022 0.80
2 rs11691705 46087174 PRKCE PRKCE intron 0.022 1.17

flanking-

16 rs415595 11271193 TNP2 SOCS1 5UTR 0.022 0.88

flanking-

13 rs892672 109175407 IRS2 IRS2 3UTR 0.022 0.82

flanking-

5 rs2243208 132029050 IL13 IL13 3UTR 0.022 1.25
13 rs9521509 109219452 IRS2 IRS2 intron 0.022 0.88
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flanking-

23 rs17260901 117705489 DOCK11 IL13RA1 3UTR 0.023 1.64
18 rs9972995 59072837 BCL2 BCL2 intron 0.023 1.16
16 rs808004 11215805 LOC729954 | SOCS1 intron 0.023 0.88

flanking-

16 rs4787956 27285750 ILAR IL4AR 3UTR 0.023 1.14
19 rs1058154 10307897 ICAM3 TYK2 intron 0.023 1.16
2 rs4953276 45937346 PRKCE PRKCE intron 0.023 0.84
2 rs2595221 46083887 PRKCE PRKCE intron 0.024 1.18

flanking-

2 rs11682728 233707497 -99 INPP5D 3UTR 0.024 1.13

flanking-

3 rs644587 161145988 IL12A IL12A 5UTR 0.024 1.14
16 rs152306 11214137 LOC729954 | SOCS1 intron 0.024 1.15

flanking-

13 rs9521489 109169995 IRS2 IRS2 3UTR 0.024 0.83

flanking-

13 rs913947 109154732 IRS2 IRS2 3UTR 0.024 0.83
2 rs10177075 46087922 PRKCE PRKCE intron 0.024 1.16
2 rs1839196 46046002 PRKCE PRKCE intron 0.024 1.14

flanking-

2 rs1882578 227283685 IRS1 IRS1 3UTR 0.024 1.20

flanking-

2 rs2178704 227287451 IRS1 IRS1 3UTR 0.024 1.20
13 rs9559646 109217405 IRS2 IRS2 intron 0.024 0.88
17 rs7224633 62171849 PRKCA PRKCA intron 0.025 1.14

2 rs6706140 46046851 PRKCE PRKCE intron 0.025 1.13
16 rs193766 11215820 LOC729954 | SOCS1 intron 0.025 0.88
18 rs6810 59149381 FVT1 BCL2 3UTR 0.025 1.13
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flanking-

18 rs8086644 58939539 BCL2 BCL2 3UTR 0.025 0.85
2 rs13016869 46086885 PRKCE PRKCE intron 0.025 1.16

13 rs4771644 109211818 IRS2 IRS2 intron 0.025 1.13
2 rs12623399 46202775 PRKCE PRKCE intron 0.025 0.77
2 rs12465045 45941409 PRKCE PRKCE intron 0.025 0.84

flanking-

18 rs1843195 66091676 SOCS6 SOCS6 5UTR 0.025 1.27

flanking-
18 rs11663788 59148758 FVT1 BCL2 3UTR 0.025 1.13
flanking-

8 rs16906200 79926288 IL7 IL7 5UTR 0.025 1.20
flanking-

8 rs2919921 79824891 LOC644363 IL7 3UTR 0.025 1.18

16 rs1l79767 27333237 IL21R IL4R intron 0.026 0.88
2 rs3768747 46205562 PRKCE PRKCE intron 0.026 0.88

flanking-
8 rs2717548 79833622 LOC644363 IL7 3UTR 0.026 1.18
2 rs10211374 46087635 PRKCE PRKCE intron 0.026 1.16
flanking-

16 rs1111186 11254549 SOCS1 SOCS1 3UTR 0.026 0.88
2 rs10211547 46087623 PRKCE PRKCE intron 0.026 1.16
5 rs11949868 110483798 WDR36 TSLP intron 0.026 0.80

flanking-

18 rs3852840 75427747 NFATC1 NFATC1 3UTR 0.026 0.81

flanking-

18 rs7236855 66071849 SOCS6 SOCS6 5UTR 0.026 1.15

18 rs736223 59151717 FVT1 BCL2 intron 0.027 1.13

16 rs4787958 27324619 IL21R IL4R intron 0.027 1.14
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5 rs848 132024399 IL13 IL13 3UTR 0.027 1.17

17 rs3889392 62154669 PRKCA PRKCA intron 0.027 1.14

18 rs1801018 59136859 BCL2 BCL2 coding 0.027 1.13
flanking-

2 rs2396390 227285088 IRS1 IRS1 3UTR 0.027 1.20

2 rs4356700 46194540 PRKCE PRKCE intron 0.027 1.13
flanking-

2 rs10933433 233706226 -99 INPP5D 3UTR 0.027 1.13

2 rs13393946 46085785 PRKCE PRKCE intron 0.027 1.16
flanking-

2 rs10933435 233706390 -99 INPP5D 3UTR 0.027 1.13
flanking-

2 rs11693862 233707325 -99 INPP5D 3UTR 0.027 1.13
flanking-

3 rs2889854 48243513 CAMP CDC25A 3UTR 0.028 0.87
flanking-

2 rs2396388 227265285 IRS1 IRS1 3UTR 0.028 0.83

2 rs4953278 45944407 PRKCE PRKCE intron 0.028 0.85
flanking-

5 rs2069757 132026312 IL13 IL13 3UTR 0.028 1.25

2 rs6751933 46053390 PRKCE PRKCE intron 0.028 1.19

7 rs591895 26853637 SKAP2 SKAP2 intron 0.028 1.19

9 rs1410779 5073173 JAK?2 JAK?2 intron 0.028 0.86
flanking-

17 rs12603430 33835440 SOCS7 SOCS7 3UTR 0.028 0.86
flanking-

16 rs4780355 11255359 SOCS1 SOCS1 3UTR 0.028 0.88

16 rs11640138 11270230 -99 SOCS1 -99 0.028 0.89

2 rs938095 111665280 LOC729312 BIM intron 0.028 1.13
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2 rs3898882 111663938 LOC729312 BIM intron 0.028 1.13
flanking-

18 rs10460159 59147340 FVT1 BCL2 3UTR 0.028 1.13
flanking-

2 rs11679823 227259449 IRS1 IRS1 3UTR 0.029 0.83
flanking-

5 rs12153578 35934016 CAPSL IL7R 3UTR 0.029 0.89

9 rs2031904 5077087 JAK?2 JAK2 intron 0.029 0.86
flanking-

17 rs4791031 62253916 PRKCA PRKCA 3UTR 0.029 1.39

16 rs9936951 11238280 LOC729954 | SOCs1 intron 0.029 0.89

2 rs1116245 46183486 PRKCE PRKCE intron 0.029 1.13

2 rs13430452 46146657 PRKCE PRKCE intron 0.029 1.13

19 rs274862 53352257 LIG1 PLA2G4C intron 0.029 0.88

18 rs898891 59151765 FVT1 BCL2 intron 0.029 1.13

2 rs11674504 46195603 PRKCE PRKCE intron 0.029 1.13

13 rs754204 109209569 IRS2 IRS2 intron 0.029 1.13

5 rs1010600 35944052 CAPSL IL7R intron 0.029 0.89

5 rs12522083 35941991 CAPSL IL7R intron 0.029 0.89

15 rs1648826 39934498 SPTBN5 | PLA2G4B intron 0.030 0.84

16 rs4780354 11221794 LOC729954 | SOCs1 intron 0.030 1.14

2 rs6730425 46084640 PRKCE PRKCE intron 0.030 1.16
flanking-

2 rs6750454 227279294 IRS1 IRS1 3UTR 0.030 1.19
flanking-

10 rs1871057 89574656 ATAD1 PTEN 5UTR 0.030 1.31
flanking-

8 rs2583764 79826355 LOC644363 IL7 3UTR 0.030 1.18

2 rs13024907 46139028 PRKCE PRKCE intron 0.031 0.89
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flanking-

19 rs11667200 54147737 BAX BAX S5UTR 0.031 0.84

flanking-

18 rs8085725 66082325 SOCS6 SOCS6 5UTR 0.031 1.14
2 rs13017044 46086853 PRKCE PRKCE intron 0.031 1.16
5 rs847 132024568 IL13 IL13 3UTR 0.031 1.16

flanking-

3 rs2561286 161159993 IL12A IL12A 5UTR 0.031 1.15
18 rs11152377 59123426 BCL2 BCL2 intron 0.031 1.13
18 rs10460157 59123698 BCL2 BCL2 intron 0.031 1.13

flanking-

22 rs17742109 16595781 BID BID 3UTR 0.032 0.82

flanking-

3 rs7610160 161169039 IL12A IL12A 5UTR 0.032 1.13

flanking-

8 rs16906063 79822356 IL7 IL7 5UTR 0.032 1.19

flanking-

5 rs2303137 35931482 CAPSL IL7R 3UTR 0.032 0.89

2 rs2594491 46261844 PRKCE PRKCE intron 0.032 1.12

2 rs3024896 191604961 STAT4 STAT1 intron 0.032 0.86

flanking-

8 rs6985482 27182358 STMN4 PTK2B 5UTR 0.032 1.20

2 rs3768746 46205574 PRKCE PRKCE intron 0.032 0.78

2 rs4953273 45936374 PRKCE PRKCE intron 0.032 0.85
17 rs17841509 37815704 PTRF STAT3 intron 0.032 0.81

flanking-

20 rs6067827 49620830 ATP9A NFATC2 3UTR 0.032 0.89
2 rs13029532 191584146 STAT1 STAT1 intron 0.032 1.23
7 rs10274710 106254691 PIK3CG PIK3CG flanking- 0.033 0.82

74




Nearby Armitage | Odds
Chr. SNP Location (bp) Gene Gene Location pvalue Ratio*
5UTR
flanking-
1 rs2207214 185243205 PLA2G4A | PLA2G4A 3UTR 0.033 0.89
2 rs11680282 46187525 PRKCE PRKCE intron 0.033 1.12
flanking-

17 rs8182236 33854257 ARHGAP23 | SOCS7 5UTR 0.033 1.15
2 rs2711302 46074392 PRKCE PRKCE intron 0.033 1.17
2 rs11684352 46188136 PRKCE PRKCE intron 0.033 1.12
5 rs1295685 132024344 IL13 IL13 3UTR 0.034 1.16
2 rs7561820 46188637 PRKCE PRKCE intron 0.034 1.12
2 rs10439396 111652447 LOC729312 BIM intron 0.034 0.89

flanking-
2 rs1400657 191541785 STAT1 STAT1 3UTR 0.034 1.21

19 rs3181049 10302117 RAVER1 TYK2 intron 0.035 1.15

flanking-
2 rs1345128 46859978 SOCS5 SOCS5 3UTR 0.035 1.13
flanking-
17 rs12452524 33834546 SOCS7 SOCS7 3UTR 0.035 0.86
8 rs735421 27375209 CHRNA2 PTK2B intron 0.035 1.13
flanking-

5 rs10052709 158693055 IL12B IL12B 5UTR 0.035 0.85
flanking-

3 rs524841 161154958 IL12A IL12A 5UTR 0.035 1.12
flanking-

19 rs8111833 54146058 BAX BAX 5UTR 0.036 0.85

flanking-
2 rs16822535 227266436 IRS1 IRS1 3UTR 0.036 0.84
flanking-

12 rs12368672 55798737 STAT6 STAT6 5UTR 0.036 0.89
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2 rs1375056 46193769 PRKCE PRKCE intron 0.036 1.12

2 rs7562157 46188960 PRKCE PRKCE intron 0.036 1.12

2 rs7565473 111660261 LOC729312 BIM intron 0.036 0.89

2 rs10166773 111653406 LOC729312 BIM intron 0.036 0.89

7 rs213533 26822755 SKAP2 SKAP2 intron 0.036 1.18
flanking-

20 rs6021289 49616912 NFATC2 NFATC2 5UTR 0.036 0.89

20 rs1484998 29695950 COX4l12 BCL2L1 intron 0.036 0.82
flanking-

19 rs11667351 54147966 BAX BAX 5UTR 0.037 0.85

18 rs2850763 59113690 BCL2 BCL2 intron 0.037 0.89

2 rs2280232 191559011 STAT1 STAT1 intron 0.037 1.14

18 rs2850761 59117377 BCL2 BCL2 intron 0.037 0.89

18 rs304933 75265431 NFATC1 NFATC1 intron 0.037 0.88
flanking-

8 rs4645943 128816653 -99 MYC 5UTR 0.037 0.75

2 rs6732491 111655191 LOC729312 BIM intron 0.038 0.89

19 rs12720270 10336760 TYK2 TYK2 intron 0.038 0.86
flanking-

2 rs281491 46277260 PRKCE PRKCE 3UTR 0.039 0.89
flanking-

5 rs2243219 132030024 IL13 IL13 3UTR 0.039 1.22

2 rs7572367 111659442 LOC729312 BIM intron 0.039 0.89

2 rs9808225 111659985 LOC729312 BIM intron 0.039 0.89

2 rs7588534 111661558 LOC729312 BIM intron 0.039 0.89

2 rs7569300 111661344 LOC729312 BIM intron 0.039 0.89

2 rs11677077 46060359 PRKCE PRKCE intron 0.039 1.17
flanking-

13 rs1004409 109190665 IRS2 IRS2 3UTR 0.039 0.84
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flanking-

6 rs2213661 36234628 MAPK13 MAPK14 3UTR 0.039 1.12

2 rs11680392 46086716 PRKCE PRKCE intron 0.039 1.15

19 rs3176767 10310751 ICAM3 TYK2 intron 0.039 1.14

18 rs11663136 75383384 NFATC1 NFATC1 intron 0.039 0.79
flanking-

16 rs4787427 27293895 ILAR IL4AR 3UTR 0.039 0.89
flanking-

2 rs11125089 46861767 SOCS5 SOCS5 3UTR 0.039 1.14
flanking-

17 rs755369 62258144 PRKCA PRKCA 3UTR 0.039 1.37
flanking-

5 rs10061842 110430754 TSLP TSLP 5UTR 0.039 0.85

2 rs11680360 46187558 PRKCE PRKCE intron 0.039 1.12

17 rs8079445 37812576 PTRF STAT3 intron 0.039 0.82

19 rs17882555 18031680 IL12RB1 IL12RB1 intron 0.039 1.12
flanking-

2 rs2141888 227266004 IRS1 IRS1 3UTR 0.039 0.84
flanking-

2 rs16822536 227266510 IRS1 IRS1 3UTR 0.039 0.84
flanking-

16 rs11645592 11278811 PRM2 SOCS1 5UTR 0.039 1.13
flanking-

16 rs149597 11251443 SOCS1 SOCS1 3UTR 0.040 0.89

19 rs754948 53325659 LIG1 PLA2G4C intron 0.040 1.31
flanking-

8 rs2625663 79792896 C8orf70 IL7 3UTR 0.040 1.15
flanking-

8 rs2717544 79799097 C8orf70 IL7 3UTR 0.040 1.15
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Chr. SNP Location (bp) Gene Gene Location pvalue Ratio*
flanking-

8 rs1036751 79804461 IL7 IL7 3UTR 0.040 1.15

flanking-

8 rs12544041 79806194 IL7 IL7 3UTR 0.040 1.15
20 rs11907253 29696334 COX4l12 BCL2L1 coding 0.040 0.82
18 rs1667667 75345988 NFATC1 NFATC1 intron 0.040 1.12
22 rs5992795 16566805 BCL2L13 BID intron 0.040 0.83

flanking-
1 rs17303361 67512412 IL23R IL12RB2 3UTR 0.041 1.18
flanking-

13 rs1550044 109163058 IRS2 IRS2 3UTR 0.041 0.85
flanking-

18 rs1872335 66089401 SOCS6 SOCS6 5UTR 0.041 1.14

2 rs12712963 46148485 PRKCE PRKCE intron 0.041 0.89

2 rs11695648 46187863 PRKCE PRKCE intron 0.041 1.12

8 rs6997255 79769640 C8orf70 IL7 intron 0.041 1.15
17 rs12451026 62164024 PRKCA PRKCA intron 0.041 1.13

5 rs2853696 158677238 IL12B IL12B intron 0.041 1.15

2 rs7585054 111661398 LOC729312 BIM intron 0.041 0.89

flanking-

2 rs2396389 227265382 IRS1 IRS1 3UTR 0.041 0.84

2 rs6542350 111661211 LOC729312 BIM intron 0.041 0.89

2 rs879623 111663295 LOC729312 BIM intron 0.041 0.89
19 rs1045384 10288246 RAVER1 TYK2 3UTR 0.041 1.15

8 rs10109359 79769159 C8orf70 IL7 intron 0.042 1.15

flanking-
13 rs1550041 109190916 IRS2 IRS2 3UTR 0.042 0.84

2 rs2345631 46081429 PRKCE PRKCE intron 0.042 1.15
19 rs3764621 54198142 RUVBL2 BAX intron 0.042 0.82
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19 rs3764622 54198202 RUVBL2 BAX intron 0.042 0.82
flanking-

13 rs4773082 109201460 IRS2 IRS2 3UTR 0.042 1.12

18 rs2850760 59117803 BCL2 BCL2 intron 0.042 0.90

19 rs7257871 10310252 ICAM3 TYK2 intron 0.042 1.14
flanking-

7 rs8180738 26623232 LOC285941 | SKAP2 5UTR 0.042 1.22
flanking-

19 rs12720214 10352706 TYK2 TYK2 5UTR 0.042 1.24

2 rs7565457 111651949 LOC729312 BIM intron 0.042 0.89
flanking-

17 rs12604072 33835027 SOCS7 SOCS7 3UTR 0.042 0.86

18 rs9630855 59046474 BCL2 BCL2 intron 0.042 1.12

2 rs6755484 111665567 LOC729312 BIM intron 0.043 1.12

19 rs280519 10333933 TYK2 TYK2 intron 0.043 1.12

2 rs7564529 191497451 GLS STAT1 intron 0.043 1.23

2 rs4853530 191496009 GLS STAT1 intron 0.043 1.20

8 rs10113703 79763194 C8orf70 IL7 intron 0.043 1.15

8 rs7017898 79771937 C8orf70 IL7 intron 0.043 1.15
flanking-

17 rs4796649 37804137 PTRF STAT3 3UTR 0.043 0.82
flanking-

8 rs11780001 79817208 IL7 IL7 5UTR 0.043 1.24
flanking-

2 rs11125091 46863250 SOCS5 SOCS5 3UTR 0.043 1.15

2 rs3820729 46246279 PRKCE PRKCE intron 0.043 0.85
flanking-

18 rs12967042 75436039 NFATC1 NFATC1 3UTR 0.043 0.81

5 rs17551370 110432084 TSLP TSLP flanking- 0.044 0.85

79




Nearby Armitage | Odds
Chr. SNP Location (bp) Gene Gene Location pvalue Ratio*
5UTR
flanking-
8 rs1119642 79827038 LOC644363 IL7 3UTR 0.044 1.16
2 rs17034605 46209218 PRKCE PRKCE intron 0.044 0.79
2 rs2278777 46225158 PRKCE PRKCE intron 0.044 0.79
flanking-
2 rs2178701 227265739 IRS1 IRS1 3UTR 0.044 0.84
8 rs2583778 79813696 IL7 IL7 intron 0.044 1.15
flanking-
20 rs6060454 29696565 COX412 BCL2L1 3UTR 0.044 0.82
22 rs12160637 16559100 BCL2L13 BID intron 0.044 0.83
22 rs5992094 16559389 BCL2L13 BID intron 0.044 0.83
5 rs10515780 158624371 UBLCP1 IL12B intron 0.044 1.15
flanking-
5 rs1865014 158671666 IL12B IL12B 3UTR 0.045 1.15
5 rs1368439 158674592 IL12B IL12B 3UTR 0.045 1.15
19 rs11879191 10373911 CDC37 TYK2 intron 0.045 0.87
9 rs3780379 5102519 JAK2 JAK2 intron 0.045 0.87
22 rs5992797 16568525 BCL2L13 BID intron 0.045 0.84
2 rs2594490 46261756 PRKCE PRKCE intron 0.045 1.11
11 rs10891343 111585594 BCDO2 IL18 intron 0.045 0.89
2 rs2084428 46159906 PRKCE PRKCE intron 0.045 0.89
flanking-
20 rs11086346 49634738 ATP9A NFATC2 3UTR 0.045 1.12
18 rs7226979 59075950 BCL2 BCL2 intron 0.045 1.11
5 rs12518884 110480122 WDR36 TSLP intron 0.045 1.12
1 rs746389 67575391 IL12RB2 IL12RB2 intron 0.046 1.12
17 rs12451252 62041618 PRKCA PRKCA intron 0.046 0.83
7 rs477924 26821079 SKAP2 SKAP2 intron 0.046 1.17
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18 rs8084922 59081501 BCL2 BCL2 intron 0.046 1.11
flanking-

18 rs4891397 66069242 SOCS6 SOCS6 5UTR 0.046 1.19
flanking-

5 rs739718 131900972 IL5 IL5 3UTR 0.046 0.80

2 rs6725406 45953015 PRKCE PRKCE intron 0.046 0.88
flanking-

18 rs8096478 58930858 BCL2 BCL2 3UTR 0.046 1.16

7 rs10085562 26786276 SKAP2 SKAP2 intron 0.046 0.84
flanking-

17 rs8071471 62282811 CACNG5 PRKCA 5UTR 0.046 0.86

22 rs5992092 16554518 BCL2L13 BID intron 0.047 0.84

12 rs167769 55790042 STAT6 STAT6 intron 0.047 0.89

2 rs1375054 46193966 PRKCE PRKCE intron 0.047 1.11
flanking-

3 rs7653097 161173547 IL12A IL12A 5UTR 0.047 1.20

8 rs1019832 27362989 PTK2B PTK2B intron 0.047 1.13

19 rs3213406 17817561 JAK3 JAK3 intron 0.047 1.25
flanking-

18 rs17676949 58936618 BCL2 BCL2 3UTR 0.047 0.82

12 rs10849517 6777287 -99 LAG3 -99 0.048 0.85

18 rs4940571 58976809 BCL2 BCL2 intron 0.048 1.20

19 rs11669624 18091886 MAST3 IL12RB1 intron 0.048 0.90

5 rs4530809 110490129 WDR36 TSLP intron 0.048 1.12

16 rs961914 27321351 IL21R IL4AR 5UTR 0.048 1.17

11 rs5744247 111531366 IL18 IL18 intron 0.048 0.83

15 rs1531140 39912526 PLA2G4B | PLA2G4B intron 0.048 1.12

1 rs905938 153258013 DCST2 SHC1 intron 0.048 1.13

5 rs7736656 158642268 UBLCP1 IL12B intron 0.048 1.15
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flanking-

5 rs6895626 158646681 UBLCP1 IL12B 3UTR 0.048 1.15

flanking-

2 rs7565800 46886582 LOC388948 | SOCS5 5UTR 0.048 1.19

flanking-

3 rs550662 161146011 IL12A IL12A S5UTR 0.048 1.11
19 rs438421 18037086 IL12RB1 IL12RB1 intron 0.048 0.89

flanking-

5 rs4304115 110431245 TSLP TSLP 5UTR 0.048 0.86
19 rs12976908 18035377 IL12RB1 IL12RB1 intron 0.049 1.12
19 rs3176766 10310778 ICAM3 TYK2 intron 0.049 1.13
16 rs2113261 11219900 LOC729954 | SOCs1 intron 0.049 0.89

5 rs20541 132023863 IL13 IL13 coding 0.049 1.15

flanking-

5 rs1549922 158664126 IL12B IL12B 3UTR 0.050 0.90
22 rs5992801 16573707 BCL2L13 BID intron 0.050 0.84
18 rs8085707 59080760 BCL2 BCL2 intron 0.050 0.86

flanking-
17 rs6503796 43120248 KPNB1 T-BET 3UTR 0.050 1.11

2 rs3820733 46096478 PRKCE PRKCE intron 0.050 1.16

82




Genotypic Analysis
Our results using the genotypic chi square analysis resulted in 512/7,637
SNPs nominally significant at p-values<0.05. Most of these overlapped the most
significant results from the Armitage trend test. One gene (Protein Kinase C alpha —
PRKCA), had SNPs among the most significant p-values, which were not significant
(significant at p-values<0.05) in the Armitage trend test data. There are fifteen

SNPs of particular interest (p-values<1 x 107, Table 3.8).

Haplotype Analysis and MDR Analysis
For the haplotype analysis, we used haplo.stats implemented in the R project

(http://www.r-project.org/). This software package analyzes indirectly measured

haplotypes for unrelated individuals. We estimated the haplotype frequencies and
calculated score statistics to test for an association between haplotypes for each
gene and MS. Posterior probabilities for each individual’s pair of haplotypes are
computed using maximum likelihood estimates. Chi square p-values were then
computed based on these haplotypes and their observed frequencies to calculate
the significance and effect size of each haplotype.

With this package, we considered only the SNPs for each gene that were
nominally significant (578/7,637 SNPs). For each gene, the tag SNPs (using
Haploview) were identified for all the significant SNPs in each gene. These tag
SNPs were then used to infer haplotypes and test for associations with MS. For
each haplotype, we inferred risk or protection based on the ORs for the minor allele.
For all significant haplotypes identified, the haplotype was labeled “risk” if the OR
was above one and “protective” if the OR was below one. However, these are
arbitrary labelings as we need further experiments to determine if the minor or the
major allele is responsible for the association we observe in these analyses.
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Table 3.8. Genotypic chi square results for lllumina 60K screen (highlighted are p- values that differ by order of magnitude or more).

*OR calculated for minor allele

Logistic Logistic
Nearby Armitage p- | Genotypic | Regression | Regression
Chr. SNP Gene Gene Location value p-value p-value odds ratio*

Flanking

8 rs2587156 IL7 IL7 5UTR 2.46E-05 | 9.41E-05 | <1.00E-03 0.63
Flanking

17 | rsl7770301 APOH PRKCA 5UTR 3.14E-01 | 6.17E-04 | 3.14E-01 0.92

18 | rs11661539 NFATC1 NFATC1 3UTR (.7/9E-02 | 6.70E-04 | 7.80E-02 0.82
Flanking

17 |rs11867898 PRKCA PRKCA S5UTR 3.7/6E-01 | 6.71E-04 | 3.76E-01 0.93
Flanking

17 | rs16959016 APOH PRKCA S5UTR 2.45E-01 | 7.28E-04 | 2.46E-01 0.91

19 rs2304256 TYK2 TYK2 coding 4,92E-03 | 7.36E-04 | 5.00E-03 0.84
Flanking

17 rs9899731 APOH PRKCA 5UTR 2.55E-01 | 7.94E-04 | 2.55E-01 0.91
Flanking

17 rs9901216 APOH PRKCA S5UTR 2.55E-01 | 7.94E-04 | 2.55E-01 0.91
Flanking

17 | rs11658474 PRKCA PRKCA S5UTR 4.20E-01 | 7.99E-04 | 4.20E-01 0.93
Flanking

16 | rs12922733 PRM1 SOCS1 5UTR 5.38E-04 | 8.42E-04 | 1.00E-03 0.79
Flanking

16 rs181694 PRM1 SOCS1 5UTR 4.35E-04 | 8.94E-04 | <1.00E-03 0.78
Flanking

17 | rs10491174 APOH PRKCA 5UTR 2.74E-01 | 9.01E-04 | 2.74E-01 0.91
Flanking

16 rs1794019 PRM1 SOCS1 5UTR 4.33E-04 | 9.06E-04 | <1.00E-03 0.78

16 rs152306 | LOC729954 | SOCS1 intron 2.38E-02 | 9.51E-04 | 2.40E-02 1.15
Flanking

16 rs1646026 PRM1 SOCS1 5UTR 4.86E-04 | 9.68E-04 | 1.00E-03 0.79
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We found 2 genes (IL7 and IL4R) had significant haplotypes that were
associated with MS. IL7 had two 6-SNP haplotypes that had significant p-values
(Table 3.9, highlighted). One was a protective haplotype with an OR of 0.59, and
one was a risk haplotype with an OR of 1.27 (Table 3.9). This risk haplotype had a
stronger effect (i.e. lower OR) than the most significant SNP (Table 3.10) in the
haplotype individually. The protective haplotype, on the other hand, had a bigger
OR than the most significant SNP. However, the haplotype confidence intervals
greatly overlap with the allelic confidence intervals indicating that while the effect is
slightly larger in the haplotype, it is not significantly greater (p-value=0.11; using
maximum likelihood estimates). IL4R also has a significant haplotype p-value with 8
SNPs (Table 3.11, highlighted). This risk haplotype has a greater effect than the
most significant SNP (Table 3.12) in the haplotype individually. The confidence
intervals of these 2 analyses overlap but not as substantially as the IL7 haplotype.
However, we conclude that this is a significant haplotype (p-value=0.02; using
maximum likelihood estimates); in other words, these alleles are contributing a
greater effect collectively than individually.

For gene x gene interaction, we used MDR (Ritchie et al. 2001). We chose to
explore all 2-way and 3-way interactions (all pairwise combinations of our tagged
SNP set and all 3-SNP combinations, respectively) to test for a main effect
interaction with MS in the absence of a main effect SNP. In our overall dataset, we
did not find any significant interactions (based on the difference between
classification error averages in the one-locus versus two-locus models) for the SNPs
from our pathway genes.

Through our analysis of the genes implicated as part of the IL7R pathway, we
identified two novel gene regions, IL7 and SOCSL1, replicated these in an

independent dataset, and obtained highly significant overall results. The Armitage
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trend test results compared with the other analyses proved to be the most
informative test yielding three additional regions of particular interest, namely
PRKCE, TYK2, and BCL2. In other words, the genotypic and haplotypic analyses
did not add many additional significant findings than the Armitage trend test.
Though the genes found to be associated with MS, our data supports the hypothesis

that the IL7/IL7RA pathway is important in MS pathogenesis.
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Table 3.9. Haplotype Results for IL7 in the 60K lllumina screen.

Haplo-
type |Control| Case
rs6993386 |rs2587156|rs1545298| rs1545297 [rs7816065[rs16906200| p-value | freq | freq freq |OR.lower| OR | OR.upper
3.45E-
A G A G C 06 0.06 | 0.08 | 0.05 0.46 0.59 0.77
2.80E-
G A T A C 03 0.14 | 0.12 | 0.16 1.06 1.27 1.52

Table 3.10. Armitage Trend Test for Most Significant SNP in the IL7 Haplotype.

Location | Armitage | Odds OR OR
SNP (bp) p-value Ratio Allele lower upper
2.46E-
rs2587156 | 79885663 05 0.63 A 0.51 0.79
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Table 3.11. Haplotype Results for IL4R in the 60K lllumina screen.

Haplo-
type Control | Case
rs7204874 | rs3024685 [rs16976728|rs4787427|rs7191188| rs961914 |rs4787958|rs179767| p-value freq freq freg |OR.lower| OR |OR.upper
A C A C T T C T 3.73E-03| 0.06 0.05 0.06 1.05 1.42 1.92

Table 3.12. Armitage Trend Test for Most Significant SNP in the IL4R Haplotype.

Location | Armitage | Odds OR OR
SNP (bp) p-value Ratio Allele lower upper
1.49E-
rs7204874 | 27210788 02 1.23 A 1.04 1.47
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CHAPTER IV

SECONDARY ANALYSES

Introduction

Secondary analyses were performed to identify interactive effects between
HLA or IL7RA, effects masked by each two loci, and effects specific to particular
groups (i.e. gender, types of MS, or severity of MS). Initially, only the nominally
significant SNPs (p-values<0.05) from the primary analyses (578 SNPs) were
analyzed in various strata. The strata included: allelic stratification of the HLA risk
allele (“A”), allelic stratification of the IL7RA risk allele (“G” in our dataset), gender,
and type of MS (relapsing-remitting MS (RRMS) or secondary progressive MS
(SPMS) only). We performed Armitage trend tests and genotypic and haplotypic chi
square analyses in each of these subgroups in a manner comparable to our primary
analyses. Also, we tested for interactions using MDR for each subgroup.
Additionally, a case-only analysis was performed using logistic regression to
investigate the effect of our continuous variable for severity of the disease, MSSS,
on the presence or absence of the minor allele for each SNP. Finally, all of these

analyses were performed in these same strata for all 7,637 SNPs.

HLA Stratification

Justifications
The MHC region is the strongest and most reliable MS disease locus. Most of
this effect is attributable to the HLA DRB1*1501 allele (International Multiple

Sclerosis Genetics Consortium 2005). With an allelic odds ratio of ~2, this
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moderate effect could be masking other more modest genetic effects or there could
be an interaction between this locus and another more modest effect. For these
reasons, we decided to stratify these data by the HLA allele; however, complete
HLA-DRB1 genotyping data was not available. A surrogate SNP (rs3135388) was
identified in an earlier GWAS to have very high correlation (>99%) with the
DRB1*1501 genotype (International Multiple Sclerosis Genetics Consortium 2007).
This SNP is a strictly HLA-DRBL1 surrogate, but because of the amount of linkage
disequilibrium in this region, it may also tag some of the HLA-DQ locus as well.
Thus, for our purposes, we included this surrogate SNP on the 60K BeadChip to
stratify our samples to test for both independent and interactive effects with the HLA
allele. For the discovery dataset, we performed allelic stratification of our individuals
into the presence of the risk “A” allele with genotypes AA or AG (designated HLA+)
and the absence of the risk “A” allele with a genotype GG (designated HLA-). There
were 1,053 individuals (705 cases and 348 controls) in the HLA+ stratum and 1,668
individuals (638 cases and 1,030 controls) in the HLA- stratum. The number of
cases was comparable between the two strata; whereas, the number of controls
was three-fold higher in the HLA- stratum than the HLA+ stratum. This is consistent
with the allelic odds ratio (OR) of this SNP in our dataset being 2.70 (95%
confidence intervals 2.35-3.09), which is significantly higher than published data (p-
value< 1.0x10™; using a 2-sample t-test). The overall prevalence of the minor allele
was 21.6% (allele frequency in cases was 29.8% and in controls was 13.6%), which
is equivalent to the observed prevalence in Caucasian (CEU) populations. We
performed the same analyses as on the overall discovery dataset, including
Armitage trend test, genotypic and haplotypic chi square analyses, and MDR
analysis. These analyses were first performed on only those nominally significant
SNPs and then subsequently on all 7,637 SNPs.
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HLA+ Stratum Results

Our results, using the Armitage trend test, showed 500/7,637 nominally
significant SNP (p-values<0.05) with estimated genotype relative risks (GRRs) of
1.12-2.11 (with 1 SNP outside this range with GRR of 3.11). Unlike the overall
dataset, the HLA+ Armitage test yields SNPs where only 1% had GRRs<1.20
(compared to >75%). Only 144/500 SNPs (28.80%) overlapped the significant
results from unstratified overall Armitage trend test; however, most of the non-
overlapping SNPs had only nominal p-values (between 1.00x10 and 5.00x107?) in
the stratified dataset. Comparing p-values of the total dataset with the HLA+ p-
values, no new genes had overwhelmingly stronger significance in this stratum.
Most of the extremely significant SNPs (p-values < 1x107°) were in the SOCS1
flanking region, particularly in PRM1 and PRM2 (Table 4.1). All of the significant
results from this stratified group overlapped the significant results from the
unstratified Armitage trend test results except rs4802522 in the flanking region of
BAX.

Our results using the genotypic chi square analysis showed 437/7,637
nominally significant SNP results (p-values<0.05). Most of these overlapped the
most significant results from the Armitage trend test (235/437 SNPs or 53.78%).
One SNP in Protein tyrosine kinase 2 beta (PTK2B), however, was only modestly
significant in the overall genotypic chi square data. There are eight SNPs of
particular interest (p-values<1 x 103, Table 4.2).

Our haplotype and MDR analyses for the HLA+ stratum did not yield many
significant results. We identified one gene, SOCS1 that had a 6-SNP haplotype with
significant p-values (Table 4.3, highlighted). It is a protective haplotype with an OR
of 0.50 (Table 4.3). This haplotype had a stronger effect (i.e. lower OR) than the
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most significant individual SNP (Table 4.4) in the haplotype. Although the haplotype
confidence intervals overlap with the allelic confidence intervals, the haplotype effect
is significantly larger (i.e. the test of difference in ORs has a p-value=9.00x10™;
using maximum likelihood estimates) than the more significant allelic effect
indicating that the haplotype effect is larger than each SNP. The MDR analyses for
the HLA+ stratum did not yield any significant interactions between any of these

SNPs.
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Table 4.1. Most Significant SNPs (p-values <1x107) from Armitage trend test for HLA+ stratum only (1,053 individuals).
*OR calculated for minor allele

Overall HLA+ HLA-
Nearby | Armitage p- | Odds | Armitage p- | Odds | Armitage p- | Odds
Chr. SNP Location (bp) Gene Gene value Ratio* value Ratio* value Ratio*
16 rs1690500 11297487 PRM1 SOCS1 6.27E-03 0.82 4.22E-04 0.66 1.63E-01 0.87
16 rs441349 11279260 PRM2 SOCS1 7.68E-04 0.79 4.45E-04 0.67 2.62E-02 0.81
16 rs12922733 11288171 PRM1 SOCS1 5.38E-04 0.78 4.63E-04 0.67 2.00E-02 0.80
16 rs12599908 11303416 PRM1 SOCS1 5.47E-04 0.78 4.63E-04 0.67 2.02E-02 0.80
16 rs181694 11292330 PRM1 SOCS1 4.35E-04 0.78 5.37E-04 0.67 1.73E-02 0.80
16 rs1646026 11290196 PRM1 SOCS1 4.86E-04 0.78 6.45E-04 0.68 1.41E-02 0.79
16 rs2867936 11306199 PRM1 SOCS1 6.42E-04 0.78 6.45E-04 0.68 1.96E-02 0.80
16 rs12596260 11305766 PRM1 SOCS1 7.31E-04 0.79 6.45E-04 0.68 2.28E-02 0.80
16 rs497184 11297090 PRM1 SOCS1 9.40E-04 0.79 6.50E-04 0.68 3.13E-02 0.81
16 rs1794019 11287276 PRM1 SOCS1 4.33E-04 0.78 6.76E-04 0.67 1.43E-02 0.79
19 rs4802522 54102003 NUCB1 BAX 2.11E-01 0.93 9.38E-04 0.72 5.82E-01 1.05
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Table 4.2. Most Significant genotypic chi square analysis results for HLA+ stratum
only (p-values <1x107).

Overall HLA+ HLA-
Location Nearby | Genotypic | Genotypic | Genotypic
Chr. SNP (bp) Gene Gene p-value p-value p-value

2 rs3923011 | 45883745 | PRKCE | PRKCE | 4.58E-03 | 2.47E-04 | 1.33E-01
16 rs441349 | 11279260 | PRM2 | SOCS1 | 1.23E-03 | 5.44E-04 | 7.76E-02
8 rs2322608 | 27261694 | PTK2B | PTK2B | 1.18E-02 | 6.30E-04 | 4.52E-01
16 |rs12922733 | 11288171 | PRM1 | SOCS1 | 8.42E-04 | 7.58E-04 | 5.28E-02
16 | rs12599908 | 11303416 | PRM1 | SOCS1 | 1.05E-03 | 7.58E-04 | 6.09E-02
16 rs181694 | 11292330 | PRM1 | SOCS1 | 8.94E-04 | 8.32E-04 | 5.40E-02
16 | rs1690500 | 11297487 | PRM1 | SOCS1 | 9.98E-03 | 9.50E-04 | 2.91E-01
16 rs497184 | 11297090 | PRM1 | SOCS1 | 1.73E-03 | 9.53E-04 | 8.82E-02
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Table 4.3. Haplotype Results for SOCS1 in the HLA+ stratum.
Haplo-
p- type | Control | Case
rs1640923 | rs9936951 | rs243318 | rs2301365 | rs12922733 | rs4451969 | value freq freq freq | OR.lower | OR | OR.upper
1.44E- | 5.32E-
A A G G 05 02 0.08 | 0.04 0.33 0.50 0.77

Table 4.4. Armitage Trend Test for Most Significant SNP in the SOCS1 Haplotype in the HLA+ stratum.

HLA+ HLA+
Location | Armitage | Odds OR OR
SNP (bp) p-value | Ratio | Allele | lower | upper
4.63E-
rs12922733 | 11288171 04 0.67 G 0.53 0.84
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HLA- Stratum Results

Our results using the Armitage trend test showed 493/7,637 nominally
significant SNP results (p-values<0.05) with estimated GRRs of 1.15-1.75. Unlike
the HLA+ stratum, the HLA- Armitage test yields SNPs where >40% had
GRRs<1.20 (compared to 1% in HLA+ stratum). Since >40% of our significant
results have GRRs<1.20, this suggests that the HLA allele might be masking other
smaller gene effects. Only 259/493 SNPs (52.54%) overlapped the significant
results from unstratified overall Armitage trend test; however, most of the non-
overlapping SNPs had only nominal p-values (between 1.00x10 and 5.00x107?) in
this subset. Comparing p-values of the overall dataset with the p-values of the
HLA+ stratum, no new genes had overwhelming significance in this stratum. Most
of the significant SNPs in the HLA- stratum were nominally significant in the overall
(all 2,722 individuals) dataset; they just became more significant in the HLA-
stratum. Most of the extremely significant SNPs (p-values < 1x107°) were in or
around BCL2, IL12A, and SOCSL1 (Table 4.5).

Our results using the genotypic chi square analysis showed 417/7,637
nominally significant SNP results (p-values<0.05). Most of these overlapped the
most significant results from the Armitage trend test (268/417 SNPs or 64.27%).
There are nine SNPs of particular interest (p-values<1 x 1073, Table 4.6); all nine

had nominally significant p-values in the Armitage trend test.
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Table 4.5. Most Significant SNPs (p-values <1x107) from Armitage trend test for HLA- stratum only (1,668 individuals).

*OR calculated for minor allele

Overall HLA+ HLA-

Nearby | Armitage p-| Odds | Armitage p- | Odds | Armitage p- | Odds

Chr SNP Location (bp) Gene Gene value Ratio* value Ratio* value Ratio*
2 rs6725556 227375236 IRS1 IRS1 1.66E-03 1.40 8.19E-01 0.96 5.87E-05 1.73
18 rs8092360 58924818 BCL2 BCL2 4.32E-04 1.26 2.73E-01 1.13 1.45E-04 1.39
8 rs2587156 79885663 IL7 IL7 2.46E-05 0.63 6.72E-02 0.72 1.85E-04 0.57
18 rs2850761 59117377 BCL2 BCL2 3.68E-02 0.89 1.99E-01 1.13 1.90E-04 0.76
18 rs2850763 59113690 BCL2 BCL2 3.66E-02 0.89 2.22E-01 1.12 2.19E-04 0.77
18 rs2850760 59117803 BCL2 BCL2 4.20E-02 0.90 1.99E-01 1.13 2.39E-04 0.77
2 rs4952801 46207749 PRKCE PRKCE | 3.01E-03 0.84 6.74E-01 0.96 2.55E-04 0.75
18 rs4891397 66069242 SOCS6 SOCS6 4.60E-02 1.19 3.13E-01 0.86 3.28E-04 1.49
18 rs11152377 59123426 BCL2 BCL2 3.15E-02 1.13 6.05E-01 0.95 3.30E-04 1.30
18 rs10460157 59123698 BCL2 BCL2 3.15E-02 1.13 6.05E-01 0.95 3.30E-04 1.30
18 rs8083921 58917082 BCL2 BCL2 4.10E-03 0.84 3.85E-01 0.91 4.59E-04 0.75
18 rs9947451 58894080 BCL2 BCL2 6.12E-04 1.24 1.52E-01 1.17 5.16E-04 1.32
3 rs4524326 161155705 IL12A IL12A 1.43E-03 0.84 2.15E-01 0.89 5.47E-04 0.78
18 rs4941178 58909266 BCL2 BCL2 3.32E-03 0.84 3.08E-01 0.90 5.52E-04 0.76
16 rs1646066 11226007 LOC729954 | SOCS1 2.53E-03 0.78 2.37E-01 0.86 5.55E-04 0.68
16 rs1640922 11227343 LOC729954 | SOCS1 2.64E-03 0.79 2.21E-01 0.85 5.76E-04 0.68
16 rs1646070 11228424 LOC729954 | SOCS1 2.64E-03 0.79 2.21E-01 0.85 5.76E-04 0.68
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Overall HLA+ HLA-

Nearby | Armitage p-| Odds | Armitage p- | Odds | Armitage p- | Odds

Chr SNP Location (bp) Gene Gene value Ratio* value Ratio* value Ratio*
16 rs1640923 11228478 LOC729954 | SOCS1 2.64E-03 0.79 2.21E-01 0.85 5.76E-04 0.68
16 rs4781046 11223140 LOC729954 | SOCS1 3.97E-03 0.79 3.79E-01 0.89 6.38E-04 0.68
3 rs1366302 161143969 IL12A IL12A 1.88E-03 0.85 2.47E-01 0.90 6.56E-04 0.78
3 rs480350 161150985 IL12A IL12A 1.86E-03 0.84 2.45E-01 0.90 6.56E-04 0.78
18 rs9962222 59116504 BCL2 BCL2 6.83E-02 0.91 2.45E-01 1.12 6.58E-04 0.78
18 rs11152368 58914092 BCL2 BCL2 1.01E-02 1.15 9.51E-01 0.99 6.66E-04 1.27
3 rs13069625 161142407 SCHIP1 IL12A 1.85E-03 0.84 2.44E-01 0.90 6.67E-04 0.78
3 rs581127 161153704 IL12A IL12A 1.88E-03 0.85 2.45E-01 0.90 6.67E-04 0.78
3 rs530015 161173110 IL12A IL12A 3.43E-03 0.85 3.31E-01 0.92 6.91E-04 0.78
18 rs8088739 58918068 BCL2 BCL2 2.00E-03 1.21 4.63E-01 1.08 8.01E-04 1.31
18 rs4941181 58917935 BCL2 BCL2 1.07E-02 1.15 9.51E-01 0.99 8.09E-04 1.27
18 rs9972995 59072837 BCL2 BCL2 2.30E-02 1.16 1.33E-01 0.85 9.53E-04 1.32
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Table 4.6. Most Significant genotypic chi square analysis results for HLA- stratum

only (p-values <1.0x107).
Overall HLA+ HLA-
Location Nearby | Genotypic | Genotypic | Genotypic
Chr. SNP (bp) Gene Gene p-value p-value p-value

18 | rs2850761 | 59117377 | BCL2 BCL2 | 2.93E-02 | 3.34E-01 | 2.49E-04
2 | rs6725556 | 227375236 | IRS1 IRS1 | 5.93E-03 | 6.75E-01 | 3.12E-04
18 | rs2850763 | 59113690 | BCL2 BCL2 | 3.33E-02 | 3.61E-01 | 3.40E-04
18 | rs2850760 | 59117803 | BCL2 BCL2 | 3.69E-02 | 3.34E-01 | 3.50E-04
18 |rs9962222 | 59116504 | BCL2 BCL2 | 4.98E-02 | 5.07E-01 | 4.33E-04
13 | rs1550044 | 109163058 | IRS2 IRS2 | 7.08E-03 | 3.70E-01 | 6.71E-04
18 | rs8092360 | 58924818 | BCL2 BCL2 | 1.47E-03 | 3.79E-01 | 7.17E-04
8 | rs2587156 | 79885663 IL7 IL7 9.41E-05 | 1.43E-01 | 8.79E-04
2 | rs4952801 | 46207749 | PRKCE | PRKCE | 1.21E-02 | 5.98E-01 | 8.83E-04

Our haplotype and MDR analyses for the HLA- stratum did not yield many

significant results. We found one gene, SOCS2 that had a 3-SNP haplotype with

significant p-values (Table 4.7, highlighted). It is a risk haplotype with an OR of 1.12

(Table 4.7). This haplotype had a larger effect (i.e. OR) than the most significant

SNP (Table 4.8) in the haplotype individually. Although the haplotype confidence

intervals overlap with the allelic confidence intervals, the haplotype effect is

significantly larger (i.e. the test of difference in the ORs has a p-value=0.02; using

maximum likelihood estimates) than the individual allelic effect indicating that the

haplotype has a greater effect than each SNP. The MDR analyses for the HLA-

stratum did not yield any significant interactions between any of these SNPs.
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Table 4.7. Haplotype Results for SOCS2 in the HLA- stratum.

Haplo-
p- type Control Case
rs6538428 | rs11107059 | rs10745657 | value freq freq freq OR.lower | OR | OR.upper
4.42E-
T G T 03 0.12 0.10 0.15 1.04 1.42 1.94

Table 4.8. Armitage Trend Test for Most Significant SNP in the SOCS2 Haploty
HLA- HLA-
Location | Armitage | Odds OR OR
SNP (bp) p-value | Ratio | Allele lower upper
rs11107059 | 92439171 | 3.91E-02 | 1.17 G 1.01 1.35
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The replication dataset was investigated for interesting HLA stratified results
including SNPs from BCL2, IL12A, and SOCS1. The first five gene regions (24
SNPs following QC analyses from IL7, PRKCE, SOCS1, TYK2, and BCL2) initially
were examined. The 4,148 individuals from this dataset were merged with the
discovery dataset (2,722 individuals) for these 24 SNPs. These 6,870 individuals
were then stratified by the presence of the HLA allele (HLA+) and by the absence of
the allele (HLA-). There were 2,584/6,870 individuals (1,749 cases and 835
controls) with at least one risk allele (HLA+); whereas there were 4,220/6,870
individuals (1,644 cases and 2,576 controls) without a risk allele (HLA-). Unlike the
most significant SNPs from the Armitage trend test in the overall merged dataset
(which were in and flanking SOCS1), SNPs in IL7 had more significant p-values in
the HLA- stratum (Table 4.9). The p-values were two to three orders of magnitude
more significant in the HLA- stratum than in the overall combined datasets.

A second replication SNP set using the same individuals as the initial
replication was designed to investigate some of our secondary analyses results.
Eighteen SNPs were chosen for follow-up to make a complete Sequenom pool
when combined with a different experiment. Sixteen of these SNPs (following QC
analyses) were analyzed in this same independent validation dataset. For the HLA-
stratification follow-up, we chose five SNP(s) in IRS1, BCL2, and IL12A. A SNP
(rs1646066) in the SOCSL1 region was also chosen as a significant Armitage result,
but it also had significance in the HLA- stratum in our discovery dataset (Table 4.5).
Similar to the discovery dataset, in the HLA+ only stratum none of the SNPs had
stronger significant p-values compared with their overall Armitage p-values.
However, 2/16 SNPs (from gene regions SOCS1 and IL12A) were nominally

significant in the HLA- stratum in this independent dataset (Table 4.10). We
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replicated our findings that SNPs in IL12A and in the flanking region of SOCS1 have
significant effects in the subset of individuals that do not have an HLA risk allele.
Discussion

Overall, stratification by presence and absence of the HLA allele provided new
information in addition to the primary analyses. We did not observe any stronger
significant SNP effects in the HLA+ stratum; however, the HLA- stratum provided
SNPs with stronger significance than were observed in the overall dataset. The fact
that the HLA- Armitage test yields SNPs where <40% had GRRs <1.20 emphasizes
why it was important to stratify by the HLA allele. The Armitage trend test for those
individuals without a risk allele showed IL7 had more significant p-values and a
larger effect size than in the merged datasets (discovery screen combined with
replication experiment). In addition, these SNPs had significant p-values in the test
of heterogeneity (p-values=0.03-0.04). SOCSL1 is at the top of the list of significant
overall results, but it also has regions at the top of the list in the HLA+ stratum and
the HLA- stratum. These results will be discussed in more detail in Chapter 5.
Finally, another gene, IL12A, was identified as a disease locus in the HLA- stratum
of the discovery dataset and replicated in an independent dataset. This could be
indicative of an interactive effect between the non-risk HLA allele and each of these
SNPs (since both SNPs have protective ORs). Alternatively, these results are

consistent with the HLA allele masking these smaller protective gene effects.
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Table 4.9. Stratified HLA data for the combined datasets. *OR calculated for minor allele

Merged
Nearby Armitage Odds
Chr. SNP Location (bp) Gene Gene Location p-value Ratio*

flanking

16 rs441349 11279260 PRM2 SOCS1 5UTR 3.48E-07 0.8
flanking

16 rs12599908 11303416 PRM1 SOCS1 5UTR 1.12E-06 0.81
flanking

16 rs2867936 11306199 PRM1 SOCS1 5UTR 1.26E-06 0.81
flanking

16 rs1794019 11287276 PRM1 SOCS1 5UTR 1.46E-06 0.81
flanking

16 rs12922733 11288171 PRM1 SOCS1 5UTR 1.49E-06 0.81
flanking

16 rs423674 11280906 PRM1 SOCS1 3UTR 2.34E-06 0.81
flanking

8 rs2587156 79885663 IL7 IL7 5UTR 8.29E-06 0.74

8 rs1483573 79786172 C8orf70 IL7 intron 3.63E-04 1.15
flanking

8 rs2953475 79800693 IL7 IL7 3UTR 3.75E-04 1.15
flanking

8 rs6993386 79816700 IL7 IL7 5UTR 5.07E-04 1.13

8 rs1054283 79773265 C8orf70 IL7 coding 6.92E-04 1.14
flanking

16 rs2301365 11282787 PRM1 SOCS1 5UTR 7.85E-04 1.14

8 rsg894221 79811612 IL7 IL7 intron 8.06E-04 1.14
flanking

18 rs8092360 58924818 BCL2 BCL2 3UTR 1.17E-03 1.15
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_ Nearby i Merged Odds
Chr. SNP Location (bp) Gene Cone Location Armitane DRatin*
flanking
18 rs8088739 58918068 BCL2 BCL2 3UTR 2.84E-03 1.12
19 rs368835 10286986 MGC19604 TYK2 intron 2.90E-03 0.86
flanking
8 rs7816065 79925213 IL7 IL7 5UTR 4.02E-03 1.1
flanking
8 rs1545298 79924391 IL7 IL7 S5UTR 5.44E-03 1.1
flanking
8 rs4739140 79915565 IL7 IL7 5UTR 5.65E-03 0.91
flanking
18 rs8083921 58917082 BCL2 BCL2 3UTR 8.81E-03 0.9
flanking
8 rs2887502 79919146 IL7 IL7 5UTR 1.32E-02 0.92
flanking
18 rs9947451 58894080 BCL2 BCL2 3UTR 3.08E-02 1.09
5 rs17624563 1.10E+08 WDR36 TSLP coding 9.07E-02 0.91
19 rs2304256 10336652 TYK2 TYK2 coding 9.19E-02 0.94
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Table 4.10. Second follow-up HLA stratified Armitage trend test results (16 SNPs).
*OR calculated for minor allele

HLA- Overall HLA+

Nearby Armitage Odds | Armitage Odds | Armitage Odds

Chr. SNP Location (bp) Gene Gene p-value Ratio* p-value Ratio* p-value Ratio*
16 rs1646066 11226007 LOC729954 | SOCS1 | 3.54E-03 0.78 1.76E-02 0.86 4.03E-01 0.91
3 rs581127 161153704 IL12A 3.45E-02 0.89 4.96E-02 0.92 2.58E-01 0.92
18 rs9972995 59072837 BCL2 5.34E-02 1.14 2.52E-01 1.06 3.34E-01 0.91
18 rs11152377 59123426 BCL2 1.58E-01 1.08 2.51E-01 1.05 9.65E-01 1.00
18 rs11152368 58914092 BCL2 1.60E-01 0.92 1.78E-01 1.06 4.46E-01 1.06
5 rs17554123 110484407 WDR36 TSLP 1.98E-01 1.14 3.44E-01 1.08 6.15E-01 1.08
18 rs2850761 59117377 BCL2 3.08E-01 0.94 4.61E-01 0.97 5.43E-01 1.05
16 rs3024685 27284411 ILAR 3.62E-01 1.06 3.12E-01 1.05 9.96E-01 1.00
17 rs7503524 33859016 ARHGAP23 | SOCS7 | 6.53E-01 1.03 3.29E-01 1.05 4.40E-01 1.07
5 rs17624563 110484162 WDR36 TSLP 7.55E-01 1.03 7.81E-01 1.02 3.52E-01 1.14
2 rs1987070 46090950 PRKCE 7.79E-01 1.02 9.28E-01 1.01 3.16E-01 0.92
16 rs4787956 27285750 ILAR 7.93E-01 1.02 8.21E-01 1.01 6.64E-01 0.96
17 rs10514934 43167123 TBX21 T-BET 7.98E-01 0.98 8.52E-01 1.01 7.55E-01 0.97
17 rs8070463 43123835 TBKBP1 T-BET 8.16E-01 1.01 4.93E-01 1.03 8.43E-01 0.99
17 rs2013383 43146122 TBKBP1 T-BET 9.17E-01 0.99 4.38E-01 1.04 3.96E-01 1.07
2 rs2595218 46079469 PRKCE 9.74E-01 1.00 3.49E-01 1.04 3.41E-01 1.08
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Gender Stratification

Justifications

Due to the two to three-fold higher incidence rate in women, it is possible that
there is a gender difference in the underlying etiology of the disease pathology.
Further evidence for this is seen in the frequencies of the different types of MS
between genders. RRMS and milder cases of MS are generally seen more
frequently in women; whereas, PPMS and more severe cases of MS are generally
seen more often in men (Alonso and Hernan 2008; Confavreux, Vukusic, and
Adeleine 2003; Debouverie et al. 2008; Eikelenboom et al. 2009). The immunologic
make-up of an individual and the differences in hormones between the genders
could explain the mechanisms by which MS varies between males and females
(Schwendimann and Alekseeva 2007). Therefore, we chose to stratify our dataset
by gender. Our two strata consist of a female-only dataset (836 cases and 899
controls) and a male-only dataset (507 cases and 480 controls). The ratios of cases
to controls in each stratum are comparable as we tried to gender match our cases
and controls as part of the initial design (prior to QC processes). We performed the
same primary analyses as we did on the whole dataset, including allelic, genotypic,
and haplotypic chi square analyses and MDR analysis. These analyses were first
performed on only those nominally significant SNPs and then subsequently on all

7,637 SNPs.

Female Stratum Results

Our results using the Armitage trend test showed 470/7,637 nominally
significant SNP results (p-values<0.05) with estimated genotype relative risks
(GRRs) of 1.14-1.64. Like the overall dataset, the female Armitage trend test yields
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SNPs where >50% had GRRs<1.20 (the overall had >75%). Only 230/470 SNPs
(48.94%) overlapped the significant results from unstratified overall Armitage trend
test; however, most of the non-overlapping SNPs had only nominal p-values
(between 1.00x10% and 5.00x10). Most of the significant SNPs (p-values < 1x10
%), 12 total, were in IL4R or the TSLP gene region (Table 4.11).

Our results using the genotypic chi square analysis showed 464/7,637
nominally significant SNP results (p-values<0.05). Overall, most of these results
overlapped the most significant results from the female only Armitage trend test
(282/464 SNPs or 60.78%). The two most significant SNPs, however, were not
significant in the female only Armitage trend test, namely rs8099757 (BCL2) and
rs4705952 (IRF1 in IL5 region). There were five SNPs of particular interest (p-
values<1 x107%, Table 4.12).

The haplotype analysis yielded two significant haplotypes: one 8-SNP risk
haplotype in IL4R with an OR of 1.88 (Table 4.13) and one 6-SNP protective
haplotype in IRS1 with an OR of 0.74 (Table 4.15). The OR for risk haplotype in
IL4AR has very minimal overlap with the most significant SNP in the haplotype (Table
4.14), thus indicating that this haplotype effect is statistically stronger (p-value=0.04)
than each SNP individually. The effect size of the protective haplotype in IRS1 has
much more overlap with the effect size of each of the SNPs (Table 4.16), indicating
that this haplotype is not statistically significant for MS susceptibility (p-value=0.22).
Like most of the other stratified results, the MDR results from the female stratum did

not yield any significant interactions in either the 2-way or the 3-way analyses.
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Table 4.11. Most Significant SNPs (p-values<1x107®) from Armitage trend test for female stratum only (1735 individuals).
*OR calculated for minor allele

Female Overall Male

Nearby | Armitage p- | Odds | Armitage p- | Odds | Armitage p- | Odds
Chr SNP Location (bp) Gene Gene value Ratio* value Ratio* value Ratio*
5 rs17624563 110484162 WDR36 TSLP 1.36E-04 0.64 2.59E-03 0.76 8.23E-01 1.04
16 rs1029489 27283718 IL4R ILAR 1.52E-04 1.31 7.24E-03 1.16 5.03E-01 0.94
16 rs3024685 27284411 IL4R ILAR 2.21E-04 1.30 9.61E-03 1.16 4.80E-01 0.94
16 rs4787956 27285750 IL4R ILAR 3.98E-04 1.30 2.32E-02 1.14 3.14E-01 0.91
5 rs17554123 110484407 WDR36 TSLP 5.07E-04 0.65 1.66E-02 0.79 4.41E-01 1.14
5 rs2290680 110487846 WDR36 TSLP 5.07E-04 0.65 1.66E-02 0.79 4.41E-01 1.14
5 rs11951907 110489521 WDR36 TSLP 5.07E-04 0.65 1.66E-02 0.79 4.41E-01 1.14
5 rs17625012 110490818 WDR36 TSLP 5.07E-04 0.65 1.66E-02 0.79 4.41E-01 1.14
18 rs3852840 75427747 NFATC1 | NFATC1 5.49E-04 0.66 2.64E-02 0.81 3.77E-01 1.15
5 rs11952682 110489938 WDR36 TSLP 6.42E-04 0.65 2.21E-02 0.80 3.93E-01 1.15
5 rs10061842 110430754 TSLP TSLP 6.62E-04 0.71 3.94E-02 0.85 1.91E-01 1.18
5 rs11949868 110483798 WDR36 TSLP 8.69E-04 0.66 2.61E-02 0.80 3.93E-01 1.15
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Table 4.12. Most Significant genotypic chi square analysis results for female stratum only

(p-values<1x107).

Female Overall Male
Nearby | Genotypic | Genotypic | Genotypic
Chr. SNP Location (bp) | Gene | Gene p-value p-value p-value
18 | rs8099757 58931171 BCL2 | BCL2 | 3.66E-04 | 1.51E-01 | 6.09E-02
5 rs4705952 131867517 IRF1 IL5 4.81E-04 | 2.30E-02 | 8.23E-01
WDR
5 | rs17624563 110484162 36 TSLP | 6.23E-04 | 8.90E-03 | 6.43E-01
16 | rs1029489 27283718 IL4R | ILAR | 6.65E-04 | 2.56E-02 | 7.97E-01
16 | rs3024685 27284411 IL4R | ILAR | 8.06E-04 | 3.24E-02 | 7.69E-01
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Table 4.13. Haplotype Results for IL4R in the female stratum.

Haplo-
p- type | Control | Case | OR. OR.
rs7204874 | rs3024685 | rs16976728 | rs4787427 | rs7191188 | rs961914 | rs4787958 | rs179767 | value freq freq freq | lower | OR | upper
1.09E-
A C A C T T C T 04 0.05 0.04 0.07 | 1.30 | 1.87 | 2.69

Table 4.14. Armitage Trend Test for Most Significant SNP in the IL4R Haplotype in the female stratum.

female | female
Location | Armitage | Odds OR OR
SNP (bp) p-value Ratio Allele lower upper
2.21E-
rs3024685 | 27284411 04 1.30 C 1.13 1.49
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Table 4.15. Haplotype Results for IRS1 in the female stratum.

rs9808105 | rs9808454 | rs16822508 | rs6750454 | rs16822551 | rs6725556 | p-val | pool.hf | control.hf | case.hf | OR.lower | OR | OR.upper
1.80E-
A G T C T A 03 0.10 0.12 0.08 0.54 0.68 0.87

Table 4.16. Armitage Trend Test for Most Significant SNP in the IRS1 Haplotype in the female stratum.

female | female
Location | Armitage | Odds OR OR
SNP (bp) p-value Ratio Allele lower upper
4.49E-
rs16822508 | 227263874 03 0.74 0.60 0.91
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Male Stratum Results

Our results using the Armitage trend test showed 745/7,637 nominally
significant SNP results (p-values<0.05) with estimated GRRs of 1.19-2.04. Unlike
the female only dataset, the male Armitage trend test yields SNPs where <1% had
GRRs<1.20. Also, the male-only dataset has 1.5 times as many nominally
significant SNPs (p-values<0.05) as the female-only subset. Only 224/745 SNPs
(30.07%) overlapped the significant results from the unstratified overall Armitage
trend test; however, most of the non-overlapping SNPs had only nominal p-values
(between 1.00x107? and 5.00x10%).Comparing p-values of the total dataset and the
female only dataset with the male only, there were four genes that had significantly
differential results, namely SOCS7, T-BET, BCL2, and IRS2. There are 25 SNPs of
particular interest (p-values<1 x 103, Table 4.17).

Our results using the genotypic chi square analysis showed 717/7,637
nominally significant SNP results. Most of these SNPs overlapped the most
significant results from the male-only Armitage trend test (454/717 SNPs or
63.32%). IL12A was also a very significant gene in the genotypic analysis. There

are 27 SNPs of particular interest (p-values <1x107, Table 4.18).
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Table 4.17. Most significant SNPs (p-values<1x10®) from Armitage trend test for male stratum only (987 individuals).
*OR calculated for minor allele

Overall Female Male
Location Nearby Armitage p- Odds Armitage Odds Armitage Odds
Chr. SNP (bp) Gene Gene value Ratio* p-value Ratio* p-value Ratio*
ARHGAP
17 rs7503524 | 33859016 23 SOCS7 8.82E-03 0.86 8.23E-01 0.98 6.24E-05 0.67
17 rs2013383 | 43146122 TBKBP1 T-BET 4.03E-03 1.17 4.89E-01 1.05 1.17E-04 1.42
17 rs8078309 | 43129071 TBKBP1 T-BET 4.03E-03 1.17 4.88E-01 1.05 1.19E-04 1.42
17 rs8070463 | 43123835 TBKBP1 T-BET 2.41E-03 0.85 3.51E-01 0.94 1.23E-04 0.71
18 rs7236090 | 59098091 BCL2 BCL2 1.40E-01 0.92 3.25E-01 1.07 1.27E-04 0.71
17 rs9913503 | 43131329 TBKBP1 T-BET 4.42E-03 1.17 4.65E-01 1.05 1.62E-04 1.42
8 rs2587156 | 79885663 IL7 IL7 2.46E-05 0.63 1.30E-02 0.71 1.76E-04 0.51
17 rs4794053 | 43124550 TBKBP1 T-BET 4.92E-03 1.17 4.85E-01 1.05 1.87E-04 1.41
17 rs6503807 | 43127931 TBKBP1 T-BET 5.30E-03 1.17 5.09E-01 1.05 1.87E-04 141
13 rs7336999 | 109159306 IRS2 IRS2 3.29E-03 1.20 3.09E-01 1.08 4.08E-04 1.44
16 rs1794019 11287276 PRM1 SOCS1 4.33E-04 0.78 8.80E-02 0.86 4.16E-04 0.65
13 rs2026815 | 109162594 IRS2 IRS2 2.86E-03 1.20 2.67E-01 1.09 5.15E-04 1.43
16 rs1646026 11290196 PRM1 SOCS1 4.86E-04 0.78 8.47E-02 0.86 5.50E-04 0.66
LOC
16 rs193766 11215820 729954 SOCS1 2.47E-02 0.88 8.47E-01 0.99 5.56E-04 0.73
13 rs6492221 | 109158183 IRS2 IRS2 3.92E-03 1.19 3.15E-01 1.08 5.62E-04 1.43
16 | rs12599908 | 11303416 PRM1 SOCS1 5.47E-04 0.78 8.53E-02 0.86 6.50E-04 0.66
LOC
16 rs808004 11215805 729954 SOCS1 2.31E-02 0.88 7.94E-01 0.98 6.66E-04 0.73
16 | rs12922733 | 11288171 PRM1 SOCS1 5.38E-04 0.78 8.34E-02 0.86 6.75E-04 0.66
18 |rs11661539 | 75388784 NFATC1 NFATC1 7.79E-02 0.82 8.49E-01 1.03 7.54E-04 0.53
16 rs181694 11292330 PRM1 SOCS1 4.35E-04 0.78 6.54E-02 0.85 7.96E-04 0.67
16 | rs12596260 | 11305766 PRM1 SOCS1 7.31E-04 0.79 9.56E-02 0.86 8.27E-04 0.67
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Overall Female Male
Location Nearby Armitage p- Odds Armitage Odds Armitage Odds
Chr. SNP (bp) Gene Gene value Ratio* p-value Ratio* p-value Ratio*
16 rs2867936 11306199 PRM1 SOCS1 6.42E-04 0.78 8.68E-02 0.86 8.27E-04 0.67
17 rs4267364 | 43136263 TBKBP1 T-BET 9.05E-03 1.16 4.64E-01 1.05 9.59E-04 1.36
16 rs497184 11297090 PRM1 SOCS1 9.40E-04 0.79 1.05E-01 0.87 9.73E-04 0.67
14 rs2494738 | 104317731 AKT1 AKT 4.58E-01 0.93 1.10E-01 1.23 9.90E-04 0.57
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Table 4.18. Most Significant genotypic chi square analysis results for male stratum only (p-values<1x10®).

Overall Female Male
Location Nearby | Genotypic | Genotypic | Genotypic
Chr. SNP (bp) Gene Gene p-value p-value p-value

17 | rs7503524 | 33859016 | ARHGAP23 | SOCS7 | 6.53E-03 | 5.50E-01 | 1.15E-04
17 | rs8070463 | 43123835 TBKBP1 T-BET | 8.23E-03 | 6.17E-01 | 2.29E-04
17 | rs8078309 | 43129071 TBKBP1 T-BET | 1.52E-02 | 2.77E-01 | 2.32E-04
17 | rs2013383 | 43146122 TBKBP1 T-BET | 1.52E-02 | 3.18E-01 | 2.75E-04
17 | rs4794053 | 43124550 TBKBP1 T-BET | 1.82E-02 | 2.39E-01 | 2.90E-04
17 | rs6503807 | 43127931 TBKBP1 T-BET | 1.97E-02 | 2.68E-01 | 2.90E-04
17 | rs10514934 | 43167123 TBX21 T-BET | 1.69E-02 | 8.06E-01 | 3.06E-04
17 | rs9913503 | 43131329 TBKBP1 T-BET | 1.56E-02 | 2.20E-01 | 3.38E-04
3 rs1366302 | 161143969 IL12A IL12A | 2.10E-03 | 3.22E-01 | 3.95E-04
17 | rs3764402 | 61727915 PRKCA PRKCA | 3.18E-03 | 4.56E-01 | 4.01E-04
3 | rs13069625 | 161142407 | SCHIP1 IL12A | 2.13E-03 | 3.22E-01 | 4.14E-04
3 rs480350 | 161150985 IL12A IL12A | 2.13E-03 | 3.22E-01 | 4.14E-04
3 rs581127 | 161153704 IL12A IL12A | 2.10E-03 | 3.22E-01 | 4.14E-04
3 rs671046 | 161148504 IL12A IL12A | 3.30E-03 | 4.36E-01 | 4.38E-04
3 rs4524326 | 161155705 IL12A IL12A | 2.15E-03 | 2.93E-01 | 4.52E-04
3 rs2561288 | 161157622 IL12A IL12A | 3.12E-03 | 3.28E-01 | 5.09E-04
3 rs524599 | 161165285 IL12A IL12A | 2.44E-03 | 2.79E-01 | 5.25E-04
17 | rs4141183 | 43213486 | LOC644477 | T-BET | 2.03E-02 | 7.79E-01 | 5.61E-04
18 | rs1462129 | 59131851 BCL2 BCL2 4.81E-02 | 8.65E-01 | 5.77E-04
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Overall Female Male
Location Nearby | Genotypic | Genotypic | Genotypic
Chr. SNP (bp) Gene Gene p-value p-value p-value

18 | rs1893806 | 59135944 BCL2 BCL2 5.37E-02 | 8.78E-01 | 5.77E-04
18 | rs2051423 | 59132236 BCL2 BCL2 5.12E-02 | 8.75E-01 | 5.88E-04
3 rs7642216 | 161168494 IL12A IL12A | 2.68E-03 | 2.79E-01 | 6.10E-04
18 | rs7236090 | 59098091 BCL2 BCL2 3.02E-01 | 5.31E-01 | 6.48E-04
8 rs2587156 | 79885663 IL7 IL7 9.41E-05 | 3.09E-02 | 7.48E-04
18 | rs11661539 | 75388784 NFATC1 | NFATC1 | 6.70E-04 | 2.30E-02 | 7.54E-04
3 rs7372767 | 161181560 IL12A IL12A | 6.78E-03 | 3.97E-01 | 8.45E-04
3 rs530015 | 161173110 IL12A IL12A | 3.77E-03 | 3.58E-01 | 8.46E-04
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Our haplotype analyses for the male-only stratum yielded three significant
haplotypes, all of which had protective effects. MAPK14 has a 5-SNP haplotype
that had a significant p-value (p-value < 1.0x10®) (Table 4.19, highlighted) with an
OR of 0.52. This haplotype has a larger effect than the most significant SNP (Table
4.20) in the haplotype individually. Despite the amount of overlap between
confidence intervals, the haplotype effect is significantly greater (p-value=0.02;
using maximum likelihood estimates) than the individual alleles. SKAP2 has a 5-
SNP haplotype with an OR of 0.64 (Table 4.21). This haplotype has a larger effect
than the most significant SNP (Table 4.22) in the haplotype individually. However,
there is overlap between the ORs suggesting that this haplotype does not have
more of an effect than each individual SNP (p-value=1.00). Finally, PTK2B has a 7-
SNP haplotype with an OR of 0.49 (Table 4.23). This haplotype has a larger
protective effect (OR=0.49) than the minor allele’s reciprocal risk effect (OR of
reciprocal risk effect =1/1.30 or OR=0.77) (Table 4.24). However, there is overlap in
the confidence intervals, indicating that the haplotype effect is not significantly larger
(p-value=0.23) than the effect from the SNPs individually.

The MDR analyses for the male stratum did not initially show any significant
interactions. However, after careful examination, the majority of the best-fit models
revealed a 2-way interaction between a SNP in PRKCE (rs10495927) and one of
two SNPs in SOCS7 (rs6503608 or rs9899877, are in strong LD (D’=95%) with one
another) with a prediction accuracy of 51.22%. The p-value (0.09) for this

interaction only suggests a trend towards significance.
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Table 4.19. Haplotype Results for MAPK14 in the male stratum.
Haplo-
type Control | Case
rs7754219 | rs2237094 | rs1059227 | rs2213661 | rs12199702 | p-value freq freq freq | OR.lower | OR | OR.upper
1.72E-
G T C T G 03 0.06 0.07 0.04 0.32 0.52 0.84

Table 4.20. Armitage Trend Test for Most Significant SNP in the MAPK14 Haplotype in the male stratum.

male male
Location | Armitage | Odds OR OR
SNP (bp) p-value Ratio Allele lower upper
3.00E-
rs7754219 | 36069774 02 0.76 G 0.59 0.97
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Table 4.21. Haplotype Results for SKAP2 in the male stratum.

Haplo-
type Control | Case
rs8180738 | rs7806017 | rs13234201 | rs10085562 | rs213533 | p-value freq freq freq | OR.lower | OR | OR.upper
4.08E-
G G G G T 03 0.10 0.12 0.08 0.42 0.64 0.99

Table 4.22. Armitage Trend Test for Most Significant SNP in the SKAP2 Haplotype in the male stratum.

male male
Location | Armitage | Odds OR OR
SNP (bp) p-value Ratio Allele lower upper
7.87E-
rs13234201 | 26744248 03 0.78 G 0.65 0.94
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Table 4.23. Haplotype Results for PTK2B in the male stratum.
Haplo-
p- type Control | Case OR. OR.
rs6985482 | rs10097861 | rs7016131 | rs17057065 | rs1367088 | rs2280376 | rs2565065 | value freq freq freq lower OR upper
2.31E-
C T G T G C 03 0.05 0.08 0.04 0.29 | 0.49 0.84

Table 4.24. Armitage Trend Test for Most Significant SNP in the PTK2B Haplotype in the male stratum.

male male
Location | Armitage | Odds OR OR
SNP (bp) p-value Ratio Allele lower upper
8.42E-
rs2280376 | 27373679 03 0.77 G 0.63 0.93
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The replication dataset was investigated for interesting gender stratified
results. The first five gene regions (i.e. IL7, SOCS1, BCL2, TYK2, and PRKCE) did
not yield interesting results in our discovery dataset once gender stratification was
done. Hence, it was not surprising that there were no interesting results compared
to the p-values before stratification (Table 4.25).

For our second follow-up study, we chose SNPs for their significance in the
stratified subsets of our discovery dataset. For the female stratification follow-up,
we chose SNPs in TSLP and IL4R. For the male stratification follow-up, we chose
SNP(s) in SOCS7 and T-BET. The results in the male stratum did not replicate
although one SNP in T-BET (rs8070463) trended in the same direction with a p-
value of 0.09 (Table 4.26). However, in our female stratum replication, a SNP in
TSLP (rs17554123) was nearly significant with a p-value of 0.05 (Table 4.26).
Discussion

In our discovery dataset, we found interesting gender differences as different
genes topped the list of significant p-values. The female stratum results indicated
that ILAR and TSLP were significant genes for MS in the female population only;
whereas, the male stratum results indicated that SOCS7 and T-BET were significant
genes in the male population only. Unfortunately, none of these results were
replicated in the independent dataset even though the study had sufficient power

(Tables 4.27 and 4.28) to detect these associations.
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Table 4.25. First follow-up gender stratified Armitage trend test results (24 SNPs).
*OR calculated for minor allele

Female Overall Male
Location Armitage p- | Odds | Armitage | Odds Armitage Odds
Chr. SNP (bp) value Ratio* | p-value Ratio* p-value Ratio*
16 rs441349 11279260 5.96E-03 0.82 | 6.90E-05 0.80 4.66E-03 0.76
16 | rs12599908 | 11303416 2.37E-02 0.85 | 2.80E-04 0.82 5.48E-03 0.76
16 | rs2867936 | 11306199 2.26E-02 0.85 | 2.86E-04 0.82 5.95E-03 0.77
16 | rs1794019 | 11287276 2.53E-02 0.86 | 4.81E-04 0.83 6.52E-03 0.77
16 rs423674 11280906 1.54E-02 0.84 | 2.35E-04 0.82 5.80E-03 0.76
16 |rs12922733 | 11288171 1.86E-02 0.85 | 4.14E-04 0.82 7.92E-03 0.77
8 rs2587156 | 79885663 4.64E-02 0.80 | 1.04E-02 0.81 3.20E-01 0.87
8 rs4739140 | 79915565 2.64E-01 0.94 | 1.94E-01 0.94 8.95E-01 0.99
8 rs2953475 | 79800693 1.19E-01 1.10 | 3.08E-02 1.11 1.37E-01 1.13
5 |rs17624563 | 110484162 2.66E-01 1.12 | 6.88E-01 1.03 3.35E-01 0.88
8 rs1545298 | 79924391 7.87E-01 1.02 | 2.22E-01 1.05 1.19E-01 1.12
19 rs368835 10286986 2.19E-01 0.90 | 4.39E-01 0.95 5.86E-01 1.06
8 rsg894221 79811612 1.77E-01 1.09 | 4.75E-02 1.10 1.48E-01 1.12
8 rs1483573 | 79786172 1.03E-01 1.11 | 3.58E-02 1.11 2.17E-01 1.10
8 rs6993386 | 79816700 1.27E-01 1.10 | 8.73E-02 1.08 4.20E-01 1.06
8 rs1054283 | 79773265 1.27E-01 1.10 | 3.78E-02 1.10 1.61E-01 1.12
8 rs2887502 | 79919146 4.59E-01 0.96 | 2.48E-01 0.95 5.25E-01 0.95
8 rs7816065 | 79925213 2.66E-01 1.07 | 8.34E-02 1.08 2.19E-01 1.09
16 | rs2301365 | 11282787 1.33E-01 1.10 | 2.20E-02 1.12 4.31E-02 1.18
18 | rs8088739 | 58918068 2.07E-01 1.09 | 4.86E-02 1.10 1.22E-01 1.14
18 | rs8092360 | 58924818 2.22E-01 1.09 | 6.70E-02 1.10 1.89E-01 1.12
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Female Overall Male
Location Armitage p- | Odds | Armitage | Odds Armitage Odds
Chr. SNP (bp) value Ratio* | p-value Ratio* p-value Ratio*
18 | rs8083921 | 58917082 2.82E-01 0.93 | 2.44E-01 0.94 9.22E-01 1.01
19 | rs2304256 | 10336652 4.64E-01 1.05 | 8.54E-01 1.01 6.09E-01 0.96
18 | rs9947451 | 58894080 8.78E-01 1.01 | 5.56E-01 1.03 4.21E-01 1.07
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Table 4.26. Second follow-up gender stratified Armitage trend test results (16 SNPs).

*OR calculated for minor allele

Overall Female Male

Nearby Armitage Odds Armitage | Odds Armitage | Odds

Chr. SNP Location (bp) Gene Gene p-value Ratio* p-value Ratio* p-value Ratio*
16 rs1646066 11226007 LOC729954 | SOCS1 1.76E-02 0.86 2.13E-01 0.90 1.57E-02 0.76
3 rs581127 161153704 IL12A IL12A 4.96E-02 0.92 2.97E-01 0.94 1.41E-01 0.90
18 rs11152368 58914092 BCL2 BCL2 1.78E-01 1.06 8.94E-01 1.01 7.70E-02 1.14
18 rs11152377 59123426 BCL2 BCL2 2.51E-01 1.05 7.11E-01 1.02 3.59E-01 1.07
18 rs9972995 59072837 BCL2 BCL2 2.52E-01 1.06 1.56E-01 1.11 9.63E-01 1.00
16 rs3024685 27284411 ILAR ILAR 3.12E-01 1.05 3.98E-01 1.05 8.59E-01 0.99
17 rs7503524 33859016 ARHGAP23 | SOCS7 | 3.29E-01 1.05 8.10E-01 0.99 1.01E-01 1.14
5 rs17554123 110484407 WDR36 TSLP 3.44E-01 1.08 5.40E-02 1.23 2.83E-01 0.85
2 rs2595218 46079469 PRKCE PRKCE | 3.49E-01 1.04 2.92E-02 1.14 2.69E-01 0.92
17 rs2013383 43146122 TBKBP1 T-BET 4.38E-01 1.04 9.93E-01 1.00 1.83E-01 1.11
18 rs2850761 59117377 BCL2 BCL2 4.61E-01 0.97 9.55E-01 1.00 4.66E-01 0.95
17 rs8070463 43123835 TBKBP1 T-BET 4.93E-01 1.03 6.05E-01 0.97 8.50E-02 1.14
5 rs17624563 110484162 WDR36 TSLP 7.81E-01 1.02 3.87E-01 1.09 3.23E-01 0.87
16 rs4787956 27285750 ILAR ILAR 8.21E-01 1.01 8.48E-01 1.01 5.15E-01 0.95
17 rs10514934 43167123 TBX21 T-BET 8.52E-01 1.01 6.35E-01 1.04 8.54E-01 0.98
2 rs1987070 46090950 PRKCE PRKCE | 9.28E-01 1.01 7.10E-01 1.03 3.33E-01 0.92
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Table 4.27. Power calculation for replication of female only results (a=0.05).

Probability of exposure in controls

Odds
Ratio 0.1 0.2 0.3 0.4
1.3 0.54 0.78 0.87 0.90
14 0.76 0.94 0.98 0.99
15 0.91 0.99 0.99 0.99

Table 4.28. Power calculation for replication of male only results (a=0.05).

Probability of exposure in controls

Odds
Ratio 0.1 0.2 0.3 0.4
1.4 0.57 0.79 0.88 0.90
1.5 0.74 0.92 0.96 0.98

Other Stratifications

IL7RA Stratification
Justification

With the identification of the first non-MHC susceptibility loci (IL7RA) in 2007,
the hunt for MS disease loci was given new light. The basis for this entire pathway
approach stems from this finding. Thus, we examined these 73 genes related to
IL7RA for independent main effects. However, there could be possible interactive
effects between this non-synonymous SNP (nsSNP) (rs6897932) and another SNP
in a gene in the IL7/IL7RA pathway (Gregory et al. 2007). With an odds ratio
around 1.20, this modest effect could become much stronger in the presence of
another SNP in the upstream or downstream pathway. For these reasons, we
stratified our data by this SNP. For the discovery dataset, we performed allelic

stratification of our individuals (i.e. the presence of the risk “G” allele with genotypes
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GG or AG (designated IL7RA+) and the absence of the risk “G” allele with a
genotype AA (designated IL7RA-). There were 2,557 individuals (1,273 cases and
1,284 controls) in the IL7RA+ stratum and 165 individuals (70 cases and 95
controls) in the IL7RA- stratum. The number of cases was comparable between the
two strata, as were the controls. The gender ratios were also comparable between
the two strata (IL7RA+ stratum had 1,629 females to 928 males or 1.76 ratio and
IL7RA- stratum had 105 females to 60 males or 1.75 ratio). However, in our
dataset, this SNP has a non-significant effect (p-value=1.32x10"). We performed
the same primary analyses as we did on the whole dataset, including Armitage trend
test, genotypic and haplotypic chi square analyses, and MDR analysis. These
analyses were first performed on only those nominally significant SNPs and then

subsequently on all 7,637 SNPs.

IL7RA+ Stratum Results

Our results using the Armitage trend test showed 622/7,637 nominally
significant SNP results with estimated GRRs of 1.12-1.66. For the IL7RA+ Armitage
trend test, >65% SNPs have GRRs<1.20. These stratified results do not yield any
additional information as most of the original samples are in this stratum
(2,557/2,722). Thus, the Armitage trend test for the IL7RA+ stratum yields very
comparable p-values to the overall discovery dataset. Most SNPs (461/622 or
74.12%) overlapped the significant results from the unstratified overall Armitage
trend test. The five genes that were followed up originally are the most significant
results, except for the most significant p-value, which is a SNP in NFATC2 (Table

4.29).
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Table 4.29. Most Significant SNPs (p-values<1x107®) from Armitage trend test for IL7RA+ stratum only (2557 individuals).
*OR calculated for minor allele

Overall IL7TRA+ IL7RA-
Location Nearby Armitage Odds | Armitage Odds Armitage Odds
Chr. SNP (bp) Gene Gene p-value Ratio* p-value Ratio* p-value Ratio*
20 rs1883859 49613884 NFATC2 NFATC2 | 3.01E-03 1.20 1.06E-04 1.27 2.59E-03 0.47
8 rs2587156 79885663 IL7 IL7 2.46E-05 0.63 1.17E-04 0.65 1.92E-02 0.26
16 rs1794019 11287276 PRM1 SOCS1 4.33E-04 0.78 1.81E-04 0.76 5.48E-01 1.17
2 rs2711285 46083353 PRKCE PRKCE 3.47E-04 1.23 1.87E-04 1.25 9.16E-01 0.98
16 rs1646026 11290196 PRM1 SOCS1 4.86E-04 0.78 1.90E-04 0.76 5.20E-01 1.19
16 rs181694 11292330 PRM1 SOCS1 4.35E-04 0.78 1.92E-04 0.76 6.08E-01 1.15
19 rs368835 10286986 MGC19604 TYK2 3.97E-04 0.77 1.99E-04 0.75 8.35E-01 1.07
16 rs12922733 11288171 PRM1 SOCS1 5.38E-04 0.78 2.12E-04 0.76 5.20E-01 1.19
16 rs12599908 11303416 PRM1 SOCS1 5.47E-04 0.78 2.16E-04 0.76 5.20E-01 1.19
16 rs12596260 11305766 PRM1 SOCS1 7.31E-04 0.79 2.51E-04 0.76 4.01E-01 1.25
16 rs2867936 11306199 PRM1 SOCS1 6.42E-04 0.78 2.51E-04 0.76 5.02E-01 1.20
2 rs2595218 46079469 PRKCE PRKCE 5.65E-04 1.22 2.86E-04 1.24 8.38E-01 0.96
19 rs281423 10296493 RAVER1 TYK2 5.72E-04 0.78 2.94E-04 0.76 8.35E-01 1.07
16 rs497184 11297090 PRM1 SOCS1 9.40E-04 0.79 2.97E-04 0.77 3.44E-01 1.29
16 rs441349 11279260 PRM2 SOCS1 7.68E-04 0.79 3.14E-04 0.77 5.20E-01 1.19
16 rs529866 11280821 PRM1 SOCS1 1.11E-03 0.79 4.69E-04 0.77 5.20E-01 1.19
16 rs423674 11280906 PRM1 SOCS1 1.49E-03 0.80 5.98E-04 0.78 4.67E-01 1.22
18 rs9947451 58894080 BCL2 BCL2 6.12E-04 1.24 7.00E-04 1.24 7.42E-01 1.09
18 rs8092360 58924818 BCL2 BCL2 4.32E-04 1.26 8.06E-04 1.26 3.97E-01 1.27
8 rs6993386 79816700 IL7 IL7 9.58E-04 1.21 8.58E-04 1.22 6.83E-01 1.10
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Our results using the genotypic chi square analysis showed 506/7,637

nominally significant SNP results.

Most of these SNPs overlapped the most

significant results from the unstratified overall Armitage trend test (375/506 SNPs or

74.11%). One gene (NFATC1), however, was among the most significant p-values

(<1x10°®, Table 4.30).

Table 4.30. Most Significant genotypic chi square analysis results for IL7RA+
stratum only(p-values<1x10®).

Overall | IL7RA+ | IL7RA-
Location Nearby | Genotypic | Genotypic | Genotypic
Chr. SNP (bp) Gene Gene p-value p-value p-value

19 | rs2304256 | 10336652 TYK2 TYK2 7.36E-04 | 1.70E-04 | 5.31E-01
8 rs2587156 | 79885663 IL7 IL7 9.41E-05 | 3.64E-04 | 1.92E-02
16 | rs12922733 | 11288171 PRM1 SOCS1 | 8.42E-04 | 4.34E-04 | 6.54E-01
16 | rs1794019 | 11287276 PRM1 SOCS1 | 9.06E-04 | 4.71E-04 | 6.88E-01
16 | rs1646026 | 11290196 PRM1 SOCS1 | 9.68E-04 | 4.84E-04 | 6.54E-01
16 rs181694 | 11292330 PRM1 SOCS1 | 8.94E-04 | 4.87E-04 | 7.34E-01
16 | rs12599908 | 11303416 PRM1 SOCS1 | 1.05E-03 | 5.34E-04 | 6.54E-01
18 | rs4941178 | 58909266 BCL2 BCL2 1.54E-03 | 5.43E-04 | 7.84E-01
20 | rs1883859 | 49613884 | NFATC2 | NFATC2 | 1.22E-02 | 5.45E-04 | 8.73E-03
18 | rs8083921 | 58917082 BCL2 BCL2 1.97E-03 | 5.56E-04 | 5.25E-01
16 | rs12596260 | 11305766 PRM1 SOCS1 | 1.55E-03 | 5.92E-04 | 7.00E-01
16 | rs2867936 | 11306199 PRM1 SOCS1 | 1.42E-03 | 5.92E-04 | 7.98E-01
19 rs368835 | 10286986 | MGC19604 | TYK2 1.15E-03 | 6.00E-04 | 9.68E-01
16 rs441349 | 11279260 PRM2 SOCS1 | 1.23E-03 | 6.50E-04 | 6.54E-01
16 rs497184 | 11297090 PRM1 SOCS1 | 1.73E-03 | 7.56E-04 | 4.62E-01
16 rs152306 | 11214137 | LOC729954 | SOCS1 | 9.51E-04 | 7.74E-04 | 6.09E-01
2 rs2711285 | 46083353 PRKCE PRKCE | 1.65E-03 | 9.26E-04 | 6.35E-01
18 | rs11661539 | 75388784 | NFATC1 | NFATC1 | 6.70E-04 | 9.73E-04 | 4.74E-01

Like the rest of the analysis of IL7RA+, the haplotype and MDR results did not

yield many significant results. We found one gene (Stat5b) had a significant

haplotype associated with MS. It was a 4-SNP risk haplotype with an OR of 1.48

(Table 4.31). There was overlap in the confidence intervals for the haplotype’s OR
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and the most significant SNP in the haplotype. There is not a significant difference
in their effects (p-value=0.52) indicating that this haplotype does not have a larger

genetic effect than the SNP alone (Table 4.32). The MDR analyses for the IL7RA+
stratum, like most of the other MDR analyses, did not yield any significant

interactions between any of these SNPs.
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Table 4.31. Haplotype Results for Stat5b in the IL7RA+ stratum.

Haplo-
p- type | Control | Case
rs9907247 | rs3744483 | rs17841509 | rs7223784 | value freq freq freq | OR.lower | OR | OR.upper
2.19E-
A C C G 03 0.09 0.08 | 0.10 1.13 1.48 1.93

Table 4.32. Armitage Trend Test for Most Significant SNP in the Stat5b Haplotype in the IL7RA+ stratum.

IL7RA+ | IL7RA+
Location | Armitage | Odds OR OR
SNP (bp) p-value Ratio Allele lower upper
rs7223784 | 37831106 | 6.45E-03 1.19 G 1.05 1.35
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IL7RA- Stratum Results

Our results using the Armitage trend test showed 353/7,637 nominally
significant SNP results with estimated GRRs of 1.54-6.46. Unlike all other stratified
results, none of the SNPs have GRRs <1.20. Only 51/353 SNPs (14.45%)
overlapped the significant results from the unstratified overall Armitage trend test.
However, these results are not the most reliable as there are only 165 individuals in
this stratum. There are no interesting SNPs (p-values < 1x107%): however, the most
significant SNPs are in IL2 and IL12A (with p-values between 1.48x10° and
3.72x10%%).

Our results using the genotypic chi square analysis showed 343/7,637
nominally significant SNPs. The majority of these results overlapped the significant
results from the unstratified overall Armitage trend test results (184/343 SNPs or
53.64%). IL2 and IL12A are among the most significant SNP results. In addition,

PRKCE, Stat3, and BIM also have significant genotypic p-values. The only SNP

with a p-value <1x1072 is in PRKCE (Table 4.33).

Table 4.33. Most Significant genotypic chi square analysis result for IL7RA- stratum
only(p-values<1x107).

IL7RA+ IL7RA-
Location Genotypic | Genotypic | Genotypic

Chr. SNP (bp) Gene p-value p-value p-value
2 | rs585156 | 45755259 | PRKCE | 7.63E-01 | 6.88E-01 | 5.07E-04

Unlike the majority of secondary analysis results, the haplotype and MDR
analysis have interesting results; however, it is important to note again that there are
only 165 individuals. We found one gene (NFATC2) had a significant risk haplotype

with an OR of 3.99 (Table 4.34). This haplotype has a larger effect than the major
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allele’s effect (Table 4.35). This haplotype effect was significantly larger than the
effect of the most significant SNP in the haplotype (p-value=7.30x10®) indicating
that the haplotype increases one’s MS susceptibility more than each individual SNP.
In addition, we found a significant 2-way interaction between a SNP in BIM
(rs10439396) and a SNP in PRKCE (rs6715820) with a p-value of 0.045. However,
the proviso of using MDR is that there should be at least 100 cases and 100
controls. This stratum only has 70 cases and 95 controls and therefore violates this

proviso.

Discussion

Most of these results from the IL7RA stratification were not remarkable. The
high risk allele frequency of the associated IL7RA variant meant that our analysis
based on stratifying according to this locus had only limited power. Therefore, the
lack of novel findings was not surprising. We observed very large effect sizes in the
IL7RA- stratum (which are unexpected for a common variant with a common,
complex disease); however, with only 165 individuals in this subset, it is possible
these results are spurious. A much larger sample size would be necessary to have

sufficient power to explore the IL7RA- individuals for possible associations.
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Table 4.34. Haplotype Results for NFATC2 in the IL7RA- stratum.

rs1883859 | rs6021289 | rs11086346 | p-val | pool.hf | control.hf | case.hf | OR.lower | OR | OR.upper

3.71E-
A A G 04 0.15 0.08 0.23 1.24 3.99 12.79

Table 4.35. Armitage Trend Test for Most Significant SNP in the NFATC2 Haplotype in the IL7RA- stratum.

IL7RA- IL7RA-
Armitage | Odds OR OR
SNP Location(bp) | p-value Ratio Allele lower upper
2.59E-
rs1883859 | 49613884 03 2.13 A 1.32 3.57
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RRMS Stratification
Justifications

RRMS (and SPMS) is characterized by periods of disability followed by
periods of recovery and has a different etiology than PPMS (and PRMS), which is
characterized by a slow or step-wise progression towards disability with no periods
of recovery (Debouverie et al. 2008). Based on disparity between the different types
of MS, we stratified our dataset by the types of MS. Overall, RRMS (and SPMS) is
the most common disease course and makes up the majority of individuals in our
dataset (with documented types) (705/1,242 or 56.8%). In addition, in a subset of
our samples, it is not clear from their exams from what type of MS they suffer
(101/1,343 or 7.5%). Traditionally the subset of cases with RRMS/SPMS is used as
a smaller, more homogeneous subset of the cases and compared to all the controls
to explore possible genes that could be involved with the milder form of the disease.
There were 1,017/1,343 cases (705 cases with RRMS and 312 cases with SPMS)
and all 1,379 controls in this stratum. We performed the same primary analyses as
we did on the whole dataset, including Armitage trend test, genotypic and haplotypic
chi square analyses, and MDR analysis. These analyses were first run on only

those nominally significant SNPs and then later on all 7,637 SNPs.

RRMS/SPMS Stratum Results
Our results using the Armitage trend test showed 537/7,637 nominally
significant SNP results with estimated GRRs of 1.12-1.91. Similar to the overall
dataset, >60% of SNPs have GRRs<1.20. Comparing p-values of the total dataset
with the RRMS/SPMS stratum p-values, no new genes had differential significance
in this stratum compared to the unstratified overall dataset. Most SNPs (379/537

SNPs or 70.58%) overlapped the Armitage trend test. There are only three SNPs
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with p-values< 1x107°, which completely overlap the significant results from the
unstratified overall Armitage trend test for all cases versus controls (Table 4.36).

Our results using genotypic chi square analysis showed 489/7,637 nominally
significant SNP results. Most SNPs (267/489 or 54.60%) overlapped the significant
SNPs from the unstratified overall Armitage trend test. Most of these overlapped
the most significant results from the genotypic analysis for the unstratified overall
dataset with most of the top SNPs being in or around PRKCA. There are seventeen
interesting SNPs (Table 4.37). The p-values from the RRMS/SPMS stratum are
comparable to the overall p-values from the whole dataset.

The haplotype analysis for the RRMS/SPMS stratum did not yield remarkable
results. We found one gene (IL4R) with a significant haplotype that was associated
with MS. IL4R had an 8-SNP risk haplotype that had a significant p-value (Table
4.38). This haplotype has a larger effect (i.e. OR) than the individual SNPs in the
haplotype (Table 4.39). However, there is not much difference between the effect of
the ILAR haplotype in the RRMS/SPMS stratum compared with the overall dataset
(Table 3.11). Unlike the unstratified data, the haplotype effect in the RRMS/SPMS
stratum is significantly different (p-value=0.02) than the effect for each SNP
individually indicating that in this stratum, the haplotype has a larger effect than the
individual SNPs. Like most of the other MDR results, there were no significant

interactions in this stratum.
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Table 4.36. Most Significant SNPs from Armitage trend test for RRMS/SPMS stratum only (2396 individuals) (p-values<1x10®).

*OR calculated for minor allele

Overall RRMS/SPMS
Location Nearby | Armitage Odds Armitage Odds
Chr. SNP (bp) Gene Gene p-value Ratio* p-value Ratio*
8 rs2587156 | 79885663 IL7 IL7 2.46E-05 0.63 4.29E-05 0.61
2 rs10168349 | 46214411 | PRKCE | PRKCE | 1.72E-03 0.84 9.11E-04 0.81
5 rs17624563 | 110484162 | WDR36 TSLP | 2.59E-03 0.76 9.36E-04 0.71
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Table 4.37. Most Significant genotypic chi square analysis results for RRMS/SPMS stratum only (p-values<1x10®).

Overall | RRMS/SPMS
Location Nearby | Genotypic | Genotypic p-
Chr. SNP (bp) Gene Gene p-value value
8 rs2587156 | 79885663 IL7 IL7 9.41E-05 1.59E-04
2 rs6706140 | 46046851 PRKCE PRKCE | 1.87E-03 1.86E-04
17 | rs17770301 | 61688434 APOH PRKCA | 6.17E-04 2.11E-04
17 | rs9899731 | 61682195 APOH PRKCA | 7.94E-04 3.05E-04
17 | rs9901216 | 61682282 APOH PRKCA | 7.94E-04 3.05E-04
17 | rs16959016 | 61686866 APOH PRKCA | 7.28E-04 3.12E-04
17 |rs10491174 | 61685021 APOH PRKCA | 9.01E-04 3.59E-04
17 |rs11867898 | 61725783 PRKCA PRKCA | 6.71E-04 3.60E-04
17 |rs11658474 | 61711920 PRKCA PRKCA | 7.99E-04 3.81E-04
17 |rs11653517 | 61687431 APOH PRKCA | 1.01E-03 4.00E-04
17 | rs11658466 | 61687457 APOH PRKCA | 1.01E-03 4.00E-04
17 | rs9910778 | 61692436 APOH PRKCA | 1.41E-03 5.49E-04
16 rs152306 | 11214137 | LOC729954 | SOCS1 | 9.51E-04 5.79E-04
17 | rs17691580 | 61689791 APOH PRKCA | 1.40E-03 6.08E-04
17 | rs11656176 | 61689385 APOH PRKCA | 1.54E-03 6.08E-04
17 | rs11656179 | 61689400 APOH PRKCA | 1.54E-03 6.08E-04
17 | rs16959026 | 61692078 APOH PRKCA | 1.54E-03 6.08E-04
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Table 4.38. Haplotype Results for ILAR in the RRMS/SPMS stratum.

Haplo-
p- type Control | Case | OR. OR.
rs7204874 | rs3024685 | rs16976728 | rs4787427 | rs7191188 | rs961914 | rs4787958 | rs179767 | value freq freq freq | lower | OR | upper
1.84E-
A C A C T T C T 03 0.06 0.05 0.07 1.15 | 1.52 | 2.00

Table 4.39. Armitage Trend Test for Most Significant SNP in the IL4R Haplotype in the RRMS/SPMS stratum.

RRMS/SPMS
Location | Armitage p- | RRMS/SPMS OR OR
SNP (bp) value Odds Ratio | Allele | lower | upper
rs7204874 | 27210788 8.41E-03 1.28 A 1.06 | 1.56
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Discussion

The results from the RRMS/SPMS stratum were not differentially significant
from the unstratified overall results from the whole dataset. Splitting the dataset by
the type of MS has not yielded any informative results, which does not support the
hypothesis that MS is more than one disease based on this clinical phenotype.
Since most of our cases have RRMS or SPMS, it is hard to see if there are MS type
specific genes or SNPs as our dataset was lacking in individuals with PPMS or
PRMS. However, it would be worth collecting a larger dataset of PPMS and PRMS

individuals for a better comparison.

MSSS Stratification

Justifications
The type of MS a person displays can provide a general outline for the
disease pattern one will endure. It is helpful to quantify a person’s level of suffering
by using a severity score. The severity score uses the level of disability and the
longevity of symptoms. This score, the Multiple Sclerosis Severity Score (MSSS),
uses the amount of disability and the duration of the disease in an algorithm to
generate a raw score. These raw scores are then broken into deciles of disability.
These deciles are then used as a guideline for how the disease course will progress
in a specific individual over the course of thirty or so years. Given one’s length of
diagnosis (years since diagnosis) and one’s disability level at this time point,
clinicians can determine how much more disabled one will become within a decile
either direction. Thus, it is a measure of how severely the underlying etiology is
affecting each individual. More severe cases may have different essential
mechanisms contributing to their prognosis than milder cases (Roxburgh et al.
2005). We chose to stratify our data by the MSSS score, and we performed logistic

139



regression using the score as our dependent variable and the presence or absence
of the minor alleles as the outcome making this a case-only analysis. We eliminated
those samples with intermediate severities to concentrate on the extremes of
severity (i.e. the most severe cases and the mildest). Only 828/1,343 cases had
MSSS scores recorded. In addition, only 451 of those had MSSS scores between
1-3 (mild) or 7-9 (severe). Our hypothesis is that there are genetic differences
between those individuals with more devastating disease courses compared to the

milder, non-life changing cases.

Results

Our results from the logistic regression model showed 124/7,637 nominally
significant SNPs. There was not much difference in the results between all 828
cases with MSSS scores and the 451 at the extremes of severity. There were
eleven SNPs that had very significant p-values (p-values<1x10®). These SNPs
were from PLA2G4C, NFATC2, IL1R2, INPP5D, IL2, IL12B, and SOCS5 (Table
4.40). There were only three SNPs with very significant p-values in the analysis of
the extremes; however, a SNP from IRS1 was the only gene different between the
two regression models (Table 4.41). We did not have record of these scores in the
replication dataset; therefore, this analysis was only performed on our discovery

dataset.
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Table 4.40. Most significant SNPs from all 828 cases with MSSS scores (p-values<1x107).
*OR calculated for minor allele

Location Nearby Odds

SNP (bp) Gene Gene Location | P-value | Ratio* L95 u95
Flanking | <1.00E-

rs2560966 | 53223028 | CABP5 | PLA2G4C | 3UTR 03 1.08 1.04 1.12
<1.00E-

rs1171097 | 53225539 | CABP5 | PLA2GAC | 3UTR 03 1.07 1.03 1.12
<1.00E-

rs4811187 | 49570011 | NFATC2 | NFATC2 intron 03 1.07 1.03 1.11
<1.00E-

rs6021270 | 49574671 | NFATC2 | NFATC2 intron 03 1.08 1.03 1.12
Flanking | <1.00E-

rs7588933 | 102029083 | IL1R2 IL1IR2 3UTR 03 1.07 1.03 1.12
<1.00E-

rs10203185 | 233766809 | INPP5D | INPP5D intron 03 1.07 1.03 1.12
<1.00E-

rs6847129 | 123566770 | ADAD1 IL2 intron 03 1.07 1.03 1.12
Flanking | <1.00E-

rs7690352 | 123614526 IL2 IL2 5UTR 03 1.08 1.04 1.12
Flanking | <1.00E-

rs4921483 | 158700943 | 1L12B IL12B 5UTR 03 1.08 1.03 1.12
Flanking | <1.00E-

rs953861 | 158705160 | IL12B IL12B 5UTR 03 1.08 1.03 1.12
Flanking | <1.00E-

rs11125091 | 46863250 | SOCS5 | SOCS5 3UTR 03 0.94 0.90 0.97

141




*OR calculated for minor allele

Table 4.41. Most significant SNPs from 451 cases with extreme MSSS scores (1-3 or 7-10) (p-values<1x107).

Location Nearby Odds

SNP (bp) Gene Gene Location | P-value | Ratio* L95 u95
<1.00E-

rs16982097 | 53202765 | ELSPBP1 | PLA2G4C | intron 03 0.90 0.85 0.95
Flanking | <1.00E-

rs11125091 | 46863250 | SOCS5 SOCS5 3UTR 03 0.88 0.83 0.94
Flanking | <1.00E-

rs1882575 | 227274994 IRS1 IRS1 3UTR 03 1.13 1.06 1.20
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Conclusions

Our secondary analyses illuminated exploration into various different
perspectives on the same dataset. The only stratum providing results that were
significantly different from the unstratified results described in Chapter 3 and were
replicated in an independent dataset, was the HLA- stratum. The SNPs in IL7 are
extremely significant in the HLA- stratum, which become much stronger when the
two independent datasets are merged. In addition, two new gene regions emerged
from the HLA- stratum and replicated, namely IL12A and a region near SOCS1.
These results are interesting for two reasons. First, a different region near SOCS1
was replicated as part of the Armitage trend test results using the unstratified
dataset in Chapter 3. Second, these two regions are located on chromosome 16
within 600 kb of both a published MS disease locus (CLEC16A) ((International
Multiple Sclerosis Genetics Consortium 2007; International Multiple Sclerosis
Genetics Consortium 2009) and an unpublished suggestive MS disease locus
(CHIITA), whose effect is much stronger in the HLA+ stratum. These data will be
discussed further in Chapter 5.

The other stratified results did not yield anything that was significantly
different from the unstratified results. The female and male strata in the discovery
dataset yielded suggestive genes that could be important for each gender; however,
these did not replicate in the independent dataset despite sufficient power to detect
these initial associations. However, creating new datasets with more males and
more PPMS and PRMS disease patterns is essential to properly investigate for
possible gender or progression differences.

Only the SNPs with p-values <1.00x10° were reported here due to space
confinements. Several genes (and even particular SNPs) were represented in
several of the most significant (p-values<1x10®) results from the various strata
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examined (Table 4.42). Several of these genes have been implicated in the
pathogenesis of MS, including PRKCE, IL12A, IL7, ILAR, and BCL2; however, they
require further investigation (Calzascia et al. 2008; D'Alfonso et al. 1999; De Jager
et al. 2009; Jana and Pahan 2009; Lu et al. 2009; Motsinger et al. 2007; Sonobe et
al. 2009; Vandenbroeck et al. 2004). A complete list of all results can be found here

(http://chgr.mc.vanderbilt.edu/page/supplementary-data).
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Table 4.42. Most Significant Armitage trend test results (p-values < 1x107) from all secondary analyses.
*OR calculated for minor allele

Overall HLA+ HLA- Female Male IL7RA+ IL7RA- RRMS/SPMS
Nearby | Armitage Odds Armitage | Armitage | Armitage | Armitage | Armitage | Armitage Armitage p-
SNP Gene Gene p-value Ratio* p-value p-value p-value p-value p-value p-value value

rs2595218 PRKCE PRKCE | 5.65E-04 1.22 2.48E-01 | 2.59E-03 | 6.26E-03 | 3.62E-02 | 2.86E-04 | 8.38E-01 4.31E-03
rs2711285 PRKCE PRKCE | 3.47E-04 1.23 2.83E-01 | 1.82E-03 | 3.49E-03 | 3.88E-02 | 1.87E-04 | 9.16E-01 2.31E-03
rs4952801 PRKCE PRKCE | 3.01E-03 0.84 6.74E-01 | 2.55E-04 | 5.77E-02 | 1.52E-02 | 7.41E-03 | 1.16E-01 2.82E-03
rs10168349 PRKCE PRKCE | 1.72E-03 0.84 4.95E-02 | 5.60E-03 | 2.88E-02 | 2.02E-02 | 3.63E-03 | 1.82E-01 9.11E-04
rs6725556 IRS1 IRS1 1.66E-03 1.40 8.19E-01 | 5.87E-05 | 4.61E-02 | 8.05E-03 | 2.47E-03 | 4.91E-01 6.41E-03
rs13069625 SCHIP1 IL12A 1.85E-03 0.84 2.44E-01 | 6.67E-04 | 1.40E-01 | 1.11E-03 | 1.20E-02 | 5.39E-03 7.66E-02
rs1366302 IL12A IL12A 1.88E-03 0.85 2.47E-01 | 6.56E-04 | 1.40E-01 | 1.13E-03 | 1.22E-02 | 5.39E-03 7.75E-02

rs480350 IL12A IL12A 1.86E-03 0.84 2.45E-01 | 6.56E-04 | 1.40E-01 | 1.11E-03 | 1.20E-02 | 5.39E-03 7.67E-02

rs581127 IL12A IL12A 1.88E-03 0.85 2.45E-01 | 6.67E-04 | 1.41E-01 | 1.11E-03 | 1.22E-02 | 5.39E-03 7.73E-02
rs4524326 IL12A IL12A 1.43E-03 0.84 2.15E-01 | 5.47E-04 | 1.19E-01 | 1.06E-03 | 9.48E-03 | 5.67E-03 6.56E-02

rs530015 IL12A IL12A 3.43E-03 0.85 3.31E-01 | 6.91E-04 | 1.62E-01 | 2.25E-03 | 2.04E-02 | 4.84E-03 1.21E-01
rs10061842 TSLP TSLP 3.94E-02 0.85 1.07E-01 | 3.58E-01 | 6.62E-04 | 1.91E-01 | 3.01E-02 | 9.15E-01 2.68E-02
rs11949868 WDR36 TSLP 2.61E-02 0.80 7.13E-02 | 3.80E-01 | 8.69E-04 | 3.93E-01 | 1.82E-02 | 7.90E-01 2.40E-02
rs17624563 WDR36 TSLP 2.59E-03 0.76 5.07E-02 | 1.14E-01 | 1.36E-04 | 8.23E-01 | 1.63E-03 | 8.75E-01 9.36E-04
rs17554123 WDR36 TSLP 1.66E-02 0.79 6.99E-02 | 2.85E-01 | 5.07E-04 | 4.41E-01 | 1.11E-02 | 7.90E-01 1.50E-02
rs2290680 WDR36 TSLP 1.66E-02 0.79 6.99E-02 | 2.85E-01 | 5.07E-04 | 4.41E-01 | 1.11E-02 | 7.90E-01 1.50E-02
rs11951907 WDR36 TSLP 1.66E-02 0.79 6.99E-02 | 2.85E-01 | 5.07E-04 | 4.41E-01 | 1.11E-02 | 7.90E-01 1.50E-02
rs11952682 WDR36 TSLP 2.21E-02 0.80 9.08E-02 | 3.24E-01 | 6.42E-04 | 3.93E-01 | 1.36E-02 | 6.84E-01 1.83E-02
rs17625012 WDR36 TSLP 1.66E-02 0.79 6.99E-02 | 2.85E-01 | 5.07E-04 | 4.41E-01 | 1.11E-02 | 7.90E-01 1.50E-02
rs6993386 IL7 IL7 9.58E-04 1.21 5.54E-02 | 3.46E-03 | 1.96E-03 | 2.09E-01 | 8.58E-04 | 6.83E-01 2.21E-03
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Overall HLA+ HLA- Female Male IL7RA+ IL7RA- RRMS/SPMS
Nearby | Armitage Odds Armitage | Armitage | Armitage | Armitage | Armitage | Armitage Armitage p-
SNP Gene Gene p-value Ratio* p-value p-value p-value p-value p-value p-value value
rs2587156 IL7 IL7 2.46E-05 0.63 6.72E-02 | 1.85E-04 | 1.30E-02 | 1.76E-04 | 1.17E-04 | 1.92E-02 4.29E-05
rs6492221 IRS2 IRS2 3.92E-03 1.19 2.24E-02 | 4.98E-02 | 3.15E-01 | 5.62E-04 | 5.15E-03 | 4.39E-01 1.40E-02
rs7336999 IRS2 IRS2 3.29E-03 1.20 1.39E-02 | 5.80E-02 | 3.09E-01 | 4.08E-04 | 4.28E-03 | 4.39E-01 1.17E-02
rs2026815 IRS2 IRS2 2.86E-03 1.20 1.15E-02 | 5.59E-02 | 2.67E-01 | 5.15E-04 | 3.72E-03 | 4.39E-01 1.09E-02
rs2494738 AKT1 AKT 4.58E-01 0.93 7.54E-01 | 3.25E-01 | 1.10E-01 | 9.90E-04 | 2.38E-01 | 1.03E-01 3.53E-01
rs808004 LOC729954 | SOCS1 | 2.31E-02 0.88 9.52E-01 | 3.91E-03 | 7.94E-01 | 6.66E-04 | 1.10E-02 | 4.30E-01 2.31E-02
rs193766 LOC729954 | SOCS1 | 2.47E-02 0.88 9.01E-01 | 3.91E-03 | 8.47E-01 | 5.56E-04 | 1.19E-02 | 4.30E-01 2.46E-02
rs4781046 | LOC729954 | SOCS1 | 3.97E-03 0.79 3.79E-01 | 6.38E-04 | 2.22E-01 | 1.52E-03 | 2.44E-03 | 8.35E-01 2.78E-02
rs1646066 | LOC729954 | SOCS1 | 2.53E-03 0.78 2.37E-01 | 5.55E-04 | 1.61E-01 | 1.60E-03 | 1.98E-03 | 8.93E-01 2.02E-02
rs1640922 | LOC729954 | SOCS1 | 2.64E-03 0.79 2.21E-01 | 5.76E-04 | 1.48E-01 | 2.13E-03 | 2.07E-03 | 8.93E-01 1.89E-02
rs1646070 | LOC729954 | SOCS1 | 2.64E-03 0.79 2.21E-01 | 5.76E-04 | 1.48E-01 | 2.13E-03 | 2.07E-03 | 8.93E-01 1.89E-02
rs1640923 | LOC729954 | SOCS1 | 2.64E-03 0.79 2.21E-01 | 5.76E-04 | 1.48E-01 | 2.13E-03 | 2.07E-03 | 8.93E-01 1.89E-02
rs441349 PRM2 SOCS1 | 7.68E-04 0.79 4.45E-04 | 2.62E-02 | 8.20E-02 | 1.23E-03 | 3.14E-04 | 5.20E-01 4.43E-03
rs529866 PRM1 SOCS1 | 1.11E-03 0.79 1.19E-03 | 2.40E-02 | 1.09E-01 | 1.19E-03 | 4.69E-04 | 5.20E-01 6.14E-03
rs423674 PRM1 SOCS1 | 1.49E-03 0.80 1.50E-03 | 2.83E-02 | 1.24E-01 | 1.43E-03 | 5.98E-04 | 4.67E-01 7.49E-03
rs1794019 PRM1 SOCS1 | 4.33E-04 0.78 6.76E-04 | 1.43E-02 | 8.80E-02 | 4.16E-04 | 1.81E-04 | 5.48E-01 3.17E-03
rs12922733 PRM1 SOCS1 | 5.38E-04 0.78 4.63E-04 | 2.00E-02 | 8.34E-02 | 6.75E-04 | 2.12E-04 | 5.20E-01 3.34E-03
rs1646026 PRM1 SOCS1 | 4.86E-04 0.78 6.45E-04 | 1.41E-02 | 8.47E-02 | 5.50E-04 | 1.90E-04 | 5.20E-01 3.66E-03
rs181694 PRM1 SOCS1 | 4.35E-04 0.78 5.37E-04 | 1.73E-02 | 6.54E-02 | 7.96E-04 | 1.92E-04 | 6.08E-01 3.12E-03
rs497184 PRM1 SOCS1 | 9.40E-04 0.79 6.50E-04 | 3.13E-02 | 1.05E-01 | 9.73E-04 | 2.97E-04 | 3.44E-01 5.80E-03
rs1690500 PRM1 SOCS1 | 6.27E-03 0.82 4.22E-04 | 1.63E-01 | 2.75E-01 | 2.46E-03 | 3.30E-03 | 5.83E-01 1.97E-02
rs12599908 PRM1 SOCS1 | 5.47E-04 0.78 4.63E-04 | 2.02E-02 | 8.53E-02 | 6.50E-04 | 2.16E-04 | 5.20E-01 4.45E-03
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Overall HLA+ HLA- Female Male IL7RA+ IL7RA- RRMS/SPMS
Nearby | Armitage Odds Armitage | Armitage | Armitage | Armitage | Armitage | Armitage Armitage p-
SNP Gene Gene p-value Ratio* p-value p-value p-value p-value p-value p-value value
rs12596260 PRM1 SOCS1 | 7.31E-04 0.79 6.45E-04 | 2.28E-02 | 9.56E-02 | 8.27E-04 | 2.51E-04 | 4.01E-01 6.32E-03
rs2867936 PRM1 SOCS1 | 6.42E-04 0.78 6.45E-04 | 1.96E-02 | 8.68E-02 | 8.27E-04 | 2.51E-04 | 5.02E-01 5.54E-03
rs1029489 ILAR ILAR 7.24E-03 1.16 2.08E-01 | 5.55E-03 | 1.52E-04 | 5.03E-01 | 1.65E-03 | 1.45E-01 8.27E-03
rs3024685 ILAR IL4AR 9.61E-03 1.16 2.10E-01 | 8.39E-03 | 2.21E-04 | 4.80E-01 | 2.36E-03 | 1.52E-01 9.87E-03
rs4787956 ILAR ILAR 2.32E-02 1.14 2.83E-01 | 2.79E-02 | 3.98E-04 | 3.14E-01 | 7.09E-03 | 1.78E-01 2.28E-02
rs7503524 | ARHGAP23 | SOCS7 | 8.82E-03 0.86 3.62E-02 | 4.85E-02 | 8.23E-01 | 6.24E-05 | 5.80E-03 | 9.49E-01 4.52E-03
rs8070463 TBKBP1 T-BET | 2.41E-03 0.85 2.79E-02 | 7.49E-02 | 3.51E-01 | 1.23E-04 | 2.57E-03 | 6.35E-01 4.46E-03
rs4794053 TBKBP1 T-BET | 4.92E-03 1.17 3.76E-02 | 9.64E-02 | 4.85E-01 | 1.87E-04 | 5.73E-03 | 5.72E-01 1.15E-02
rs6503807 TBKBP1 T-BET | 5.30E-03 1.17 4.31E-02 | 9.07E-02 | 5.09E-01 | 1.87E-04 | 6.18E-03 | 5.72E-01 1.29E-02
rs8078309 TBKBP1 T-BET | 4.03E-03 1.17 4.31E-02 | 8.05E-02 | 4.88E-01 | 1.19E-04 | 4.66E-03 | 5.72E-01 1.02E-02
rs9913503 TBKBP1 T-BET | 4.42E-03 1.17 6.24E-02 | 6.95E-02 | 4.65E-01 | 1.62E-04 | 5.12E-03 | 5.63E-01 1.11E-02
rs4267364 TBKBP1 T-BET | 9.05E-03 1.16 6.11E-02 | 1.26E-01 | 4.64E-01 | 9.59E-04 | 9.49E-03 | 7.15E-01 3.69E-02
rs2013383 TBKBP1 T-BET | 4.03E-03 1.17 4.62E-02 | 7.87E-02 | 4.89E-01 | 1.17E-04 | 4.64E-03 | 5.72E-01 9.71E-03
rs9947451 BCL2 BCL2 6.12E-04 1.24 1.52E-01 | 5.16E-04 | 3.30E-02 | 4.48E-03 | 7.00E-04 | 7.42E-01 4.70E-03
rs4941178 BCL2 BCL2 3.32E-03 0.84 3.08E-01 | 5.52E-04 | 1.78E-01 | 1.76E-03 | 1.65E-03 | 6.20E-01 1.90E-02
rs11152368 BCL2 BCL2 1.01E-02 1.15 9.51E-01 | 6.66E-04 | 8.00E-02 | 5.86E-02 | 3.77E-03 | 3.05E-01 3.61E-02
rs8083921 BCL2 BCL2 4.10E-03 0.84 3.85E-01 | 4.59E-04 | 1.85E-01 | 2.40E-03 | 2.24E-03 | 7.06E-01 1.88E-02
rs4941181 BCL2 BCL2 1.07E-02 1.15 9.51E-01 | 8.09E-04 | 8.00E-02 | 6.43E-02 | 4.04E-03 | 3.05E-01 3.98E-02
rs8088739 BCL2 BCL2 2.00E-03 1.21 4.63E-01 | 8.01E-04 | 1.27E-01 | 1.49E-03 | 2.07E-03 | 8.68E-01 1.71E-02
rs8092360 BCL2 BCL2 4.32E-04 1.26 2.73E-01 | 1.45E-04 | 2.46E-02 | 3.25E-03 | 8.06E-04 | 3.97E-01 3.87E-03
rs9972995 BCL2 BCL2 2.30E-02 1.16 1.33E-01 | 9.53E-04 | 1.40E-03 | 6.64E-01 | 4.66E-02 | 1.62E-01 8.44E-02
rs7236090 BCL2 BCL2 1.40E-01 0.92 1.37E-01 | 6.10E-01 | 3.25E-01 | 1.27E-04 | 1.30E-01 | 8.22E-01 5.03E-01
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Overall HLA+ HLA- Female Male IL7RA+ IL7RA- RRMS/SPMS
Nearby | Armitage Odds Armitage | Armitage | Armitage | Armitage | Armitage | Armitage Armitage p-
SNP Gene Gene p-value Ratio* p-value p-value p-value p-value p-value p-value value
rs2850763 BCL2 BCL2 3.66E-02 0.89 2.22E-01 | 2.19E-04 | 8.33E-01 | 1.30E-03 | 6.26E-02 | 2.57E-01 8.79E-02
rs9962222 BCL2 BCL2 6.83E-02 0.91 2.45E-01 | 6.58E-04 | 9.23E-01 | 3.58E-03 | 1.30E-01 | 1.68E-01 1.34E-01
rs2850761 BCL2 BCL2 3.68E-02 0.89 1.99E-01 | 1.90E-04 | 7.82E-01 | 1.74E-03 | 5.88E-02 | 3.19E-01 8.06E-02
rs2850760 BCL2 BCL2 4.20E-02 0.90 1.99E-01 | 2.39E-04 | 8.33E-01 | 1.74E-03 | 6.68E-02 | 3.19E-01 8.98E-02
rs11152377 BCL2 BCL2 3.15E-02 1.13 6.05E-01 | 3.30E-04 | 6.05E-01 | 2.87E-03 | 5.44E-02 | 2.82E-01 6.53E-02
rs10460157 BCL2 BCL2 3.15E-02 1.13 6.05E-01 | 3.30E-04 | 6.05E-01 | 2.87E-03 | 5.44E-02 | 2.82E-01 6.53E-02
rs4891397 SOCS6 SOCS6 | 4.60E-02 1.19 3.13E-01 | 3.28E-04 | 3.37E-01 | 5.94E-02 | 3.03E-02 | 5.93E-01 8.83E-02
rs11661539 NFATC1 NFATC1 | 7.79E-02 0.82 6.50E-01 | 1.08E-01 | 8.49E-01 | 7.54E-04  1.00E-01 | 4.74E-01 3.53E-01
rs3852840 NFATC1 NFATC1 | 2.64E-02 0.81 4.36E-01 | 2.14E-02 | 5.49E-04 | 3.77E-01 | 7.66E-02 | 3.78E-02 2.23E-02
rs368835 MGC19604 TYK2 3.97E-04 0.77 5.91E-03 | 1.14E-01 | 1.38E-03 | 1.30E-01 | 1.99E-04 | 8.35E-01 2.96E-03
rs281423 RAVER1 TYK2 5.72E-04 0.78 7.63E-03 | 1.21E-01 | 1.56E-03 | 1.60E-01 | 2.94E-04 | 8.35E-01 4.18E-03
rs4802522 NUCB1 BAX 2.11E-01 0.93 9.38E-04 | 5.82E-01 | 7.06E-02 | 7.30E-01 | 4.24E-01 | 5.59E-02 4.71E-01
rs1883859 NFATC2 NFATC2 | 3.01E-03 1.20 5.78E-03 | 2.34E-02 | 2.19E-02 | 6.23E-02 | 1.06E-04 | 2.59E-03 2.93E-03
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CHAPTER YV

CHROMOSOME 16, A CLOSER LOOK

Introduction

MS is an idiopathic autoimmune neurodegenerative disease. Like most
common diseases, MS has a complex phenotype suggesting genetic heterogeneity.
Because of the autoimmune nature of the disease, there was early success in the
1970s with the discovery of the Major Histocompatibility Complex (MHC) and its
association with MS. Following several decades of frustration, the identification of
several non-MHC MS disease loci emerged with the dawn of genome wide
association studies (GWAS) (Batchelor, Compston, and McDonald 1978; Bertrams
and Kuwert 1972; Naito et al. 1972). Before this study, nine non-MHC genes have
been confirmed as MS disease loci, including IL7RA, IL2ZRA, CLEC16A, CD226,
CD58, TYK2, CD6, IRF8, and TNFRSF1A (Ban et al. 2009; De Jager et al. 2009;
Hafler et al. 2009; International Multiple Sclerosis Genetics Consortium 2007;
International Multiple Sclerosis Genetics Consortium 2008; International Multiple
Sclerosis Genetics Consortium 2009).

An important question remaining to be answered is how many variants explain
the genetic component of MS. Although this may prove to be an impossible
guestion to answer precisely, we can be certain that we are searching for at least
20-100 common alleles with very modest effect sizes and many more rare alleles
that could explain the variable nature of this complex disease (Sawcer 2008; Schork
et al. 2009; Wang et al. 2005). A priori, we can reason that these disease loci are
scattered throughout the genome, possibly concentrated in regions of coding genes
or evolutionarily conserved regions. Discovering a physical region where multiple
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independent associated SNPs are clustered should provoke a deeper investigation
of this region to identify what the significance of a particular region of the genome
has on the disease pathogenesis.

In examination of our significant results, we noticed that SOCS1 and the
flanking regions had highly significant SNPs in the overall Armitage trend test, in the
HLA+ stratum, and in the HLA- stratum. There were 111 SNPs in the SOCS1
region. In the overall Armitage trend test, 45/111(40.54%) SNPs were nominally
significant; in the HLA+ stratum Armitage trend test, 38/111 (34.23%) SNPs were
nominally significant; and in the HLA- stratum Armitage trend test, 25/111 (22.52%)
SNPs were nominally significant. Most of the SNPs from the stratified datasets
overlap with the results from unstratified dataset (34/38 SNPs or 89.47% in the
HLA+ stratum and 23/25 SNPs or 92% in the HLA- stratum). All three datasets
(unstratified and HLA+ and HLA- strata) have 14/23 overlapping SNPs (60.87%).

SNPs in the SOCS1 region, namely in PRM1, were also the SNPs with the
highest significance in our replication dataset (p-value of 3.48x10 for rs441349 in
the combined dataset). This region on chromosome 16 also houses a known MS
disease locus, CLEC16A (International Multiple Sclerosis Genetics Consortium
2007; International Multiple Sclerosis Genetics Consortium 2009), which is less than
150 kb from the more proximal SOCS1 region. Collaborators from the University of
California Berkeley used the 60K BeadChip assay for an independent project testing
SNPs in various candidate genes important to their group. They identified a gene
(CIITA) more distal than the CLEC16A and SOCSL1 regions, as a possible MS
disease locus (Gobin et al. 2001; Rasmussen, Kelly, and Clausen 2001). All three
of these gene regions are within 600 kb on chromosome 16; therefore, this region

warrants closer examination to delineate how many disease loci are present.
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Genotyping Techniques

We used the lllumina iSelect 60K BeadChip assay as our genotyping platform.
This experiment was performed in parallel for several independent projects
organized through the International MS Genetics Consortium (IMSGC) to maximize
the use of samples and resources. There were a total of 48,767 SNPs arrayed on
each of the BeadChips for genotyping. Three independent projects examined
candidate genes on chromosome 16: a candidate gene study of CIITA, an extensive
follow-up of the GWAS performed by the IMSGC (that included SNPs from
CLEC16A and LOC729954) (International Multiple Sclerosis Genetics Consortium
2007), and our IL7/IL7RA pathway approach examining SOCS1 and the 50 kb
flanking region. There were a total of 149 SNPs in the region of chromosome 16
(bp: 10,870,067-11,462,368). The samples genotyped were the same as reported

in Chapter 3 (1,343 cases and 1,379 controls after quality control).

Analysis Plan

We examined the unstratified Armitage trend test results for all 149 SNPs.
Because our results (SNPs from SOCS1 gene region) were differentially highly
significant in either the HLA+ and HLA- strata, we chose to also stratify the SNPs
from CLEC16A and CIITA by the presence of the HLA risk allele (genotypes AA and
AG) (HLA+ stratum) and the absence of the HLA risk allele (genotype GG) (HLA-
stratum).

To evaluate if all these signals were independent, we examined the linkage
disequilibrium (LD) patterns among these SNPs. Using Haploview, we identified LD
blocks and examined r* and D’ values within this chromosomal region (Barrett et al.
2005). To identify for possible interactions, Multi-factor dimensionality reduction
(MDR) was performed for the most significant SNPs from each gene region (Ritchie
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et al. 2001). In addition, we built a logistic regression model to examine pairwise
interactions between all possible pairwise combinations for only the most significant
SNps from each gene region. If there was a significant interaction between two
SNPs using logistic regression, then we tested each SNP for an association with MS
after adjusting for the interaction term.

We also wanted to examine the synteny of this region. With multiple MS
independent loci closely located, there may be some evolutionary reason for them to

be situated in this manner. We used the UCSC Genome Browser

(http://genome.ucsc.edu/) to determine when these genes converged on the same
chromosome in the evolutionary scale. If this set of genes is highly conserved
across species, this could indicate a common regulatory region controls expression
of all the genes in this region. In addition, we examined UCSC Genome Browser
ChIP data (from the Broad Institute) for histone marks that indicate active and
inactive chromatin. Various cell lines are available for view in this database,
including GM12878 (a CEPH lymphoblast), HUVEC (umbilical vein endothelial),
K562 (myelogenous leukemia), and NHEK (normal human epidermal keratinocytes).
Using this information, we determined if these genes are in active areas of
transcription in the same cell lines suggesting co-regulation of the the genes.
Finally, we used the Ensembl Genome Browser

(http://www.ensembl.org/index.html), which has information on known regulatory

regions to determine if any of significant SNPs are in known regions of these histone

marks for either active or inactive chromatin.

Results
The Armitage trend tests on all the SNPs in this region genotyped on the 60K
BeadChip are presented in Table 5.1. Also, we stratified by the HLA allele (like the
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secondary analyses from Chapter 4) and performed Armitage trend tests on both
strata (HLA+ and HLA-) (Table 5.1).

Upon inspection of the LD structure of this region, all the SNPs in CITA
appear to be in one large LD block. Likewise, the SNPs in CLEC16A appear to be
in a single LD block; the remaining SNPs are in one large LD block (encompassing
LOC729954, SOCS1, TNP2, PRM1-3, Cl60rf75, LOC388210, and LOC400499).
Also, this LD pattern was consistent when stratifying the samples by HLA (HLA+ vs.
HLA-) and by affection status (cases vs. controls). These data suggest that each of
these regions is independent (i.e. not in LD) from each other indicating independent
effects coming from each of these gene regions (Figures 5.1 and 5.2).

We selected the most significant SNPs from each region for use in a logistic
regression model for interaction effects. A SNP from CIITA (rs4774), a SNP from
CLEC16A (rs7184083, which is in strong LD with the previously identified disease
locus, rs12708716), and two SNPs from the SOCS1 region (one in LOC729954,
rs1640923, which had a highly significant HLA- stratum p-value, and one in PRM1,
rs12922733, which had a highly significant HLA+ stratum p-value) (Table 5.2 and
5.3). After stratification by the HLA allele, two regions had significant results: one
had significant p-values in the unstratified data and in the HLA+ stratum (PRM1)
and one had significant p-values in the unstratified data and in the HLA- stratum

(LOC729954).
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Table 5.1. Armitage Trend Test for all chromosome 16 SNPs from 60K BeadChip assay (shaded in grey are all p-values< 1.0x10%).

*Genome build 36

HLA+ HLA-
Location Armitage p- Armitage p- | Armitage p-

Chr. SNP (bp)* Gene value value value Minor Allele
16 rs4436808 | 10870067 CIITA 9.69E-01 2.10E-01 3.45E-01 T
16 rs6498114 | 10871619 CIITA 2.08E-01 5.07E-01 2.84E-01 G
16 rs9302456 | 10875973 CIITA 6.06E-01 5.62E-01 2.79E-01 T
16 rs4781010 10877959 CITA 7.42E-01 1.74E-01 2.84E-01 T
16 rs3087456 | 10878403 CIITA 1.58E-01 9.54E-01 8.90E-02 C
16 rs12928665 | 10878975 CIITA 2.05E-01 9.16E-01 1.21E-01 C
16 rs12932187 | 10879381 CIITA 6.07E-01 2.70E-01 6.02E-01 C
16 rs12925158 | 10881806 CIITA 8.01E-01 6.01E-01 6.09E-01 T
16 rs8043545 | 10889846 CITA 2.37E-01 8.11E-01 1.46E-01 C
16 rs6498119 | 10899379 CIITA 2.37E-01 6.16E-02 7.91E-01 C
16 rs4781015 | 10899453 CITA 5.31E-02 3.86E-01 7.22E-02 T
16 rs7189406 | 10900989 CIITA 8.68E-01 8.42E-01 3.88E-01 C
16 rs6498124 | 10903351 CIITA 8.94E-02 1.95E-03 6.45E-01 C
16 rs4781016 | 10903900 CIITA 1.72E-01 1.16E-02 7.27E-01 T
16 rs4774 10908349 CIITA 5.02E-03 1.71E-05 7.54E-01 C
16 rs13330686 | 10909192 CIITA 2.82E-02 4.15E-02 2.98E-01 A
16 rs13336804 | 10909195 CIITA 2.50E-02 4.15E-02 2.66E-01 G
16 rs4781019 | 10911651 CIITA 1.10E-01 8.03E-02 4.12E-01 C
16 rs6498126 | 10911864 CIITA 6.55E-01 1.52E-01 3.46E-01 G
16 rs4781020 | 10915763 CIITA 9.22E-01 6.34E-01 3.47E-01 T
16 rs6498132 | 10918145 CIITA 3.65E-01 2.14E-03 6.47E-02 A
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HLA+ HLA-
Location Armitage p- Armitage p- | Armitage p-

Chr. SNP (bp)* Gene value value value Minor Allele
16 rs7201430 | 10923546 CIITA 5.18E-01 2.08E-01 8.59E-01 T
16 rs4781024 | 10924559 CIITA 8.09E-01 5.83E-02 1.18E-01 T
16 rs12598008 | 10947194 | CLECI16A 4.74E-03 2.60E-02 6.56E-02 G
16 rs12708713 | 10979960 | CLEC16A 2.33E-02 4.09E-02 2.01E-01 A
16 rs8055544 | 10999062 | CLECI16A 2.92E-03 1.50E-02 3.26E-02 G
16 rs3901386 | 11050221 | CLECI16A 6.46E-05 2.53E-03 8.08E-03 G
16 rs12708716 | 11087374 | CLEC16A 1.48E-03 1.47E-03 9.60E-02 C
16 rs12924729 | 11095284 | CLEC16A 1.61E-03 1.82E-03 4.62E-02 T
16 rs3893660 | 11101431 | CLECI16A 6.00E-05 2.88E-03 4.70E-03 G
16 rs9941107 | 11103542 | CLECI16A 1.76E-04 3.48E-03 8.10E-03 A
16 rs7198004 | 11115118 | CLECI16A 1.71E-04 2.46E-03 1.09E-02 G
16 rs7203150 | 11115223 | CLECI16A 4.18E-04 3.75E-03 1.99E-02 G
16 rs9746695 | 11115395 | CLECI16A 3.38E-03 1.24E-03 9.06E-02 C
16 rs7184083 | 11135415 | CLECI16A 1.32E-05 3.80E-03 7.61E-04 A
16 rs6498169 | 11156830 | CLECI16A 8.54E-05 6.61E-03 4.48E-03 G
16 rs28087 11160330 | CLEC16A 8.69E-05 5.85E-03 6.18E-03 G
16 rs27908 11164602 | CLEC16A 1.89E-04 5.83E-03 1.15E-02 A
16 rs248836 11194191 | LOC729954 3.29E-02 2.26E-02 2.67E-01 G
16 rs40448 11204669 | LOC729954 5.18E-01 6.85E-01 1.90E-01 C
16 rs193773 11206351 | LOC729954 4.53E-01 6.85E-01 1.68E-01 C
16 rs193772 11206578 | LOC729954 4.83E-01 9.46E-01 2.93E-01 A
16 rs28769 11206749 | LOC729954 4.46E-01 6.85E-01 1.62E-01 G
16 rs8063769 | 11209607 | LOC729954 1.48E-01 8.59E-02 6.89E-01 T
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HLA+ HLA-
Location Armitage p- Armitage p- | Armitage p-

Chr. SNP (bp)* Gene value value value Minor Allele
16 rs12708719 | 11211022 | LOC729954 9.05E-02 5.42E-02 4.69E-01 T
16 rs152308 11213293 | LOC729954 3.68E-01 9.92E-01 2.16E-01 A
16 rs193769 11213326 | LOC729954 5.34E-01 2.33E-01 7.04E-01 A
16 rs152307 11213337 | LOC729954 5.21E-01 2.33E-01 7.28E-01 T
16 rs705904 11213898 | LOC729954 1.08E-01 8.19E-03 9.31E-01 G
16 rs152306 11214137 | LOC729954 2.38E-02 1.23E-02 3.56E-01 T
16 rs2291657 | 11214525 | LOC729954 1.28E-01 1.34E-01 5.28E-01 T
16 rs152303 11215600 | LOC729954 4.88E-03 4.12E-01 3.75E-03 G
16 rs8049158 | 11215656 | LOC729954 5.60E-02 6.00E-01 4.26E-02 T
16 rs808004 11215805 | LOC729954 2.31E-02 9.52E-01 3.91E-03 T
16 rs193766 11215820 | LOC729954 2.47E-02 9.01E-01 3.91E-03 A
16 rs193763 11218568 | LOC729954 1.41E-01 3.20E-01 1.92E-01 G
16 rs193762 11219674 | LOC729954 5.74E-01 5.98E-01 3.98E-01 T
16 rs2113261 | 11219900 | LOC729954 4.91E-02 1.31E-01 9.39E-02 C
16 rs4780354 | 11221794 | LOC729954 2.96E-02 5.75E-01 2.27E-02 A
16 rs4781046 | 11223140 | LOC729954 3.97E-03 3.79E-01 6.38E-04 T
16 rs1646066 | 11226007 | LOC729954 2.53E-03 2.37E-01 5.55E-04 G
16 rs1690492 | 11226317 | LOC729954 3.54E-01 9.07E-01 1.70E-01 C
16 rs1646067 | 11226546 | LOC729954 4.01E-01 7.99E-01 1.64E-01 G
16 rs1640922 | 11227343 | LOC729954 2.64E-03 2.21E-01 5.76E-04 A
16 rs9646267 | 11227943 | LOC729954 1.53E-01 6.81E-01 1.36E-01 T
16 rs1646070 | 11228424 | LOC729954 2.64E-03 2.21E-01 5.76E-04 C
16 rs1640923 | 11228478 | LOC729954 2.64E-03 2.21E-01 5.76E-04 G
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HLA+ HLA-
Location Armitage p- Armitage p- | Armitage p-

Chr. SNP (bp)* Gene value value value Minor Allele
16 rs1690496 | 11230327 | LOC729954 2.91E-01 5.78E-01 3.65E-01 C
16 rs193756 11234286 | LOC729954 5.11E-01 6.50E-01 6.22E-01 A
16 rs9936951 | 11238280 | LOC729954 2.91E-02 7.21E-02 5.77E-02 C
16 rs8060821 | 11241560 | LOC729954 8.79E-02 2.21E-01 1.40E-01 G
16 rs12935269 | 11242319 | LOC729954 1.03E-01 2.73E-01 1.37E-01 T
16 rs11074956 | 11245222 | LOC729954 7.41E-02 1.97E-01 9.90E-02 T
16 rs181578 11245306 | LOC729954 1.74E-01 6.70E-01 2.24E-01 C
16 rs151772 11245364 | LOC729954 5.83E-01 6.38E-01 4.57E-01 G
16 rs181581 11246022 | LOC729954 8.74E-01 6.71E-01 8.58E-01 A
16 rs9940551 | 11247203 | LOC729954 8.87E-02 2.62E-01 1.05E-01 C
16 rs151769 11248080 | LOC729954 8.77E-01 7.31E-01 7.91E-01 T
16 rs396753 11248171 | LOC729954 9.71E-02 2.24E-01 1.26E-01 C
16 rs408665 11249473 | LOC729954 1.32E-01 1.59E-01 2.37E-01 T
16 rs80945 11250621 SOCS1 6.71E-01 7.85E-01 7.86E-01 T
16 rs181582 11251048 SOCS1 6.95E-01 7.58E-01 8.99E-01 T
16 rs149597 11251443 SOCS1 3.95E-02 2.49E-02 3.23E-01 G
16 rs149311 11253255 SOCS1 8.64E-01 9.95E-01 8.52E-01 A
16 rs1111186 | 11254549 SOCS1 2.60E-02 1.04E-02 3.07E-01 C
16 rs16958175 | 11254700 SOCS1 5.08E-02 3.49E-02 2.85E-01 G
16 rs4780355 | 11255359 SOCS1 2.81E-02 1.04E-02 3.31E-01 G
16 rs193779 11258466 SOCS1 3.57E-01 6.69E-01 4.61E-01 A
16 rs193778 11258712 SOCS1 3.41E-01 6.69E-01 4.29E-01 C
16 rs243324 11262471 SOCS1 7.48E-03 2.98E-02 7.68E-02 C
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HLA+ HLA-
Location Armitage p- Armitage p- | Armitage p-

Chr. SNP (bp)* Gene value value value Minor Allele
16 rs243317 11264832 TNP2 6.04E-03 7.80E-03 8.86E-02 C
16 rs243318 11265519 TNP2 5.71E-03 7.18E-03 9.11E-02 A
16 rs1646019 | 11267181 TNP2 6.50E-03 7.80E-03 8.99E-02 A
16 rs243323 11268703 TNP2 7.30E-03 8.76E-03 9.80E-02 C
16 rs8043625 | 11269396 TNP2 1.43E-02 2.62E-02 1.40E-01 C
16 rs11640138 | 11270230 -99 2.82E-02 3.88E-02 1.94E-01 C
16 rs7191538 | 11270890 TNP2 1.69E-02 3.10E-02 1.46E-01 G
16 rs415595 11271193 TNP2 2.22E-02 3.82E-02 1.63E-01 C
16 rs431918 11272917 PRM3 8.10E-01 6.83E-01 5.85E-01 G
16 rs367569 11273001 PRM3 1.40E-02 9.53E-03 2.02E-01 A
16 rs393161 11274090 PRM3 7.79E-01 6.81E-01 5.69E-01 A
16 rs16958199 | 11275737 PRM3 3.92E-01 7.89E-01 1.60E-01 A
16 rs1559393 | 11276250 PRM2 5.10E-02 5.54E-02 1.06E-01 C
16 rs405500 11276650 PRM2 6.41E-02 5.58E-02 1.29E-01 C
16 rs1559394 | 11276706 PRM2 8.42E-01 8.61E-01 5.68E-01 A
16 rs425537 11276764 PRM2 5.10E-02 6.47E-02 7.95E-02 T
16 rs4781055 | 11276929 PRM2 3.34E-01 3.40E-01 7.62E-01 A
16 rs376374 11278117 PRM2 9.83E-01 8.83E-01 7.23E-01 C
16 rs11645592 | 11278811 PRM2 3.95E-02 4.48E-02 1.92E-01 A
16 rs441349 11279260 PRM2 7.68E-04 4.45E-04 2.62E-02 T
16 rs2550475 | 11279487 PRM2 9.16E-01 8.89E-01 6.13E-01 A
16 rs7198849 | 11280802 PRM1 4.00E-01 3.40E-01 8.46E-01 A
16 rs529866 11280821 PRM1 1.11E-03 1.19E-03 2.40E-02 T
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HLA+ HLA-
Location Armitage p- Armitage p- | Armitage p-

Chr. SNP (bp)* Gene value value value Minor Allele
16 rs11644626 | 11280837 PRM1 2.18E-02 1.77E-02 1.63E-01 C
16 rs423674 11280906 PRM1 1.49E-03 1.50E-03 2.83E-02 T
16 rs737008 11282367 PRM1 7.19E-01 5.30E-01 6.18E-01 G
16 rs2301365 | 11282787 PRM1 9.10E-03 1.97E-02 8.77E-02 T
16 rs949429 11283530 PRM1 9.92E-01 9.16E-01 6.87E-01 C
16 rs7206749 | 11284423 PRM1 3.57E-01 3.30E-01 7.82E-01 G
16 rs1794019 | 11287276 PRM1 4.33E-04 6.76E-04 1.43E-02 C
16 rs12922733 | 11288171 PRM1 5.38E-04 4.63E-04 2.00E-02 G
16 rs1646026 | 11290196 PRM1 4.86E-04 6.45E-04 1.41E-02 T
16 rs4451969 | 11291020 PRM1 6.06E-03 1.41E-03 1.89E-01 A
16 rs181694 11292330 PRM1 4.35E-04 5.37E-04 1.73E-02 A
16 rs243315 11292512 PRM1 5.50E-04 5.37E-04 2.06E-02 T
16 rs497184 11297090 PRM1 9.40E-04 6.50E-04 3.13E-02 T
16 rs1690500 | 11297487 PRM1 6.27E-03 4.22E-04 1.63E-01 T
16 rs11640295 | 11298229 PRM1 7.80E-01 9.91E-01 4.25E-01 C
16 rs1874021 | 11298691 PRM1 5.20E-02 2.78E-02 3.52E-01 G
16 rs8057417 | 11300273 PRM1 5.73E-02 2.89E-02 3.64E-01 G
16 rs7205578 | 11301119 PRM1 3.58E-01 3.50E-01 4.58E-01 C
16 rs7206320 | 11301186 PRM1 3.42E-01 3.50E-01 4.18E-01 T
16 rs6498179 | 11301388 PRM1 3.25E-01 3.33E-01 4.16E-01 G
16 rs4340345 | 11301629 PRM1 3.41E-01 3.49E-01 4.18E-01 A
16 rs4238603 | 11301903 PRM1 3.57E-01 3.49E-01 4.47E-01 A
16 rs12599908 | 11303416 PRM1 5.47E-04 4.63E-04 2.02E-02 A

159




HLA+ HLA-
Location Armitage p- Armitage p- | Armitage p-

Chr. SNP (bp)* Gene value value value Minor Allele
16 rs880341 11303644 PRM1 1.79E-01 9.98E-01 2.50E-02 C
16 rs8048768 | 11304341 PRM1 4.26E-01 3.22E-01 8.75E-01 G
16 rs1019551 | 11304608 PRM1 3.85E-01 3.99E-01 4.27E-01 C
16 rs12596260 | 11305766 PRM1 7.31E-04 6.45E-04 2.28E-02 C
16 rs2867936 | 11306199 PRM1 6.42E-04 6.45E-04 1.96E-02 T
16 rs12927773 | 11311464 PRM1 5.85E-04 7.64E-04 1.17E-02 A
16 rs12922090 | 11322618 C160rf75 3.36E-04 8.77E-04 7.11E-03 T
16 rs8058507 | 11386346 | LOC388210 9.97E-01 3.76E-01 8.00E-01 C
16 rs4238608 | 11449397 | LOC400499 5.55E-01 6.67E-01 7.59E-01 C
16 rs4467099 | 11450395 | LOC400499 6.85E-01 6.86E-01 9.61E-01 G
16 rs9926071 | 11455374 | LOC400499 5.51E-01 1.49E-01 8.07E-01 C
16 rs7206698 | 11461343 | LOC400499 4.58E-01 3.10E-01 8.52E-01 G
16 rs8050530 | 11462368 | LOC400499 5.11E-01 3.43E-01 8.97E-01 C
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Figure 5.1. Linkage Disequilibrium for chromosome 16 region (D’ values) (Genome build 36; chromosome 16: 10,870,067

11,462,368).
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Figure 5.2. Linkage Disequilibrium for chromosome 16 region (r? values) (Genome build 36; chromosome 16: 10,870,067-
11,462,368). The darker shading corresponds to greater correlation between SNPs.
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Table 5.2. Summary of most significant SNPs from each Region that were used in logistic regression models (shaded are the most
significant p-values for each SNP).
*OR calculated for minor allele

HLA+ HLA-
Armitage | Armitage p- | Armitage p- | Odds Ratio* (stratum
SNP Gene p-value value value with highest p-value)
rs4774 CIITA 0.005 1.71E-05 0.75 1.59 (HLA+)
rs7184083 | CLEC16A 1.32E-05 0.004 7.00E-04 1.28 (overall)
rs1640923 | LOC729954 0.003 0.22 5.76E-04 0.68 (HLA-)
rs12922733 PRM1 5.38E-04 4.63E-04 0.02 0.67 (HLA+)

Table 5.3. Linkage disequilibrium values for these most significant SNPs.

R? values D' values
SNP rs4774 | rs7184083 | rs1640923 | rs12922733 | rs4774 | rs7184083 | rs1640923 | rs12922733
rs4774 0.006 0 0.004 0.094 0.025 0.216
rs7184083 | 0.006 0.057 0.049 0.094 0.799 0.622
rs1640923 0 0.057 0.351 0.025 0.799 0.709
rs12922733 | 0.004 0.049 0.351 0.216 0.622 0.709
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Using logistic regression, we performed analysis of each pairwise combination of
these four SNPs to test for an interaction. If there was a significant interaction
between two SNPs, then we modeled each SNP adjusting for the interaction term

(Table 5.4).

Table 5.4. List of interaction p-values for each pairwise combination of SNPs in the
overall dataset. * Interaction p-value is nominally significant but both p-values for
the SNPs is still nominally significant

Interaction p-value
SNP rs4774 rs7184083 | rs1640923 | rs12922733
rs4774 0.037* 0.131 0.024*
rs7184083 0.037* 0.226 0.996
rs1640923 0.131 0.226 0.909
rs12922733 0.024* 0.996 0.909

In the overall unstratified dataset, there is a significant interaction between SNPs in
CITA and CLEC16A and between SNPS in CITA and PRM1; however, the
strongest effect in CIITA was observed in the HLA+ stratum rather than in the
overall unstratified dataset. Likewise, the PRM1 effect was also stronger in the
HLA+ group. Although there were nominally significant interactions between these
two pairs of SNPs, both pairs (all 4 SNPs) also still had significant p-values after
taking the interaction into effect. The MDR results did not yield any significant
interactions using these 4 SNPs.

Since the unpublished effects (i.e. CIITA and SOCS1 region), were more
prominent in the HLA stratified datasets, we also performed logistic regression for
each of the stratified datasets.

For the HLA+ stratum, there is a significant

interaction between rs4774 (CIHITA) and rs1640923 (LOC729954) (shaded, Table
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5.5); however, rs1640923 was a highly significant SNP in the HLA- stratum and did

not have a significant p-value in HLA+ stratum (Table 5.2).

Table 5.5. List of interaction p-values for each pairwise combination of SNPs in the
HLA+ stratum. * Interaction p-value is nominally significant but both p-values for the
SNPs is still nominally significant

Interaction p-value for HLA+ stratum
SNP rs4774 | rs7184083 | rs1640923 | rs12922733
rs4774 0.055 0.019 0.002*
rs7184083 0.055 0.598 0.04*
rs1640923 0.019 0.598 0.102
rs12922733 | 0.002* 0.04* 0.102

There were significant interactions between rs4774 and rs12922733 and between
rs7184083 and rs12922733; however, both pairs (all 4 SNPs) also had significant p-
values after taking the interaction into effect (Table 5.5).

For the HLA- stratum, there is a significant interaction between rs7184083
(CLEC16A) and rs12922733 (PRM1) (shaded, Table 5.6); however, rs12922733
was a highly significant SNP in the HLA+ stratum and was only nominally significant
in the HLA- stratum (Table 5.2).

In the HLA- stratum, there were no other

significant interactions.

Table 5.6. List of interaction p-values for each pairwise combination of SNPs in the
HLA -stratum. * Interaction p-value is nominally significant but both p-values for the

SNPs is still nominally significant
Interaction p-value for HLA- stratum
SNP rs4774 rs7184083 | rs1640923 | rs12922733
rs4774 0.261 0.833 0.851
rs7184083 0.261 0.073 0.039
rs1640923 0.833 0.073 0.191
rs12922733 0.851 0.039 0.191
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Genomic Annotation
Using UCSC Genome Browser, we found the cluster of genes (CIITA,
CLEC16A, and SOCS1) has been conserved through vertebrates (zebrafish).
Cl60rf75 appears for the first time downstream in the chick ensemble. The
additional genes in the region (i.e. TNP2, PRM3, and PRM1) do not appear
downstream from SOCS1 until the opossum ensemble. Finally, PRM2 arises in

Eutherian mammals (Figure 5.3).
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Figure 5.3. The conserved synteny between these chromosome 16 genes.

Since there appears to be conserved synteny between these genes, the next
step in unraveling the unusual nature of chromosome 16 (i.e. housing multiple
independent gene effects) would be to identify patterns of regulation in this region.
It is plausible that these genes could be co-regulated by a common factor in the
region. This synteny suggests that these genes evolved together for biological

reasons. The examination of expression levels of these genes and whether or not
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they are expressed together is important for resolving the biological function of this
chromosomal region, especially its role in MS.

Investigating the ChIP data from the UCSC genome browser, it appears that
CIITA transcription is not “active” in any of these lines; whereas, CLEC16A
transcription is “active” in all of them. SOCSL1 transcription is “active” in the CEPH
lymphaoblasts and leukemia cell lines; whereas, the PRM gene cluster is not “active.”
Thus, there is no evidence to suggest that these genes are co-regulated based on
the ChIP data for these cell lines. We also examined the Ensembl Genome Browser
and found several SNPs associated with histone marks in CLEC16A and in the

SOCS1 gene region.

Discussion

The patterns of LD and the tests of independence in the logistic regression
model both suggest that each of these SNPs (and hence their tagged genes) has an
effect on MS susceptibility that are independent from each other. In addition, the
data suggest that there are interactive effects from this 600 kb region contributing to
MS susceptibility. Because this is a small chromosomal region, it is reasonable to
hypothesize that these multiple effects have co-evolved.

From the ChIP data, it does not appear that there is any co-expression of
these genes in any of these cell lines. However, looking at T cell expression levels
and other immune cells would probably be the best way to investigate for co-
expression and is worth investigating in future studies.

In addition to expression levels, searching for known regulatory regions could
also be influential in the search for the mechanism of disease pathology. If any
other SNPs with significant p-values is in LD with a known regulatory region, that
would give us evidence that would suggest co-regulation of these genes. These
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effects could be located in regulatory elements that affect the transcription of the
whole region.

Those SNPs found to be associated with histone marks in examination of the
Ensembl Genome Browser could indicate regulated expression of these genes.
PRM1 and PRM2, the genes with the most significant SNPs in the SOCS1 region,
do not appear to have a biological function that is relevant to what is known about
MS etiology (Tuttelmann et al. 2007). These SNPs could be involved in differential
activity associated with transcription of SOCS1, previously shown to be involved in
regulating inflammation. SOCS1-deficiency in T cells leads to hyperactivity in Thl
cells and a reduction in Th17 response, which has been linked to the pathogenesis
of autoimmune disease (Hashimoto et al. 2009). In addition, findings have indicated
that SOCS1 deficiency causes the breakdown of self MHC-T cell receptor (TCR)
recognition during the thymic differentiation. This process leads to a release of
autoreactive T cells (Chong et al. 2005; Kubo, Hanada, and Yoshimura 2003). This
mechanism could explain the breakdown in the differentiation in T cells leading to
hyper-reactivity of T cells, which may ultimately lead to the attack on the myelin
sheath.

Although the significant SNPs are actually in PRM1 and PRM2, SOCS1 with
its connection to the breakdown of self MHC-TCR recognition makes it an excellent
candidate for influencing MS susceptibility. Thus, the SNPs in PRM1 and PRM2
could be regulating transcription of SOCS1. All we can say with certainty is that
SOCSL1 should not be ruled out as the source of these significant results even
though they are physically closer to PRM1 and PRM2. The differences in activity
across this arm of the chromosome suggest that this cluster of genes is not co-
regulated. However, we would have to examine T cell lines and cell lines of MS
patients to be certain.
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The confluence of significant results on this arm of chromosome 16 has raised
important issues. We have demonstrated that there are both multiple interactive
and independent signals in this region of chromosome 16. Some of the multiple
signals are also modulated by the HLA allele (both the risk allele and the “protective”
allele). In various cell lines that are publicly available, these genes are not
expressed together despite the conserved synteny of these 600 kb. There are
known regulatory elements in this region (mainly the SOCSL1 region) that overlap
with significant SNPs suggesting that the association signal lying in the PRM1/2
genes could be regulating the nearby more biologically plausible gene, SOCSL1.
There is no evidence for co-regulation, but more studies need to be done to confirm
this fact. Future studies would involve performing functional experiments and
examining expression levels to discern the biological purpose of these three

independent effects and, more importantly, what that means for the etiology of MS.
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CHAPTER VI

CONCLUSIONS AND FUTURE PLANS

Conclusions

The autoimmune nature of MS led to early genetic success with the discovery
of the Major Histocompatibility Complex (MHC) association in the 1970s (Bertrams
and Kuwert 1972; Naito et al. 1972). Following this discovery, numerous genome-
wide screens and candidate gene studies have been completed testing for
additional genetic effects outside the MHC region (Ebers et al. 1996; Haines et al.
1996; International Multiple Sclerosis Genetics Consortium 2005; Kuokkanen et al.
1997; Sawcer et al. 1996; Transatlantic Multiple Sclerosis Genetics Cooperative
2001). Although hundreds of candidate genes were tested, none had gained
consensus as carrying risk for MS (Hirschhorn et al. 2002). This slow progress
made it clear that more powerful approaches were needed in the genetic analysis of
MS. Genomic convergence was applied to explicitly identify candidate genes with
the best genetic and biological relevance (Hauser et al. 2003). In 2007, more than
three decades after MHC was first identified, the interleukin-7 receptor alpha chain
(IL7RA) was identified as the first non-MHC MS susceptibility locus using this
approach (Gregory et al. 2007) and simultaneously confirmed in an accompanying
report (lundmark 2007).

The associated SNP (rs6897932) was also identified in the first genome-wide
association study (GWAS) in MS (International Multiple Sclerosis Genetics
Consortium 2007) and in the non-synonymous SNP (nsSNP) screen performed by
the Wellcome Trust Case Control Consortium (WTCCC) (Wellcome Trust Case
Control Consortium 2007). The original GWAS study also identified interleukin-2
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receptor alpha gene (IL2RA) as an MS risk gene, and highlighted the likely role of
additional loci including CLEC16A and CD58. The effects of these additional genes
were replicated in multiple independent datasets confirming their status as MS
associated loci. Other genes were identified and replicated as MS risk genes,
including TYK2, CD226, TNFRSF1A, IRF8, and CD6 (Ban et al. 2009; De Jager et
al. 2009; International Multiple Sclerosis Genetics Consortium 2009; Kumpfel et al.
2008). After several decades of frustrating research, the advent and application of
affordable genotyping of dense SNP maps in large datasets has ushered in a new
era in which rapid progress is being made in our understanding of the genetics
underlying many complex traits. Through our examination of other genes
functionally related to IL7RA, we have identified novel associations with MS.

Our analysis of the genes implicated as part of the IL7R pathway has identified
two novel gene regions, IL7 and SOCS1, which replicated in an independent
dataset, and have highly significant overall results. Finding association with the
biologically relevant ligand (IL7) of IL7R indicates that the known biological activity
of these genes is relevant, as opposed to some perhaps as yet unknown pleiotropic
effect of these genes. In Gregory et al, it was discovered that rs6897932, the non-
synonymous coding SNP in IL7RA, has a functional role in MS. The major allele (C)
increases skipping of exon 6 and increases the soluble form of IL7RA. The IL7/IL7R
complex along with IL2RG is vital for the development, maturation, and survival of T
cells, which is theorized to be where the breakdown in the body’s immune response
occurs. This breakdown could, therefore, lead to the adverse autoimmunity found in
MS patients (Goverman 2009; Gregory et al. 2007).

Our results in the discovery dataset yielded no SNPs meeting a Bonferroni
experiment-wise correction (2.00x107°), although one SNP in IL7 (rs2587156) came
close (p-value=2.46x107°). In our follow-up dataset (24 SNPs), the most significant

171



SNP was in the flanking region of SOCS1 (rs441349) with a p-value of 6.90x10. In
the merged dataset (3,454 cases and 3,416 controls), the SNPs on chromosome 16
flanking SOCS1 were the most significant having an estimated GRR of 1.25. The
most significant p-value (3.48x107) was with SNP rs441349. IL7 also had
significant SNPs in the merged dataset with estimated GRRs of 1.14 and 1.35 with
p-values of 6.92x10* and 8.29x10° for SNPs rs1054283 and rs2587156,
respectively. In the discovery dataset, rs2587156 (IL7) was also the most significant
SNP in the genotypic chi square test with a p-value of 9.41x10°. The discovery
dataset also yielded a significant 8-SNP haplotype in IL4R with a p-value of 3.73x10°
% and an OR of 1.42. Overall, the discovery dataset had five significant gene
regions: IL7, SOCS1, TYK2, BCL2, and PRKCE. Two of these gene regions, IL7
and SOCS1, had significantly associated SNPs that further replicated in an
independent case-control dataset.

The HLA stratified dataset had the most interesting results of all the secondary
analyses. In the discovery dataset, the most significant SNPs for both the HLA+
and the HLA- strata were both in flanking regions of SOCS1. The most significant
SNPs for the HLA+ stratum were in the 5’ flanking region of SOCS1 in nearby genes
PRM1 and PRM2. There was also a significant 6-SNP protective haplotype in
SOCS1 gene region with a p-value 1.44x10° and an OR of 0.50. The most
significant SNPs for the HLA- stratum were in the 3’ flanking region of SOCSL1 in the
hypothetical gene LOC729954. There were also significant SNPs in the HLA-
stratum in IRS1, BCL2, and IL12A, which were followed up in the second phase of
replication. Two genes, SOCS1 and IL12A, had significantly associated SNPs that
further replicated in the independent dataset with p-values 3.54x10° and 3.45x107?,

respectively. The HLA- stratum, like the HLA+ stratum, also had a significant
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haplotype: a 3-SNP risk haplotype in SOCS2 with a p-value of 4.42x10° and an OR
of 1.42.

Also, in the HLA- stratum in the merged dataset (the two datasets combined),
the Armitage trend test showed IL7 had more significant p-values than in the
unstratified merged dataset. For the HLA+ stratum, SNPs in the flanking region of
SOCSL1 yielded the most significant p-values. However, a test of heterogeneity was
only significant for the SNPs in IL7 (p-values =0.03-0.04). Interestingly, the SNPs
with the highest p-values in the HLA- stratum are in the same LD block as the SNP
with the highest p-value (rs2587156) in the overall dataset, which loses its
significance when HLA stratification (via rs3135388) occurs. The biological
plausibility of these results is unclear and should be investigated for functional
implication. There appears to be two separate signals coming from the same LD
block in IL7, which holds further importance as IL7 is the ligand for IL7RA, which
contains a previously associated functional SNP (rs6897932).

The gender strata in the discovery dataset yielded significant findings;
however, these results did not replicate in our second phase of follow-up despite
having sufficient power (power>80%) to detect these associations. In the discovery
dataset, the female stratum yielded significant SNPs in TSLP and IL4R. A SNP in
TSLP (rs17554123) only trended towards significance with a p-value 0.05 in the
replication dataset. In the discovery dataset, the male stratum yielded significant
SNPs in SOCS7, BCL2, and T-BET. A SNP in T-BET (rs8070463) only trended
towards significance with a p-value 0.09 in the replication dataset.

The other secondary analyses (IL7RA, RRMS/SPMS, and MSSS
stratifications) did not yield anything significantly different from the unstratified
analyses. The high risk allele frequency of the associated IL7RA variant meant that

our analysis based on stratifying according to this locus had only limited power. The
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lack of novel findings was not surprising. Likewise, most of the cases had RRMS or
SPMS creating a similar problem of only having limited power in our stratification. In
contrast, the MSSS stratification data had limited power to detect novel associations
due to the nature of the analysis (analyzing cases only) and the sample size (only
828 cases with MSSS scores and only 451 with the extreme scores — scores from 1-
3 or 7-10). Thus, these secondary analyses were not extremely informative in
furthering our understanding of MS etiology.

Interestingly, SOCSL1 is located on chromosome 16 slightly downstream from a
recently confirmed MS susceptibility locus, CLEC16A. After examining the LD
architecture of this region, SOCS1 and CLEC16A appear to be two independent MS
disease loci. The LD block containing CLEC16A is separated from the more
proximal LD block that contains the SOCS1 gene region with our significant SNPs.
Having an associated SNP in the flanking region of a gene involved in suppression
of cytokine signaling (i.e. SOCS1 functions as a suppressor of cytokine signaling)
suggests that this flanking region could be a regulatory element. Having multiple
associated genes in close proximity may suggest that these genes could be co-
regulated. These observations warrant further investigation of this region via
functional studies.

We also identified three additional strong candidate genes that have biological
relevance to the etiology of MS, including Protein kinase C epsilon (PRKCE), B-cell
lymphoma 2 (BCL2), and tyrosine kinase 2 (TYK2). PRKCE is involved in neuron
channel activation and apoptosis. BCL2 is involved in activation of apoptosis.
Since IL7 is involved in regulation of survival for progenitor and mature lymphoid
cells, the delicate balance between survival of these cells and programmed death
could be involved in the pathogenesis of MS (Jiang et al. 2005). TYK2 transmits
cytokine signals by phosphorylating receptor subunits (Jiang et al. 2005; Shirali,
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Adachi, and Saito 2008). Through these phosphorylation events, the signaling
cascade leading to lymphocyte development is activated, suggesting a link to MS.
Independent efforts following up results that emerged from the WTCCC nsSNP
screen already had identified TYK2 as a susceptibility gene in MS. Its re-
emergence here provides a valuable positive control and further support for the
importance of TYK2 (Ban et al. 2009).

Our results indicate that the multiple genetic variations in the IL7/IL7RA
pathway are important in MS pathogenesis, and by implication, this pathway plays
an important biological role in the etiology of MS. Furthermore, our data support the
approach of using candidate pathways as an effective way of identifying additional
MS susceptibility genes. Examining the extended pathways of previously identified
associated genes has proven useful in the identification of new disease loci
(Hennah et al. 2007; McGovern et al. 2009). This method of screening the
biologically interacting genes of confirmed disease genes may help to elucidate
additional aspects of the underlying genetic architecture of numerous complex

diseases.

Autoimmunity Disease Loci

MS, like most other autoimmune diseases, has a complex phenotype
suggesting genetic heterogeneity. Because of the underlying theme of
autoimmunity in people suffering from these various diseases and despite the
differences in the phenotypes for each disease, it has been suggested that there is
an underlying set of genes or set of pathways that cause this dysfunction of the
immune system leading to autoimmunity (Gregersen and Olsson 2009). In the hunt
for disease loci for many complex diseases, overlap among several autoimmune
diseases’ associated genes (i.e. similar genetic variants) further suggests common
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pathogenesis among these diseases. If there are similar genetic variants, then
similar biologic pathways may be involved in autoimmunity. If there are similar
pathways (and thus disease pathogenesis) linking these very heterogeneous
diseases, this suggests that there is an underlying mechanism uniting autoimmunity
in the body (Gregersen and Olsson 2009; Maier and Hafler 2009).

By examining the overlap in genes and biologic pathways, we can increase
our knowledge of the crucial genetic defect that causes autoimmunity. With this
knowledge, we are better equipped to develop superior treatments for those with
autoimmune diseases through our increased knowledge of the mechanisms that
cause the deregulation of one’s immune system (Gregersen and Olsson 2009). A
comprehensive review of the various pathways implicated in autoimmunity has
shown the various genes that have been identified as associated with one or more
autoimmune diseases (Gregersen and Olsson 2009). Arguably, the most important
genetic region for most autoimmune diseases is the Major Histocompatibility
Complex (MHC). However, various other pathways have been implicated in the
underlying genetic defect for autoimmunity. Those pathways particularly relevant to
MS include transcription factors (i.e. IRF8 ) and cytokines and cytokine receptors
(i,e. IL7TR and IL2R). Other pathways that have been connected to several
autoimmune diseases include intracellular signaling molecules, tumor necrosis
factor family members, B cell-associated signaling molecules, intracellular pattern-
recognition receptors, and costimulatory molecules (Gregersen and Olsson 2009).
We examined which genes overlap with MS and which genes affect other
autoimmune disease, yet are not found in MS association studies (Table 6.1). None
of the known MS genes appear to be exclusively MS disease loci (i.e. known to not

affect the other autoimmune diseases) (Bowes and Barton 2008; Gregersen and
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Olsson 2009; Hinks et al. 2009; Maier and Hafler 2009; Oksenberg et al. 2008;

Wellcome Trust Case Control Consortium 2007).

Table 6.1. Genes shared by several autoimmune diseases. (Abbreviations: AITD,
autoimmune thyroid disease; AS, ankylosing spondylitis; CD, Crohn’s disease; GD,
Graves’ disease; MS, multiple sclerosis; PSA, psoriatic arthritis; PSO, psoriasis; RA,

rheumatoid arthritis; SLE, systemic lupus erythematosus; T1D, type 1 diabetes.)
* Protective effect ** Suggestive effect (not confirmed)

Function/Pathway
Gene Location Information Diseases
HLA- human leukocyte
DRB1 6p21 antigen MS, RA, T1D
intracellular
tyrosine
PTPN22 1p13 phosphatase AITD, CD*, GD, RA, SLE, T1D
intracellular
tyrosine
PTPN2 8pll phosphatase CD, GD**, RA** T1D
member of tumor
necrosis factor
TNFAIP3 60923 family CD, RA, SLE
intracellar pattern-
recognition
IFIH1 2024 receptor GD, T1D
STAT4 2032 transcription factor RA, SLE
Celiac disease, GD, PSO**, RA,
IL2/1L21 4926 cytokine T1D
IL2R 10p15 cytokine receptor GD, MS,RA, T1D
IL23R 1p31 cytokine receptor AS, CD, PSA, PSO
IL12A 3025 cytokine receptor CD, MS**
IL12B 15931 cytokine receptor CD, PSO
IL7R 5p13 cytokine receptor MS, T1D**
costimulation
CTLA4 2033 molecule CD, RA, T1D
membrane
metallo-peptidase
MMEL 1p36 like protein MS, RA
N/A 1224 N/A RA, T1D
adhesion
CD226 18g22 glycoprotein CD, MS, RA, T1D
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Future Studies

Future endeavors for complex diseases have to be multi-fold. We are in an
era where risk effects in genes are starting to be replicated in independent, large
datasets for various complex diseases. However, many of these effects have not
yet revealed a known functionality. The next step must be to pinpoint exactly what
variants are causing this association. After that, we must also search for rarer
variants in these regions. Following these more extensive genotyping and deep re-
seqguencing experiments, we, as an MS community, must look for the functions of
these associated SNPs. If these are not non-synonymous SNPs, then we must start
thinking about possible regulatory elements that regulate nearby biologically
plausible genes. Finally and perhaps less straightforward, we need to improve our
statistical techniques to test for gene x gene, gene x environment interaction, and
whole pathway interactions (Manolio and Collins 2009; Ritchie et al. 2001).

These data have also identified several genes that have modest effects and
should be examined further. Some of the genes mentioned previously (i.e. PRKCE
and BCL2) should be investigated in independent datasets. They were not strongly
replicated, but had several SNPs with nominally significant p-values in the discovery
dataset and trended favorably in the validation dataset. A SNP in BCL2
(rs8088739) had a p-value of 4.85x107 in the independent dataset and 2.84x107 in
the combined dataset. However, SNPs in PRKCE did not reach significance with
one SNP (rs2595218) having a p-value of 3.50x10" in the validation dataset.
Additional examination of these genes is necessary. Additionally, other genes (i.e.
PRKCA, Statba/b, IL12A/B, T-BET, BAX, and BIM) also had several SNPs with
interesting trends that were not followed up in this study. All of these genes show

biological relevance for autoimmunity and MS etiology and need further exploration.

178



Although the HLA allele risk to MS was identified decades ago, the effect is
much larger (OR~2) than the effects of recently identified associations. Both the
ILY7RA and the IL2RA alleles have much smaller effects (OR~1.2 and OR~1.25,
respectively) (Gregory et al. 2007; International Multiple Sclerosis Genetics
Consortium 2007). It is possible that common alleles with smaller effects could
explain a significant proportion of the genetic component of MS (Baranzini et al.
2009; Sawcer 2008; Wang et al. 2005). In this study of the IL7/IL7RA pathway, the
nominally significant SNPs all have estimated GRRs of 1.11-1.64, and over 75%
have GRRs<1.20 in the discovery dataset. Using the pathway approach in
conjunction with these large datasets (i.e. thousands of cases and controls versus
hundreds) and dense SNP genotyping, the etiology of MS is finally starting to be
dissected. By building on the knowledge of these smaller gene effects, functional
studies can help us understand the underlying mechanism of these genes and their
relationships to the pathogenesis of MS.

Functional investigation on the SNPs in IL7 needs to be done. Also, because
of the differences in the HLA strata, possible co-expression of IL7 and HLA should
be examined in various tissues. Examining tissue specific expression levels of
these replicated MS disease loci could further delineate the underlying biology of
this disease.

For the multiple seemingly independent effects on chromosome 16, functional
studies are essential. Various experiments should be done to determine what is
functionally going on in MS patients in this region. Creating transgenic cell lines
could be performed to examine expression levels and how these levels vary in the
presence of upstream compounds or cytokines. These transgenes would be
fragments of genomic DNA (some big and some truncated) containing promoters for

the genes and connected to a reporter gene, such as luciferase. Also, one could do
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a step-wise mutation process by mutating a few SNPs at a time and examining the
effects on expression levels of each combination of mutations. This is best done by
prioritizing the SNPs, preferably by the SNPs with the most significant p-values.
These gene transfer tests are probably the best way to test for regulatory effects of
significant polymorphisms.

Overall, finding all these new disease loci is a great improvement from where
we were less than a decade ago. Now that we have identified some of the
associated SNPs, we need to determine their functions and how this relates to MS.
Once we know the ‘what’, then we can determine how these genes (and their SNPs)
are contributing to the disease. Once we understand how the functions of these
genes and their mutations affect the disease etiology, then we can begin to explore
how to ameliorate the problems. We are definitely on the right pathway to
determining this, but we have a long way to go. However, we, as a genetics
community, have made great strides in the area of gene discovery in a very short
amount of time. Armed with new technology and more collaborative experiments,
we have great potential (both knowledge and tools) to fully understand the actual
biological processes involved in these complex diseases and, hopefully, to

eventually do something to alleviate these abnormalities in suffering individuals.
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