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Multiple sclerosis (MS) is a debilitating neuroimmunological and neuro-
degenerative disease. Despite substantial evidence for polygenic inheritance, the MHC is
the only region that clearly and consistently demonstrates linkage and association in MS
studies. The goal of the work presented in this dissertation was to identify additional
chromosomal regions harboring MS susceptibility genes. Our studies entailed a new
genomic convergence approach incorporating information gained from positional
(linkage and association) and functional (comparative sequence) studies. In conjunction
with high-throughput genotyping and powerful new statistical analyses methods, this
approach identified several regions suggesting the presence of MS loci.

We began our investigation with a genomic linkage screen that identified seven
chromosomal regions of interest in a data set of multiplex MS families. To narrow these
regions, we developed an approach for more detailed linkage studies that capitalized on
new methods for rapid and accurate genotyping of SNPs. In addition to increasing
marker coverage in each region, we genotyped an expanded data set and devised

covariate analyses schemes to account for genetic effect in the MHC. This method



continued to provide evidence of linkage to several chromosomal regions and was
successful in substantially narrowing two regions to only a few Mb.

We then developed a systematic approach to expedite follow-up association
studies in the positional candidate regions. In an attempt to increase the likelihood of
detecting variants associated with MS, we employed a novel method to select SNPs
located in multi-species conserved sequences. Use of this method on chromosome 1q44
resulted in the identification of four subregions demonstrating significant association with
MS susceptibility.

The work presented in this dissertation confirmed several regions warranting
further investigation for genes conferring susceptibility to MS, including chromosomes
1q44, 2q35, 9934, and 18p11. It is our hope that these studies will result in the discovery
of several genes associated with MS and that our genomic convergence approach will
provide researchers with a method for unraveling the genetic heterogeneity of MS and

other complex genetic diseases.
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CHAPTER1

INTRODUCTION"

Clinical Aspects of MS

Multiple sclerosis (MS) is an autoimmune inflammatory disease characterized by
demyelination and neurodegeneration within the central nervous system (CNS) (MS
[MIM 126200]). As the name of the disease implies, affected individuals exhibit
hardened (or “sclerotic”) tissue in many (or “multiple”) parts of the brain and spinal cord.
Demyelination and the resulting formation of this scar tissue in the CNS impair saltatory

conduction along axons that is necessary for normal functioning of nerve impulses.

MS is a clinically heterogeneous disease that varies according to the location of plaques
or lesions in the CNS. Recent pathological studies of lesions suggest that MS is an
overlapping spectrum of related disorders [(1); (2); (3)]. Common symptoms include
visual disturbances, loss of balance and coordination, spasticity, sensory disturbances,
bladder and bowel incontinence, pain, weakness, fatigue, and paralysis. This debilitating
disease also causes cognitive impairment in an estimated 45-65% of patients—with
symptoms ranging from language deficits to bradyphrenia. Despite the substantial

impairment and deterioration seen in MS, life span of affected individuals is only slightly

" Chapter adapted from:

Kenealy, S.J., Pericak-Vance, M. A., Haines, J.L. (2003) The genetic epidemiology of
multiple sclerosis. J Neuroimmunol 143(1-2): 7-12.



shortened—creating a significant impact on quality of life for patients and on our nation’s

health care system.

The disease course of MS varies considerably among affected individuals. Cases may be
episodic or progressive, severe or mild, and disseminated or primarily affecting the spinal
cord and optic nerve. Although the disease has a broad range of age at onset (85% of
cases occur between the ages of 14 and 55), initial symptoms typically present in early
adulthood (between the ages of 20 and 40). MS occurs two to three times more
frequently in women than men and is estimated to afflict approximately 400,000 people
in the United States alone [(4)]. In most Caucasian populations, MS is second only to

trauma as a cause of acquired neurologic disability arising in early to middle adulthood.

The diagnosis of MS is generally one of exclusion to eliminate conditions that mimic
symptomology of the disease (e.g. B> deficiency, AIDS, rheumatoid arthritis, systemic
lupus  erythematosus,  Sjogrens  syndrome,  sarcoidosis, = Lyme  disease,
adrenoleukodystrophy, and MELAS) [(5)]. In addition to clinical criteria, magnetic
resonance imaging (MRI), evoked potential recordings, and cerebrospinal fluid

examination can be used to confirm clinical diagnosis.

The course of MS is divided into two main subtypes: relapsing-remitting and primary
progressive. The relapsing-remitting subtype is more common, characterized by two or
more separate episodes of worsening symptoms involving different sites of the CNS,

each lasting at least 24 hours and at least 1 month apart. Many relapsing-remitting cases



cease to remit and exhibit progression of at least one symptom in a slow or step-wise
manner over at least 6 months. This course of the disease is referred to as secondary
progressive MS. The second major subtype, primary progressive MS, is a less common
form characterized by slow onset and steadily worsening symptoms involving sites of the

CNS that do not remit from initial onset.

Though little is known about the underlying etiology, MS is physiologically an
inflammatory disorder that results from an autoimmune response directed against CNS
antigens—particularly myelin proteins. MS exhibits several characteristics common to
autoimmune disorders—including evidence of environmental risk factors, increased
frequency in women, partial susceptibility conferred by a human leukocyte antigen
(HLA)-associated gene, and polygenic inheritance (the basis of the studies presented in
this dissertation) [(6)]. Though little is known about the genetics of autoimmune
disorders, the major histocompatibility complex (MHC), and more specifically the class
IT HLA genes, have been identified through candidate and/or genomic screen approaches
as a genetic factor in several of these diseases. Class II MHC molecules, such as HLA,
normally function to bind and present peptide antigens to antigen-specific T cells. It is
thought that the dysregulation of this process in MS results in damage to the myelin

sheath, producing the pathophysiological phenotype seen in the disease.

The clinical heterogeneity and complex etiology of MS have been confounding factors

for studies of the disease. Yet despite these factors, it is clear that genes play a vital role



in disease susceptibility. The remainder of this chapter provides an overview of genetic

studies for MS and a prelude to the research presented in this dissertation.

Genetic Epidemiology of MS

Epidemiological studies provide strong evidence for both environmental and genetic risk
factors in MS. Numerous population and family-based studies have been conducted to
assess disease prevalence and aggregation in an attempt to identify and elucidate genetic

contribution to the disease.

Population Prevalence

Despite the disparity between prevalence rates cited in population-based studies for MS
(values range from 0.88 to 224 per 100,000), there is a general consensus among
researchers concerning a few observations [(7); (8)]. One observation is that the
population prevalence of MS increases with distance from the equator. It is postulated
that this distribution can be explained in part by both environmental factors (e.g. diet or
vitamin D abnormalities) and population-specific genetics. Another observation is that
the reported incidence of MS has increased over time. However, even these general
conclusions should be cautiously interpreted due to the limited sample sizes in many
studies, the changes in criteria and diagnosis that have accompanied improvements in
health care, and the changes in epidemiological methods over time. Larger
epidemiological studies will be required to definitively assess the prevalence and

distribution of the disease.



Familial Aggregation

The involvement of genetic factors in MS has been demonstrated in numerous sibling
risk, adoption, and twin studies. A commonly used measure in these studies is recurrence
risk ratio (A)—a value generated by comparing recurrence rates in the relatives of MS
patients to the disease prevalence for the general population (9). Numerous familial
aggregation studies have shown that the recurrence risk ratio for MS decreases with the
degree of relationship between individuals. For example, studies have reported an
increased relative risk (A) of 100-190 in identical twins, 20-40 in full siblings, 7-13 in
half siblings, and 5.5 in the offspring of an affected parent with MS [(10); (11); (12);
(13)]. Compared to the general population, these elevated risks suggest a strong but non-

Mendelian inheritance of MS susceptibility.

Twin studies from several populations indicate increased concordance rates among
monozygotic (25-30%) compared to dizygotic (2-5%) twins with MS [(10); (11); (14)].
While these data also provide evidence of a strong genetic component to the disease, a
monozygotic twin concordance rate significantly less than 100% also highlights the

contribution of gene-environment interactions to MS disease susceptibility.

Evidence for genetically determined familial aggregation is also seen in adoption studies
documenting an increased risk of MS only in biological relatives of adopted probands
[(15)]. In addition, studies demonstrating similar risks for half siblings raised together

and apart suggest the action of genetic rather than environmental factors in the disease

[(12)].



Taken together, these epidemiological studies provide overwhelming evidence in support
of a strong genetic component in MS. The data also suggest that, like most common
complex diseases, MS susceptibility is the result of multiple genes acting either
independently or interactively in their contribution to overall risk. The genetic etiology
of MS may be a mixture of rare variants with strong environmental influences on risk and
more common variants with modest influences on risk. Such heterogeneity would be
similar to that seen in other complex neurodegenerative disorders, such as Alzheimer

disease and Parkinson disease [(16); (17); (18); (19); (20)].

Approaches for Gene Identification

Functional Candidate Gene Studies

Functional candidate studies assess genes that are selected based on their potential
biological relevance to a disease. Because MS is an autoimmune disease characterized
by demyelination within the CNS, functional candidate genes such as those coding for
immunoglobulin, cytokines, chemokines, T-cell receptors (TCR), interleukin, myelin
antigens, and the human leukocyte antigen (HLA) have been investigated. However,
with the exception of HLA, no functional candidates have consistently demonstrated

association with MS.

Association between MS and class I HLA alleles was first reported in 1972 [(21); (22)].
Subsequent studies demonstrated that class II HLA alleles were more strongly associated

with the HLA-DR2 haplotype [(23); (24)]. A majority of MS studies have focused on



Caucasian populations of northern European descent, where predisposition to MS is
associated with the HLA-DR2 allele (more specifically, the HLA-DRBI1*1501-
DQAI1*0102-DQB1*0602 haplotype). However, studies in additional populations have
failed to replicate association with a particular allele or haplotype in the MHC (25). A
recent study of the MHC was conducted in an African-American MS data set to capitalize
on the haplotypic diversity and distinct LD patterns in the African-American population.
A selective association was identified with HLA-DRB1#1501 in the study data set—
suggesting a role for this locus independent of HLA-DQB1*0602 [(25)]. Several
research groups continue to investigate the contribution of a gene or genes in the MHC to

MS.

Aside from studies of the MHC, screening for functional candidate genes has been
largely disappointing. Despite reports of numerous genes with significant results, most
candidates have failed to be replicated in independent data sets. For example, an obvious
candidate for MS, myelin basic protein (MBP), yielded both positive linkage and
association results in a genetically isolated population in Finland [(26)]. However, other
research groups have failed to replicate this result in non-Finnish populations [(27); (28);
(29); (30); (31); (32); (33)]. Candidate genes identified through functional studies using
the experimental autoimmune encephalomyelitis (EAE) mouse model for MS have also

yielded inconsistent results.

Because the strength of the functional candidate gene approach lies in the knowledge of

gene function, an improved understanding of autoimmunity and advances in the diagnosis



of MS will be necessary to improve this approach in the future. New methodologies,
such as whole genome gene expression arrays and proteomics, will also add a
considerable amount of information to aid in the selection of relevant functional

candidates [(34); (35);(36); (37)].

Genomic Screens

Genomic screens test for genetic linkage of a trait to polymorphic markers spread
throughout the genome. Numerous research groups have conducted genomic linkage
screens for MS in an attempt to identify regions that harbor MS loci [(38); (39); (40);
(41); (42); (43); (44); (45); (46); (47); (48); (49)]. However, the lack of replication of
results from these studies has also been problematic. For example, while four initial
genomic screens for MS identified over 70 regions of interest, little overlap is seen

between these studies [(38); (39); (40); (41)].

The strongest and most consistent finding for linkage in MS studies is chromosome 6p21,
the location of the MHC containing HLA. To date, the MHC is the only region that
clearly and consistently demonstrates linkage and association with the disease. The
MHC has been estimated to account for 10-50% of the genetic component of MS
susceptibility, at least in Caucasians of northern European descent [(50); (24)]. It appears
that the association with the HLA-DR?2 allele explains this linkage signal, although this
issue has been debated [(24); (51); (6)]. The exact mechanism by which a gene or genes

in the MHC increase(s) disease risk has yet to be determined.



Despite the large number of genome-wide linkage studies that have been conducted, a
significant proportion of the genetic contribution to MS is still unaccounted for. Several
new approaches are being used to address the inadequate power of traditional linkage

analysis to identify or verify MS loci.

One of the main difficulties in assessing genomic screen data for complex diseases is the
lack of replication between studies. Genomic screens are intentionally designed to accept
high false-positive rates in the interest of maintaining power to detect true loci. The
replication of genomic screen results is therefore crucial for verification of genetic
effects. As for many complex genetic diseases, replication of results has proved to be a
formidable task in MS studies. For example, despite the fact that the MHC has shown the
strongest genetic effect in MS thus far, not all linkage studies have replicated even this

finding.

The lack of replication between linkage studies for MS suggests that the existence of
genes with strong individual effects is unlikely. In addition, the use of different data sets
(and data set structures), markers, and statistical approaches must be taken into account

when comparing the results of both linkage and association studies for the disease.

Another confounding factor in linkage analysis of complex diseases is genetic
heterogeneity—the presence of different mutations that produce similar disease
phenotypes. Underlying genetic heterogeneity in MS likely masks the effects of true loci

in many linkage studies. An approach that attempts to overcome loss of power due to



heterogeneity utilizes conditional analysis with covariates. By accounting for regions
with known linkage (e.g. the MHC) using stratification or weighting schemes, conditional
analysis can identify additional regions of interest. Conditional analysis can also provide
evidence for interactive effects of loci, potentially providing increased power for
detection of epistatic effects in complex diseases such as MS. The study design
presented in this dissertation assesses a novel method for addressing genetic
heterogeneity and utilizes several conditional analyses methods to investigate linkage

follow-up regions.

A relatively new approach for positional mapping that minimizes some of the difficulties
experienced in linkage studies is whole genome screening for linkage disequilibrium
(LD). In an attempt to attain a higher degree of resolution than provided by traditional
linkage analysis, Sawcer et al. conducted the first whole genome association study for
MS. Using a DNA pooling scheme to screen 811 microsatellite markers at 0.5 cM
intervals, this study reported significant association with ten markers, including those
located at previously reported regions on chromosomes 1p, 6p (the location of HLA),
17q, and 19q [(52)]. Several additional groups have subsequently published whole
genome screens for linkage disequilibrium using sample pooling schemes and case-
control approaches [(53); (54); (55); (56); (57); (58); (59); (60); (61); (62); (63); (64);

(65)].

The obvious disadvantage of whole genome studies for LD is the large number of

polymorphic markers necessary for sufficient coverage of the genome. Collaborating

10



scientists from several countries are currently participating in an International HapMap
Project to document common patterns of variation in the human genome. This project
aims to identify single nucleotide polymorphisms (SNPs), haplotype blocks, and
haplotype tagging SNPS (htSNPs) in order to provide scientists with resources to more
efficiently investigate variation throughout the genome. In addition, several new
genotyping methods and platforms have been developed to allow for high-throughput
data generation necessary to conduct these studies. Companies such as Parallele
Biosciences (the MegaAllele™ system), Illumina (the Sentrix® BeadChip system), and
Affymetrix (the GeneChip® system) currently provide high-throughput genotyping
products and services for whole genome studies (see Parallele Biosciences, Illumina, and
Affymetrix websites). The continued development of cost-effective genotyping methods
will make whole genome approaches likely candidates for future investigation of genes

with moderate effects on MS susceptibility.

In conjunction with the International Multiple Sclerosis Genetics Consortium, we
recently published a high-density linkage screen for MS using the Illumina BeadArray
linkage mapping panel [(66)]. Preliminary multipoint linkage analyses of 730 multiplex
families of northern European descent revealed strongest evidence of linkage to
chromosomes 6p21 (the location of HLA), 5933, and 17q23. Ordered subset analyses
provided additional evidence of linkage to a locus on chromosome 19q13 that acts
independently of the MHC. Additional analyses are ongoing to identify homogenous

subsets and investigate gene-gene interactions.
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Locational Candidate Gene Studies

Traditional locational candidate genes are selected from chromosomal regions identified
through genomic screens or chromosomal abnormalities in affected patients (e.g.
duplications, deletions, or translocations). Although locational candidate methods
initially involved a random screening process, advances in genomic mapping have
allowed for modified genetic approaches that incorporate positional and candidate gene
methodologies. For example, following identification through genomic screens, regions
of interest can be scanned for functional candidate genes using information from several
public and private databases. In conjunction with family-based association methods, this

approach allows for a more directed investigation of genes.

One example of this approach involves the chromosome 19q13 region. Despite the fact
that this region has been identified in several genomic screens, the gene responsible for
linkage on 19q13 remains to be definitively identified. One of the candidate genes in this
region identified through bioinformatics is apolipoprotein E (APOE). The APOE gene
codes for a major lipid carrier protein (apoE) in the brain. The apoE protein has long
been associated with regeneration of axons and myelin following the formation of lesions
in the central and peripheral nervous tissue. Decreased apoE concentrations in
cerebrospinal fluid (CSF) in MS patients compared to healthy controls have been
reported, and a corresponding decrease in intrathecal apoE synthesis may influence the
degree of MS exacerbation over time. Although studies of APOE have consistently
shown no effect on MS risk, association of the APOE-4 allele with increased disease

progression or severity of disease course have been reported and confirmed in multiple

12



studies [(67); (68); (69); (70); (71); (72); (73); (74)]. Investigation of the nearby
poliovirus receptor related protein 2 (PVRL2) has also revealed association with MS
disease course, while apolipoprotein C2 (APOC2) and immunoglobulin-like transcript 6
(ILT6) have demonstrated association with MS susceptibility [(75); (76); (77); (78)].
Examination of a large well-phenotyped MS data set will be necessary to construct more
detailed LD maps of the region and identify the gene(s) and polymorphism(s) responsible

for the genetic effect on chromosome 19q13.

Future Directions in MS Research

While it is clear that MS is a disease of oligogenic etiology, identifying specific genes has
been difficult. With the exception of HLA, linkage analysis and candidate gene
approaches have demonstrated insufficient power to identify other genes or epigenetic
factors that modulate MS disease expression. New approaches and methodologies will

be necessary to identify the remaining genetic effect in this complex disease.

At the population level, several methods have been used to test candidate genes for an
effect in MS. Initial studies primarily used an approach that compared allele frequencies
for polymorphisms in case versus control groups (“case-control studies”). However,
case-control studies are sensitive to sample size, stringency of diagnosis, and appropriate
matching of controls. Population admixture in improperly matched controls can lead to
spurious association results that are indistinguishable from results arising from true

genetic effects.
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In an attempt to overcome these confounding factors, family-based association methods
have been developed. These approaches require only one affected individual and their
parents (a “trio”) or one affected individual and at least one of their unaffected siblings (a
“discordant sib-pair” or “DSP”) to serve as well-matched controls. The most common
method of family-based association is the transmission disequilibrium test (TDT) [(79)].
Variations such as the sibling transmission disequilibrium test (sib-TDT) and pedigree
disequilibrium test (PDT) have also been developed to allow for sampling of a variety of
control groups [(80); (81)]. In addition, the genotype pedigree disequilibrium test (geno-
PDT) was developed to test for association with particular genotypes [(82)]. Because our
data set consists of a variety of a variety of family structures, the PDT was used to assess
disease-marker disequilibrium. The PDT is an extension of the TDT that allows for
analysis of data from related nuclear families and discordant sibships within extended

pedigrees. The standard for significance in our PDT analyses was a p value < 0.05.

By tracking the transmission of gametes, the TDT and its variants detect association only
between linked loci—providing tests of both linkage and association. These tests use
nontransmitted alleles as controls, eliminating spurious association results caused by
population substructure. Because the power of family-based association methods arises
from reliance on relatively small intervals of linkage disequilibrium (LD), this approach
serves as a complimentary method to broader linkage analyses methods using genomic

screens.
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These association studies seeking to identify loci of moderate effect in MS will require a
set of markers present in greater density and with greater ability to detect LD than
microsatellites. Because of their frequency, stability, and amenability to automation for
high-throughput analysis, SNPs are rapidly becoming the standard marker for such
association studies. The large number of assays and new high-throughput methods for
data generation using SNPs allow for the construction of detailed haplotype blocks. The
knowledge of regional LD and marker information from several databases can also aid in

efficient selection of appropriate markers for association studies.

To attain sufficient power for detection of MS loci using current linkage and association
methods, we have pooled large multiplex, simplex, and case-control data sets with our
collaborators in the Multiple Sclerosis Genetics Group (MSGG). These data sets are a
crucial resource for performing conditional analyses to identify phenotypic and genotypic
subsets of the disease. These data sets may also allow for independent replication of

interesting preliminary findings.

Despite the overwhelming evidence for genetic involvement in MS, much of the genetic
effect remains to be identified or elucidated. Recent advances in genotyping and
statistical analysis methods are providing researchers with the tools necessary to address
the challenges involved in identifying genes for complex genetic diseases. The following
dissertation presents a genomic convergence approach that incorporates a variety of new
methods and statistical tools to conduct a directed investigation of genetic contribution to

MS. This genomic convergence approach led to the investigation of several

15



chromosomal regions, with the most promising evidence of a genetic locus conferring

susceptibility to MS on chromosome 1q44.
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CHAPTER 11

HYPOTHESIS AND SPECIFIC AIMS

General Hypothesis: There are genes underlying the susceptibility to multiple sclerosis.

Specific Aims:

1.

Conduct a simulation study using families generated with Genometric
Analysis Simulation Program (GASP) software to assess the effectiveness of
using haplotype-based positional mapping to define a minimum candidate
region for a disease of interest. Several variables (e.g. sample size, pattern of
inheritance, and heterogeneity) will be investigated for their effect on the power
of this approach. (REFER TO CHAPTER III)

Test candidate genes for association with MS:

a. Identify and select a genetic interval of interest for MS. Potential
intervals of interest will identified by comparing positive results generated
in genomic screens conducted for MS and other autoimmune disorders.
(REFER TO CHAPTER 1V)

b. Apply the approach from Specific Aim 1 to the interval of interest
identified in Specific Aim 2a. Follow-up with microsatellite markers and
single nucleotide polymorphisms (SNPs) will be performed prior to
recombination breakpoint analysis in the selected region of interest.

(REFER TO CHAPTERS V AND VI)
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c. Identify candidate genes in the selected interval of interest. Candidate
genes will be identified based on potential biological relevance to MS
and/or involvement in common physiological pathways of autoimmune
disorders. (REFER TO CHAPTER VII)

d. Select a region and a narrow interval of interest for follow-up with
SNPs in Specific Aim 3. (REFER TO CHAPTER VII)

3. Measure association between a dense population of SNPs and MS in the
region of interest identified in Specific Aim 2.

a. Prioritize SNP markers for an MS association study in the interval of
interest based on conservation between human, mouse, rat, and chick
genome sequences. The WebMCS tool will be used to identify multi-
species conserved sequences in the chromosomal region of interest by
integrating comparative information from the orthologous mouse, rat, and
chick genomic sequences. Conserved regions will be scanned for SNPs in
the public databases and selection of SNPs for genotyping in Specific Aim
3b will be based on several criteria: informativeness, validation, location,
putative function, and Illumina assay score. (REFER TO CHAPTER VI)

b. Measure association between a dense population of SNPs located in
conserved regions of interest and a data set of families linked to the
region. High-throughput genotyping will be performed on the Illumina
Bead Array platform for 768 SNPs selected from conserved regions
identified in Specific Aim 3b. A data set of ~200 multiplex families will

be tested for association with these SNPs wusing the Pedigree
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Disequilibrium Test and Haploview. [SNPs demonstrating the strongest
evidence for association in the multiplex families will be further tested in
at least one of several available simplex family data sets.] (REFER TO

CHAPTER VI)
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CHAPTER III

HAPLOTYPE-BASED POSITIONAL MAPPING'

Introduction

Numerous genomic screens have been conducted in an attempt to identify putative genes
for both Mendelian diseases and complex genetic disorders. Because the typical marker
interval in a genomic screen is ~ 10 cM, subsequent studies are often required to narrow
chromosomal regions of interest to a reasonable size for candidate gene or fine mapping
association studies. In monogenic disorders, haplotype analysis methods have been
widely used to identify minimum candidate gene regions. Techniques for narrowing
linkage signals in these studies are based on the expectation that affected individuals will
consistently inherit a relatively small region containing the disease locus. However,
extensive heterogeneity, gene-gene interactions, and small family size in typical data sets
complicate this simple assumption for many complex diseases. These confounding
factors make identification of consistently inherited regions in complex diseases
unlikely—resulting in failure to narrow linkage intervals to a practical size for subsequent

association studies.

The focus of the study presented in this chapter is the investigation of a methodology

formulated to address locus heterogeneity. Locus heterogeneity is the presence of two or

" The GASP simulation project was performed in collaboration with Tricia A. Thornton-

Wells.
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more loci that lead to the same clinical phenotype in different families. The implication
of this heterogeneity in linkage analysis is the reduction of power to detect true signals
originating from only a subset of families. One approach that has been used to address
the statistical difficulties posed by locus heterogeneity is a priori subsetting of families
using phenotype data. However, this approach is based on the assumption that multiple
loci produce different and distinguishable phenotypes and is therefore unlikely to work
for the complex phenotype and clinical diagnosis of MS. Better methods for narrowing
linkage intervals in the presence of locus heterogeneity are clearly needed for studies of

MS and other complex genetic diseases.

An approach that has been used to narrow linkage intervals for Mendelian diseases is
consensus haplotyping. In this approach, genomic screen data is used to reconstruct
familial haplotypes. Recombination breakpoint analysis is then performed in all families
to identify a consensus region(s) that will be further investigated by genotyping
additional locational or functional candidate markers. Although this approach has been
successful in identifying minimum candidate regions for monogenic diseases, the

approach was not utilized for complex disorders until recently [(83)].

In this recent study, Hutcheson et al. modified the consensus haplotype approach for
application to an Autism data set. In order to use the recombination breakpoint method in
this data set, the authors relaxed the requirement of consistent inheritance of haplotypes
across all families. They postulated that for sib-pair data sets, 1/4 of families demonstrate

sharing between siblings for any given marker by chance alone. Standard linkage
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analysis methods cannot distinguish these families linked by chance from families that
exhibit true linkage. To estimate the expected proportion of families that are truly linked
to a given region, the authors performed the calculation shown in Table 1. In the
example illustrated in this table, it is assumed that 1/3 of families from a given data set
carry a risk allele in a particular chromosomal region. Of the 2/3 of families that do not
carry this risk allele, 1/4 (or 1/6 of the overall data set) will demonstrate linkage to this
region by chance alone. Families demonstrating linkage will therefore account for 1/3 +
1/6, or 1/2, of the overall data set. However, of these apparently linked families, only 2/3

of families actually carry the risk allele.

Table 1. Calculation for the Expected Proportion of Linked Families [Adapted from

Hutcheson et al. (83)]

Susceptibility Allele Susceptibility Allele
Present Absent
Prior Probability 1/3 2/3
Conditional Probability 1 1/4
Joint Probability 1/3 1/6
1/3 1/6
Posterior Probabilit —|=2/3 — | =173
OSterior Trobabrity ((1/3+1/6)J [(1/3+1/6)]

The results of this calculation suggest that a majority of apparently linked families
provide consistent localization of the risk allele, and that the proportion of truly linked

families can be calculated and used to define consistently inherited segments. For the
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example provided in Table 1, boundaries for the consistently inherited segment would be

selected where at least 2/3 of families demonstrate linkage.

With this modified method, the authors were able to perform recombination breakpoint
analysis on maternally and paternally derived chromosomes in their Autism data set. The
result of this approach was narrowing of a critical region on chromosome 7 from 34 cM
to 6 cM. Families linked to the 6 cM region were then used to perform additional
genotyping and recombination breakpoint analysis—resulting in the identification of a 3

cM interval that was considerably more amenable for subsequent association studies.

Specific Aim 1 addresses the power of this modified approach to narrow a minimum
candidate region for a complex disease. The Genometric Analysis Simulation Program
(GASP) was used to simulate data sets to assess power and the effect of specified
variables on this approach. Studies of simulated data were followed by a “proof-of-
principle” analysis with genotype information from a region demonstrating linkage in our

MS data set.

Material and Methods

GASP software was used to generate simulated data sets with several specified
parameters (see GASP website). One hundred data sets were generated per disease
model for nuclear families consisting of two unaffected parents and three offspring (with

at least two of the offspring being affected) (Figure 1).

23



O O
L A 4 00‘

Figure 1. GASP Pedigree Examples

Ten biallelic markers with minor allele frequencies of 0.50 were simulated at 10 cM
intervals along a chromosome to mimic the study design of a traditional genomic screen.
A disease locus was simulated halfway between two of the markers. A second unlinked

disease locus was also simulated to mimic genetic heterogeneity (Figure 2).

Data sets were generated to demonstrate 50% locus heterogeneity (50% locus A; 50%
locus B) and 25% locus heterogeneity (25 locus A; 75% locus B). Linkage analyses were
performed under a recessive disease model with a disease prevalence of 0.10. Two-point
LOD scores were calculated in FASTLINK and heterogeneity LOD (HLOD) scores were

calculated in HOMOG [(84); (85): (86); (87)].

Following linkage analysis of data sets for each disease model, the marker generating the

highest LOD score was identified. Families demonstrating linkage to any marker within

20 cM of this peak LOD score marker were selected for recombination breakpoint
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analysis. Haplotypes were constructed for linked families using SIMWALK version 2.9
[(88)]. Each family was investigated to identify which loci demonstrated sharing on both
haplotypes in all affected offspring (Table 2). Blocks of loci demonstrating sharing in at

least 2/3 of families were used to define the critical region in each data set.

The power of this method was determined by calculating the percentage of data sets that
included the true disease locus within the identified critical region. Significant power
was reached with > 80% of data sets achieving this standard. The correlation between

power and size of the critical region was also investigated.

The same recombination breakpoint method, linkage analyses, and power calculations
were also performed on a set of follow-up markers spaced at 2 ¢cM intervals in the

selected region to mimic the design of a traditional follow-up study (Figure 2).

Following assessment of the recombination breakpoint method in simulated data sets, the
method was also applied to an existing data set for MS in the 1g44 region. MS
genotyping data was generated as described in Chapter 5. Families demonstrating
linkage to any marker in the follow-up region (i.e. within 20 cM of peak LOD score
marker D1S1634) and containing genotyping data for two unaffected parents and at least
two affected offspring were selected for recombination breakpoint analyses. In the data
set of 91 families linked to the 1q44 region, 57 families demonstrated consistent sharing
on the paternal alleles in all affected individuals, while 59 families demonstrated

consistent sharing on the maternal alleles in all affected individuals.
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Figure 2. Simulated Markers Chromosome images were obtained from the Genome Database (see GDB website).
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Table 2. Example Data Set Loci demonstrating sharing on both haplotypes in all affected offspring are denoted by “x”.

€6,

Marker # Simulated Family # % Sharing
484 | 746 | 2225 | 2534 | 4218 | 5311 | 5841 | 6225 | 6250 | 6335 | 7492 | 8955 | 9785 | 10046 | 10610
1 (@ -45 cM) X X X X X X X 47 %
2 (@ -35 cM) X X X X X X 53 %
3 (@ -25 cM) X X X X X X X X X 60 %
4 (@ -15 cM) X X X X X X X X X 60 %
5(@-5cM) X X X X X X X X X X X 73 %
6 (@ +5 cM) X X X X X X X X X X X X 80 %
7 (@ +15 cM) X X X X X X X X X X 80 %
8 (@ +25 cM) X X X X X X X X 67 %
9 (@ +35cM) X X X X X X X X 53 %
10 (@ +45 cM) X X X X X X X X 53 %
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The proportion of families demonstrating sharing among all affected offspring was
calculated for each marker in the 1q44 region. The utility of the recombination
breakpoint method was determined by assessing the ability of this method to narrow the
linkage interval on chromosome 1q44 compared to other available methods (e.g.
subsetting, conditional analysis, and ordered subset analysis). The recombination
breakpoint method was also performed using microsatellite genotypes to assess the effect
of more informative markers on the ability to detect sharing in the MS data set (D1S1594,

D1S547, and D1S1634).

Results

Plots containing HLOD scores for the 10 ¢cM interval and 2 c¢cM interval simulated data
sets are provided in Figures 3 and 4, respectively. In the simulated data, the
recombination breakpoint method had ~ 75% power to correctly localize the disease
locus within a 40 ¢cM region and ~ 60% power within a 30 ¢cM region using the 10 cM
marker interval design. In contrast, the recombination breakpoint method had only ~
20% power to correctly localize a disease locus within a 10 cM region using the 2 cM
marker interval design. The results of power calculations for identification of the disease

locus in each disease model and study design are provided in Tables 3 and 4.

Proportions of families demonstrating paternal, maternal, and combined haplotype

sharing in the MS data set are provided in Figures 5-7, respectively.
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Figure 4. HLOD Scores for 2 ¢cM Spaced Markers
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Table 3. Power to Identify the Disease Locus (Locus A) in the 10 cM Map

Heterogeneity Range
20cM 30cM 40 ctM
50% Locus A; 50% Locus B >20% >50% >75%
25% Locus A; 75% Locus B >30% >55% >75%
Table 4. Power to Identify the Disease Locus (Locus A) in the 2 ¢cM Map
Heterogeneity Range
10 cM 16 cM 20cM
50% Locus A; 50% Locus B >10% >35% > 50%
25% Locus A; 75% Locus B >20% > 40% > 60%
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Figure 5. Proportion of Families Demonstrating Sharing in the MS Data Set
(Paternal Haplotype)

Linked Families - M aternal Sharing

100 -
90 A
80 1
70 A
60 -
50 A
40 1
30 A
20 1
10 A

% Sharing

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Markers

Figure 6. Proportion of Families Demonstrating Sharing in the MS Data Set
(Maternal Haplotype)
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Figure 7. Proportion of Families Demonstrating Sharing in the MS Data Set (on
both Paternal and Maternal Haplotypes)

Discussion

The modified consensus haplotyping approach demonstrated only modest power to
narrow a minimum candidate region in the simulation data. Perhaps not surprisingly, the
approach also demonstrated only a modest ability to narrow the minimum candidate
region on chromosome 1g44 in MS genotyping data. Given the encouraging results
generated in the Autism study by Hutcheson et al., these results were rather
disappointing. While it is not possible to definitively determine the source of variation
between studies, one difference between the Hutcheson et al. study design and our study
design was the use of microsatellite markers rather than SNPs. To assess whether marker

type affected the results in our MS data set, we performed the consensus haplotyping
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approach with genotype data from the original SNPs and three microsatellite markers
spaced at ~ 10 cM intervals in the 1g44 region. The inclusion of microsatellite genotypes
only slightly increased evidence of sharing and failed to further narrow the minimum

candidate region.

Fortunately, more encouraging results for narrowing minimum candidate regions in the
MS data set were simultaneously being generated in preliminary analyses of genotyping
data for Specific Aim 2. For example, in contrast to the modified haplotype approach,
ordered subset analysis (OSA) of the 1q44 region in Specific Aim 2b successfully
narrowed the critical linkage interval to ~ 3.5 Mb for a LOD score cut-off of 3.5
(corresponding to a — 1.0 LOD score confidence interval) and ~ 7.0 Mb for a LOD score
cut-off of 2.5 (corresponding to a — 2.0 LOD score confidence interval). Covariate
analyses, including OSA, were therefore selected as the method to address genetic

heterogeneity in studies of the MS data set in Specific Aim 2 (see Chapter 5).

Although the modified haplotype approach failed to demonstrate substantial power to
identify a minimum candidate region in our studies, this approach should not yet be
abandoned as a potential method for other studies. Additional disease models and data
sets should be assessed to further investigate the utility of this method in addressing

genetic heterogeneity in complex genetic diseases.

33



CHAPTER IV

A SECOND-GENERATION GENOMIC SCREEN FOR MULTIPLE
SCLEROSIS*

Abstract

Multiple sclerosis (MS) is a debilitating neuroimmunological and neurodegenerative
disorder. Despite substantial evidence for polygenic inheritance, the MHC is the only
region that clearly and consistently demonstrates linkage and association in MS studies.
The goal of this portion of the study was to identify additional chromosomal regions that
harbor susceptibility genes for MS. With a panel of 390 microsatellite markers
genotyped in 245 U.S. and French multiplex families (456 affected relative pairs), this is
the largest genomic screen for MS conducted to date. Four regions met both of our
primary criteria for further interest (HLOD and Z scores > 2.0): 1q (HLOD = 2.17; Z =
3.38), 6p (HLOD = 4.21; Z = 2.26), 99 (HLOD = 3.55; Z = 2.71), and 16p (HLOD =
2.64; Z =2.05). Two additional regions met only the Z score criterion: 3q (Z = 2.39) and
5q (Z = 2.17). Further examination of the data by country (U.S. and France) identified
one additional region demonstrating suggestive linkage in the U.S. subset (18p: HLOD =
2.39) and two additional regions generating suggestive linkage in the French subset (1p:

HLOD = 2.08; and 22q: HLOD = 2.06). Examination of the data by HLA-DR2

' Chapter adapted from:

Kenealy, S.J., Babron, M.C., Bradford, Y., Schnetz-Boutaud, N., Haines, J..L, Rimmler,
J.B., Schmidt, S., Pericak-Vance, M.A., Barcellos, L.F., Lincoln, R.R., Oksenberg, J.R.,
Hauser, S.L., Clanet, M., Brassat, D., Edan, G., Yaouang, J., Semana, G., Cournu-Rebeix,
I., Lyon-Caen, O., Fontaine, B. (The American-French Multiple Sclerosis Genetics
Group) (2004) A second-generation genomic screen for multiple sclerosis. Am J Hum
Genet 75(6): 1070-1078.
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stratification identified four additional regions demonstrating suggestive linkage: 2q
(HLOD = 3.09 in the U.S. DR2- families), 6q (HLOD = 3.10 in the French DR2-
families), 13q (HLOD = 2.32 in all DR2+ families and HLOD = 2.17 in the U.S. DR2+
families), and 16q (HLOD = 2.32 in all DR2+ families and HLOD = 2.13 in the U.S.
DR2+ families). These data suggest several regions that warrant further investigation in

the search for MS susceptibility genes.

Material and Methods

Families

The data set used in this study consisted of families from a previous genomic screen
conducted by the MSGG [(39)], 66 subsequently ascertained U.S. families, and 94 French
families. The full data set included 245 multiplex families consisting of 587 affected
individuals, 344 affected sib-pairs, 112 other affected relative pairs, and a total of 1085

samples (Table 1).

Table 1. Description of the Data Set Families were designated HLA-DR2+ if every
affected individual carried at least one HLA-DR2 allele or HLA-DR2- if no affected
individuals carried an HLA-DR?2 allele.

# # # | #Other | FHLAT | # A
Families | Affecteds ASPs ARPs ore oy
Families Families
U.S. 151 383 242 88 83 31
French 94 204 102 24 28 35
All 245 587 344 112 111 66
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U.S. families were ascertained by the University of California at San Francisco (UCSF).
All U.S. affected family members were examined or had their medical records reviewed
by a collaborating physician. Families were extended through all affected first-degree
relatives if possible. French families were collected through a national network of
university and community hospitals and private practitioners. All French affected family
members were examined by a clinician from one of three centers (Paris, Rennes, or

Toulouse).

All protocols were approved by the appropriate Institutional Review Boards and all
individuals provided informed consent before participating in the study. Positive family
histories were investigated by direct contact with other family members, request for
medical records, and by clinical examination, laboratory testing, or paraclincial studies
(MRI scanning and evoked-response testing). Consistent and stringent clinical criteria
were applied as previously described [(5); (39)]. Individuals were placed into one of four
categories: definite MS, probable MS, possible MS, and no evidence of MS. Only

definite MS individuals were classified as affected individuals in the analyses.

To account for possible heterogeneity, the data were examined for differences by country
(U.S. vs. France) and HLA-DR2 genotype (HLA-DR2+ vs. HLA-DR2). Families were
designated DR2+ if every affected individual carried at least one HLA-DR2 allele or

DR2- if no affected individuals carried an HLA-DR?2 allele (Table 1).
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Molecular Analysis

After obtaining informed consent, blood samples were collected from each study
participant. Genomic DNA was extracted from blood samples using standard procedures
as described elsewhere [(89)]. All DNA samples were coded and stored at 4°C prior to

use.

Marker primer sequences were obtained from the Genome Database (see GDB website)
or designed with Primer3 software (see Primer3 website) and synthesized by Invitrogen
Life Technologies (Carlsbad, CA). Amplification was performed in a PCR Express
machine (ThermoHybaid, Needham Heights, MA) with the following conditions: 94°C-4
min.; 94°C-15 sec., AT-30sec., 72°C-45 sec. (35 cycles); 72°C-4 min. PCR products
were denatured for 3 min. at 95°C and run on a 6% polyacrylamide gel (Sequagel-6"from
National Diagnostics, Atlanta, GA) for ~ 1 hr. at 75 W. Gels were stained with a
SybrGold® rinse (Molecular Probes, Eugene, OR) and scanned with the Hitachi
Biosystems FMBIOII laser scanner (Brisbane, CA). Genotypes for HLA-DR in the U.S.
families were determined at UCSF using non-radioactive PCR-SSOP (Dynal, Norway).
Genotypes for HLA-DR in the French families were determined using reverse dot blot

hybridization.

Marker order and intermarker distance were determined using linkage reference maps
(see Marshfield website; deCODE website). The average intermarker distance for the
screen was < 10 cM. The Vanderbilt and Duke laboratories each genotyped a subset of

markers on the complete set of DNA samples. Laboratory personnel were blinded to
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pedigree structure, affection status, and location of quality control samples. Duplicate
quality control samples (3 unblinded CEPH individuals and 4 blinded controls) were
placed both within and across plates and equivalent genotypes were required to ensure

accurate genotyping.

Allele frequencies were calculated from the genotyped founders in each family. Hardy-
Weinberg calculations were performed for each marker and Mendelian inconsistencies
were identified using PedCheck [(90)]. Suspect genotypes were re-read and/or re-run.
All microsatellites were required to have > 85% of possible genotypes. Verification of
relationships between pairs of samples within families was performed using RELPAIR
[(91)]. Markers and samples failing to pass quality control measures were dropped from

the analyses.

Statistical Analysis

Both model-based and model-free analyses were performed. Parametric (model-based)
analyses were conducted using autosomal dominant and autosomal recessive models with
disease allele frequencies of 0.01 and 0.20 (respectively) to model a common
susceptibility allele. A penetrance value of 0.95 was used for both dominant and
recessive models and individuals with no evidence of MS were coded as normal for these
analyses. Two-point LOD scores were calculated in FASTLINK and heterogeneity LOD
(HLOD) scores were calculated in HOMOG [(84); (85); (86); (87)]. Two-point HLOD
scores for the overall data sets, HLA-DR2+ subsets, and HLA-DR2- subsets are provided

in Figures 1, 2, and 3 (respectively).
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Multipoint model-free analyses were performed using the “score pairs” option and the
exponential model in Allegro [(92); (93)]. Multipoint results are given in terms of Z
scores. Because the HLA-DR?2 allele is known to be associated with MS susceptibility,
potential interactions between HLA and other regions were tested by calculating
correlation between pairwise family NPL values in the 236 nuclear families with at least

one affected sib-pair.

The criterion to consider a chromosomal region as interesting was at least one marker
with a maximum heterogeneity LOD (HLOD) score > 2.0 or a multipoint Z score > 2.0.
Because other research groups have advocated using a more liberal criterion to identify
regions of interest from genomic screens, we also report markers generating HLOD
and/or Z scores > 1.5 and have made the complete set of HLOD and Z scores available at
the Vanderbilt Center for Human Genetics website (see CHGR Supplemental Data

website).

A number of statistical tests were performed on the microsatellite markers, disease
models, and subsets—raising concern about multiple comparisons. The level of
correction necessary to account for these factors is a topic of substantial debate and
selecting an appropriate level of corrections is not clear. We therefore have chosen to
present the results of this study without correction for multiple tests. To gain some idea
of a significance level for our data set, we performed a simulation using the observed

family structures. The value of the threshold for HLOD scores for a genome-wide type I
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error of 1% was 1.86 under the hypothesis of no linkage. The value of the threshold for
the model-free statistic Z for a genome-wide type I error of 5% was 3.56 under the

hypothesis of no linkage.

Results

Overall Analysis

Four regions met both primary criteria for further interest (HLOD and/or Z scores > 2.0):
1q (HLOD =2.17; Z = 3.38), 6p (HLOD =4.21; Z = 2.26), 9q (HLOD = 3.55; Z = 2.71),
and 16p (HLOD = 2.64; Z =2.05) (Tables 2 and 3). Seven regions (1p, 2q, 6q, 13q, 16q,
18p, and 22q) generated only HLOD scores > 2.0 and two regions (3q and 5q) generated
only Z scores > 2.0. Using a more liberal criterion of HLOD scores > 1.5 identified eight
additional regions in the two-point analysis (2p, 3p, 3q, 4p, 49, 7p, 12q, and 15q), while a
more liberal criterion of Z scores > 1.5 identified three additional regions in the

multipoint analysis (2p, 10q, and 18p).

Site Stratification

Further examination of the data by country (U.S. and France) identified three regions
demonstrating suggestive linkage in the U.S. subset: 6p (HLOD = 3.30), 9q (HLOD =
2.32), and 18p (HLOD = 2.39) (Table 2). Two of these three regions were also identified
in examination of the overall data set as discussed above: 6p and 9q. Site stratification
also identified three regions generating suggestive linkage in the French subset alone: 1p

(HLOD = 2.08), 16p (HLOD = 2.64), and 22q (HLOD = 2.06).
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HLA-DR?2 Stratification

Further examination of the data identified markers generating suggestive HLOD scores
after HLA-DR2 stratification in seven regions: 2q (HLOD = 3.09 in the U.S. DR2-
families), 6p HLOD = 2.24 in all DR2+ families), 6q (HLOD = 3.10 in the French DR2-
families), 9q (HLOD = 2.05 in all DR2+ families), 13q (HLOD = 2.32 in all DR2+
families and HLOD = 2.17 in the U.S. DR2+ families), 16q (HLOD = 2.32 in all DR2+
families and HLOD = 2.13 in the U.S. DR2+ families), and 18p (HLOD = 2.25 in all
DR2- families and HLOD = 2.84 in the U.S. DR2- families) (Table 2). Four of these

regions (2q, 6q, 13q, and 16q) were identified only in HLA-DR?2 stratified subsets.

Discussion

Genetic linkage analysis has proven to be successful in locating Mendelian disease genes,
but whole genome screens have been less successful in locating genes for complex
genetic diseases such as MS. Rarely does any region reach a single-stage significance
level—indicating that a two-stage design requiring confirmation in at least one additional
data set is necessary to declare linkage. Whole genome screens for MS have identified
over 70 regions potentially harboring MS loci. However, with the singular exception of
the MHC, there has been a lack of consensus across studies. Our results hold true with
this general pattern, but several of the regions identified in this screen do recapitulate
significant linkage suspected by other groups. Our large data set and stringent criterion
for identifying regions of interest (HLOD and/or Z scores > 2.0) suggest several regions

of linkage for MS.
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Not surprisingly, a marker in the HLA-DR region on chromosome 6p21 generated the
highest two-point LOD score (HLOD = 4.21) and one of the highest multipoint LOD
scores (Z = 2.26) for the entire screen, confirming evidence of a risk factor in this region

[(39); (40); (41); (46)].

The strongest evidence of linkage to a non-MHC region in the overall data set was for
chromosome 9q34 (HLOD = 3.55; Z = 2.71). The initial Multiple Sclerosis Genetics
Group (MSGQG) screen, MSGG follow-up study, and recent screens in Nordic sib-pairs
and Turkish families also demonstrate moderate support for 9q, highlighting the need for

further investigation of this region [(39); (48); (46); (49)].

Another region of interest from the screen that is supported by several lines of evidence is
chromosome 1q. Marker D1S547 in the 1q44 region met the criterion for further interest
in both two-point and multipoint calculations (HLOD = 2.17; Z = 3.38). Nearby markers
have also demonstrated suggestive linkage and/or association in several other MS screens
that have been conducted in a variety of study populations [(44); (47); (52); (53); (94)].
Another compelling piece of evidence for chromosome 1q is linkage to this region in the
autoimmune disorders rheumatoid arthritis and systemic lupus erythematosus, suggesting
the pres