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Osteoarthritis (OA) is a common, disabling disease of the elderly. It is uncommon in
individuals under 45 years of age, and prevalence is higher in females than males. OA is
characterised by focal cartilage loss accompanied by osteophytes, sclerosis and often
some inflammatory response,

A significant genetic component to OA has been demonstrated by twin-pair, sibling risk
and segregation studies

Our group previously carried out a two-stage genome-wide linkage scan and identified
six chromosomal regions as potentially harbouring OA susceptibility genes.

The aim of this project was to examine three of these linkage regions, one on
chromosome 4 and two on chromosome 16, in more detail in order to further localise and
determine the identity of the OA susceptibility gene(s) within these regions.

Initially the three regions were linkage mapped using a staged approach. Linkage
mapping of the region on chromosome 4q identified a region showing evidence of
linkage to female hip OA with a multipoint LOD (MLS) score of 3.1. For chromosome
16 linkage mapping identified two regions with MLS of 1.7 and 1.9 respectively. The
first region was restricted to families with female siblings concordant for hip OA while
the second is accounted for by families with affected female siblings.

The ADAMTS3 gene was identified as a strong candidate gene within the linkage region
on chromosome 4 as a result of its role in procollagen processing. SNPs within the gene
were identified and typed in cohorts of cases and controls. There was no evidence for an
association with any of these SNPs and OA disease.

Within the first linkage region on chromosome 16 the IL4R gene was identified as a
strong candidate gene as a result of its proposed role in the normal response of
chondrocytes to mechanotransduction. Again SNPs within the gene were identified and
typed. Four SNPs show evidence of association with OA and for three of these there is
evidence for a relationship between genetic variation and evidence for linkage. It appears
that there is a dosage effect with at least two copies of different variant alleles being
necessary to increase OA disease susceptibility.
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Chapter 1 - Introduction

1.1 Definition of Osteoarthritis

Primary osteoarthritis (OA) is the most common form of arthritis affecting approximately
8 million people in the UK, and is a major cause of morbidity and disability especially
amongst the elderly. It is recognised histologically by focal cartilage loss accompanied by
osteophytes, sclerosis and often some inflammatory response (Jones et al. 1995). No
standard definition was available until 1986 when definitions were proposed both by the
Subcommittee on OA of the American College of Rheumatology Diagnostic and
Therapeutic Criteria Committee (Altman et al. 1986) and at the Workshop on the
Etiopathogenesis of OA (Mankin et al. 1986). Both definitions recognise OA as a group

of overlapping, distinct diseases and not a single disorder.

In 1995, at a workshop in the USA, a further definition was developed recognising OA as
involving the whole synovial joint: “Osteoarthritic diseases are a result of both
mechanical and biological events that destabilise the normal coupling of degradation and
synthesis of articular cartilage chondrocytes and extracellular matrix‘, and subchondral
bone. Although they may be initiated by multiple factors, including genetic,
developmental, metabolic, and traumatic, osteoarthritic diseases involve all of the tissues
of the diarthrodial joint. Ultimately, osteoarthritic diseases are manifested by
morphologic, biochemical, molecular and biomechanical changes of both cells and matrix
which lead to a softening, fibrillation, ulceration, loss of articular cartilage, sclerosis and
eburnation of subchondral bone, osteophytes and subchondral cysts. When clinically

evident, osteoarthritic diseases are characterised by joint pain, tenderness, limitation of
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movement, crepitus, occasional effusion, and variable degrees of inflammation without

systemic effects” (Kuettner and Goldberg 1995).

In summary, it is proposed that OA is the consequence of events, either mechanical or
biological, which result in uncoupling of the normal balance between synthesis and
degradation of the components of the extracellular matrix of cartilage and bone (Reginato
and Olsen 2002). Triggers are likely to be diverse and include genetic, metabolic and

traumatic factors.

Definition of the OA phenotype in clinical practice is often difficult with most
epidemiological studies using radiographic measures based on the scales proposed by
Kellgren and Lawrence in 1957 and on updated grading schemes. Such radiographic
observations however, often correlate poorly with clinical symptoms and thus algorithms
based on clinical symptoms may also be used in disease definition (e.g. Altman et al.
1986). Some studies incorporate data from combinations of symptoms, physical findings,

laboratory data and radiographic evidence (e.g. Flores and Hochberg 1998).

Although the OA disease process ultimately involves the whole synovial joint much work
has concentrated on the role of cartilage, and to a lesser extent bone, as these are the

tissues commonly implicated as being important in the initiation and progression of OA.
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1.2 Normal articular joint structure

Figure 1.2a illustrates the structure of a normal articular knee joint. Both knee and hip
joints belong to the diarthrodial family of joints. In summary, at the diarthrodial joint the
surface of the bones are covered with a thin layer of hyaline articular cartilage. The
synovial membrane, of which the capsule is the tough outer layer, surrounds the joint and
produces the synovial fluid. The capsule in conjunction with the ligaments, which run
within or just outside the capsule, act to prevent excessive movement of the bones. Some
diarthrodial joints are completely or incompletely divided by an articular disk or

meniscus.

1.2.1 Cartilage

Articular cartilage forms a thin layer lining the articulating ends of diarthrodial joints and
functions to provide a smooth, frictionless surface, to evenly distribute load applied
across the joint and to minimise the contact stress on the underlying bone (Ateshian et al.
1994). Cartilage is a composite solid matrix whose major structural components are
collagen fibrils and proteoglycans. Between 65-85% of total tissue weight is water
(Mankin and Thrasher 1975). Mature cartilage is avascular and aneural and the only cells
are chondrocytes, which account for less than 5% total volume (Poole et al. 2002). These
cells are responsible for both the generation and the maintenance of the extracellular
matrix (Goldring 2000b). The cartilage matrix is divided in to four zones classified as
superficial, middle, deep and calcified (Aigner and McKenna 2002). The arrangement of

molecules within the cartilage is zone dependent, with interzonal differences in
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proteoglycan and collagen concentration, orientation and width of collagen fibrils and
water content (Heinegard and Lorenxo 1998; Eyre 2002). There are also interzonal
differences in chondrocyte morphology and behaviour, with, for example, cells in the
middle layer being larger and rounder than the small flat chondrocytes of the superficial

layer (Aigner and McKenna 2002).

The arrangement of some of the structural components of normal articular cartilage is

illustrated in figure 1.2b.

The major collagenous component of cartilage is accounted for by collagen fibrils
composed of type Il collagen molecules arranged in a classical triple helix. These provide
resistance to shear and tensile forces. Type IX collagen molecules are bound to the
surface of these type II collagen fibrils and type XI collagen is also present, both on the
surface and within the fibril (Poole et al. 2002). Once laid down during development
there is apparently little scope for recapitulation of the collagen architecture by the

chondrocytes if the network is disrupted by injury or degeneration (Eyre 2002).

The major proteoglycan in articular cartilage is aggrecan, composed of a protein core
with a number of distinctive domains. Chondroitin sulphate and other
glycosaminoglycans (GAGs) bind along the surface at defined regions and the aggrecan
molecules bind to hyaluronan (this interaction is stabilised via link protein) to form
highly charged macromolecules which interact with the collagen fibrils (Carney and Muir

1988). The large negative charge provided by these molecules is important in binding






Chapter 1 - Introduction

water and creating a swelling pressure, resulting in the characteristic compressive

stiffness observed in articular cartilage (Heinegard and Oldberg 1989).

A number of small, leucine-rich proteoglycans, including decorin, biglycan and
fibromodulin, are also observed associated with the collagen fibrils (Hedbom and
Heinegard 1993). There are also a number of smaller, less abundant and less

characterised matrix proteins present in cartilage many of whose functions are currently

ill defined (Poole et al. 2002).

The tidemark, formed from calcified cartilage, forms a layer of intermediate stiffness
between the articular cartilage and the underlying subchondral bone (Bullough and

Jagannath 1983).

1.2.2 Subchondral bone

The subchondral plate, below the cartilage, extends from the calcified tide mark to the
beginning of the marrow space and is composed of calcified cartilage and the lamellar
subchondral cortical bone. The subchondral plate functions to support articular cartilage
and in normal joints subchondral bone absorbs 30 - 50% of load through the joint.
Subchondral bone is viscoelastic, having both viscous and elastic properties, and together
with the tidemark and osteochondral junction functions to transform sheer stresses into
tensile and compressive stresses in the overlying cartilage (Radin et al. 1970; Redler et al.

1975; Mente and Lewis 1994).
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Bone consists of a number of cell types, including osteoblasts and osteoclasts, embedded
in a matrix composed of both organic and inorganic molecules (Boyle et al. 2003; Harada
and Rodan 2003). The organic matrix, which accounts for approximately 35% of the dry
weight of bone, is composed of collagen (primarily type I collagen which accounts for
90% of the organic matrix), proteoglycans and non-collagenous matrix proteins including
osteocalcin and osteonectin. The inorganic matrix consists of both calcium
hydroxyapatite, which gives bone its compressive strength, and osteocalcium phosphate
(Revell 1998). In contrast to articular cartilage, subchondral bone is highly vascular, and

innervated by unmyelinated nerve fibres (Clark and Huber 1990).

The structure of bone is such as to allow for maximum strength with minimum mass. Its
microstructure is continually moulded, shaped and repaired throughout life, a process that
involves both resorption and synthesis. In normal adult bone the rate of resorption by
osteoclasts is exactly matched by the rate of synthesis by osteoblastic cells in a process
tightly controlled by both systemic and local factors (Revell 1998; Sambrook et al.

1999).

1.3 Normal age associated changes in articular joint structure

After the age of about 30 years the tensile properties of articular cartilage show a
progressive decline. This decline is more prevalent in some joints, i.e. hip and knee, than
others, i.e. ankle (Poole et al. 2002). Collagen fibrils undergo modification and an
increase in cross-linking resulting in increased stiffness. There is also an age-related

turnover of type II collagen at all cartilage sites (in younger cartilage turnover is limited

6
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to pericellular sites). Collagen damage progresses to deeper sites with age resulting in a
zone of damage, distinct from the zone of healthy cartilage below (Poole et al. 2002).
Aggrecan molecules also show increasing heterogeneity with age as they are degraded at
varying rates (Hardingham and Bayliss 1990). In addition, duplication and migration of

the tidemark occurs leaving a thinner layer of non-calcified cartilage (Green et al. 1970).

In bone, both the organic and the inorganic components decrease with age as osteoblasts
become less active than osteoclasts. After the age of 40 women lose about 8%, and men
3% of their total bone mass per decade. This osteopenia (loss of bone) results in bones
which are more brittle, less elastic and more prone to fracture (Moore and Dalley 1999;

Saladin and Fox 2002).

1.4 The OA disease process

Figure 1.4 illustrates a generalised end-stage OA articular knee joint. Despite extensive
research much of the detail of the OA disease process remains unresolved and enigmatic.
Research has been confounded by the lack of availability of early-stage OA tissue with
most research being conducted on tissue from joint replacement, representing the end-
stage of the disease. Such difficulties limit both the elucidation of events involved early
in the disease process and determination of the order of events resulting in end-stage

phenotype.
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1.4.1 Cartilage

The cartilaginous damage, resulting in destruction and failure of the extracellular matrix
(ECM), observed in OA appears to be the result of either the action of normal loading on
abnormal cartilage or to the action of abnormal loading or stress on normal cartilage
(Aigner and McKenna 2002). The cellular reaction patterns observed in OA appear at
first very heterogeneous and differ both between the different zones of cartilage and
depending on stage of the disease process (Sandell and Aigner 2001). This heterogeneity
is reflected in a lack of consensus between independent studies aimed at characterising

the OA disease process.

The first overt sign of OA is the onset of fibrillation at the articular surface, followed by
the development of focal lesions at points of direct mechanical contact between articular
surfaces (Neuhold et al. 2001). Collagen fibrils are damaged and proteoglycan lost
resulting in increased cartilage water content, swelling and softening of the articular
cartilage and loss of tensile strength (Aigner and McKenna 2002; Poole et al. 2002).
Damage appears to be due to both mechanical wear and enzymatic degradation. There is
also observed a calcification of the articular cartilage matrix and advancement of the
tidemark. This results in a thinning of the articular cartilage with a reciprocal thickening

of the underlying subchondral bone (Karvonen et al. 1994).

The release of fragments from the degraded cartilage matrix components serves to further

induce the expression and secretion, by chondrocytes, of a number of molecules involved
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in cartilage degradation including matrix metalloproteinases (MMPs) and cytokines

(Homandberg et al. 1992; Liu et al. 2000).

Chondrocyte proliferation is observed early on in the disease process (chondrocytes in
normal tissue are postmitotic) but is limited by the physical bulk of collagen fibrils (Hulth
et al. 1972). In the early stages the chondrocytes show increased synthesis of type II
collagen, aggrecan, matrix degrading enzymes and catabolic cytokines. However, normal
cartilage matrix architecture cannot be regenerated by adult articular chondrocytes
(Aigner and McKenna 2002). As the disease progresses there is a suppression of

expression of aggrecan and type II collagen mRNA (Goldring 2000a).

In later stages of the disease process a significant proportion of chondrocytes take on a
distinct phenotype, comparable to that of the chondroprogenitor cells seen in foetal
skeletal development (Sandell and Aigner 2001). Many cells show an increased
expression of interleukin 1 receptor (IL1R) type 1, insulin-like growth factor binding
protein 3 (IGFBP-3), inducible nitric oxide synthase (iNOS), cyclo-oxygenase 2 (COX-2)
and an increased synthesis of collagens VI, III, X and ITA (Goldring 2000a; Sandell and
Aigner 2001). These differentiated, hypertrophic chondrocytes also express increased
levels of matrix metalloproteinases (MMPs) and are apoptotic compared with
chondrocytes from normal cartilage (Aigner and Kim 2002). Alterations in matrix
structure, in turn, serve to alter the mechanical forces acting on the chondrocyte resulting

in further degenerative pathology (Poole et al. 2002).
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Several cartilage-degrading proteases have been implicated as having a role in the

pathology of OA. The matrix metalloproteinases (MMP) family are thought to have a
major role in the structural changes seen in OA cartilage. At least four, MMP -1, -8, -13,
and -14, have been implicated in type II collagen degradation with MMP-13 thought to
have the major role (Dahlberg et al. 2000; Wu et al. 2002b). Although MMPs (especially
MMP-3, -8 and membrane-type metalloproteinase [MT-MMP]) have also been proposed
to have a role in aggrecan cleavage the more recently identified aggrecanases ADAMTS4
and ADAMTSS (members of the a disintegrin and metalloproteinase with
thrombospondin motifs [ADAMTS] family of extracellular proteases) are likely to be the
major players in this process (Abbaszade et al. 1999; Hurskainen et al. 1999; Tortorella et
al. 1999). MMP action is regulated by the action of tissue inhibitors of metalloproteinases
(TIMPs) which are able to form tight complexes with the MMPs. MMP -2 and -9,
Cathepsins B, L and D and plasminogen activator have been implicated in the

degradation of other matrix components (Poole 1997).

It is predicted that the balance between catabolic and anabolic events, and hence integrity
of cartilage, both normally and in disease, is regulated through the action of cytokines on
the chondrocytes. Cytokines may originate from activated synoviocytes, mononuclear
cells or from the chondrocytes themselves, although evidence suggests that the majority
of the cytokines involved in cartilage metabolism originate from the chondrocytes (Moos
et al. 2000). An excess of pro-inflammatory cytokines is thought to be responsible for
many of the clinical manifestations of OA and they have been proposed to play an

important role in disease initiation and progression (Fernandes et al. 2002).

10
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Two of the key degradative cytokines implicated in OA are interleukin 1 (IL1) and
tumour necrosis factor oo (TNFA) which are expressed by chondrocytes in the majority of
OA patients. TNFA is thought to be more important in the onset of OA whilst IL1 is
important in both early and late stages (Fernandes et al. 2002). Studies by Moo et al
(2001) have suggested that chondrocytes in OA cartilage may display one of two
mutually exclusive phenotypes characterised by elevations in either TNFA (TNFA""
phenotype) or IL1B (TNFA™" phenotype). Other catabolic, pro-inflammatory cytokines
have also been implicated as having a role in OA. These include IL17, IL18, IL6, ILS,
leukaemia inhibitory factor (LIF) and oncostatin M (Goldring 2000a; Fernandes et al.

2002).

The other group of cytokines important in the OA disease process are the inhibitory or
anti-inflammatory cytokines. This group, which includes IL4, IL10 and IL13, act mainly
by decreasing the synthesis or activity of the pro-inflammatory cytokines (Goldring
2000b). Studies on synovial fibroblasts have demonstrated that 1L.4, IL.10 and IL13 act
through different mechanisms to decrease TNFA-induced release of prostaglandin E,
(PGE,). IL4 and IL10 have both been demonstrated to be chondroprotective in vivo and
all three have been implicated in decreasing production of IL1B, TNFA and MMPs and
in upregulating both interleukin 1 receptor antagonist [IL1RN] (which in turn blocks
PGE, synthesis, degradation of the cartilage matrix and production of collagenases and

nitric oxide) and TIMP-1 synthesis (Alaaeddine et al. 1999; Fernandes et al. 2002).
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1.4.2 Bone

There is an acceleration in the turnover of subchondral bone in OA with increases in
MMP-2 and alkaline phosphatase (key enzymes in bone metabolism) expression by
osteoblasts compared with normal or osteoporotic bone (Mansell et al. 1997; Mansell and
Bailey 1998). This increased metabolism appears to favour synthesis over degradation
and results in an hypomineralised, thickened, stiffened bone (Bailey et al. 2001). This
increased and deregulated turnover often results in the formation of osteophytes and
subchondral cysts, possibly in an attempt to stabilise the otherwise unstable joint

(Potenger et al. 1990).

There has been much recent discussion as to whether the observed changes in bone
precede or are subsequent to those observed in cartilage. For some time it was presumed
that changes in cartilage were the initiating factor in the disease which then triggered the
observed changes in bone turnover. An increasing number of studies however, have
challenged this assumption. Some animal models appear to suggest that the increased
subchondral bone density observed in many OA patients may precede the cartilaginous
changes observed in OA. For example, in guinea pig models of OA lowered rates of bone
metabolism appear to be correlated with decreased susceptibility to OA (Watson et al.
1996; Huebner et al. 2002). In humans there also appears to be a positive correlation
between bone mineral density and OA (Dequeker 1997; Stewart and Black 2000). In
addition, studies suggest that artificial lowering of bone turnover rates with the use of
bisphosphonates is chondroprotective (Christgau et al. 2001) and that bone cells from OA

patients can induce alterations in cartilage metabolism (Westacott et al. 1997). Bailey et
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al (2001) provide an overview of the numerous animal and human studies that suggest
subchondral bone changes precede the initiation of cartilage fibrillation. Results of many
studies however, have been contradictory or inconclusive and the majority of
investigators still appear to presume that the cartilaginous changes observed in OA
precede any changes in bone metabolism (e.g. Lane and Nevitt 2002) with many more
articles and reviews on the role of cartilage rather than bone in OA initiation still being
published. There is, however, an increasing interest in the involvement of bone especially
with regards disease progression and much investigation is being undertaken with the aim
of increasing understanding of the role of changes in bone metabolism on OA initiation
and progression (Bailey et al. 2001). There is also an increasing agreement, that an
increase in subchondral bone density is associated with and indeed may even be

necessary for disease progression (Burr 1998).

In the absence of further evidence it seems necessary at present to conclude that OA is a
disease of unknown origin which results in degenerative changes in both bone and

cartilage in such a way that suggests a positive feedback loop between them (Burr 1998).

1.5 The Genetic Component of OA

1.5.1 Epidemiological studies

A role for genetic factors in determining susceptibility to primary OA was recognised as
early as 1941 when Stecher et al reported on familial clustering of nodal disease (OA

characterised by Heberden’s nodes at the distal interphalangeal joints and Bouchard’s
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nodes at the proximal interphalangeal joints of the hand). Subsequent work by Kellgren
(1963), who sub-divided generalised OA (OA involving multiple joints, typically defined
by combined presence of hand and large joint OA) according to the involvement of
interphalangeal joints, proposed a strong genetic component in patients with generalised
OA that involved the interphalangeal joints. Kellgren (1963) also suggested a less well-
defined and possibly polygenic component in patients with generalised OA which didn't

involve the hands.

In 1977 Lawrence published results of twin studies showing approximately double the
concordancy for nodal OA in monozygotic compared with dizygotic twins further

confirming the role of genetic factors in OA.

More recently, a number of epidemiological studies, including twin pair and family risk
studies, have been undertaken to formally investigate the genetic component of OA (for a

comprehensive review see Loughlin 2001).

1.5.1.1 Twin studies

Five, large scale, twin studies have been undertaken in recent years to estimate the
heritability of OA (Kaprio et al. 1996; MacGregor et al. 1998; Sambrook et al. 1999;
Spector et al. 1999; Page et al. 2003). In summary these studies estimate heritability for
OA in females to be between 39 and 79% depending on joint considered, with estimates
for heritability of OA at the knee and hand being between 39 and 65% and at the hip 58%

(table 1.5a). In the study by Kaprio et al (1996), who investigated OA at any joint,
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stratification by sex revealed a striking difference with evidence for a genetic component
of 44% in females but no evidence for such a component in males. The study by Page et
al (2003) is the only study to have focused exclusively on male twins. They estimate that
an additive genetic component accounts for 53 - 61% of the variance in liability of

radiographically determined OA of the hip.

1.5.1.2 Sibling risk studies

There have been four, large scale, sibling risk studies using severely affected probands
and their siblings (Chitnavis et al. 1997; Ingvarsson et al. 2000; Lanyon et al. 2000;
Jonsson et al. 2003). All four studies identified a higher risk of OA for siblings of
probands with severe OA than for a control population. Estimates of this increased risk
range from 2.3 to 14.4 times the control risk (table 1.5b). Chitnavis et al (1997)
investigated probands in an UK cohort who had undergone total hip or knee joint
replacement for OA and their siblings. They found a 2.3 times increased risk for joint
replacement in siblings versus controls. A second study, also in the UK, by Lanyon et al
(2000) identified a 9.8 times increased risk of hip OA in siblings of hip OA probands
compared with a control population. Interestingly, this study found a higher risk for male
siblings of cases (relative risk of 14.4) than females (relative risk of 7.7) apparently

contradicting the results of the Kaprio et al (1996) twin study.

The remaining two studies investigated the sibling risk of hip (Ingvarsson et al. 2000) and
hand (Jonsson et al. 2003) OA in Icelandic cohorts. Siblings of probands with hip OA

were found to have a three times increased risk of hip replacement for OA compared with
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the general population. For hand OA the relative risk ranged from 2.0 to 6.9 for female
siblings of women with hand OA depending on the joints involved. Jonsson et al (2003)
reported that males and females show similar relative risks for hand OA but that
prevalence is lower in males. The genetic component of hand OA also appears to
increase with severity (Jonsson et al. 2003). Both Ingvarsson et al (2000) and Jonsson et
al (2003) discovered that Icelandic patients with OA of the hip or the hand descended
from a smaller number of founders than did the control population indicating that these

patients are significantly more related to each other than to matched controls.

1.5.1.3 Segregation studies

Other family based studies have also been used to measure the degree of heritability of
OA. Felson et al (1998), investigating the inheritance of generalised OA in 337 nuclear
families participating in the Framingham OA longitudinal study in the United States,
found clear correlation of OA between parent-offspring and sibling-sibling pairs and
observed that these correlations were higher for mother-child pairs than father-child pairs.
Again, as for Kaprio et al (1996), this suggests a greater heritability of OA in females
than in males. Felson et al (1998) also propose that their results imply the involvement of
a major recessive gene with a multifactorial component accounting for the genetic
susceptibility to OA. A segregation study in 295 Chuvashian families with hand OA by
Kalichman et al (2003) also found evidence for a significant familial aggregation, which
could best be explained by a mixed Mendelian model. They suggest that a putative major

gene accounts for between 49 and 52% of the OA phenotype after adjustment for age and

SEX.
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Analysis of data from the Baltimore longitudinal study on ageing for 167 families with
hand OA and 157 families with knee OA (Hirsch et al. 1998) revealed a role for a genetic
factor in determining severity of disease for hand and for hand plus knee OA. This study,
in contrast to many others, however, found no evidence for a genetic component in

determining susceptibility to knee OA alone.

In the Rotterdam study of the elderly, Bijkerk et al (1999), found evidence for the
involvement of a genetic component in hand and spine OA but no such component for
OA of the knee or hip. This may reflect too small a sample size to detect heritability for
OA at these two joint sites (30 probands & 17 siblings for hip OA and 70 probands & 47
siblings with knee OA compared with 97 probands & 192 siblings and 95 probands &
213 siblings for hand and spinal OA respectively) since these results appear to be in
contrast with the majority of other epidemiological studies. Alternatively, such
conflicting results may reflect the complex heterogeneity of OA disease so that this
cohort consists of individuals whose OA phenotype is not accounted for to a significant

extent by genetic influences.

A more recent epidemiological study by MacGregor et al (2002) suggests that different

genes may account for disease susceptibility at the hip compared to those for the knee.

Although there are a small number of conflicting results, probably reflecting the complex
nature of disease susceptibility, taken together these numerous epidemiological studies
provide strong evidence that OA susceptibility has a significant genetic component, with

an average heritability of ~ 50%, but also that other, environmental factors play a role.
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They also infer that the size and nature of the genetic component of susceptibility may

vary depending on both sex and the joint(s) affected.

There are a number of studies which have reported on rare pedigrees in which primary
OA (not secondary to any other factor such as dysplasias/injury) appears to be
transmitted in a Mendelian fashion (Palotie et al. 1989; Meulenbelt et al. 1997,
Ingvarsson et al. 2001). These pedigrees are usually characterised by a severe, early onset
form of OA. The extent to which the genetic component in these families can be

extrapolated to the more common, complex form of OA is as yet unknown.

There are also a number of rare, inherited diseases (osteochondrodysplasias) caused by
mutations in genes that encode for structural molecules of cartilage or bone which display
OA as a secondary phenotype (for a review see Jimenez and Williams 1999). One such
dysplasia, multiple epiphyseal dysplasia, characterised by an early onset of OA of large
joints has been attributed to mutations in the matrilin-3 gene (MATN3) [Chapman et al.
2001]. MATNS3 is a non-collagenous cartilage extracellular matrix protein which may be
involved in the inhibition of normal development and maintenance of cartilage and bone.
A recent study by Stefansson et al (2003), in Icelandic patients concordant for hand OA
affecting the first metacarpal joint, found evidence for linkage of OA to the short arm of
chromosome 2 where the MATN3 gene resides. Further investigation found evidence for
co-segregation of a missense mutation of MATN3 with hand OA in a number of families.
This potentially represents a gene involved in an osteochondrodysplasia which also has a

role in primary OA susceptibility. Investigations of genes involved in rare dysplasias
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however, have often produced conflicting results as to their involvement in encoding

susceptibility to common, primary OA.

1.6 Non-genetic risk factors for OA

Several epidemiological studies have also identified a number of non-genetic risk factors
for OA. These have been summarised in reviews by Felson and Zhang (1998) and by
Felson et al (2000). Although studies have often produced conflicting results for a
number of the factors proposed to predispose to disease, a number of factors have been
generally accepted as conferring increased risk for OA. Even for these generally accepted
factors, however, as is the case for the genetic studies, there is not complete concordance
between studies or final agreement as to the degree of increased risk accountable to them.
Such apparent conflicts may be the result of a number of variables including inter study
design variations, differences in disease phenotype definition, or insufficient sample
sizes. It is likely that a proportion of this observed discordancy also reflects the complex

nature and heterogeneity of the OA disease process.

1.6.1 Age

OA is generally uncommon in individuals under the age of 45 and increases in prevalence
up to the age of 65 with incidence appearing to level off or decline at about 80 years of
age (Felson et al. 1995; Oli;/eria et al. 1995; Creamer and Hochberg 1997). It has been
proposed that a decline in the ability of the chondrocyte to maintain the integrity of the

articular cartilage alongside destabilisation of the joint, due to failure of ligaments,
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decreased joint proprioception and a decline in neuromuscular function, may contribute
to this age-related effect (Jones and Doherty 1995; Haq et al. 2003; Martin and

Buckwalter 2003).

1.6.2 Sex

Both incidence and prevalence of OA are higher in males before the age of 50 (especially
in the knee, proposed to be secondary to injury) but then subsequently become
increasingly higher in women (Van Saase et al. 1989, March and Bagga 2004). This
female preponderance after menopausal age alongside the recognition in some females of
rapidly progressing ‘menopausal OA’ of the hand has led to the proposal of an hormonal
involvement in OA. This is further supported by some studies showing that hormone
replacement therapy (HRT) offers some protection against development of OA (Hannan
et al. 1990; Dennison et al. 1998). As mentioned previously, epidemiological studies also
appear to show that the genetic component of OA is higher in females than in males

(Kaprio et al. 1996; Felson et al. 1998).

1.6.3 Body mass index

Body mass index (BMI) is generally a well-recognised factor associated with OA of the
knee, with obesity (BMI >25) accounting for more knee OA in females than any other
currently recognised factor. An elevated BMI has been shown to be a risk factor for both
OA initiation and progression at the knee (Felson 1990; Hart et al. 1999; Manek et al.

2003).
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For hip OA, results of different studies into the effects of BMI have been conflicting. A
review of published reports finds only moderate evidence for a positive association
between obesity and hip OA (Lievense et al. 2002), whilst a prospective study carried out
in Scandinavia found that women in the highest BMI quartile had an approximately three
times increased risk of total hip replacement due to OA compared with those in the
lowest quartile (Flugsrud et al. 2002). More recently a prospective study of 120,000
women in Massachusetts, USA found evidence that an increased risk of hip OA requiring

joint replacement surgery was associated with elevated BMI and older age (Karlson et al.

2003).

It has been proposed that obesity may increase the risk of OA either by increasing the
load across susceptible joints or through the action of an obesity-associated circulating
factor accelerating articular cartilage breakdown (Hartz et al. 1986; Van Saase et al.
1988; Manek et al. 2003). The association of obesity with OA is higher in women than in

men.

1.6.4 Bone density

The integrity of the articular cartilage is dependent at least in part on the mechanical
properties of the underlying subchondral bone. It is suggested that stiffening of the bone
due to increases in bone mineral density (BMD) may cause increased cartilage
degradation on repeated loading (Radin and Rose 1986). This is supported both by the
generally accepted inverse correlation observed in a number of studies between

osteoporosis and osteoarthritis (see reviews by Dequeker 1997; Brandi et al. 2001) and by
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the increased bone density observed in OA patients versus controls in several studies
(Dequeker 1997; Stewart and Black 2000). However, more recent studies have implicated
a complex relationship between BMD and OA, with a potential stage-dependent effect.
Some studies suggest that high BMD may be predictive of progression of the disease
(Bruyere et al. 2003) whilst others find correlation between high BMD and slower
disease progression (Zhang et al. 2000). Lane and Nevitt (2002) summarise the results of
a number of studies on the relationship between BMD and OA and conclude that the

relationship between them is complex and requires further investigation.

It has been proposed that osteophyte formation, often seen in the OA disease process,
may be linked to high bone mass thus proposing a role for some form of circulating bone
growth factor (Zhang et al. 2000; Hart et al. 2002). Hart et al (2002) demonstrated that
there is an association between increased BMD of the spine and hip and incident knee
OA characterised by osteophytes. Osteophytes are formed by endochondral ossification
in contrast with the subchondral bone osteogenesis seen in OA which is linked with bone
resorption (Brandt 2003). It is thought that osteophytes are likely to represent an attempt

to repair or stabilise the joint (Neuman et al. 2003).
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1.6.5 Local biomechanical factors/ joint injury

Articular cartilage may be damaged by two mechanisms:

i) Sudden major trauma, such as ligament tears. This is a common cause of
secondary OA. In the Framingham study (Felson 1990) males with a history of
major knee injury were found to be at 5 - 6 times increased risk of knee OA
compared to those with no such history. OA can also be induced in animal models

by damaging the meniscus and/or the surrounding structures (Elliott et al. 1999).

i1) Stereotyped repetitive joint use, such that the joints are overworked and the
protecting muscle fatigued increasing force transmitted to cartilage. Certain
occupations carry an increased risk of OA as a result of this i.e. cotton mill
workers had an increased prevalence of Heberden's nodes whilst farmers have a

high risk of hip OA (Lawrence 1961; Croft et al. 1992; Thelin et al. 2004).

1.6.6 Additional proposed factors

Several other factors have been implicated in conferring risk to OA. For example,
ethnicity, diet, levels of recreational activity and muscle weakness. Evidence for these,
however has been less consistent and compelling with much interstudy variability (Felson

and Zhang 1998; Felson et al. 2000).
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1.7 Summary of disease associated factors

In summary, epidemiological, physiological and genetic studies appear to suggest that,
whilst OA can (and often does) result directly from severe joint injury, the disease
appears to frequently be the result of the interaction of a number of systemic (i.e. obesity,
sex or genetic) and local (i.e. joint instability or dysplasia) factors (Jones and Doherty
1995). It is envisaged that systemic factors serve both to increase vulnerability of
cartilage to injury and reduce its capacity for repair. Local factors acting on this
vulnerable cartilage may then serve to initiate the joint breakdown characteristic of OA

(Felson and Zhang 1998).

The involvement of multiple factors in determining both the onset and progression of the

disease has led to the description of OA as an oligogenic, multifactorial disease.

1.8 Complex trait analysis

Although historically diseases were classified as monogenic (where mutations at a single
locus are predictive of phenotype) or multifactorial (involving multiple disease associated
genetic loci and/or environmental factors), there is increasing evidence for the existence
of a continuum between the two extremes. It appears that few, if any, traits are truly
monogenic with the emergence of increasing instances of both locus heterogeneity and
the effects of disease modifiers (Badano and Katsanis 2002). In cystic fibrosis, the
prototypic monogenic disease, for example, disease phenotype has now been shown to be

affected by at least 6 modifier genes with some individuals with milder forms of the
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disease identified as completely lacking mutations in the CFTR (cystic fibrosis
transmembrane conductance regulator) gene (Groman et al. 2002). In addition,
heterozygous mutations of the CFTR gene have been identified as being associated with

rhinosinusitis; an identified complex trait (Wang et al. 2000).

Complex diseases, such as OA, are characterised by multiple genetic, developmental and
environmental factors. They are non-Mendelian; but show familial aggregation and are
generally more common than single-gene disorders. It is hoped that identifying the genes
and mutations involved in complex disease susceptibility will lead to a better
understanding of the pathogenesis of these disorders and result ultimately in improved

treatments and diagnostic ability and perhaps eventually prevention.

The identification of genes in complex traits however, is complicated by a number of
factors including the presence of locus and allelic heterogeneity, epistasis, low penetrance

and variable expressivity.

The past two decades have seen a sharp increase in attempts to map the genes involved in
susceptibility to complex diseases. Such attempts have used both linkage and association-
based techniques. Linkage studies, traditionally genome-wide have the benefit of being
both systematic and allowing for the study of the whole genome using only a few
hundred markers. However, they have limited power for detecting disease causing alleles
with only modest effects (Weeks and Lathrop 1995). Association studies, by contrast,
concentrate on a particular gene or region of interest (genome-wide association studies

are currently becoming feasible due to the drop in costs of marker genotyping [e.g.
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Sawcer et al. 2004]). Such studies have much higher power than linkage studies for
detecting disease-causing variants with modest effects - risk alleles with a frequency of
1% can readily be detected in association but not in linkage studies (Weeks and Lathrop
1995; Botstein and Risch 2003). In practise, the two techniques are often used as fully
complementary approaches, with linkage studies used to identify a targeted genomic
region that may then be investigated by association analysis (See reviews by Glazier et al.

2002; Vink and Boomsma 2002; Botstein and Risch 2003).

There is much debate as to the best methods by which to localise and identify complex
trait susceptibility genes accentuated by the dearth of success stories to date (Risch 2000).
Although there is some disagreement between different studies, many suggest the
following chronological steps:

1) The use of genome-wide linkage analysis to identify a chromosomal region(s) showing
evidence for linkage to the disease phenotype. Such scans commonly utilise highly
polymorphic microsatellite markers which reduce the effects of non-informativity often
seen for less polymorphic markers (Weeks and Lathrop 1995).

2) Finer mapping of the identified region(s) using linkage or association analysis. Such
analysis aims to narrow the region facilitating identification of candidate genes.

3) Sequence analysis of the candidate region(s) or genes within the region(s) identified by
linkage to identify genetic variants, which are then prioritised and tested for association
with the disease phenotype in either family-based or case-control cohorts. The markers of
choice for such association analyses are usually single nucleotide polymorphisms (SNPs).

These biallelic markers are common, accounting for about 90% of sequence variation in
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humans, and are amenable to high throughput, low cost, automated genotyping (Akey et
al. 2003).

4) Functional testing of candidate genes and variants showing association is undertaken
in model systems or organisms to prove functionality. Additional circumstantial evidence
for the role of the candidate gene may be provided in the forms of patterns of gene
expression, similarities to phenotypes associated with naturally occurring or engineered

mutations in animal models and strong mechanistic evidence.

1.8.1 Linkage analysis

Linkage studies in complex traits often focus on the use of affected sibling pairs (ASP).
The use of ASPs allows linkage analysis to be undertaken in the absence of traditional
Mendelian pedigrees and also enables the investigator to use non-parametric analysis
(Vink and Boomsma 2002). In the absence of linkage at a given marker it would be
expected that siblings would share 0, 1 and 2 alleles identical by descent (IBD) [i.e. both
alleles descended from the same ancestral chromosome] with frequencies of 0.25, 0.50
and 0.25 respectively. ASP linkage studies are based on the idea that linkage at a given
marker locus is supported if the siblings share alleles at that locus more often than would
be expected by chance alone. This method is most powerful when IBD status can be
determined. This ideally involves genotyping of parents which is often not possible for
late onset diseases such as OA. In such situations genotyping of unaffected siblings can
be used to assist in IBD determination. Non parametric methods, requiring no prior
model definition, are normally used since information on disease gene frequency,

penetrance or mode of inheritance are normally unknown. The ability of such methods to
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detect linkage depends on the contribution to heritability of the locus being considered

(Weeks and Lathrop 1995; Vink and Boosma 2002).

Published linkage studies differ widely in design reflecting the lack of consensus as to the
best method(s) to maximise detection of susceptibility loci. There have been numerous
published reports on the use of genome-wide linkage scans to identify regions harbouring
susceptibility genes for complex disease (e.g. Gretarsdottir et al. 2002; Hakonarson et al.
2002; Olson et al. 2002). A review by Altmuller et al (2001) identified 101 such studies
with varying design and outcome. They found that the only predictors for a successful
outcome in terms of significant or suggestive linkage results were increased numbers of
individuals and sampling from an ethnically homogeneous group. Beyond this the authors

conclude that there is no gold standard applicable to complex diseases.

There is much debate as to what constitutes a significant outcome in linkage analysis for
complex traits. Much emphasis is placed on the recommendations by Lander and
Kruglyak (1995) who suggest that significant evidence of linkage requires a LOD score
of > 3.6 and suggestive evidence of linkage a LOD score of = 2.2, in a dense, complete
genome scan. However, less than a third of reports to date have identified regions with
evidence of suggestive linkage using these criteria (Wiltshire et al. 2002), which are
based on the assumption of both dense-marker genotyping (rarely the case in genome-
wide scans) and near complete extraction of inheritance information (not possible if
parental genotypes are unknown). It has been suggested that such criteria are too strict,
and Lander and Kruglyak (1995) themselves acknowledge that the use of these criteria

may result in the rejection, as false positives, of results which indicate the presence of
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susceptibility genes with modest effect. As a result many investigators have
recommended the use of empirical calculations of significance based on the individual
study design. Sawcer et al (1997) carried out such simulations on their data for a genome-
wide scan for multiple sclerosis (MS) disease loci and identified values for significance
almost 25% lower than that recommended by Lander and Kruglyak. These results
underline the poorly understood discrepancy between theoretical simulations and
simulations based on real data. Using simulations Wiltshire et al (2002) determined that
under the conditions encountered during a typical genome-wide scan, with a 10 cM
marker map and approximately 15% missing genotypes, you would expect a locus with a
LOD score of between 1.5 and 1.6 to occur once per genome (compared to a locus with a

LOD of 2.2 predicted by Lander and Kruglyak [1995]).

Wiltshire et al (2002) also propose locus counting as a complementary approach to the
use of significance levels. This involves comparing the number of independent loci
identified in a genome-wide screen with the empirically-determined number expected by
chance. They conclude that for a typical genome-wide scan of a complex trait using a 10
cM marker density you would expect 2 - 3 independent loci with a LOD score 21.2 by
chance. The exact number being dependent on the details of the study design. Obviously,
however, this method does not allow determination as to which regions are true and

which are false positives.

In practice, there appears to be large variation in published literature as to the LOD scores

reported as indicating ‘significant’ evidence for linkage. Under such circumstances, the
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most compelling evidence of the involvement of a region in encoding for disease

susceptibility remains the independent replication of the original linkage results.

Following the identification of a region showing evidence for linkage, work is often
undertaken to narrow the interval. This may involve the use of additional linkage

mapping with a higher density of markers or the use of association studies across the

region.

1.8.2 Association studies

Once a region harbouring a susceptibility allele(s) has been identified and narrowed then

association analysis may be undertaken to identify the disease causing variant(s).

Association studies are comparable to classic epidemiological case-control studies and
traditionally involve comparison of allele frequency distributions between cohorts of

cases and population controls (Tabor et al. 2002).

Association analyses may be systematic, covering the whole of the region under
investigation (Patil et al. 2001; Gabriel et al. 2002), or candidate gene based, identifying
variation in genes prioritised according to their potential role in disease biology (Johnson
and Todd 2000; Risch 2000). Both methods have their advantages. The systematic
association approach necessitates the use of a greater number of markers than those
employed in the candidate gene based approach thereby increasing cost and time of the

study. However, this approach has the advantage over the candidate gene based approach
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of requiring no prior assumption as to the gene(s) likely to be involved in a disease
process which is often poorly understood. Systematic approaches also ensure coverage of

the regulatory regions of genes which are often ill defined and may be distal to the gene

itself (Vink and Boomsma 2002; Botstein and Risch 2003).

1.8.2.1 Linkage disequilibrium

When a disease-causing variant occurs it does so on one specific background of other
genetic variation (a haplotype). Initially, this variant is in complete linkage
disequilibrium (LD) with all these other variants. Over time however, LD is eroded by
recombination. The rate at which the LD is eroded is dependent on the distance of loci
from the disease variant so that association is lost more quickly for distal than proximal
markers. Association studies are based on the assumption that marker alleles that are
associated with a particular phenotype are therefore closely linked to the disease
mutation. This is probably an over simplistic picture however as patterns of LD are also
complicated by for example new or recurrent mutations (of the disease or marker loci)

and by the non-random distribution of recombination (Kauppi et al. 2003).

1.8.2.2 Patterns of linkage disequilibrium

Patterns of LD across genomic regions differ according to a number of factors including
age of mutation, drift, selection, demographic history and local recombination rates
(Shifman et al. 2003). LD can be destroyed by recurrent mutations, differing allele
frequencies and recombination/gene conversion events creating complex patterns of LD

such that markers can be in stronger LD with distal markers than with markers in close
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proximity (Cardon and Bell 2001). Patterns of LD differ between ethnic groups too, with
older populations i.e. sub-Saharan Africans showing less extensive LD than that observed

in more recent populations i.e. Europeans (Shifman et al. 2003).

LD extends over much greater distances (of up to 14 Mb) between microsatellites than
between SNPs. This is probably due to microsatellites representing multiallelic markers
with a higher mutation rate; so that these markers carry more recent alleles compared
with the biallelic, often ancient SNP markers (Kauppi et al. 2003). SNPs are fast
becoming the markers of choice for association studies as a result of their mutational
stability, relative abundance and amenability to high throughput genotyping. It has been
suggested however that microsatellites could be useful if the disease under consideration
is accounted for by rare variants since microsatellite markers allow for the identification

of rare as well as common haplotypes (Varilo et al. 2003).

1.8.2.3 Haplotype blocks and recombination hotspots

Many studies of the patterns of LD across the genome suggest that recombination is not
uniformly distributed and that blocks of little or no recombination (cold spots) are
separated by regions showing high recombination rates (hotspots) [Petes 2001; Phillips et
al. 2003; Stumpf and Goldstein 2003]. Such block-like patterns have been experimentally
confirmed in at least one region examined, the major histocompatability (MHC) class II
region. By looking at recombination in sperm and LD patterns, Kauppi et al (2003) were
able to define a 60 kb LD block in three populations (Saami, UK North Europeans and

Zimbabweans) which ended at experimentally verified recombination hotspots. Some
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recombination within this LD block was observed (the rate of which varied between
populations) but at a much lower rate than was observed in the hotspots. Kauppi et al
(2003) suggest therefore, that in this region at least, recombination hotspots have played a
large role in shaping patterns of LD. The observation of a less clear block structure in the
more ancient Zimbabwean population, differences in LD across weaker hotspots, the
decline in LD across the block and the presence of at least four SNPs showing evidence
for an obligatory recombination event, however, suggests that other, as yet undetermined
factors, are also important in determining patterns of LD in this region. In contrast to
observations of other regions of the genome the MHC region appears to contain very few
cosmopolitan haplotypes (haplotypes shared between populations) suggesting that this
region displays a high haplotype turnover and therefore, that observed haplotypes are not
the result of ancient recombination events. This could be driven by the known high
selection pressures on the MHC region. As a result of this, the extent to which
observations in the MHC region can be extrapolated to other regions of the genome is as

yet unclear.

The wider identification and confirmation of haplotype blocks in other regions has been
complicated by the somewhat arbitrary and subjective definitions of haplotype block
boundaries used in many studies. In some instances, as for the MHC class II region,
haplotype blocks have been defined as regions between experimentally established
recombination hotspots. Such definitions often result in relatively large haplotype blocks
consisting of fifteen or more common haplotypes (Kauppi et al. 2003). By contrast, more
stringent definitions such as that used by Patil et al (2001) have required a certain

percentage of diversity within a block to be accounted for by common haplotypes. The
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percentage of diversity and the number of haplotypes required to define a block being left
to the individual investigator. Other studies have investigated pairs of SNPs, looking for
pairs where LD falls below a certain (subjective) level to delineate block boundaries.
Gabriel et al (2002) using this method identified a number of blocks which were defined
by between three and five common haplotypes accounting for >90% of all chromosomes
examined. Block definition also depends on the density and allele frequencies of SNPs
used, with dense maps identifying shorter blocks and the use of SNPs with a higher minor
allele frequency defining longer blocks. All of these different methods result in differing
block boundaries and therefore differences in block sizes. In addition, there is some

argument as to whether such blocks exist at all (Couzin 2002).

Much further investigation is needed to determine the presence, frequency and usefulness
of such blocks (Stumpf 2002; Cardon and Abecasis 2003). Even if haplotype blocks can
be defined, modelling has shown that the block-like structure observed experimentally
could be due to the stochastic distribution of recombination across the genome and is not
necessarily the result of recombination hotspots (Wang et al. 2002). Recombination
hotspots have been demonstrated to exist in other organisms such as the yeast
Sacchramyces cerevisiae (Gerton et al. 2000). In humans Jeffreys et al (2001) and
Kauppi et al (2003) have demonstrated the presence of recombination hot spots affecting
the pattern of linkage disequilibrium in the MHC region. The extent to which these

observations may be extrapolated to the genome as a whole however is unclear.

If haplotype blocks are shown to exist they will be useful in defining the areas identified

by association studies within which candidate complex disease susceptibility genes are
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likely to reside. Understanding of the patterns of LD in a region may also be utilised to
select a subset of SNPs for genotyping that will retain most of the genetic variation
within a region whilst reducing the number of markers needing to be genotyped in a
larger sample. A number of methods to select such a subset of SNPs have been proposed,
some based on the haplotype structure of a region (e.g. http://www-
gene.cimr.cam.ox.ac.uk/clayton/software/stata/htSNP/htsnp.pdf [Clayton 2001]) and

others based on decomposition of the pairwise LD between markers (e.g. Meng et al.

2003).

The power of an association study to detect disease susceptibility-encoding variants can
be influenced by a number of factors including sample size, density of marker map, levels
of LD within the investigated region and the age and frequency of both the disease
mutation and marker alleles. In view of this many investigators advocate the use of large
sample sizes, in order to maximise power to detect association (especially relevant if the
genetic effect of the variant is small), and the use of dense maps, to enable location of
ancient, disease susceptibility encoding alleles where recombination will have broken
down all LD except at the closest linked markers. Optimal study design also includes
careful control population selection in order to minimise the likelihood of false positive
results due to population stratification. Population stratification, where cases and controls
come from different subpopulations with differing allele frequencies, has often been
reported as the reason for failure to replicate initial positive results in subsequent
association studies. A recent paper by Marchini et al (2004) found that even modest
population substructure could have serious consequences especially with the large sample

sizes required for genome wide association studies. Methods to correct for these
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differences, such as Genomic Control (Devlin and Roeder 1999) are only effective if

enough loci are considered.

In addition to the presence of population substructure, failure to replicate initial positive
results may also be due to other factors such as over interpretation of initial results,
inadequate statistical power and biological and phenotypical complexity of the trait

investigated (Cardon and Bell 2001).

Once a variant(s) showing association with disease phenotype has been identified there
remains the long and often arduous task of identifying the disease causing variant(s). This
may be the variant(s) showing association or alternatively other variant(s) in LD with
them. Determination of LD patterns and allele frequencies in distinct ethnic groups may
help to further narrow the region containing the susceptibility allele by allowing for

determination of ancestral breakpoints (Johnson and Todd 2000).

1.8.3 Functionality testing

For complex traits functionality tests are necessary to prove the disease causing nature of
the variant(s). This may involve knock-in technology, gene targeting or transgenic
complementation (Rocha et al. 1998; Nebert et al. 2000; Kamath et al. 2003). Additional
evidence as to the disease causing nature of the variants may be gained through tissue
expression patterns, mechanistic support and observations of similar phenotypes in

naturally occurring or engineered mutations in animal models (Picciotto et al. 2000;

Crabbe 2002).
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Many variations on this protocol have been used to varying success. There are a limited
number of confirmed success stories for isolating genes causing susceptibility to complex
traits in humans. A selection of these successes are summarised in table 1.8. The small
number of examples to date precludes any generalisations both as to the best method(s) to

identify genes in complex diseases and as to the likely nature of disease causing variants

in complex traits.

1.9 Conditioning analysis

Conditioning analysis allows for the identification of potential interactions (such as
epistasis) between regions showing evidence of linkage in genome scans. It is achieved
by weighting the families used for linkage analysis in one region according to their
evidence for linkage, as determined by their non-parametric linkage (NPL) scores, at
another, independent region. In this way the analysis involves looking for correlation
between family NPL scores at the two independent loci (Cox et al. 1999). Such analysis
is envisioned as being useful in allowing the regions identified in genome scans to be
narrowed, increasing confidence in the validity of loci and possibly allowing replication
of results in independent samples where susceptibility genes may be contributing to

susceptibility to different levels.

1.9.1 The example of type 1I diabetes

One disease where such analysis has been successful is type II diabetes. An original scan

in Mexican American families identified a major susceptibility gene, designated
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Disease Chromosome | Gene Identification of disease Additional evidence Select
region causing variants references
Type 1 diabetes 6p HLA-DQP | Multiple linkage analysis and NOD (non obese diabetic) mouse A (mouse Todd et al.
association studies implicate DQ | equivalent of DQ) has Ser at amino acid 57, 1988; Davies et
region in disease susceptibility. | different from non diabetic mice who have Asp. al. 1994;
All disease-associated DQB Potential functional effect of change in humans Concannon et al.
chains have Ala/Val/Ser at predicted from modelling of molecule. 1998
amino acid 57. Those chains
with low frequency in Caucasian
cases have Asp.
Type 2 diabetes 2q CAPNI10 Genome-wide linkage scan and | Some variants shown to have functional effects. Horikawa et al.
conditioning analysis in Association of the genetic variation with the 2000; Cox 2001;
Mexican Americans. Followed | evidence for linkage. Cassell et al.
by association studies. Increased risk for compound heterozygotes. 2002
Detected haplotypes associated
with disease. Same haplotypes
associated in separate cohort of
South Indians.
Alzheimers 19q APOE Genome-wide linkage scan in Gene dosage effect. Pericak-Vance
disease families with late onset disease. | Demonstrations of a role for APOE in facilitation | et al. 1991;
Identification of association of ] of amyloid plaque formation in a isoform specific | Corder et al.
APOE4 allele and disease. and quantitative manner 1993; Bales et al
Confirmation in association 1999
studies.
Crohns disease 6 - nugot et al.

tollowed by positional cloning
and candidate gene analysis.
Identification of at least 3
common variants and many rare
variants associated with disease.
Subsequent confirmation of
linkage.

Confirmation of some
associations.

Conditioning analysis reveals
interaction with locus on
chromosome 5q.

Potential g;:notype/phenotype correlations.
Potential functional effects of variants
Gene is strong biological candidate.

2001; Ogura et
al. 2001; Lesage
et al. 2002;
Murillo et al.
2002; Mirza et
al. 2003

Table 1.8: A selection of genes identified as conferring susceptibility to complex traits following genome-wide linkage scans.
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NIDDM1, located on chromosome 2. Conditioning analysis was then undertaken to look
for interaction between this locus and a number of other loci where nominal evidence for
linkage had been observed (Cox et al. 1999). Significant correlation was observed
between the NPL scores for NIDDM1 and the NPL scores for CYP19 (a region on
chromosome 15 showing nominal evidence for linkage to type II diabetes) with an
increase in LOD for the CYP19 region from 1.3 to 4.1 after conditioning analysis.
Similar increases were observed in the LOD score for NIDDM1 when reanalysed after
weighting for CYP19. Simulations to estimate significance assigned an empirical p-value
to these results of 0.0001 (uncorrected). Evidence for the involvement of this second
locus (CYP19) in susceptibility to type II diabetes was further supported by genome-wide
analysis in a second, independent sample in which the only two replicated regions of

linkage were CYP19 and NIDDM1 (Cox et al. 1999).

1.10 Gene finding in primiary OA

Attempts to localise the genes involved in OA disease susceptibility may be roughly
divided in to three categories; linkage analysis of candidate genes, genome-wide linkage

scans and association analysis of candidate genes.

1.10.1 Linkage analysis of candidate genes

Linkage analysis has been used in at least two studies to investigate candidate genes for
OA. The first study, by Loughlin et al (1994), found no evidence of linkage to OA for

three candidate genes, ol chain type II collagen (COL2A1), cartilage link protein-1
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(CRTLI) and matrillin-1 (MATNI1). In the second study, Mustafa et al (2000) looked at
eleven potential candidate genes. They found no evidence of linkage for nine of the genes
with suggestive evidence for linkage of COL9A1 and HLA/COL11A2 with p-values of
between 0.002 and 0.05 in the female families and in those female families concordant
for hip OA. Subsequent investigations however, have found no evidence of association
for the COL9AI1 gene and OA although there is some evidence for haploinsufficiency of

COL9A1 in OA patients (J. Loughlin, personal communication).

1.10.2 Genome-wide scans

There have been a number of both genome-wide and more localised linkage scans
undertaken for OA. Many studies have used affected sibling pair (ASP) methods, which
can be used without assumptions of mode of inheritance of the disease and in the absence
of information from parents who are rarely available in late-onset diseases such as OA. A
minority of studies have focussed on large pedigrees where a primary OA phenotype
appears to be segregating as a Mendelian trait. The studies show much variability in
design, with differences in such variables as the ethnic group studied, density and type of
markers used and disease phenotype definitions. Some of the most noticeable differences
in study design are those of patient ascertainment criteria and the form of OA
investigated. Some studies have used joint replacement, and therefore severe, end-stage
disease, as a requirement for patient selection whilst others have selected patients on the
basis of radiographic or clinical diagnosis. These differences reflect the lack of an
absolute clinical, radiological or pathological standard against which the epidemiology of

OA can be tested (Spector et al. 1993). Most of the studies have focussed on OA at a
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particular joint group, i.e. hip, knee or hand, or on generalised OA (involving at least
three joint groups). Stratification of disease according to joint group affected is
considered sensible due to the extensive evidence from epidemiological and genetic
studies for the nature of OA disease susceptibility differing between different joint sites.
Similar differences in disease susceptibility are also thought to exist between the sexes
and therefore a number of investigators have also chosen to stratify patient groups
according to sex. Table 1.10a summarises the results of the linkage studies undertaken to
date that have found some evidence for linkage to OA. Additional, finer linkage mapping,
of the loci identified by the Oxford group (Chapman et al. 1999; Loughlin et al. 1999)
and the Icelandic group investigating hand OA (Stefansson et al. 2003) has also been
undertaken using higher densities of markers and/or additional families. Results of these

finer mapping studies are shown in table 1.10b.

In addition to the studies listed in table 1.10a which have found evidence for linkage to
OA there have been a number of other studies which have failed to replicate evidence for
linkage. A subsequent study by the group from Nottingham (Gillaspy et al. 2002), with
410 families from the Nottingham area with generalised OA, failed to replicate the
linkage to chromosome 2q observed by Wright et al (1996). This led Gillaspy et al (2002)
to conclude that the original study may represent a false positive result due to the small
sample size of this study and the possibility of bias from outlying families. Stankovich et
al (2003) also failed to find any evidence for linkage on chromosome 2q in 68 Tasmanian
families with familial hand OA. Kalichman et al (2003) investigated the region on
chromosome 11q, identified by Demissie et al (2002) as showing evidence for linkage to

hand OA, in 295 families from Chuvastia concordant for hand OA. They found no
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Study Type' Centre Sample size Phenotype/ Sex Chromosome | Evidence' Reference
ASP, results for Nottingham, UK 44 families Generalised nodal OA 2q23-q35 LOD>0.6 | Wright et al.1996°
chromosome 2 only
reported
ASP, genome-wide Oxford, UK 481 families Hip OA 2q12-q31 MLS =2.2 | Loughlin et al. 1999

Female Hip OA 4q12-q21.2 MLS =3.9 { Loughlin et al. 1999
Hip OA 6p23-922.1 MLS =2.9 |} Loughlin et al. 1999
Female Hip OA 11q12-q13 MLS = 3.0 | Chapman et al. 1999
Female Hip OA 16p13.1-q12.1 MLS =2.1 ] Loughlin et al. 1999
Female OA 16g21-g23 MLS = 2.0 | Loughlin et al. 1999
ASP, genome-wide Finland 27 families DIP’ joint OA 2q12-g21 P =0.0001 | Leppavuori et al. 1999
4q26-q27 P = 0.0001
7pl15-p21 P =0.001
Xcen Not
available
ASP, genome-wide Iceland 329 families CMC1’ joint OA 2p23.3 LOD =2.2 | Stefansson et al. 2003
DIP? joint OA 3pl3 LOD=2.2
Hand OA 4q32.2 LOD =2.6
DIP? joint OA 4q32.1 LOD=2.6
Pedigree, genome-wide | Netherlands Four generation Knees, hands and spine 2q24.3-q32.3 LOD >2.5 | Meulenbelt et al. 1999
Dutch pedigree OA
Pedigree, genome-wide | Iceland Affected female | Severe hip OA 16p13.13-p12.1 JLOD 2.6 Ingvarsson et al. 2001
==_ﬂ——_==ﬁm“_7__—mgg——i
Parent-offspring, Framingham Study, [ 296 two Hand OA 1p32.1-p22.1 MLS =3.0 ] Demissie et al. 2002
genome-wide USA generational 2p24.2-p21 MLS =2.2
families 7pl4.1-p12.3  |MLS =2.3
9q21.13-21.33 | MLS =23
11q13.2-q14.2 JMLS=1.6
12q24.33 MLS = 1.7
13q14.11-q14.3 | MLS=1.6
19q12-q13.33 MLS = 1.8

' ASP = affected sibling pair

*DIP = distal interphalangeal joint
3CMC1 = first carpometacarpal joint
*LOD = logarithm of the odds score, MLS = multipoint LOD score, p-values calculated using the B statistic

5See text

Table 1.10a: Summary of linkage scans undertaken for OA. Column one indicates study type, with most using either affected sibling pairs (ASP) or
pedigrees in which OA appeared to segregate as a Mendelian trait. The Framingham study (Demissie et al. 2002) used a cohort of parents and offspring
followed longitudinally. Column 2 shows the country in which the study was co-ordinated. Column 3 details the number of families used in the study.
Column 4 indicates the phenotype and if appropriate sex of individuals showing evidence for linkage. Column 5 designates the chromosome, and where
available the region of the chromosome, showing linkage to OA. Column 6 indicates the strength and type of evidence for linkage. Primary references

are shown in column 7.
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evidence for a quantitative trait locus in this region using model-based linkage analysis
and only a possible linkage between microsatellite markers on 11q12-q13 and hand OA

using the transmission/disequilibrium (TDT) test.

Figure 1.10 illustrates the chromosomal regions identified as showing evidence for
linkage with OA and demonstrates the regions of overlap. Although there are a small
number of regions, on chromosomes 2p, 2q, 4q, 11q and 16p that show overlap between
the studies, many regions have been identified by only a single study. Although such
failures to replicate positive results may reflect the original result being a false positive,
there are several other possible explanations. Genetic heterogeneity, epistasis, the
presence of multiple disease alleles at a given locus and the interaction of environmental
and genetic factors may all act to reduce concordance between studies (Duerr et al. 2000).
This may be even more apparent when different ethnic populations are considered. In
addition, initial positive reports are likely to represent an overestimation of the true effect
of the locus as a result of random fluctuations while subsequent studies will often regress

towards the true value and therefore be less significant (Lander and Kruglyak 1995).

1.10.3 Association studies of candidate genes

A large number of conventional case-control association studies have been undertaken to
investigate the role of potential candidate genes, selected on the basis of a biologically
plausible role in the OA disease process rather than on any linkage evidence suggesting
that the gene resides within an OA locus (for a summary see Loughlin 2001). Such

studies have mainly focussed on genes that are either mutated in the
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osteochondrodysplasias (rare diseases of the musculoskeletal system that often have
secondary OA as one of their phenotypic components) or on genes which are involved in
the regulation of bone density. This approach has been largely unsuccessful with many
studies yielding negative results or, failing to replicate the positive findings of earlier

studies (Newman and Wallis 2002; Loughlin 2003).

1.11 Background and Aims

1.11.1 Background

A two stage genome-wide linkage scan was previously carried out by our group in a
cohort of 481 OA families containing at least one pair of siblings who had undergone
total hip (THR), total knee (TKR) or both total hip and total knee joint replacement for
primary OA (Chapman et al. 1999). In stage one linkage analysis using a sparse map of
microsatellite markers (average intermarker distance of approximately 15 ¢cM) was
carried out in 297 of the families. Any marker showing evidence for linkage in this stage
was then genotyped in the 184 stage two families in order to look for further evidence of

linkage.

Analysis of all data, from stages one and two, revealed two loci, one on chromosome
2q31-q32.1 and one on chromosome 11q12-q13 as showing evidence for linkage to OA
in all 481 families. As many epidemiological and genetic studies have suggested that the
genetic contribution to OA may differ both between the sexes and between different joint

sites, the results were then stratified according to sex and joint replaced. Stratification of
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the linkage data for chromosome 11 revealed that the locus on chromosome 11 was
accounted for largely by that subset of families with affected female sibling pairs
concordant for hip OA with a multipoint LOD score (MLS) of 3.0 (Chapman et al. 1999).
Stratification of the chromosome 2 results showed that families with sibling pairs
concordant for THR were the major contributor to linkage on this chromosome with a
MLS of 2.2 (Loughlin et al. 2000a). Stratification of the stage one data (297 families)
revealed a further four loci. In the stratum of families containing sibling pairs concordant
for hip OA there was one locus, on chromosome 6p23-q22.1 with a MLS of 2.9. In the
stratum of families containing affected female siblings concordant for hip OA there were
two loci, on chromosomes 4q12-q21.2 and 16p13.1-q12.1 with MLS of 3.9 and 2.1
respectively. A second chromosome 16 locus at 16q21-q23 was also observed in the
stratum of families containing female sibling pairs with a MLS of 2.0 (Chapman et al.

1999; Loughlin et al. 1999; Loughlin et al. 2000a).

Figure 1.11 shows the results of the multipoint linkage analysis performed by our group

for chromosomes 4 and 16.

Other groups have also reported suggestive linkage of OA both to chromosome 4
(Leppavouri et al. 1999; Roby et al. 1999), where regions identified are telomeric to our
region, and to chromosome 16 (in a large Icelandic pedigree with severe primary hip OA
defined by joint replacement) in a region superimposed on our chromosome 16p region

(Ingvarsson et al. 2001).
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1.11.2 Aims

Analysis of chromosomes 4 and 16 in the genome-wide linkage scan used markers at a
relatively low density of approximately one marker every 15 cM. In addition stage one of
the genome scan used only 297 families of the 571 currently available to this group.
Furthermore, minor errors in the maps used in the original scan have become apparent
following the completion of the sequencing of the human genome, with a number of the
markers genotyped now considered to have unreliable map positions. All of these factors

may have limited both the power of the original study and the potential to detect and

refine linkage of the initial scan.

The initial aim of this project therefore, was to linkage scan the whole of chromosomes 4
and 16 using all 571 available families with a more dense panel of microsatellite markers
ordered as per the most recent, reliable genetic maps. The reasoning behind this is three-
fold. Firstly, increasing the number of families will increase the power of the study to
detect any regions of linkage with OA and may allow detection of other regions of
linkage on these chromosomes. This will allow us to determine if our cohort shows
evidence of linkage to the regions identified by Roby et al (1999) and Leppavuori et al
(1999) on chromosome 4. Secondly, the increase in families and markers will allow us to
ascertain if the loci identified are restricted to the strata in which they were originally
detected. Finally, using a higher density of markers should allow us to narrow the regions

identified.

Following linkage analysis and narrowing of the regions work will be undertaken to

identify candidate genes within the regions. Single nucleotide polymorphisms (SNPs)
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from within these genes will then be identified, genotyped in case-control cohorts and

tested for association with OA.
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2.1 Families

A total of 571 families, containing at least one pair of siblings whom had undergone
total hip (THR) or total knee (TKR) or total knee and total hip joint replacement for
primary OA, were recruited for linkage analysis. All families recruited were of UK
Caucasian origin with collection being co-ordinated through the Nuffield Orthopaedic
Centre in Oxford. All patients were reviewed and examined by trained clinical
research fellows and clinical research nurses and primary OA status confirmed.
Clinical, radiographic, operative and histological findings were used to support the
primary diagnosis. Subjects who had undergone joint replacement secondary to any
other disorder, such as fracture or rheumatoid arthritis were excluded. Since OA is a
late-onset disorder only three families had parents available for participation.
Therefore, in order to determine identity by descent (IBD) transmission additional
siblings who had not undergone knee or hip joint replacement were also recruited. The
571 families comprise a total of 1239 affected individuals (729 female and 510 males)
and 320 additional siblings (165 female and 155 male). The average age of patients at
time of first joint replacement was 66 years (age range 40 — 86 years). Table 2.1a
gives a summary of the families. Of the 939 individuals who had undergone only
THR, 32 % had undergone right THR only, 23 % left THR only and 45 % bilateral
THR. Of the 227 individuals who had undergone TKR 30 % had undergone right

TKR only, 23 % left TKR only and 47 % bilateral TKR.

For finer mapping, only the subset of 218 families with affected female sibling pairs
were used. Table 2.1b lists the family structure of this cohort of 218 female families.
The 218 families were composed of 461 affected female subjects and 156 additional

siblings. The mean age of the subjects at the time of joint replacement was 66 + 8.5
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Total no. of families

Stratified

Total number of
affected individuals

Stratified

Number of additional
siblings

Total Individuals

With affected

Total number of female

Total number of male

Total number of THR

Total number of TKR

Total number of female THR

Total number of female TKR

Total number of male THR

Total number of male TKR

Females
Males

Number of THR

Number of TKR

Number of THR and TKR
Number of female THR
Number of female TKR
Number of female THR & TKR
Number of male THR

Number of male TKR

Number of male THR & TKR

Females
Males

Sibpairs
Trios
Quartets
Other’

Families
Pairs
Trios

Families
Pairs
Trios

Other’

Families
Pairs
Trios

Quartets

Other’

Families
Pairs
Trios

Families
Pairs
Trios

Families
Pairs
Trios

Families
Pairs
Trios

Other’

Families
Pairs

571
498
58
11

218
197
21

117
108

378
328
38

60
57

146
136
10

11
11

729
510

939
227
73
535
146
48
404
81
25

165
155

1559

*Pairs of relatives such as cousins, uncles and aunts

Table 2.1a: Family Structures for all 571 families. THR = total hip joint replacement,

TKR = total knee joint replacement
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Chapter 2 - Materials and Methods

years. Three hundred and forty three of the subjects had undergone THR (uni- or bi-

lateral) only, 93 had undergone TKR (uni- or bi-lateral) only and 25 both TKR and

THR.

For association studies collection of a case-control cohort consisting of female-THR
patients and controls was co-ordinated through the Nuffield Orthopaedic Centre in
Oxford. All cases had undergone THR because of primary OA. Patients who had
undergone THR secondary to any other disorder, such as fracture or rheumatoid
arthritis were excluded. A total of 390 cases were collected for the ADAMTS3
candidate gene association study with an additional 66 being collected before the
IL4R candidate gene association study was undertaken. A total of 399 age-matched
female controls consisting of individuals showing no overt clinical signs of OA were

also collected. All cases and controls were UK Caucasians aged 535 years or over.

For each subject, 25 ml of venous blood was collected and DNA was extracted by
conventional techniques. Ethical approval for the study was obtained from the Central
Oxford Research Ethics Committee and informed consent was obtained from all

subjects.

2.2 Amplification of DNA by the polymerase chain reaction (PCR)

PCR conditions were optimised for each reaction by varying magnesium chloride
(MgCl,) concentration and annealing temperature, and DNA was then amplified in
15 pl multiplex or singleplex PCR reactions. PCR reaction mix contained 1.5 ul
GeneAmp® 10X reaction PCR buffer II (Applied Biosystems), 0.375 ul dNTPs (at

8mM) [Sigma], 0.15 - 0.60 pl of each primer pair (at SuM) [Applied Biosystems],
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0.08 ul of Amplitag Gold DNA polymerase (at SU/ul) [Applied Biosystems], MgCl,
(Perkin Elmer) to a final concentration of 1-3 mM depending on the primers used, and

5 ul DNA (at approximately 10ng/ul). 5% dimethyl sulfoxide (DMSO) was added to
facilitate DNA strand separation in GC rich regions when amplification of

DNA using standard conditions was inefficient.

All PCR cycling conditions consisted of denaturing at 95 °C for 15 minutes followed
by 35 cycles of 94 °C for 45 seconds, 60 seconds at the appropriate annealing
temperature and 45 seconds at 72 °C. Full details of reaction conditions for each

primer pair are given in Appendices 1, 4 and 5.

2.3 Linkage Analysis

2.3.1 Microsatellite Markers

Linkage analysis of chromosomes 4 and 16 was carried out using fluorescently
labelled polymorphic microsatellite markers. Oligonucleotide primers for each marker
were purchased from Applied Biosystems (ABI) Prism Linkage Mapping Sets (LMS)
MD10 and HDS5 (Version 2/Version 2.5, PE Applied Biosystems) or were custom
made using primer sequences from the Genome Database (http://www. gdb.org) with
the forward primer fluorescently labelled. Details of fluorescent label and primer

sequence, where available, are given in Appendix 1.

Markers were then amplified in 15 ul multiplex or singleplex PCR reactions as
detailed in section 2.2. Full details of reaction conditions for each marker are given in

Appendix 1.
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For both chromosomes 4 and 16, initial mapping was carried out with a coarse panel
of markers from the LMS MDI10 sets to crudely define the region of linkage.
Additional markers, using both the LMS HDS5 sets and custom made primers, were

then added in the regions of interest in order to further refine the regions.

2.3.2 Separation of PCR products

All markers were arranged in panels of up to eleven markers. For each panel the PCR
products were pooled and 2.5 pl of the pool added to a 3.5 pl mix containing 0.4 pl
Genescan®-500[Rox]™ size standard (Applied Biosystems), 0.4 pul loading dye
(Applied Biosystems), 1.7 pl deionised formamide (Sigma) and 1 pl sterile water. The
samples were denatured at 96 °C for between 6 and 8 minutes and then snap cooled on
ice. The denatured samples were loaded on a 6% polyacrylamide gel (25 ml Long
Ranger 5%, 6M Urea premix gel [Biowhittaker Molecular Applications], 16.5 pul
TEMED [N N N', N’-Tetramethylethylenediamine] [Sigma] and 125 ul 10%
ammonium persulphate [Sigma]). The PCR products were then separated by
electrophoresis using an ABI Prism 377 DNA sequencer at 3000 V (60.0 mA, 200

Watts) for between 120 and 150 minutes.

2.3.3 Microsatellite genotyping and linkage analysis

The alleles of the microsatellite markers were sized using Genescan and Genotyper
software (Applied Biosystems) as described previously (Chapman et al. 1999).
Genotyping and Mendelian inconsistencies were monitored using the RECODE v1.4
and PEDCHECK (O'Connell and Weeks 1998) programs. Microsatellite allele

frequencies were calculated from the input data using the Genetic Analysis System
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(GAS) program (http://users.ox.ac.uk/~ayoung/ gas.html) and two-point linkage
analysis was performed using ANALYZE (http://hpcio.cit.nih.gov). Markers were
ordered according to the DeCODE genetic map (Kong et al. 2002) and by reference to
the Marshfield Map (http://research.marshfieldclinic.org/genetics/Map_Markers/

maps/IndexMapFrames.html). Non-parametric multipoint linkage analysis was carried
out using ASPEX (http://hpcio.cit.nih.gov/Lserver.htm). Any siblings additional to the

affected sibling pairs were classified as of “unknown” disease status in the linkage

analysis.

2.3.3.1 One-LOD support interval

The 1-LOD support interval was defined as the region corresponding to the peak LOD
score minus one and is the region expected to contain the responsible gene in 80 -

90% of cases (Kruglyak and Lander 1995).

2.3.4 Stratification

Initial analyses were carried out with the 571 families as a whole and following

stratification for sex, joint replaced and sex plus joint replaced.

For families which contain more than two affected siblings of different sexes the
sibling(s) of opposite sex to the sibling pair was given the status “unknown” in the

stratified linkage analysis.

For joint replacement a TKR family consists of a family with sibling pairs concordant

for TKR, whilst a female-THR family contains a pair of female siblings concordant
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for THR. Any other affected individuals within the family of a different sex or with a
different joint replaced were designated as having an “unknown” status in the linkage

analysis. We did not stratify the TKR families according to sex because of the small

size of this stratum (only 60 families).

Subsequent analyses were carried out in the subset of 218 families with affected

female sibling pairs (female families) and the 146 female-THR families.

2.4 Conditioning analysis

2.4.1 Determination of evidence for a statistical interaction between regions

The family non-parametric LOD (NPL) scores at the regions showing maximum
evidence for linkage on chromosomes 4q, 16p and 16q were determined using
GENEHUNTER PLUS (Kruglyak et al. 1996; Kong and Cox 1997). Correlation
between the NPL scores was determined using the MedCalc® version 5.00.019
(copyright© 1993-1999 Frank Schoonians) program to calculate the Pearson product-
moment correlation coefficient, p-values and 95% confidence intervals. The

correlation coefficient, r, for two variables X and Y is calculated using the following

formula:
ZAZY
XY - N
r= ~ QK v
(ZX --—N—J (ZY __f'-l_"'

Where N = the total number of observations
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r is an appropriate statistic to use in this situation since NPL scores have a normal

distribution with a mean of 0 and a variance of 1.

r can take any value between -1 and +1 with values of -1 and +1 indicating that the
two variables X and Y lie on a straight line. A r value of O indicates that there is no
linear relationship between the two variables. r is positive if higher variables of X are
associated with higher variables of Y and negative if higher values of one variable are

associated with lower values of the other variable.

2.4.2 Conditioning analysis

Conditioning analysis was performed only for regions which showed significant
evidence for correlation. By performing the less labour intensive correlation
calculations first we were able to determine which combinations of regions to focus
on for conditioning analysis. Conditioning analysis has the advantage over correlation
analysis of allowing for observation of any increase in LOD score and narrowing of

the linkage region subsequent to the analysis.

2.4.2.1 Modelling for a positive interaction

Families were assigned a weight according to their evidence for linkage at the first
“conditioning” locus. Families with a NPL score > 0 were assigned a weight of 1
whilst families with a NPL score < 0 were assigned a weight of 0. Linkage analysis
was then performed using Allegro (Gudbjartsson et al. 2000) for the second

“conditioned” locus using these weights.
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One thousand permutations were undertaken to estimate the empirical significance of

any increase in LOD score.

2.4.2.2 Modelling for a negative interaction

Families were again assigned a weight according to their evidence for linkage at the
first “conditioning” locus. Families with a NPL score > 1 were assigned a weight of 0
whilst families with a NPL score < 0 were assigned a weight of 1. Linkage analysis

was then performed using Allegro (Gudbjartsson et al. 2000) for the second

“conditioned” locus using these weights.

2.5 Candidate gene identification

Database searching, using National Center for Biotechnology Information (NCBI)
[http:www .ncbi.nlm.nih.gov/genome/guide/human], Ensembil (http:/www.ensembl.
org/), and University of California, Santa Cruz (UCSC) [http://genome.ucsc.edu/] was
undertaken to catalogue all reported genes within the identified regions. Where
possible functions and expression patterns were identified for each gene using the
above databases plus information from Online Mendelian Inheritance in Man (OMIM)
[http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM], PubMed (http://ncbi
.nlm.nih.gov/entrez/query.fcgi) and LocusLink (http://www.ncbi.nlm.nih.gov/
LocusLink/). Potential candidates were selected on the basis of a reported or
suggested role in the normal synthesis, development, maintenance or degradation of
any tissue within the joint organ (especially cartilage or bone) and of known

expression in joint tissues.
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2.6 DNA Sequencing

2.6.1 PCR amplification

All reactions were prepared using the ABI Prism® BigDye™ Terminator Cycle
Sequencing Ready Reaction kit (version 3) according to the manufacturers
instructions (Applied Biosystems). In summary, the DNA to be sequenced was
amplified using sequence specific unlabelled primers, with M13 tags (sequences -
21M13 (FOR): TGT AAA ACG ACG GCC AGT, M13 REV (REV): CAG GAA

ACA GCT ATG ACC) at the 5" end, in 15 ul PCR reactions as detailed in section 2.2.

Full details of primer sequences and reaction conditions are given in Appendix 4.

Prior to sequencing 8 pl PCR product was treated with 1 pl each of Shrimp Alkaline

Phosphatase (SAP) [Amersham] and Exonuclease I (EXO1) [Amersham] and
incubated at 37 °C for 15 minutes. Exonuclease I degrades any remaining single-
stranded template and primers whilst SAP degrades any unused dNTPs. The enzymes

were then deactivated by heating to 80 °C for 15 minutes.

A 5 pl reaction containing 2.7 pul of SAP/EXOL1 treated PCR product, 2 pi of Ready
Dye mix (Applied Biosystems) and 0.3 pl of either the M13 forward, M13 reverse or
a specific internal primer (all at 10 uM) was used for sequencing reactions. Reaction
conditions were 25 cycles of 96 °C for 10 seconds, 50 °C for 5 seconds and 60 °C for 4

minutes. Products were then kept at 4 °C until the precipitation stage.
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2.6.2 Precipitation

Sequencing reactions were precipitated using an ethanol method based on the
manufacturers protocol (Applied Biosystems). Briefly, the 5 ul of sequencing reaction
was added to 15 pl sterile distilled water. Products were precipitated using 80 pl of
ethanol solution containing 3 pl 3M sodium acetate (pH 4.6) [Sigma], 62.5 ul 95%
ethanol (Merck Eurolab), 14.4 pul sterile water and 0.4 pl of Pellet Paint® NF Co-
Precipitant (Merck Eurolab). After being left for a minimum of ten hours and a
maximum of eighteen hours the DNA was pelleted by centrifuging at 3750 rpm (1600
xg) for 45 minutes in a Centra CL3 bench top centrifuge (Thermo Electron
Corporation). The pellet was then washed using 70 % ethanol and centrifuged for a
further 10 minutes at 3750 rpm (1600 xg). The DNA pellet was dried by inverted

spinning at 500 rpm (30 xg) for 5 seconds and then sealed and stored at -20 °C.

2.6.3 Separation of products
Prior to loading on the gel, pellets were resuspended in 2 pl of a dye/formamide mix
(containing loading dye [Applied Biosystems] and deionised formamide [Sigma] at a

5:1 ratio), denatured at 95 °C for 2 minutes and snap cooled on ice.

The samples were loaded on to a 4.25% polyacrylamide gel (30 ml 4.25%, 6M
sequencing mix [Severn Biotech], 19 ul TEMED [N N N', N’-Tetramethylethyl-

enediamine] [Sigma] and 150 pl 10% ammonium persulphate [Sigma]). The products
were then separated by electrophoresis using an ABI Prism 377 DNA sequencer at

3000V (60.0 mA, 200 Watts) for 225 minutes.
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2.6.4 Sequence analysis

PE Applied Biosystems Sequence Analysis 3.3 and Sequence Navigator programs

were used to perform sequence analysis.

2.7 Association studies

2.7.1 Variant typing

Single nucleotide polymorphisms (SNPs) were typed by PCR-restriction enzyme
analysis using either natural or forced restriction sites that were created or abolished
by the SNP of interest. For each SNP 5 ul DNA (approximately 10ng/ul) was
amplified in a 15 ul PCR reaction as detailed in section 2.2. Details of primer

sequences and PCR conditions can be found in Appendix 5.

Five ul digestion mix consisting of 1 pl of a 10X stock of the manufacturer supplied
buffer (New England Biolabs) and between 2 and 10 units of the appropriate
restriction enzyme (New England Biolabs) were added to 5 pl PCR product and
incubated for 3 hours at the manufacturer recommended digestion temperature. Where
applicable the enzyme was subsequently denatured at the manufacturer recommended
temperature for 20 minutes. Details of restriction enzymes, buffer, digestion and

inactivation temperatures are listed in Appendix 6.

Three pl loading dye (0.5mg/ml bromophenol blue [Sigma]) was added to the

digestion mix and digested products separated by electrophoresis through a 3 %
agarose gel made from 3 g of agarose (Eurogentec) and 100 ml of 1X TBE (10X stock

of TBE [Tris Borate EDTA Buffer] 1.0 mM Tris, 0.9 M Boric Acid, 0.01 M EDTA,
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pH @ 25°C = 8.4 £0.10] [Gibco]) stained with 1 pul ethidium bromide (10mg/ml)

[Sigma]. Products were electrophoresed for 1 hour at 110 V and then visualised over

an UV imager and a photographic image of the gel taken.

Genotyping of individuals was done by eye with digestion being repeated for any

individuals where genotype was unclear. Genotypes were confirmed by sequencing in

a minimum of 40 individuals.

2.7.2 Analysis of results

Distribution of alleles between cohorts of cases and controls was compared by ¥
using standard contingency table analysis with the MedCalc® version 5.00.019
(http://www.medcalc.be, copyright® 1993-1999 Frank Schoonians) program. All

calculations include a Yates’ continuity correction. Odds ratios and their 95%

confidence intervals were also calculated using the MedCalc® program. All markers

were tested for compliance with Hardy Weinberg equilibrium in the controls.

The frequencies of SNP genotypes and the combination of alleles at different loci
were also compared between cases and controls by ¥’ using standard contingency

table analysis. Again, all calculations include a Yates’ continuity correction.

The estimate haplotype program EH-PLUS (http://webl .dop.kcl.ac.uk/IoP/
Departments/PsychMed/GepiBst/software.shtml) [Zhao et al. 2000] was used to
estimate the haplotype frequencies for combinations of SNPs. The differences in

haplotype frequencies between cases and controls was then compared by ¥ using
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standard contingency table analysis. ODDs ratios and 95% confidence intervals were

also calculated using the MedCalc® program.

2.7.3 Linkage disequilibrium studies

The pair-wise linkage disequilibrium (LD) coefficients D’ and r* were calculated using
the GOLD (graphical overview of linkage disequilibrium) program (Abecasis and
Cookson 2000) for all SNP pairs. The GOLD program was also used to display the

pattern of pair-wise LD graphically on a physical map.

2.7.3.1 Measures of LD

Many different statistics have been proposed to measure LD, each having different
strengths depending on the context considered. Two of the most commonly reported
measures are D’ and 2. For both measures it is first necessary to calculate the value D
which is defined as, D = P,5-P,xP;, where P, = observed frequency of the haplotype
consisting of alleles A and B, P, = frequency of allele A at the first locus and Py =
frequency of allele B at the second locus. D’ is obtained by dividing D by its
maximum possible value at the observed allele frequencies. A D’ of 1 indicates that 2
SNPs have not been separated by recombination (or recurrent mutation or gene
conversion) during the history of the sample. Values of D’ <1 indicate complete
ancestral LD has been disrupted but the relative magnitude of values has no clear
interpretation. In addition, estimates of D’ are strongly inflated in small samples.
Therefore, statistically significant values of D’ at or near 1 are a useful indicator of
minimal historical recombination but smaller values have limited use as a measure of

the extent of LD. Because of these limitations, r* has emerged as the measure of
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choice in a number of studies. It is calculated by dividing D* by the product of the four
allele frequencies at the two markers under consideration. Unlike for D’, r’ is equal to
1 if and only if the two markers have the same allele frequency and have not been
separated by recombination. Intermediate values of r* are easy to interpret as its value
represents the statistical correlation between the two loci. It has the additional
advantage of there being an inverse relationship between the sample size required to
detect association and the value of r* (Pritchard and Przeworski 2001; Ardlie et al.

2002; Nordberg and Tavaré 2002).

2.7.4 Investigation of the relationship between genetic variation and the evidence

for linkage.

The relationship between genetic variation and the evidence for linkage was
determined using the method recommended by Cox (2002). In brief, the 146 female-
THR families used in the finer linkage mapping analysis were divided in to two
groups. The first group contained families where the proband had at least one copy of
the associated allele for the SNP under consideration and the second group those
families where the proband was homozygous for the non-associated allele. Multipoint
non-parametric linkage analysis was then undertaken for the two groups separately
using the ASPEX program (http://hpcio.cit.nih.gov/Lserver.htm). The linkage results
were examined for a disproportionate evidence for linkage in those families where the

proband has at least one copy of the associated allele.
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2.8 Expression studies

2.8.1 RNA extraction from cartilage

The OA genetics group has extracted RNA from the articular cartilage of knee and hip
joints collected following joint replacement for OA. In summary, a scalpel blade was
used to remove the cartilage from the joints within two hours of the joint replacement
operation. Cartilage was snap-frozen in liquid nitrogen and ground to a powder with a
Retsch mixermill 200 (Retsch Limited, Leeds, UK). RNA extraction was then carried
out as described by McKenna et al (2000), ending up with approximately 1ml of RNA

in ethanol per column. DNA was also extracted from the same cartilage samples.

2.8.2 cDNA synthesis

cDNA was synthesised from cartilage total RNA, using the Invitrogen Superscript™
First-Strand Synthesis System for RT-PCR kit according to the manufacturer's
instructions. Briefly, for first strand cDNA synthesis a mix containing 1 ul random
hexamers [50 ng/ul] (Invitrogen), 1 pul ANTP mix [10 uM] (Invitrogen) and 3 pl
diethylpyrocarbonate (DEPC)-treated water was added to 5 pl of each RNA solution.

A DEPC-treated water blank and the kit control were also included. The random

hexamers were then annealed at 65 °C for 5 minutes. A mix containing 2 pul 10X
reaction buffer (200 mM Tris HCI, 500 mM KCI, pH 8.4), 4 ul of MgCl, (25mM), 2
ul of 0.1M DTT (dithiothreitol) and 1 ul RNase OUT inhibitor (all from the
Invitrogen Superscript™ First-Strand Synthesis System for RT-PCR) was added to the
RNA mix, mixed gently and incubated at 25 °C for 2 minutes. One pl of superscript II
reverse transcriptase (Invitrogen) was added and the solution mixed. The samples
were then incubated at 25 °C for 10 minutes, 42 °C for 50 minutes and 70 °C for 15
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minutes to synthesise the cDNA. Following synthesis 1 il RNase H (Invitrogen) was

added to degrade the RNA template from the RNA:DNA hybrid, and the samples

incubated at 37 °C for 20 minutes. The samples were then stored at 4 °C.

2.8.3 Amplification of cDNA for IL4R

Primers were designed to anneal in exons 6 and 8 of IL4R, these exons flank exon 7
which contains N142N, the SNP of interest. Primer sequences were: Forward 5" TGT
GGA AGG GCT CCT TCA AG 3’ and Reverse 5 AGG GTT CTA GGT AGG TCA
CG 3’ (MWG-Biotech). Two ul ¢cDNA was amplified in a 28 ul PCR reaction.
Reaction mix contained 2.4 pl MgCl, (Applied Biosystems) to a final concentration of
2mM, 3.0 ul GeneAmp® 10X PCR reaction buffer (Applied Biosystems), 0.75 pl
dNTPs (at 8 mM) [Sigma], 0.60 pl of each of the forward and reverse primers (at 10
uM) [MWG-Biotech], 0.16 pul of Amplitag Gold DNA polymerase (at 5 U/ul)
[Applied Biosystems]. PCR cycling conditions consisted of denaturing at 95 °C for 15
minutes followed by 35 cycles of 94 °C for 45 seconds, 57 °C for 60 seconds and 45

seconds at 72 °C.

Five pl loading dye (0.5mg/ml bromophenol blue [Sigma]) was added to the PCR
products and products separated by electrophoresis through a 2 % agarose stretch gel
made from 2 g agarose (Eurogentec) and 100 ml 1X TBE (10X stock of TBE [Tris
Borate EDTA Buffer] 1.0 mM Tris, 0.9 M Boric Acid, 0.01 M EDTA, pH @ 25°C =
8.4 +0.10] [Gibco]) stained with 1 pl ethidium bromide (10mg/ml) [Sigma]. A ¢ 174
/Hae III DNA ladder (Promega) was also run to allow sizing of the PCR products.
Products were electrophoresed for 2 hours at 110 V and then visualised over an UV

imager and a photographic image of the gel taken.
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Chapter 3- Linkage mapping of chromosomes 4 & 16

3.1 Introduction

Complex diseases are characterised by multiple genetic, developmental, and environmental

risk factors. They are non-Mendelian; but show familial aggregation and are generally more

common than single-gene disorders.

Epidemiological, physiological and genetic studies reveal that primary OA appears to be
the result of the interaction of a number of systemic (i.e. obesity, sex, genetic) and local
factors (i.e. joint instability, dysplasia) which determine onset and progression of disease
(Jones and Doherty 1995). A significant genetic component to OA has been demonstrated
by twin-pair, sibling risk and segregation studies (reviewed by Loughlin 2001). The
involvement of multiple factors in determining onset and progression of the disease has led
to the description of OA as a complex, multifactorial disease. Differences have been
observed, in the heritability and the factors associated with disease, both between the sexes
and between different joint sites (Chitnavis et al. 1997; MacGregor and Spector 1999;

Lanyon et al. 2000).

The past two decades have seen a sharp increase in attempts to map genes involved in
susceptibility to complex diseases. Many groups have reported the use of genome-wide
linkage scans, followed by mapping with a higher density of markers in those regions
showing evidence for linkage, in order to identify narrowed regions of the genome
harbouring susceptibility to complex human diseases. Such work has been undertaken for a
number of diseases including type I and II diabetes, familial Alzheimer's disease, and

Crohn's disease (Pericak-Vance et al. 1991; Hanis et al. 1996; Nistico et al. 1996; Hugot et

al. 2001).
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Our group carried out a genome-wide linkage scan on a cohort of OA families containing at
least one pair of siblings who had undergone total hip (THR), total knee (TKR) or both
total hip and total knee joint replacement for primary OA (Chapman et al. 1999; Loughlin
et al. 1999; Loughlin et al. 2000a). Stratification of the linkage data according to sex and
joint replaced revealed six loci. In the stratum of families containing sibling pairs
concordant for hip OA (THR-only families) there were two loci, on chromosomes 2q and 6
with multipoint LOD scores (MLS) of 2.2 and 2.9 respectively. In the stratum of families
containing affected female siblings concordant for hip OA (female-THR families) there
were three loci, on chromosomes 4 (MLS = 3.9), 11 (MLS =2.1) and 16 (MLS = 2.1). A
second chromosome 16 locus, with a MLS of 2.0, was also observed in the stratum of
families containing female sibling pairs with hip, knee or both hip and knee OA (female
families). This genome-wide linkage scan used markers at a relatively low density of
approximately one marker every 15 cM, resulting in relatively broad linkage intervals. In
the original genome scan Chapman et al (1999) genotyped fourteen markers on
chromosome 4 and eleven markers on chromosome 16. Following stratification by sex and
joint replaced a locus was detected centred on 4q12-4q21.2 for the subset of families
containing female sibling pairs concordant for hip OA (85 families). On chromosome 16
linkage analysis in this same stratum identified a locus on 16p centred on 16p13.1-16q12.1.
When the subset of families with affected female sibling pairs (132 families) were analysed
a second locus on chromosome 16 was identified. This locus on 16q was centred on 16q21-

16q23.

Since the completion of the genome scan the collection of affected sibling pair families has
increased and now stands at 571 families. In order to confirm and narrow the regions
identified on chromosomes 4 & 16, linkage analysis was carried out on all 571 families
with OA affected sibling pairs using a panel of microsatellite markers at an average density
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of one marker every 10 cM. Regions identified as showing evidence for linkage were then

further defined and narrowed using higher densities of microsatellite markers.

For all PCR reactions in this chapter, the reaction conditions, temperatures and, where
available, full primer sequences are given in Appendix 1. All markers for multipoint
analysis were ordered as per the deCODE map (Kong et al. 2002). Markers genotyped that
are not on this map were included at positions representative of their position on the

Marshfield map (http://research.marshfieldclinic.org/genetics/map_markers/maps).

3.2 Initial (MD10) linkage mapping of chromosome 4

Initial linkage mapping was undertaken using twenty microsatellite markers from the ABI
Prism Linkage Mapping Set v2 (LMSv2) MD10. These markers are an average of 10 cM
apart and cover the whole of chromosome 4. Two-point (table 3.2) and multipoint analysis
(figures 3.2a and b) was undertaken both for all data and following stratification according

to sex, joint replaced and sex plus joint replaced (for details of strata see section 2.1).

Two-point p-values at or below a nominal significance of 0.05 are highlighted in red (table
3.2). The region between D4S391 and D4S1534 contains a number of markers with two-
point p-values at or approaching significance in several of the strata, most noticeably that of
females and female-THRs. This is supported by a peak with a maximum LOD score of 1.2
in this region in the female families and 1.3 in the female-THR families in the multipoint
analysis (figure 3.2a). The location of this peak, 84 cM from the p-telomere, corresponds
with that seen in the original screen. The 1-LOD support interval for this region is large,

spanning over 60 cM.

65









Chapter 3- Linkage mapping of chromosomes 4 & 16

A second region of interest, not seen in the first screen, is also detected. Within the knee
stratum five markers between D4S1572 and D4S1539 have significant p-values (table 3.2).
Again this is reflected in the multipoint analysis with a corresponding peak reaching a
maximum LOD of 1.4 centred at 140 cM from the p-telomere (figure 3.2b). This region is

very large, with a 1-LOD support interval of over 100 cM.

No other strata tested show evidence for linkage to OA (figures 3.2a and b).

Since the regions showing evidence for linkage identified in this initial mapping are large,
it was decided to undertake finer linkage mapping of these regions. In the 218 families with
affected female sibling pairs, finer linkage mapping was performed between the markers
D4S403 and D4S406, the markers encompassing the region showing evidence of linkage.
For the 60 families with siblings concordant for TKR, finer linkage mapping was
performed between markers D4S2964 and the g-telomere, thus encompassing the region
that had shown evidence for linkage in this stratum. It was hoped such analysis would

narrow the regions showing evidence for linkage prior to association analysis.

3.3 Finer (HD5) linkage mapping of chromosome 4

3.3.1 Female and female-THR families

Eleven additional microsatellite markers, located between D4S403 and D45406, were
genotyped in the 218 female families. These markers are from the ABI Prism LMSv2.5
HDS set. In combination with the ten MD10 markers already genotyped within this region,
the average density of markers was now one marker every 4 cM. Table 3.3a lists the two-
point LOD scores and p-values for the eleven HD5 markers in addition to the previously

genotyped MD10 markers. Again, p-values with a nominal significance < 0.05 are
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highlighted in red. In the female-THR families nine markers between D4S3022 and
D4S2460 have significant p-values. Figures 3.3a and b show the results of multipoint
linkage analysis for all 218 female families and for the 146 female-THR families for all
twenty-one markers, overlaid on the MD10 results. The addition of extra markers has
resulted in an increase in the MLS both for all 218 female families and for the 146 female-
THR families. For the female families the MLS is now 2.4, compared to 1.2 for the MD10
markers, whilst for the female-THR families the MLS is 2.7, compared to 1.3 for the MD10
markers. The position (80 cM from the p-telomere) and width of the region are very similar
to those observed for the MD10 markers, although there has been some narrowing of the
region towards the g-telomere. The 1-LOD support interval has been narrowed though and
is now approximately 15 cM for all 218 female families and also for the 146 female-THR

families.

It was clear from the above that the linkage to chromosome 4 was principally accounted for
by the 146 female-THR families from our cohort of 218 female families: the MLS for the
146 female-THR families in both stages of the screening was higher than that for all 218
families. It was decided, therefore, to focus on the female-THR families and to genotype
additional markers in the centre of the region showing evidence of linkage in this stratum

only in order to further narrow and define the linked region.

3.3.2 TKR families

Thirteen additional microsatellite markers, located between D4S2964 and the g-telomere,
were genotyped in the 60 TKR families. These markers are from the ABI Prism LMSv2.5
HD5 set. In combination with the twelve MD10 markers already genotyped within this

region, the average density of markers was now one marker every 5 cM. Table 3.3b lists the
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two-point LOD scores and p-values for both the thirteen HD5 markers and the previously
genotyped MD10 markers in this region. Again, p-values with a nominal significance
< 0.05 are highlighted in red. Only one of the additional markers, D4S1615, has a
significant p-value. Figure 3.3c shows the results of multipoint linkage analysis with all
twenty-five markers overlaid on the MD10 results. The addition of extra markers has
resulted in a decrease in the MLS from 1.4 to 1.0 and has failed to narrow the region. This

result would appear to suggest that this is not a genuine susceptibility region. No further

analysis was undertaken.

3.4 Additional finer linkage mapping of chromosome 4

Five additional microsatellite markers in the centre of the region showing evidence of
linkage (D4S403 - D4S406) were genotyped in the 146 female-THR families in order to
further define the linked region. In combination with the markers already genotyped within
this region, the average density of markers is now one marker every 3 cM. Table 3.4 lists
the two-point LOD scores and p-values for the five additional markers in addition to the
previously genotyped markers in the region. P-values with a nominal significance < 0.05
are highlighted in red. All five additional markers have p-values at or below 0.02, with two,
D4S1600 and D4S3253, having p-values of 0.001, representing the most significant two-
point p-values for this chromosome. Figure 3.4 shows the results of multipoint linkage
analysis for all markers genotyped in the 146 female-THR families, overlaid on the
previous MD10 plus HD5 results. The addition of these five extra markers has resulted in

both an increase in MLS, from 2.7 to 3.1, and a narrowing of the 1-LOD support interval,

from 15 to 4 cM.
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3.5 Initial (MD10) linkage mapping of chromosome 16

Twelve microsatellite markers from the ABI Prism LMSv2 MD10 were used for the initial
mapping of chromosome 16. These markers are an average of 9 cM apart and cover the
whole of chromosome 16. Two-point (table 3.5) and multipoint analysis (figures 3.5a and
b) was undertaken both for all data and following stratification according to sex, joint

replaced and sex plus joint replaced.

Two-point p-values at or below a nominal significance value of 0.05 are highlighted in red
(table 3.5). The only two strata with significant two-point p-values are the female families,
for markers D16S515 and D16S516, and the female-THR families, for markers D16S3103

and D16S3046.

The two regions identified by multipoint analysis as showing evidence for linkage, both
with maximum LOD scores of 1.4 (figure 3.5a), are in similar positions and of similar
widths as those in the original scan. The first region is centred at 50 ¢cM from the p-
telomere and has a 1-LOD support interval of 19 ¢cM. The second region is centred at 93
cM from the p-telomere and has a 1-LOD support interval of 23 cM. In the original scan the
first region was restricted to female families and the second to female-THR families. In this
analysis however both regions are accounted for by female families. No other strata show
evidence for linkage to OA (figures 3.5a and b). As for chromosome 4, the regions showing
evidence for linkage are large. Therefore, it was decided to undertake finer linkage
mapping between markers D16S3075 and D16S3091, the markers encompassing the two

regions showing evidence for linkage, in the 218 families with affected female sibling

pairs.
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3.6 Finer (HDS) linkage mapping of chromosome 16

Eleven additional microsatellite markers, located between D16S3075 and D16S3091, were
genotyped in the 218 female families. These markers are from the ABI Prism LMSv2 HDS
set. In combination with the ten MD10 markers already genotyped within this region, the
average density of markers was now one marker every 4 cM. Table 3.6 lists the two-point

LOD scores and p-values for the HDS markers in addition to the previously typed MD10

markers. P-values with a nominal significance < 0.05 are highlighted in red.

In the 146 female-THR families all four markers between D16S3103 and D16S403 have
significant p-values with the HD5 marker D16S3041 having the lowest (P = 0.003). The
HD5 marker D16S3066 also has a significant p-value in this stratum. In the female
families, seven markers between D16S514 and D16S505 have significant p-values with the

HDS5 marker D16S3066 having the lowest (P = 0.002) [table 3.6].

Figures 3.6a and b show the results of multipoint linkage analysis for all 218 female
families and for the 146 female-THR families respectively, for all twenty-one markers
overlaid on the MD10 results. Multipoint analysis in the female families (figure 3.6a)
shows two regions with evidence for linkage in a very similar position to those observed in
the MD10 screen. The first region shows a slight decrease in MLS from 1.4 to 1.3 whilst

the second shows an increase from 1.4 to 1.7.

Multipoint analysis in the female-THR families (figure 3.6b) identifies the same two
regions. The first region has an increased MLS compared with the MD10 results (1.6 versus
1.3). The second region also has an increased MLS (1.1 versus 0.5). When comparing the

female families to the female-THR families, it is apparent that the 146 female-THR
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families account for the first linkage region, whereas the second region is accounted for by

all 218 female families.

The addition of extra markers has had no effect on the 1-LOD support interval for the first
region, in either strata, which remains at 19 cM. There has been some narrowing of the
second region with a 1-LOD support interval of 17 cM in the female families following this
finer mapping compared with 23 cM in the initial mapping. This limited narrowing may
reflect the contribution of only a small number of families to the evidence for linkage at this
region, limiting the number of informative meioses and therefore restricting the ability to
narrow the region. Alternatively, each region identified may represent more than one
region, which cannot be resolved by finer linkage mapping. A final possibility is that the
markers used are still not of a sufficiently high density and that the addition of further

markers would allow for narrowing of these regions.

Since the identified regions are still too large to allow for systematic association analysis it
was decided to genotype additional markers within the two regions showing evidence for

linkage (D16S500 - D16S415 and D16S3140 - D16S3091) in the 218 female families in an

attempt to further narrow and define them.

3.7 Additional finer linkage mapping of chromosome 16

Eleven additional microsatellite markers in each of the two regions (a total of twenty-two
additional markers) showing evidence for linkage (D16S500 - D16S415 and D16S3140 -
D16S3091) were identified from the Marshfield map (http://research.marshfieldclinic.org/

genetics/map_markers/maps). At the time of marker selection this was reported to be the

most reliable and widely used available map. Subsequent to the publication of the deCODE
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genetic map (Kong et al. 2002) markers were ordered according to their position in the
deCODE map. The deCODE map was constructed using 5,136 short tandem repeat markers
in a total of 146 families and represents a five-fold increased resolution compared to the
best previously available maps. The increase in precision of marker location achieved by
this map serves to improve the statistical power of multipoint linkage analysis. Any
markers genotyped in this study that are not positioned in the deCODE map were included
at positions which are representative of their positions, relative to other markers, in the
Marshfield map. Two of the markers genotyped, D16S403 and D16S412, have the same
genetic position in the deCODE map. Although D16S403 is an HDS marker and was used

in earlier analysis, for additional finer mapping analysis we used D16S412.

Table 3.7 lists the two-point LOD scores and p-values for the twenty-two additional
markers in addition to the previously genotyped markers in the two regions. The additional
twenty-two markers in combination with the markers already typed within the regions of
interest represent an average density of markers of one marker every 1.8 cM in the first
region (D16S500 - D16S415) and one marker every 1.9 ¢cM in the second (D16S3140 -

D16S3091). P-values with a nominal significance < 0.05 are highlighted in red.

3.7.1 Region 1 (D16S500 - D16S415)

For the female families, two of the additional markers, D16S412 and D16S3113 have
significant p-values. In the female-THR families, five markers between D16S3041 and
D16S3113 (including the additional markers D16S3036, D16S412 and D16S3113) have p-

values at or approaching significance (table 3.7).

72






Chapter 3- Linkage mapping of chromosomes 4 & 16

Figures 3.7a and b show the results of multipoint linkage analysis for all markers
genotyped, for the 218 female families and for the 146 female-THR families, overlaid on
the previous (MD10 plus HDS5) results. The addition of the extra eleven markers in region 1
has caused a slight increase in MLS in the female families from 1.3 to 1.5 (figure 3.7a) and
in the female-THR families from 1.6 to 1.7 (figure 3.7b). Again, as for the finer mapping,
this suggests that the evidence for linkage in this region is largely accounted for by families
with affected female-THR sibling pairs. The addition of extra markers in this region has
also narrowed the 1-LOD support interval from 19 cM to 12 cM in the female-THR

families.

3.7.2 Region 2 (D16S3140 - D16S3091)

Eleven markers in the interval between D16S514 and D16S505 have a significant p-value
for the female families with a further two approaching significance, providing strong
support for evidence of linkage. In the female-THR families two markers in this region

have a significant p-value (table 3.7).

Figures 3.7c and d show the results of multipoint linkage analysis for all markers
genotyped, for the 218 female families and for the 146 female-THR families, overlaid on
the previous (MD10 plus HD5) results. The addition of the extra eleven markers has caused
an increase in MLS in the female families from 1.7 to 1.9 (figure 3.7c) and in the female-
THR families from 1.1 to 1.3 (figure 3.7d). This again suggests, as for all previous
analyses, that the evidence for linkage in this region is accounted for by affected female
sibling pairs and is not restricted to those pairs concordant for THR as is the case for the

first region. The addition of extra markers has also narrowed the 1-LOD support interval,

from 17 ¢cM to 10 cM in the female families.
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3.8 Discussion

The region showing evidence for linkage on chromosome 4 has now been mapped to an
average density of one marker every 3 cM within the region of interest. Initial mapping,
with markers at an average density of one marker every 10 cM, confirmed the presence of
the region showing evidence of linkage to OA identified in the original scan by Loughlin et
al (1999), with a multipoint LOD score (MLS) of 1.2 and 1.3 for the 218 female families
and 146 female-THR families respectively. Finer mapping, with markers at an average
distance of one marker every 4 cM resulted in increases in MLS to 2.4 for the female
families and 2.7 for the female-THR families, with some narrowing of the region. The
addition of extra markers in the centre of the region of interest for the female-THR families
has allowed the region to be further narrowed to a 1-LOD support interval of only 4 cM
with an increase in MLS to 3.1. This region is located at 4q13.1-4q13.2, with a genetic
position between 76 cM and 80 ¢cM from the chromosome 4 p-telomere. This interval

represents approximately 6 Mb of DNA.

Two other groups have also published reports of linkage of an OA phenotype to
chromosome 4. The first group, Roby et al (1999) investigated a large South African
kindred of Dutch origin with familial bilateral dysplasia of the hip and an accompanying
secondary osteoarthrosis. Termed Beukes hip dysplasia (BHD), the disease displays an
autosomal dominant mode of inheritance with evidence for incomplete penetrance. A
genome-wide linkage scan revealed an 11 cM region on chromosome 4q35 as being the

likely location for the BHD gene with a maximum two-point LOD score of 5.7.

The second group, Leppavuori et al (1999) performed a two stage genome-wide scan in

twenty-seven Finnish sibships with severe, radiologically defined distal interphalangeal
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joint (DIP) OA. In addition to a number of other regions they identified a region showing

evidence for linkage on chromosome 4 at 4q26-q27 with a Z value of 1.9.

Initial mapping of the region, first identified by Loughlin et al (1999), on chromosome 4
with the MD10 markers allowed us to exclude any overlap of our region of linkage with
those identified by these two groups. See figure 3.8a for positions of these regions relative
to the region identified by this scan. The differences in the positions of the regions showing
evidence for linkage in these studies probably represent the heterogeneity of disease with
different genes contributing to susceptibility in different OA phenotypes (characterised by
the involvement of different joints, differences in age of onset etc) as has been suggested by

epidemiological studies (Spector et al. 1996; Hirsch et al. 1998).

The two regions, identified by Loughlin et al (1999), on chromosome 16 have also been
finer mapped to an average density of one marker every 2 cM. Initial mapping with markers
at an average density of one marker every 9 cM confirmed the presence of two regions
showing evidence of linkage in the female families, both with MLS of 1.4. Subsequent
analysis with markers at an average density of one marker every 4 cM resulted in an
increase in MLS to 1.6 for the first region for the 146 female-THR families and to 1.7 for
the second region for all 218 female families. There was also some narrowing of the second
region. Finally, analysis with a higher density of markers, at an average of one marker
every 1.8 cM in the first region and of one marker every 1.9 cM in the second region,
resulted in an increase in MLS to 1.7 for the first region in the female-THR families and to
1.9 for the second region in all 218 female families. The 1-LOD support intervals of the
two regions are now 12 cM and 10 cM respectively. The first region is located at 16p12.3-
16p12.1, with a genetic position between 40 cM and 52 cM from the chromosome 16 p-
telomere. The second is located at 16q22.1-16q23.1, with a genetic position between 85 cM
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and 95 ¢cM from the chromosome 16 p-telomere. These two regions on chromosome 16

represent approximately 8 Mb and 9 Mb of DNA sequence respectively.

A second group have also reported linkage of an OA phenotype with a region on
chromosome 16p. Ingvarsson et al (2001) report the results of a genome-wide linkage scan
in a large Icelandic pedigree where at least four generations have been affected with severe
hip OA. The OA in this pedigree is characterised by an early onset (before 35 years of age)
and there is reportedly no evidence for an underlying dysplasia or other joint disease, with
symptoms being indistinguishable from those of primary hip OA. Their linkage scan
identified a region showing evidence for linkage on chromosome 16p with a MLS of 2.6.
The 1-LOD support interval for this region is 19 cM residing between markers D16S500
and D16S3068. The large overlap of this region (figure 3.8b) with the telomeric end of the
region identified in the analysis detailed in this chapter on chromosome 16p may represent
independent replication of results. Although overlap of these two regions is not complete it
is possible that they represent the same susceptibility region. A simulation study by Roberts
et al (1999) found that location estimates for the same gene might vary considerably
between studies especially where the expected LOD score is modest. This replication

increases confidence in the existence of an OA susceptibility gene within this region.

The addition of extra families has caused a decrease in the maximum LOD score of the
regions identified both on chromosome 4 and 16 compared with the results of the initial
genome-wide scan by Loughlin et al (1999). This is not totally unexpected and similar
results have been reported by other groups working on complex traits. For example,
Tavtigian et al (2001) working on pedigrees with prostate cancer found evidence of linkage
to chromosome 17 decreased with the addition of extra families since not all affected
individuals within the additional pedigrees shared the same haplotype. Further studies by
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this group, though identified disease associated mutations of a gene within the linked region
in at least a subset of pedigrees increasing confidence that this was a genuine susceptibility

locus.

In the case of our study on OA it is possible in the work reported here that in the initial scan
by Loughlin et al (1999) there was an over-representation of families contributing to
evidence of linkage at chromosome 4 or 16, which allowed for identification of the regions
in the first place. In this case, the addition of extra families may now have brought the LOD

scores towards their genuine levels.

In addition, the LOD score of 3.9 for chromosome 4 in the original study appears to have
been accounted for largely by a single marker, D4S231. This marker was not used in
subsequent work due to unreliability of its genetic position in more recent maps. However,
in the additional finer mapping reported here, four separate markers within the region of

linkage on chromosome 4 show two-point LOD scores of >1.5.

In conclusion, the regions on chromosome 4 and 16 have now been sufficiently narrowed to

allow for association analysis.
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4.1 Introduction

Complex traits are characterised by the contribution of multiple genes and
environmental factors to disease susceptibility. In addition, there often exists a series
of epistatic and/or synergistic interactions both between different genes and between
genes and the environment (Smith and Lusis 2002). Complex trait analysis can also be
further confounded by the existence of reduced penetrance, variable expressivity and
pleiotropy (Glazier et al. 2002). The power of linkage studies to detect the genes
encoding susceptibility to complex traits depends on a number of factors including the
increased risk associated with the gene of interest, the existence and nature of

interactions and the significance threshold applied (Weeks and Lathrop 1995).

Genome-wide scans for a number of complex traits have often produced conflicting
results with concordance between regions of linkage identified by different studies
generally rare. Although some of these conflicts may reflect the lack of statistical
power of some studies due to small sample sizes, or the existence of false positive
results, many likely reflect the etiological complexity and heterogeneity of complex
traits (Wiltshire et al. 2001). For example, the existence of locus heterogeneity may
mean that evidence for linkage detected in one subset of families will not be replicated

in an independent set of families where a different gene(s) contributes to disease

susceptibility.

The limited power of linkage studies as a result of such complexities may be
overcome to some extent by the use of large samples, careful selection of participants
to minimise ethnic and clinical diversity and the use of specifically developed

statistical approaches (Weeks and Lathrop 1995; Wiltshire et al. 2001). In addition,
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statistical exploratory methods such as conditioning analysis (Cox et al. 1999) may be

used to provide increased power.

Studies in animal models have provided clear evidence for regions which showed no
significant evidence for linkage in primary scans but which have been shown to
contribute substantially to a trait when analysed allowing for gene-gene or gene-

environment interactions (Kuida et al. 2000; Leiter et al. 1998)

Conditioning analysis is one method which allows for the re-evaluation of evidence
for linkage in one region taking in to account the evidence for linkage at a second
region, unlinked to the first. It was designed in order to increase the power of linkage
studies by taking account of the involvement of multiple genes in encoding

susceptibility for complex traits (Cox et al. 1999).

As a preliminary stage to test for a statistical interaction between two regions, the
family non-parametric LOD (NPL) scores, calculated on the basis of allele sharing, at
the two unlinked regions, are tested for correlation. Correlation studies test the
hypothesis that allele sharing at the two regions is independent within families.
Correlation is expected only if both regions considered contribute to disease
susceptibility and significant correlation therefore serves to increase confidence in the
involvement of the regions in disease susceptibility. Positive correlation indicates a
significant statistical interaction between the two regions and may be indicative of an

interaction between genes in the two regions e.g. epistasis or an additive effect.

Negative correlation can be an indicator of genetic heterogeneity.
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Any regions showing evidence of correlation may then be assessed using conditioning
analysis. Linkage analysis is undertaken for the first (“conditioned”) locus with each
family assigned a weight according to their NPL score at the second (“conditioning”)
locus (Cox et al. 1999). To model for positive interactions families with an NPL score
of O or less are assigned a weight of 0 and families with a positive NPL score a weight
of 1. To model negative interactions families with a positive NPL score are given a

weight of 0 and those with an NPL score of 0 or less a weight of 1.

Where an increase in LOD score is observed following this weighted analysis the
significance must be assessed empirically (Cox et al. 1999). A significant increase in
LOD score serves to increase confidence in the genuineness of the regions as
encoding susceptibility to disease. In addition, such conditioning studies may also

serve to narrow regions showing evidence for linkage (Horikawa et al. 2000).

A number of studies have reported on the use of conditioning analysis in complex trait
investigation (e.g. Cox et al. 1999; Wiltshire et al. 2001; Xu et al. 2001). Both Cox et
al (1999) and Wiltshire et al (2001) have used such analyses to further investigate
regions identified in genome-wide scans as showing evidence for linkage to type II
diabetes. The study by Cox et al (1999), who investigated two regions, NIDDM1 and
CYP19, is summarised in chapter 1.9. Briefly, they found increased evidence for
linkage, with an increase in LOD score from 4.0 to 7.3, at region NIDDM1 when they
weighted Mexican American families proportionately according to their evidence for
linkage at region CYP19. This result has an uncorrected empirical p-value of 0.0001
providing highly significant evidence for a statistical interaction between the two loci.

A similar increase was also seen in the LOD score for region CYP19 when
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conditioned on NIDDM1. These two regions represent the only two type II diabetes
regions to be replicated in an independent study of Mexican Americans (Hanis et al.
1996) increasing confidence in the genuineness of both regions as type II diabetes
susceptibility regions. This conditioning analysis also served to decrease the 1-LOD
support interval of NIDDM1 from 12 to 7 ¢cM (Horikawa et al. 2000). A gene within
this narrowed region, CAPN10, has since been implicated in susceptibility to type II
diabetes in Mexican Americans highlighting the potential usefulness of conditioning

analysis in complex trait susceptibility gene detection (Horikawa et al. 2000).

The study by Wiltshire et al (2001) investigated the correlation between NPL scores
for regions showing evidence for linkage in a genome-wide scan for type II diabetes.
They identified a positive correlation between regions on chromosomes 1q and 10q
and a negative correlation between the region on 1q and a region on chromosome 3q.
Subsequent conditioning analysis using weights of 0 and 1 revealed an increase in
LOD, from 2.0 to 3.1, for the region on chromosome 1q weighted on chromosome
10q and, from 2.0 to 2.8, for chromosome 10q weighted on chromosome 1q, both
under a model of a positive interaction. These results have p-values of 0.017 and
0.032 respectively. Under a model of negative correlation, there was an increase in
LOD from 2.0 to 3.0 (P = 0.023) for the region on chromosome 1q when conditioned
on chromosome 5q (Wiltshire et al. 2001). Again, as for Cox et al (1999), these results

serve to increase confidence in the genuineness of these regions as containing

susceptibility encoding genes.
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4.2 Conditioning analysis

Correlation analysis was undertaken as the first step in testing for an interaction
between the regions identified as showing evidence for linkage to OA on
chromosomes 4q, 16p and 16q. Family NPL scores from the regions showing
maximum evidence for linkage, as defined by Allegro (Gudbjartsson et al. 2000)
analysis, were tested for correlation by calculation of the correlation coefficient r. This
is a relatively quick test compared with conditioning analysis and allows a number of
regions to be tested easily. Any regions showing evidence for a statistical interaction
(P £ 0.05) in these preliminary correlation studies were then analysed using
conditioning analysis in an attempt to increase LOD score and narrow the linkage

region.

4.2.1 Correlation calculations

Family NPL scores at the regions showing maximal evidence for linkage on
chromosomes 4q, 16p and 16q were calculated using Allegro for the 146 female-THR
families used in the linkage analysis (NPL scores are listed in appendix 2). Although
the region on 16q showed a higher LOD score in all 218 female families, and was not
restricted to the 146 female-THR families, NPL calculations were initially restricted
to the 146 female-THR families to enable comparison between this region and the
regions on chromosome 4q and 16p. Figures 4.2a-c show the scatter plots of the NPL
scores for the region on chromosome 4q plotted against the NPL scores for both the
region on chromosome 16p and the region on chromosome 16q and the NPL scores
for the region on chromosome 16p plotted against the NPL scores for the region on

16q. From observation of the scatter plots it appears that there is little correlation
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between the NPL scores for either the regions on chromosomes 4q and 16p or the
regions on chromosomes 4q and 16q with points in all four sectors and along the axes
(figure 4.2a,b). There appears to be a higher degree of correlation between the NPL
scores for the two chromosome 16 regions with more points tending towards the
positive diagonal (figure 4.2¢). To formally test the statistical evidence for correlation
the correlation coefficient r, p-values and 95% confidence intervals were calculated
for all three comparisons. Neither of the comparisons between the region on 4q and
the regions on chromosomes 16p or 16q shows significant evidence for correlation.
Comparison between the NPL scores for the region on chromosome 4q and the region
on chromosome 16p gives a correlation coefficient of -0.003 (P = 0.98, 95%
confidence interval -0.6 to 0.16) whilst comparison of NPL scores for the region on
chromosome 4q and the region on chromosome 16q results in a correlation coefficient
of 0.04 (P = 0.63, 95% confidence interval -0.12 to 0.20). Comparison between the
region on chromosome 16p and the region on chromosome 16q provides significant
evidence for a correlation between these two regions with a correlation coefficient of
0.31 (P = 0.0001, 95% confidence interval 0.16 to 0.45). Even after correction for
multiple testing (multiplying the p-value by 3, the number of tests) and using the strict
criteria suggested by Cox et al (1999) of a p-value lower than 0.01 this result remains
highly significant at P = 0.0003. The confidence interval however, is fairly wide
indicating the sample size is not sufficient to accurately predict the degree of

correlation.

Since the locus on chromosome 16q had a higher LOD score in all 218 female
families and was not restricted to the 146 female-THR families, family NPL scores at

the regions showing maximal evidence for linkage were calculated, using Allegro, for
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the regions on chromosomes 16p and 16q in all 218 female families (it was not
possible to calculate the NPL scores for all 218 female families for the region on
chromosome 4 since only the 146 female-THR families were used in the additional
finer mapping of this chromosome). If a correlation between NPL scores exists, this
would allow for conditioning analysis of the region on chromosome 16q, weighted on
the NPL scores at the region on chromosome 16p, for all 218 female families. Family
NPL scores for all 218 female families at the regions of maximum linkage on
chromosomes 16p and 16q are listed in appendix 3. Figure 4.2d shows the scatter plot
of the NPL scores for the region on chromosome 16p plotted against the NPL scores
for the region on chromosome 16q. Again, as for the plot of 16p versus 16q for the
146 female-THR families there is a clustering of points towards the positive diagonal.
Formal comparison of the NPL scores gives a correlation coefficient of 0.28 (P <
0.0001, 95% confidence interval 0.16 to 0.40). Again, this provides highly significant
evidence for a statistical interaction between these two regions, this time in the 218
female families. The confidence interval however, is again wide indicating that the

sample size is still too small to accurately predict effect size.

4.2.2 Conditioning analysis

Conditioning analysis was undertaken for the two regions on chromosomes 16p and
16q. Firstly, conditioning analysis with chromosome 16p as the “conditioning” locus
and 16q as the “conditioned” locus was undertaken in all 218 female families (as these
were the families showing maximal evidence for linkage for the region on 16q
[chapter 3.7.2]). Secondly, conditioning analysis was undertaken with chromosome
16q as the “conditioning” locus and 16p as the “conditioned” locus in the 146 female-

THR families (as these were the families showing maximal evidence for linkage for

84






Chapter 4 - Conditioning Analysis

the region on chromosome 16p [chapter 3.7.1]). For each comparison analysis was

undertaken to model for both positive and negative interactions.

The results of conditioning analysis modelling for positive interactions (families with
NPL score < 0 assigned weight of 0) are shown in figures 4.2¢ and f. For the region on
chromosome 16p conditioning analysis, weighted according to the NPL scores for the
region on chromosome 16q, in the 146 female-THR families, has resulted in an
increase in multipoint LOD score (MLS) from 1.1 (unweighted) to 4.4 (weighted) [the
difference between LOD scores reported here and those reported in chapter 3 are due
to the use of different statistical packages - ASPEX in chapter 3 and Allegro here].
There has also been a narrowing of the 1-LOD support interval from 20 cM to 7 cM.
For the region on chromosome 16q conditioning analysis, weighted according to the
NPL scores for the region on chromosome 16p, in the 218 female families, has
resulted in an increase in MLS from 1.7 (unweighted) to 5.7 (weighted). Again, there
has been a narrowing of the 1-LOD support interval from 10 cM to 5 cM. In order to
calculate the significance of these increases in LOD score 10,000 permutations
(involving the permutation of family-specific weights) were carried out. This gives an

empirical p-value of <0.001 for the region on chromosome 16p and <0.001 for the

region on chromosome 16q.

Next, conditioning analysis modelling for a negative interaction was undertaken
(families with NPL score = 0 assigned weight of 0). For the region on chromosome
16p conditioning analysis, weighted according to the NPL scores for the region on
chromosome 16q, in the 146 female-THR families, resulted in a decrease in MLS

from 1.1 (unweighted) to O (weighted). For the region on chromosome 16q
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conditioning analysis, weighted according to the NPL scores for the region on
chromosome 16p, in the 218 female families, resulted in a decrease in MLS from 1.7

(unweighted) to 0.01 (weighted).

As there is no evidence of correlation between the NPL scores for the regions on
chromosome 4q and chromosome 16p or between the regions on chromosome 4q and

chromosome 16q, conditioning analysis was not undertaken for these regions.

4.3 Discussion

Calculation of the correlation coefficient r between family specific NPL scores for the
regions on chromosomes 16p and 16q revealed evidence for a highly significant
positive correlation between the two regions in both the 146 female-THR families and

the 218 female families.

Conditioning analysis in the 146 female-THR families resulted in an increased MLS
from 1.1 to 4.4, for the region on chromosome 16p when conditioned on the NPL
scores for the region on chromosome 16q using a positive interaction model. This
increase is highly significant with an empirical p-value of <0.001. This result shows
that the same families are contributing to the evidence for linkage at the region on
chromosome 16p and the region on chromosome 16q. This may be indicative of some
form of epistasis or interaction between susceptibility genes in these two regions or be

the result of genes in these regions having an additive effect.

Conditioning analysis in the 218 female families resulted in an increased MLS, from

1.7 to 5.7, for the region on chromosome 16q when conditioned on the NPL scores for
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the region on chromosome 16p using a positive interaction model. Again, this is a
highly significant result with a p-value of <0.001. As for the conditioning analysis of
the region on chromosome 16p, this result indicates that the same families are

contributing to evidence for linkage at the regions on chromosomes 16p and 16q.

In addition to the increases in the MLS, the conditioning analysis has also served to
narrow the two regions. The 1-LOD support interval for chromosome 16p has been
narrowed from 20 ¢cM to 7 cM, whilst the 1-LOD support interval for chromosome

16q has been narrowed from 10 cM to 5 cM.

Conditioning analysis modelling for a negative interaction between the two regions on
chromosome 16 showed no evidence for a negative interaction between the two
regions, with a decrease in MLS for both the 218 female families and the 146 female-

THR families.

Whilst the increases in MLS observed under the positive interaction model serve to
increase the confidence of the regions on chromosomes 16p and 16q as containing
susceptibility genes, since both regions are on the same chromosome, the results must
be interpreted with caution. In order for conditioning analysis to be effective it is
necessary for the two regions under consideration to be unlinked. Although the centre
of the two regions on chromosome 16p and 16q are approximately 44 cM apart (and
therefore there would be expected to be close to random segregation for these two
regions) there is only approximately 20 cM between the centromeric edges of the two

regions. This makes it unlikely that the two regions are totally unlinked. This could
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account for some or all of the increase in LOD score observed with conditioning

analysis.

Calculation of the correlation coefficient for family NPL scores for both chromosome
4q versus chromosome 16p and for chromosome 4q versus chromosome 16q revealed
no evidence for a significant statistical correlation between the regions. This result
does not exclude the possibility of an interaction between the regions however, as

some biological interactions would not be expected to result in detectable correlations

(Cox et al. 1999).

Conditioning analysis between the regions on chromosomes 4, 16p and 16q and the
other regions identified by our group, on chromosomes 2, 6 and 11, was undertaken
by another member of the group in the 146 female-THR families (Dr Kay Chapman,
personal communication). No evidence for any interaction was observed under either

positive or negative interaction models.
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Chapter 5 - ADAMTS3 candidate gene investigation

5.1 Introduction: Candidate gene identification on chromosome 4q

Association analysis is emerging as the method of choice for detecting the genetic
variation encoding susceptibility to complex disease. It has increased power compared
with linkage analysis for detecting alleles with small effects. Risk alleles with a frequency
of 1% can readily be detected in association studies but not in linkage studies (Botstein
and Risch 2003). However, due to the prohibitively large number of markers that would
be required to carry out genome-wide association studies (and the concurrent cost)
researchers have tended to focus on the use of association studies to investigate candidate
regions identified by linkage studies (Kaplan and Morris 2001a, b). Genome-wide

association studies have been recently reported, however (Sawcer et al. 2004).

Candidate region association analysis may be systematic, covering the whole of the
region under investigation, or candidate gene based, identifying variation in genes
prioritised according to their potential role in disease biology. Both methods have their
advantages. The greater number of markers necessary for the systematic method
compared with the candidate gene based approach increases both the cost and time of the
study. However, the systematic approach has the advantage of requiring no prior
assumption as to the gene(s) likely to be involved in a disease process which may often be
poorly understood. Systematic approaches also enable regulatory elements distal to the

coding sequence to be covered (Vink and Boomsma 2002; Botstein and Risch 2003).

The region on chromosome 4 identified by finer linkage mapping (chapter 3.4) is still too
large to allow for an economically viable systematic association analysis, with the 1-LOD

support interval spanning approximately 6 Mb of DNA and at least eighteen known genes
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(in addition to fifty hypothetical or predicted genes). Candidate gene-based association

studies were therefore undertaken for this region.

5.1.1 Cataloguing of genes within the linkage region

Genes within the linkage region identified on chromosome 4 (chapter 3.4) were identified
using the three major databases of Ensembl, NCBI and UCSC. Initial investigation
concentrated on the 1-LOD support interval (4q12-4q13, 63 Mb-69 Mb). There were
however, at the time of candidate gene selection, no obvious candidates within this
interval. Investigation of genes outside this region was therefore carried out in a stepwise
process. Table 5.1 details an integrated list from all three databases of all confirmed
genes within the 1-LOD support region (marked by double lines) in addition to genes
approximately 5 cM either side of this region, correct as of July 2003. Databases are
frequently updated and therefore tables of genes within a region and their positions
relative to genetic markers constantly refined. A number of the genes detailed in the

databases are hypothetical and are not included.

5.1.2 Identification of candidate genes

Many of the genes within the interval have not yet been fully characterised and, as such
knowledge about their function(s) is incomplete. Even for those genes that have been
highly investigated novel functions are still discovered, often resulting from alternative
splicing (Grabowski 1998; Smith and Valcarcel 2000). Knowledge of expression patterns
for many of the genes is also often limited with the tissues of the joint poorly represented
in many expression studies. In an effort to overcome such limitations, investigations into

gene function are being carried out, databases are being constantly updated and

90



$9]10ATRN Ul Y NJW

eiov! ‘g epndadAjod

gursisoyiuAs 10y a[qrsuodsar xa[dwod [y aserowAjod YN JO Mg 1€¥S (pa10a1ip VNQ) II (VNY) 9serowiAjod q423910d
SONSSI) [RUOINAU-UOU UI SOUST [eu0Inau $3ssaIdoy QL6S 10308] uonduosuer) Suroudfis- 19y 1S3y
(xonquyur ursdAn-uisoioe)
umouyun uornouny ‘AjA1oR J03IQIYuI 9sealord JuLIag 1699 7 ‘ad£y 1ezey] ‘JoNqIyuI 9seaoxd suLIRg INIAS
umouyun uonouny ‘190ued Junj Yyiim pajeroossy GZSH8 urojoxd AJuo-urewoOpoWOoH .dOH
uodxs urjord pue uoniugosas [eudig 1€L9 eIz ronaed uoniudoosar eusis ZLLES
9SBIOYIUAS 9PIUIBXOGIBIOUIIINS
o[ozeprurrourwre[Asoquoydsoyd
Kemyred ‘ose[Ax0qIBd
SISaYIuUAso1q apnosonu suund 9y ur usA3s pue xis sdajs sasAjere) 90901 JrozepruriourwrejAsoquoydsoyd SOIvVd
aseIojsueIjOpIUIR
sisayjuAsolq apnosonu auund oaou ap jo das 1s11J sasA[eie) 1LYS eydsoydoikd [Asoquoydsoyd Lvdd
Jseua30IpAyYop
umouyun uonoundg 8V6CL] opAyapyeruas-g sidipeourure-g 8Y6C€1D01
ueIqUIdW
ewse]d uo s3I SUROOp 01 SI[IISAA JNIAJ0X3 Funa3ie] Ul 90y €9/6S MI-€I9S .£0dS
uonsadiq
"UONOBNUOD J[osnul yioowss Jo uone[nday ‘3ureudis spndadoinoN V1861 (] UIPOWIOINAN NN
uononpsuel) [eugis ui
910y "AnAnoe 10308] uonduosuel, “uonensal WyYlAYl URIPRIID Ul 9]0y GLS6 (esnour) Sojowoy }201) ). 100810
umouyun uorounj 8GR]GS SnooJ paren3al yd.l, TIVdL
Surpjeusdis ur 90y “Ananoe 101dao3a1 10108) YIMO0I3 Jseury auIsoiA} 103daoar
[eI[OYIOPUS IB[NISE A "SUONIOUNJ pIje[al-sisausadordue Sunendoy 16LE 111 2d£) ©) 10)da521 UTRWIOP 1IOSUIL SRUTY] NI
uononpsue) [eugis pue YIMoig [}39 3ojowioy auag0ouo [BIIA
ur 9[0y "10108] Yimoi13 [[99 Iseur 10§ 103dadar sueiquiswsuer) ¢ ddA L, G18¢€ BUIOOILS JUI9) § UBWLIONONZ-APIRY I-A 1D
uonpuny [ @ISN0] dueN [oquuAs dudx)




wisfjoqelow pidi| pue pIoIals ul 9j0yY gz g opndadAjod
'SPIOJAIS Bulpn[oul sA)eNSqNS JO KI19LIBA B 0) pIoe oruoinon(3 Jo 19jsuel, 06¥S ‘Atwrey ¢ aseraysuenjAsodLs Jan grdelnNn
wisijoqelowl pidi| pue pro1a)s ul 9[0Y 119 spndadAjod
'SPI0I31S FUIPNOUL SABNSQNS JO AIDLIBA © 0) PIoe oruoINdN[3 JO I9Jsuel] 0ZLO01 ‘Ajure} 7 aseraysuen[Asodk[3 4An 11deLon
wistjoqeiow pidif pue pIo1d)s ul 9[0Y L€ apndadAjod
'SP1013)s BuIpn|out sAeNSqNS JO K19LIBA © 0) pIoE d1uoInoN(3 Jo 19jsuel], Y9€L ‘Alurey g aselajsuen|AsodL(3 dan Ld21ON
wisijoqeiour pidi| pue proIdls ul 9[0Y 019 opndadLjod
'SP1019)s BuIpn|dul sAJeIISGNS JO KISLIRA © 0] PIOE d1uoInoN|3 Jo 19jsuel], S9¢L ‘A[rure} g aserajsuen[Aso0o4(S Jan 01dclon
wistjoqelowt pidi] pue proIals ui 9[0y G149 opndadAjod
'SP10Ja)s JUIPn[Oul SIJRNSqNS JO AJISLIRA B 0] PIoR O1uOINON|[3 JO I9Jsuerli], 99¢/ ‘A[ture} g ase1djsuenAsod413 4an cidzion
wistioqelswt pidi| pue prolais ur 9j0Yy L19 spndadAjod
'SPI0I2)s SUIpnoul s3jen1sqns Jo AJ9LIEA € 0 PIoe d1uoIndn3 Jo I9Jsuel], L9EL ‘Ajiurey g ase1aysuenjAsodk[S 4an L1921ON
A1IATI0R SRWAZUY
'Sureyo apis arespAyoqred Jutpuiq 1o Funendal jo uonouny pesodoiyg €868C udold 1DSAA 10S3d
10308] Surondg L6 d-17SLA Joyoey Fundydg JTSLA
q1 a1-9euredse-q
umowyun uonounj vESH8 | IAydw-N ‘ordonouor ‘10)dadal sjeweInin 41 INRID
"OURIQUISW SNOJNUI UO WIAISAS 90UJIP 1SOY U 9]0 J[qQISSOJ LOV6 asedro1d ay1j-ursdAn Aemiry LVH
yuowdojaaap ul oj0Y
‘uonestrejodap sueiquSW pue I9A0wIn) apnisoutoydsoyd sojepnuing 86.,¢C | 101dada1 suourioy Sursesjai-urgdoropeuon) YHAIND
asuodsar sunwrur
[eJowny ut 9[oy ‘Suijeusrs 101dosar uagnue [[90 g ur urdjoid Sunyoo(g 8TI9C [ Surjjeusis weansumop v g 199
dyed d10yo019ULY JoUUL JO JUdUOdUIOd puE UISNUBOINE JISUWIONU) 0901 1D uroid arowonua)) I1DdNED
aseuny 2uIso1£) 103daoay 0T cvydg SVHJH
'103d90021 (X, 17) urxojonej-eydye juspuadop umopes sndeuks ¥8TET ¢ utfiydone-] ENHJ'T
uonexayroxd ({20 Jo uonengai sanedoN 06v< urajoid Suipuiq 10308] Y)mois ox:-:zzmcw Ld9IDI




umoUuNUN UOTOUN,] €0S8]S [ you aurjold 1"10dd
umouduUn uonounj 6.801 ¢ you aurjoid €10dd
UMOUYUN Uonoun,j 75692 (AreArfes) ¢ you-aurjoid ¢10Ud
umoUyUN uonduny QEHSY 9ZdS-JAN urao0.d Juswdo[oAsp sus], 9C7dS-AAN
umouwun uonduny ‘urajoid [ ueI[eWWBIA e laral eddey urase) ENSD
UMOUNUN UOTIOUNJ ‘S[[90 SUNWIWI PIJBATIOR UIBLIID UI ATUO passardxy 9¢$092C L dure1y 3urpear uado § swosowoIy)) LJI0%D
umowyun uonosung 88987 V oI[-Zs eyd[e urase) VZSINSDO
UOTIBDIJISSO Ul 9[0Y "AJIARD [RIO
9Y) Ur uonOdUNJ [RIGOIdTW-NUR ‘[edIFo[ounwiwul UON ‘u1joid A1eAles oOpEE [ uneisiy INLH
UOTIBIIJISSO UI 9]0} ‘AJIARD [BIO
oY) U1 uonoduUNJ [BIqOIdIW-TIUE ‘[eoIZo[ounwwii UoN urdloid AreAres LYEE ¢ uneIsig ¢N.LH
‘JI[BaY [BIO JO 9OUBUUIBIA ‘[SWRUI Y}00) JO Juauoduiod [BIn)onns
"(399) Ul uone[n3al uoKBSI[BIQUIW dUO] PUB UOIJBIIJISSO Ul SOJ0Y 6LL9 118101131 HLVLS
urajoxd Y[IA 544! eloq utosen) ¢NSO
uonsagip ui ofoy 144! Is eydre urose) ISINSO
uo3onsa0 Jo uonesdnluod deydins sasAjeie) €8.9 3uruyord-usdonsvo ‘aserajsuenojng qLS
"spunoduiod o110IGOUSX pUe ‘SINIP ‘SIONIWSUBRNOINAU T Joquiour
‘souowzoy Auew jo uonednluod aeydins ay3 sasArere) y8CLT ‘g ‘01]0801AD ‘A[Ture] aseIojsuenoJng 1911L1aS
wisijoqelaw pidi] pue proIdls ur O[Oy 1V apndadAjod
*SP1019]s urpn[oul sajensqns Jo AJ9ULA © 0) PIoR d1UoINdNn[3 Jo 19Jsuel], 1v601 ‘ATrurej g ase1dysuenjAsodLI8 Jan IVZ1On
wistjoqelaw pidi| pue p10Ials Ul I[0Y g apndadLjod
*Sp1012)s SuIpn[our sa)ensqns Jo AJ9LIBA € 0) pIoe JIUoINON[3 JO I9Jsuel], €o¢/ ‘A[Turej g aseIajsueniAsodk|3 4an

yeCLON




9 Ajturej

umouyun uonouny ‘urajold Juipuiq SV 2Aaneng ¥78991 | urewop (9-Jv/SAD1 V) UOURIOOSSE ey 94SSVHY
urdjold podsuen wniag €LI ururejy INAV
urunge wnias jo uedioiunos 119 VL1 urjoxdolaj-eyd|y ddVv
QuIN[oA
pIN(J Iejn[[adeXa JO UONIBSI[IGR]S Ul 9]0y "WINIas 9y} ul urojoid JoLLe)) €12 urunqpy a1V
WWAO[AIP JOAI] UI 901 [ENIUI0] LS09C 1eadar uulyjue den suan AVID
¢ ‘Jnouw | adA)
wisIjoqeied uagde[jod pue urpuodsoquioays yum (2dAy ursAjordar)
uonesiue3Io [LIqy uade[[od ul J[oy "AiAnoe asepndodopuadoleioy 80S6 aseurajoidof[elow pue NI[-uLIZANUISIP ¢SLNVAVY
sn[nwys d10Iqe jo uondadiod
"QdURUIUIBW JO/pUR YIMOIS [[90 Ul 9]0y "Surfpeudis 101dadar urdo0id H 98801 L 101d2oa1 pojdnoo-uraoid H yL9dD
"WIISAs SurduoAeos
ewse[d jo ued ‘Ajunwwiioine proifyj ur 910y, "1o0ioey SuneAnoe urajoxd Suipuiq
-a3eydororw 0 J0SINDAIJ(, "S[OAQ[ UINSUI Sunse] Jo uone[nda1 ur 9joy Q€97 (I urwrena) yuauodwiod o1rdads-dnoin) 9)9)
$ Joquiow ‘ropodsuenod
podsuen s[nosjow [jewS 1L98 | 91eUoqIedIq wnIpos ‘4 A[IWe] J9LIRD N[0S YVHOTIS
0UR}SISAI SNIP YIIM PIIRIOOSSE
AOUDIDLJO(] "SOPISOI[ONUOGLIAX09P [BISAIS JO uonejhioydsoyd €91 Jseury 2UIPNAIAX09(Q SOA
sawosoquiAjod 03 sayis urpuiq
[-4SYD YLN.S YN YNJW [eIIA PU. JEN[[D SINIOAT A[9ATII[IS 9767 [ 10308] SUIpuiq 25usnbos YN You-n 14SUD
sAemyied Surjeudis ased 1 O-seY Ul JJ0I1 [BNUNOJ 20622 X urdoid Sunoeinur Zgvy XdId
umouyun uordunj 0SOLS 01 Suroudfts Jo 13dnisi(y 01SVS
SI1SOUaS0JUOPO UL 9]0y "[oUIRUS [00] JO Jjuauodwiod [eInjonng L1101 uloweuL INVNA
suronul ATeArjes uewiny Jo sISaYIUASOIq pue 31n)onIs Ul PIAJOAU] 68SY ATeATfes ¢/ won

LONNW




101d9031 uaolpue yim syoeIdU] ‘uonepeidap ¢cd sajowolg Q68ST ¢9¢ urajoid 1a3uij duryz €9¢ANZ
KJIATIOR 10108] 1m0l “A[TUrey 10308) y1mois [ewropids JO I9qUISIA G89 ut[nyedenyg QAR
S[129 [erjaynda (10108] y1moi3
10 1030e] Y1moln) *AJiuiey 10308y yimoi1s jeuwtopida Jo Ioquiaiy yLE poALIOp-ewIOUURMYDS) ulngaanydury OTIAV
919 sisauagordue ‘uoneroijoid ‘Surjjeudis
[[20 ut sajo1 a[dnnA *Arurey 1019 yimoi3 reunropids Jo JOqUIAIA 6902 urn3axndyg DHYH
Surqeusis pue osuodsal
AJorewrwie[jul pue sunurwr ‘srxejowayd Jurpnpour sajol spdnny 0262 7 puedy (Juow H-X-D) sunoway) 710XD
q uratoid jyueloeins jo uoissaidxa
Ananoe 10108y uonduosuel ], S6801 urfjiidwe urgyoad Furpuig-yNQ d9dddS
Surjeusis pue asuodsal
AIojeWIWIRJUI PUR SUNWWI ‘SIXBIOWAYO urpnjour safol [dujn 126C € puedi| (Juow D-X-)) unjoway) €10XD
asuodsar A1ojewIwIe[jul ‘uoIjonpsuel)
[euss ‘sixejowrayd ‘uonerdyifoid {95 Suipnjour sajol S[dnny vL€9 G puedi| (Juow D-¥-)) unjoway) STDXD
X1I)eW IB[N[[39B1)X3 JO Juauodwod [einidnns ‘uonersyiold
[[90 pue ‘asuodsar sunwiwii ‘ANANIOR 10108 YimolI3 ‘podsuen) (L puedi| (Jnow H-¥
9s00n[3 Ul 9[0Y "WINI[IYIOPUD JB[NISBA O] UoIsaype [1ydonnau sajowrolq €LYS | -D) sunjowrayo) urajoud oiseq 1o1ae[d-01g dgdd
S[[99 I9[[I] [BINJBU WIOIJ SB[ §-T] ( puesy|
soonpuj ‘uoneIdjifoid [[90 pue asUOdSaI JUNWIUIT ‘SIXBIOWIYD UL SI[OY 9616 | (Jnow H-X-D) dunjowayd)  10)0eJ 19[a1R[d ydd
(eydje
A11Anoe 10308] IMOIT pue 3suodsar A1ojewIIR UL ‘SIXBIOWIYD ‘A)1An)oe Sunemuns YimoIs eurour[au)
‘uonexjifoxd Jj2o Jo uonengar Suipnpourt suonouny dpdnnA 616¢ [ puesi| (Jnow )-X-D) surjoway) |§8) @
asuodsal sunwuit pue Surpuiq utreday ur 9J0y suOWIY) L61S [ JUBLIBA { JO)OB] 19[9IR][] IAVId
3ur[eusIs [[99-[[92
pue uononpsue) [eudis ‘Osuodsal AJojewrwre[jur ur 9[0y ‘sd)Aoo[nueid (T uraj01d drpeIoWAYD 91K00NURIS)
WOIJ 9sealal 6JINIA 01 SpPeaT] "saAdo[nueisd J0J J0)OR] J110RI0WY)D) TLE9 9 puedi| (Juow DH-X-D) sunjouwray) 91OX)D
uonoe AlojewIwIB[JUIOl] ‘sIsaudgorsue ul ool [enjusjod
pUR JUBIOBINBOWAYD SE §10Y "osuodsal sunuiurt Jo Jojeipaul JofeA 9.6¢€ g UDNAIAIUY STl




‘Tearut uoddns GQOT-1 9y JO saLIepUNOq
Sjewrxordde ay; yrew saul] S|qNOP Y[, H SWOSOWOIYD UO SISA[eue ageyul] Aq paynuapt uoi3ar o) UIYNM S9ud3 JO ISI] PAIeISoIu] :1°S dqeL.

‘foquids pue swreu 9ua3 [e1o1j0 DNDOH Jod se sjoquiks pue soureu ouod 19410 [V "JOQUIAS pUE SWEU U WLISUI S0 ,
JUITSNOOT/AO YIU WU IGOU MMM |

suraro.d jo uonefsoqu-dqv 61t € oseloJsueIlAsoquU-Jqv cLIV
919 SIXBIOWAYD ‘asuodsal sunurwl
‘uorlonpsuel) [eusis ut sa0 A[ANINIA "S[[90 I, PAIBANIOR UT SIXBIOWYD) eLEY 11 pues| (Jnoul )-X-D) sunjoway) 1TTOXD
219
asuodsar A1ojewrwepjur ‘stxejowayod ‘Surfeudis ur o[oy ‘uoneISIu [[99
L Pue I9[[Iy [eanjeu ‘sa1koouour Jo uonenums Surpnjour sajo1 s[dungy LZ9¢€ 01 puesi| (Juow D-X-D) sunjoway)) 01 1DXD
0J3 SIXBIOWIAYD
‘osuodsar A1ojewrureryur ‘Surfjeudrs ur 9[0y ‘umouwun uonoduny dyioadg €8T 6 PUesI[ (Juow D-X-D) dunjoway)) 61DOX)D
¢ urewop Surpuiq
"W)SAS [BNSIA UI 9]0y OLYS -tnided puey 49 ‘osejeydsoyd urojorg 7d4add
wodsuen urajoid re[n[eoenUI UT J[0Y G198 G¢11d uraroxd Sunyoop opoisap ddA
¢ utajoxd Surpuig-urewop
uononpsuen [eudis urjoid SV ul 9j0Y 2066 ¢HS urajoid Suneanose ased [0-sey .2ddED
uone[A1oydsoyd proe ourure pue UONEBIUAISJJIP (aseury parepal
X3s ut 901 ‘uononpsuen [eudis Surpnjour suonouny sidunA 6668 ~20AD) T Mi[-aseury Jjuspuadop-uro4) TIAD




Chapter 5 - ADAMTS3 candidate gene investigation

knowledge of gene function is increasing at an exponential rate. In addition, the work of
the Gene Ontology Consortium (www.geneontology.org) of classifying genes according
to their molecular function, biological process and cellular component has made the

identification of genes involved in specific functions much more efficient.

Selection of candidate genes concentrated on looking for those genes with a biologically
plausible role in normal joint function or in the OA disease process. A strong candidate
gene was identified. The ADAMTS3 (a disintegrin and metalloproteinase with
thrombospondin motifs 3) gene which resides at 4q13.3. Its position relative to the
linkage region identified by finer linkage mapping on chromosome 4 (chapter 3.4) is
illustrated in figure 5.1. A number of studies have reported that estimates of the location
of a disease locus from linkage analyses may vary moderately from the location of the
true disease locus (Darvasi et al. 1993; Hovatta et al. 1998; Roberts et al. 1999). Also, in
some cases linkage may be the result of variation within regulatory regions of the gene,
sometimes many hundreds of kilobases distal to the gene itself. Therefore, the location of
the ADAMTS3 gene slightly outside the centre of the region of linkage, was not felt to

exclude it as a strong candidate for encoding susceptibility to OA.

5.2 Introduction: The ADAMTS3 (a disintegrin and metalloproteinase

with thrombospondin motifs 3) gene

5.2.1 The potential role of ADAMTS3 in normal cartilage function and the OA
disease process

The ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) proteins

are a relatively newly identified family of extracellular proteases. In similarity with the
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ADAM (a disintegrin and metalloproteinase) family of proteases they are characterised
by multiple domains, including protease, disintegrin-like and cysteine-rich domains, but
may be distinguished from the ADAM family by the presence of multiple copies of
thrombospondin 1-like repeats (Tang 2001). They also have similarities with the matrix
metalloproteinase (MMP) family of proteins. The ADAMTS proteins are predicted to be
extracellular matrix proteins with diverse functions assigned to individual members
including procollagen N-proteinase activity (ADAMTS2) and aggrecanase activity
(ADAMTS4). They are predicted to be developmentally regulated, playing an important
role in morphogenesis. This theory is supported by their low expression levels in adult
tissues (Tang 2001). Members of the mammalian ADAMTS family display between 20

and 40% similarity to each other.

Type I and type II collagen are synthesised as soluble, procollagen molecules, consisting
of a large collagenous region flanked at either end by propeptide molecules. Correct
assembly of collagen fibrils requires the removal of these propeptides. The procollagen
C-proteinase for both types of collagen molecule has been identified as the bone
morphogenetic protein-1 (BMP-1) (Li et al. 1996). Recently, ADAMTS2 was identified
by Colige et al (1999) as being a specific procollagen N-proteinase for type I and type II

collagen.

Mutations in the ADAMTS?2 gene are known to cause Ehlers-Danlos syndrome (EDS)
type VIIC characterised by severe skin fragility as a result of defective N-terminal
propeptide processing of type I procollagen (Colige et al. 1999). It has been observed
however, that patients with this syndrome display normal processing of type II collagen in
cartilage and show no evidence for chondrodysplasias or osteoarthritis, suggesting the

presence of an additional procollagen N-proteinase in this tissue. In 1997, Nagase et al
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identified a partial cDNA for ADAMTS3, lacking the 5’ coding sequence, in human

brain. Then, in 1999 Fernandes et al identified the ADAMTS3 gene as coding for a
protein which belongs to the ADAMTS family, showing similarity in both amino acid
sequence and domain structure to ADAMTS2. They investigated the role for both
ADAMTS2 and ADAMTS3 in processing procollagen II in RCS-LS cells, a Swarm rat
chondrosarcoma-derived cell line which normally fails to process the type II procollagen
peptide. Similar effects were observed for both enzymes with addition of purified forms
of the enzymes resulting in partial rescue of type II collagen processing. Investigations
into expression levels of the enzymes revealed ADAMTS3 mRNA to be expressed at
levels five-fold higher than ADAMTS2 mRNA in human cartilage. These observations
led Fernandes et al (1999) to propose that ADAMTS3 and not ADAMTS?2 is the

physiologically relevant procollagen N-proteinase in cartilage tissue.

There are two types of procollagen II created by the alternative splicing of exon 2 of the
type II collagen gene (COL2A1). This exon contains a cysteine rich repeat (CRR), which
constitutes almost the entire globular domain of the N-propeptide of collagen II. Type IIA
procollagen, which contains this CRR region, has been shown to be expressed in
prechondrocytes, mesenchymal and epithelial cells and a number of other embryonic
tissues (Bornstein 2002). Type IIB collagen lacks exon 2 and is expressed in
differentiating and adult cartilage and other adult tissues (Bornstein 2002). This suggests
a role for the CRR of the N-propeptide in the development of a number of tissues
including cartilage in addition to its role in normal collagen fibril assembly (Bornstein
2002). During skeletal development and chondrogenesis type IIA procollagen retains the
N-propeptide further supporting a role for the CRR in development (Fukui et al. 2002).
The CRR of the N-propeptide of type IIA procollagen is able to bind to the

morphogenetic factors TGFB1 and BMP2 (Zhu et al. 1999) and full-length procollag;g
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type IIA functions to inactivate BMP (Larrain et al. 2000). Cleavage of the N-propeptide
of type IIA collagen in the extracellular matrix may therefore be envisaged to have a
significant effect on the binding or presentation of the BMPs and in regulation of these
growth factors in skeletal development. A role for the type IIA N-propeptide and its
cleavage in growth plate remodelling has also been proposed (Nah and Upholt 1991).
Studies have suggested that MMPs in addition to ADAMTS3 may be physiologically

relevant in cleaving the N-propeptide at a number of different sites and that some level of

proteinase redundancy may exist (Fukui et al. 2002).

Abnormalities in the ADAMTS3 gene that result in either total failure of, or reduction in,
the ability of the protein to correctly process the type II collagen molecule could therefore
affect both normal collagen fibril formation and skeletal development. Such abnormalities
may then act as factors predisposing to the development of OA later in life as a result of

an altered joint structure or functionally impaired cartilage.

In OA cartilage, but not normal aged cartilage, type IIA procollagen is synthesised
probably reflecting reversion of the chondrocytes to a chondroprogenitor cell phenotype

(Aigner et al. 1999). In unaffected adults chondrocytes express instead type IIB mRNA

(Aigner et al. 1999).

In summary, the position of ADAMTS3 at 4q13, within the linkage region identified on
chromosome 4 coupled with its potential role in type II collagen processing make it a

strong candidate for encoding susceptibility to OA.

94



Chapter 5 - ADAMTS3 candidate gene investigation
5.2.2 ADAMTS3 gene structure

The ADAMTS3 gene consists of twenty-two exons, five of which may be alternatively
spliced (www.ncbi.nih.gov/IEB/Research/Acembly/). It is a very large gene spanning
approximately 290 Kb from the start of exon 1 to the end of the 3’UTR . The mRNA
molecule is predicted to be between 5822 and 5826 bp with a 5UTR of approximately 40
bp and a long 3'UTR of approximately 2200 bp. It is proposed that alternative splicing
may result in the generation of at least four transcripts (www.ncbi.nih.gov/IEB/Research/
Acembly/). This is in keeping with other members of the ADAMTS family, where
multiple transcripts of the genes are produced in a tissue-specific manner (Hurskainen et
al. 1999; Fernandes et al. 2001). All three major genome databases (Ensembl, NCBI and
UCSC) agree as to the size of the exons and the 3’"UTR. There are however some slight
discrepancies in intron sizes between the databases and between different builds of the
same databases. All future references to intron sizes or nucleotide positions within the
genomic DNA are as per the Ensembl database (April 2003 release). A summary of the

size of the introns and the exons of the ADAMTS3 gene is found in table 5.2.

The gene encodes for a 135.6 kDa protein of 1205 amino acids of which the first twenty

comprise a signalling peptide which is cleaved to generate the mature protein.

To study the potential role of the ADAMTS3 gene in encoding susceptibility to OA
variants within the gene were identified by direct DNA sequencing. Common (minor
allele frequency = 0.05) variants were then genotyped in cohorts of probands, cases and
‘controls and the pattern of linkage disequilibrium across the region established. Potential
associations between alleles and/or haplotypes and OA were tested by ’ analysis using

standard contingency tables. ODDs ratios were also calculated. The relationship between
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Size (bp) j
69

Table 5.2: Exon and Intron sizes for the ADAMTS3 gene as per the Ensembl

1
1 1292
2 28
2 18489
3 407
3 133506
4 157
4 75121
J 200
5 16396
6 84
6 2143
7 157
7 750
8 106
8 382
9 144
9 627
% 10 133
10 2600
| 1 114
| 11 2035
12 146
12 1210
13 176
13 1109
14 134
14 1527
15 124
15 3329
16 81
16 1906
17 164
17 5474
18 166
18 2490
19 133
19 4591
20 208
20 1986
21 118
21 5046
22 568
| 3'UTR 2170

database, April 2003 release (www.ensembl.org).
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genetic variation and the evidence for linkage was also examined. All investigations
focussed on affected female patients who have undergone total hip replacement for OA

(female-THR patients) as it was those families with female sibling pairs concordant for

THR in which evidence for linkage to chromosome 4 was found (chapter 3.4).

For all PCR reactions, sequencing and restriction enzyme digests in this chapter, the

reaction conditions, temperatures and full primer sequences are given in Appendices 4-6.

5.3 Sequencing of the ADAMTS3 gene.

All twenty-two exons, 5" and 3’ flanking intronic sequences and the 3’'UTR of the
ADAMTS3 gene were sequenced in 48 female-THR OA cases in order to identify
variants within the gene in our population. Details of primers and PCR conditions may be

found in Appendix 4.

Results of the number of individuals successfully sequenced, exon size and the length of
5’ and 3’ intronic flanking sequence covered are summarised in table 5.3a. Sequences
were aligned with each other and with a reference sequence taken from the Ensembl
database and any sequence changes noted. Table 5.3b details the nature and position of
polymorphisms discovered, minor allele frequencies and database SNP (dbSNP)
reference (www.ncbi.nlm.nih.gov/SNP/) where available. Full details of sequence and
position of SNPs may be found in Appendix 7. In summary, there are ten intronic SNPs,
five of which have a minor allele frequency 2 5% and may therefore be classed as

common. The 3’UTR contains two SNPs, one of which has a minor allele frequency =

59%. There are four exonic SNPs, all of which are non-synonymous with one having a

minor allele frequency = 5%. All four non-synonymous SNPs are conservative resulting
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Exon Exon size N° of sequenced N° of sequenced rAverage N° of
intronic bases 5’ of | intronic bases 3’ of | individuals
exon ] exon sequenced

1 106 28 13 I 26

2 28 57 40 46

3 407 63 281 45

4 157 74 69 44

5 200 75 59 47

6 84 1 71 78 48

7 157 71 72 41

8 106 66 72 43

9 144 64 73 48

10 133 71 54 46

11 114 62 11 47

12 146 85 52 45

13 176 79 64 46

14 134 125 79 44

15 124 75 67 47

16 81 90 70 45

17 164 74 71 44

18 166 65 72 45

19 133 85 77 46

20 208 72 66 48

21 118 94 56 46

22! ] 2736 95 ] 59 45

' Sequence includes 569 bases exon 22 and the 3'UTR

Table 5.3a: Summary of sequencing for ADAMTS3 gene
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in the substitution of an amino acid with the same polarity and hydrophobicity. Only the
most common of the exonic SNPs (in exon 3) has been previously reported and is in
dbSNP. It is currently difficult to locate particular intronic SNPs in dbSNP and it was

therefore not possible to determine how many of the identified intronic SNPs are novel.

The coding region of the ADAMTS3 gene is highly conserved with only one common
(minor allele frequency 2 5%) polymorphism. Sequence diversity across the region
sequenced, of one SNP approximately every 600 nucleotides, is comparable with current
estimates of a genome-wide average density of one polymorphism approximately every
three hundred to a thousand bases pairs (Kwok et al. 1996; Nickerson et al. 2000;

Krugylak and Nickerson 2001).

5.4 Association studies - Stage 1

5.4.1 SNP selection

Linkage analyses have power only to detect common variants contributing to disease
phenotype (Smith and Lusis 2002). Therefore, the evidence for linkage on chromosome 4
would appear to indicate the presence of common variant(s) in this region contributing to
disease susceptibility. In addition, currently available evidence appears to indicate that
many common diseases are due at least in part to genes with a small number of frequent,
disease-associated alleles (Lohmueller et al. 2003). For these reasons those SNPs with a
minor allele frequency greater than 5% (generally considered to be common) were

selected for genotyping. The two SNPs in intron 2 were in complete LD and so only the

first of the two, T/A at nucleotide 19670, was selected for genotyping.
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Table 5.4a summarises the six SNPs selected for association studies. These represent four
intronic SNPs, (three of which are single nucleotide changes and one of which represents

an indel of a single A nucleotide) one exonic SNP (non-synonymous) and one SNP in the

3’'UTR.

5.4.2. SNP genotyping

All six SNPs were genotyped using either forced or natural restriction enzyme digest
analysis in the 146 female probands from the 146 female-THR families used in the
linkage analysis studies (chapter 2.1) and in 399 age-matched female controls. Initial
studies focused on the probands since these represent the 146 female-THR families
showing evidence for linkage and therefore should provide maximum potential for
detecting association. Genotyping accuracy was confirmed by sequencing in a subset of at
least 42 individuals. Details of primers, enzymes and conditions may be found in

Appendices 5 and 6.

5.4.3 Association analysis

Table 5.4b shows the numbers and frequencies of plus (+) and minus (-) alleles for all six
SNPs in the probands and in the controls. Plus alleles correspond to the presence of a cut
site for the specific restriction enzyme used whilst minus alleles correspond to no cut site.
Also shown are the p-values derived from comparison of the (+) and (-) allele numbers in
probands versus controls by ¥* analysis using standard contingency tables. All SNPs
conform to Hardy-Weinberg equilibrium in the controls. Two of the SNPs (Intronlindel
and Intron12A/C) show a significant association (P < 0.05) with OA with p-values of 0.04

and 0.01 respectively. For SNP Intronlindel the minor allele is under-represented in the
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SNP Controls 146 il?emale-THR Probands
(+) (-) | +) (-) P-value
N° (Freq) N° (Freq) I N° (Fre(g N° (Freq)

Intronlindel 417(0.54) 353(0.46) 172(0.61) 108(0.39-) 0.04 1
Intron2A/T 543(0.69) 241(0.31) 190(0.67) 94(0.33) 0.51
R138K 300(0.38) 484(0.62) 97(0.33) 195(0.67) 0.16
Intron12A/C 759(0.97) 23(0.03) 269(0.93) 19(0.07) 0.01
Intron15C/T 634(0.81) 148(0.19) 239(0.82) 51(0.18) 0.68
__ZL UTRG/A 724(0.91) 68(0.09) 259(0.90) 29(0.10) 0.53

Table 5.4b: Numbers and frequencies of (+) and (-) alleles for each of the ADAMTS3
SNPs in a cohort of female probands from the 146 female -THR families and a cohort of
399 age-matched female controls. The final column shows the p-value for the Y test
using standard contingency table analysis.
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probands (0.39 versus 0.46) whilst for Intron12A/C the minor allele is over-represented
(0.07 versus 0.03). No other SNPs show a significant difference (P < 0.03) in allele
frequencies between probands and controls. SNP R138K shows a tendency toward
significant association with a p-value of 0.16. For this SNP, the minor allele is under-

represented in the probands compared with the controls (0.33 versus 0.38).

Genotype frequencies between the 146 female-THR probands and the 399 controls were
also compared by Y’ analysis using standard 2 x 3 contingency tables (table 5.4c). The
only SNP showing a significant association is SNP Intron12A/C with a p-value of 0.01.
This is the same as the p-value for comparison of allele frequencies (table 5.4b),

indicating that there is no increased risk associated with a particular genotype.

ODDs ratios and 95% confidence intervals were calculated with respect to the minor
allele for all six SNPs (table 5.4d). Only two SNPs have confidence intervals that do not
encompass 1, the value reflecting ‘no effect’. For SNP Intronlindel the ODDs ratio is
0.74 (95% confidence interval 0.86 to 0.98). This SNP also shows a significant
association with % 2 analysis (P = 0.04). The narrowness of the confidence interval
increases confidence that the study has reasonable power to detect the true effect.
However, the confidence interval is very close to 1 which indicates that any effect of this
SNP is very small. SNP Intron12A/C has an ODDs ratio of 2.33 (95% confidence interval
1.25 to 4.35). This SNP also had a significant p-value (P = 0.01) with x* analysis. The

confidence interval for this SNP however, is wide indicating that the sample size may be

too small to precisely estimate the effect of this SNP.
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SNP 95% confidence interval
Intronlindel 0.74 0.86 to 0.98
Intron2 A/T 1.11 0.83 to 1.49

R138K 0.80 0.60 to 1.07
Intron12A/C 2.33 1.25t0 4.35
Intron15C/T 0.91 0.64 to 1.30
3'UTRG/A 1.19 _0.75 to 1.88

Table 5.4d: ODDs ratios and 95% confidence intervals with respect to the minor allele
of the ADAMTS3 SNPs following restriction digest in a cohort of female probands from
the 146 female -THR families and a cohort of 399 age-matched female controls.
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5.5 Haplotype analysis

The frequencies of haplotypes (complex alleles) composed of between two and six SNPs
were estimated using the EH-PLUS program (Zhao et al. 2000) and compared between
probands and controls. Haplotypes showing some evidence for association with a global
p-value < 0.1 are shown in table 5.5. No haplotype has a global p-value less than that for
its constituent SNPs. This indicates that there is no increased risk associated with any

particular haplotype. All of the haplotypes with a p-value < 0.1 contain the Intron12A/C

SNP and it is the presence of this SNP which is generating the p-values < 0.1.

5.6 Linkage disequilibrium studies

Pairwise linkage disequilibrium (LD) patterns for the six SNPs were estimated from the
dataset of all 545 individuals genotyped (146 female-THR probands and 399 controls)
using the GOLD (graphical overview of linkage, Abecasis and Cookson 2000) program
(table 5.6). Figures 5.6a and b display the graphical overview of the pair-wise linkage

disequilibrium for D’ and r* respectively on the physical map.

Consideration of D’ indicates a high degree of LD between SNPs Intronlindel,
Intron2A/T and R138K and between Intron15C/T and 3'UTRG/A with LD breaking
down substantially between them. Pairwise comparisons with r’reveal a more modest
pattern of LD with only SNP pairs Intronlindel & Intron2A/T, Intronlindel & R138K and
Intron2A/T & R138K showing any evidence for disequilibrium (r* value greater than 0.1)
with values of 0.233, 0.600 and 0.271 respectively. This indicates that for the majority of
SNP pairs it is not possible to predict which allele is present at one SNP on the basis of
the allele at the other SNP. Such a low level of LD will considerably compromise the

power of EH-PLUS to reliably estimate haplotype frequencies and therefore the
100



Table 5.5: Results of haplotype analysis using EH-PLUS to estimate differences in
haplotype frequencies between the female probands from the 146 female-THR
families and the 399 age-matched female controls. Only haplotypes showing a p-value
< 0.1 are shown. No haplotype combination shows a p-value less than that for its

constituent SNPs.

[ SNPs defining haplotype P-value Lowest p-
value of
constituent

| SNPs

Intronlindel, Intronl2A/C 0.01 1001
Intron2A/T, Intron12A/C 0.084 0.01
R138K, Intron12A/C 0.036 0.01
Intron12A/C, Intronl15C/T 0.087 0.01
Intron12A/C, 3’'UTRG/A 0.065 0.01
Intronlindel, Intron2 A/T, Intron12A/C ] 0.036 0.01
Intronlindel, R138K, Intron12A/C 0.064 0.01
Intronlindel, Intron12A/C, Intron15C/T | 0.051 0.01
Intronlindel, Intron12A/C, 3'UTRG/A ] 0.046 0.01
R138K, Intron12A/C, Intron15C/T 0.076 0.01
# —




SNP 1 SNP 2 T [
Intronlindel Intron2 A/T 0.233 0.798
Intronlindel R138K 0.600 0.894
Intronlindel Intron12A/C 0.001 0.157
Intronlindel Intron15C/T 0.002 0.113
Intronlindel 3’'UTRG/A 0.001 0.126
Intron2 A/T R138K 0.271 1.000
Intron2 A/T Intron12A/C 0.002 0.149
Intron2A/T Intron15C/T 0.007 0.258
Intron2A/T 3'UTRG/A 0.012 0.231

R138K Intron12A/C 0.000 0.058

R138K Intron15C/T 0.000 0.019

R138K 3'UTRG/A 0.013 0.472
Intron12A/C Intron15C/T 0.001 0.400
Intron12A/C 3'UTRG/A 0.000 0.136
Intron15C/T 3'UTRG/A 0.023 1.000

Table 5.6: Pairwise LD values for the six ADAMTS3 gene SNPs.
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significance of results of the haplotype analysis must be treated with caution. Indeed,
because of the low level of LD between most of the SNPs genotyped the use of EH-PLUS

to predict haplotypes is likely to be of limited value for this gene.

5.7 Association studies - Stage 2

In order to try and determine if the associations observed in the female-THR probands
represent genuine positive results, the two SNPs showing evidence for association
(Intronlindel and Intron12A/C) were genotyped in a separate cohort of 244 unrelated,
female-THR cases. SNP R138K was also genotyped in this additional cohort both
because the p-value for association approached significance in the proband cohort and
because it is the only non-synonymous SNP (and therefore a potentially functional SNP)

with a minor allele frequency 2 0.05.

The allele numbers for each of the three SNPs in the 244 female cases were compared to
those in the 399 female controls by %’ analysis using standard contingency tables. Allele
numbers, frequencies and p-values for the 244 female-THR cases, the 146 female-THR
probands and for the 399 female controls are shown in table 5.7a. Also shown are allele
numbers, frequencies and p-values for all probands and cases combined. None of the
SNPs tested show significant evidence for association (P < 0.05) in the additional 244
females compared with the 399 controls. Observation of the allele frequencies for SNPs
Intronlindel and R138K show that the allele that has a raised frequency in the 244 cases
compared with the controls is the alternate allele to that that was raised for the female-
THR probands i.e. for SNP Intronlindel the (-) allele is raised in the 244 female-THR
case cohort when compared with the controls, whilst for the 146 female-THR probands

cohort it is the (+) allele that is relatively raised. This is reflected by a p-value
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approaching 1 for both SNPs when all cases are combined (final column of table 5.7a).

This result would appear to show that the evidence for association observed in the female-

THR proband cohort for these two SNPs is a false positive result.

For SNP Intron12A/C there is some evidence for association in the female-THR case
cohort, with a p-value of 0.1, although this is not significant. This may be due to the
association observed in the female-THR proband cohort being a false positive or may
reflect the heterogeneous nature of the disease with a higher proportion of individuals in

the female-THR proband cohort compared with the female-THR case cohort having a

susceptibility allele at this locus.

Genotype frequencies in the 244 female cases and in the 146 female probands and 244
female cases combined (n = 390) were compared with the genotype frequencies in the
399 female controls by > analysis using standard contingency table analysis (table 5.7b).
The only SNP showing a significant association in the combined cases and probands is
Intron12A/C with a p-value of 0.02. This value is the same as the p-value for comparison
of allele frequencies for this SNP (table 5.7a). This indicates that there is no increased

risk associated with any particular Intron12A/C genotype.

ODDs ratios were calculated with regards to the minor allele for the three SNPs in the
244 additional female cases and for the 390 female cases and female probands combined
(table 5.7c). The only SNP having a confidence interval that does not span 1, the value
reflecting 'no effect’, is SNP Intron12A/C in the probands and cases combined. The ODDs
ratio for this SNP is 1.95 (95% confidence interval 1.16 to 3.27). This SNP also shows a

significant association with *analysis (P = 0.02). The confidence interval for this SNP is
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wide indicating that the sample size is too small to allow a precise estimation of the effect

of this SNP.

5.7.1 Haplotype analysis

The frequencies of two and three SNP haplotypes comprised of SNPs Intronlindel,
R138K and Intron12A/C were estimated using the EH-PLUS program (Zhao et al. 2000)
and compared between all 390 probands and cases combined and the 399 controls (table

5.7d). Haplotypes where the global p-values are less than those for any of the constituent

SNPs are highlighted in red.

The only haplotype with a global p-value less than that for the constituent SNPs is that
comprised of Intronlindel and Intron12A/C with a p-value of 0.01 compared with 0.91

and 0.02 for SNPs Intronlindel and Intron12A/C respectively.

In order to investigate this further the four possible haplotypes for the Intronlindel and
Intron12A/C SNPs were estimated in the combined probands and cases and then
individually compared to the estimated frequencies in the 399 controls (table 5.7¢). One
haplotype - that containing the common allele at SNP Intronlindel and the variant allele
at SNP Intron12A/C is significantly over represented in the combined probands and cases
compared with controls (OR 3.26; 95% CI 1.65 to 6.44; p <0.0005). The wide confidence
interval however, indicates that this result should be treated with caution as the sample
size may be too small to accurately estimate the effect of this SNP. Also, and as was
noted previously (table 5.6), the pairwise > and D” values for SNPs Intronlindel and

Intron12A/C are very low: 0.01 and 0.157 respectively. Such low values impair the ability

of the EH-PLUS program to accurately estimate haplotype frequencies.
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5.8 Relationship between genetic variation and the evidence for linkage

In order to investigate the association of genetic variation at SNP Intron12A/C, the only
SNP showing evidence for association in the probands and cases combined, with the
evidence for linkage to chromosome 4, each of the 146 female-THR families used in the
linkage analysis were classified according to the genotype of the proband at SNP
Intron12A/C. Two groups were defined; those eighteen families where the proband has at
least one copy of the associated (C) allele and those 126 families where the proband was
homozygous for the non-associated (A) allele (two probands failed in the digestion
analysis). Linkage analysis was then undertaken for the two groups separately. Under the
null hypothesis of no association between SNP Intron12A/C and the disease, it would be
expected that evidence for linkage would be randomly distributed amongst the two groups
and would be proportional to the size of the group. If, however, the SNP is associated
with the disease then it would be expected that the group with at least one copy of the
associated allele would show a disproportionately high level of evidence for linkage (Cox

2002).

Figure 5.8 shows the results of linkage analysis for the two groups overlaid on the results
for chromosome 4 for all 146 families. Removal of the eighteen families in which the
proband has at least one copy of the associated allele results in a slight decrease in LOD
score from 3.1 to 3.0. Linkage analysis on these eighteen families results in a LOD score
of just over 0.1. Although the evidence for linkage is not strictly proportional to the size
of the two groups (which would result in LOD scores of 0.4 and 2.7) it is clear that the
eighteen families are not disproportionately contributing to linkage. This implies that the

(C) allele of SNP Intron12A/C is not associated with the evidence for linkage observed at

this locus.
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This result, in addition to the lack of replication in the 244 female-THR cases of the
initial positive result that had been detected in the 146 female-THR probands, would

appear to suggest that this SNP does not encode for susceptibility to OA.

5.9 Discussion

The identification of genes encoding susceptibility for complex traits is often a long and
arduous task complicated by a number of factors including the presence of locus and
allelic heterogeneity, epistasis, low penetrance and variable expressivity. In addition, a
number of susceptibility alleles will be present in any population with each allele only
contributing to a subset of the total number of cases. Despite these potential obstacles
association analysis has been used successfully in the identification of variants encoding
for susceptibility to complex disease. For example, the identification of polymorphisms
within the CARD15 gene encoding susceptibility to Crohns disease (Hugot et al. 2001;

Ogura et al. 2001).

The ADAMTS3 gene was identified as a strong candidate for OA susceptibility based
both on its position within the region showing evidence for linkage to OA on
chromosome 4 and the biological plausity of a role for the protein product in normal and

diseased cartilage homeostasis.

All genetic variation in and immediately around the exonic sequence for ADAMTS3 has
been determined by the sequencing of the gene in at least 41 females who have undergone
total hip joint replacement for OA (female-THR cases). The gene shows a moderate level
of nucleotide diversity with sixteen SNPs in the total of 9018 nucleotides sequenced. This

represents an average frequency of one SNP every 600 nucleotides which is comparable
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to the current estimates of a genome-wide average density of one polymorphism every
three hundred to a thousand base pairs (Kwok et al. 1996; Nickerson et al. 2000:
Krugylak and Nickerson 2001). Of these sixteen SNPs, seven may be classified as

common (minor allele frequency 2 0.05) consisting of one exonic (non-synonymous,

conservative) and six non-coding (five intronic, one 3’'UTR) SNPs.

Comparison of allele frequencies of six of these common SNPs (two of the SNPs are in
complete LD) in a cohort of female probands from the 146 female-THR families used in
the additional finer linkage mapping analysis for chromosome 4 (chapter 3.4) and a
cohort of 399 age-matched female controls provided significant evidence for an
association between two of the SNPs (Intronlindel and Intron12A/C) and OA (P = 0.04
and 0.01 respectively). A third SNP (R138K), the only common, exonic SNP within the

gene, approached significance with a p-value of 0.16.

In order to try and determine if any of these results represent genuine positives, these
three SNPs were genotyped in a separate cohort of 244 female-THR cases. None of the
SNPs showed significant (P < 0.05) evidence of association with disease in this second
cohort, although SNP Intron12A/C approached significance (P =0.1). When the probands
and additional cases were combined only SNP Intron12A/C showed any evidence for
association (P = 0.02). This is slightly less significant than the p-value of 0.01 observed
for the probands alone. These results appear to suggest that the moderate evidence for

association for SNPs Intronlindel, Intron12A/C and R138K observed in the female-THR

probands represent false positive results.

There is a very low level of LD between the SNPs genotyped, with only three out of the

fifteen pairwise combinations having r values greater than 0.1. Such low levels of LD 1a5§
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not entirely unexpected as a result of the large distance separating many of the SNPs.
Indeed the SNPs showing highest levels of LD are some of those in closest proximity.
The examination of haplotypes (complex alleles), using a predictive method, provided

little additional information at least partly as a result of this low level of linkage

disequilibrium.

Investigation of the association of genetic variation with the evidence for linkage for SNP
Intron12A/C reveals no evidence for partitioning of the evidence of linkage in the way
that would be expected if the minor allele of this SNP were associated with OA disease.
This suggests that neither this SNP, nor one in strong LD with it, is responsible for the
evidence for linkage seen on chromosome 4. This observation, in conjunction with the
failure to replicate the significant female proband result with the 244 female-THR cases,

appears to exclude a role for this SNP in encoding for susceptibility to OA.

In an association study of a complex disease it is difficult to conclusively exclude a gene
as having a role in encoding for disease susceptibility. Although it appears that the
polymorphisms identified within and close to the exons in the ADAMTS3 gene are not

encoding for susceptibility to OA, there remains the possibility of the involvement of this

gene in the OA disease process.

It is possible that variation(s) within the introns or in distal regulatory elements of the
ADAMTS3 gene may be involved in determining OA susceptibility. Such variations

could affect the splicing and/or expression of the ADAMTS3 gene.

Novel splicing enhancers and silencers are constantly being discovered in both coding

and non-coding regions of DNA and it appears that splicing is regulated in a complex and
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tightly co-ordinated way (Faustino and Cooper 2003). It is possible therefore, that
variation within non coding regions of the ADAMTS3 gene may act to subtly alter the
splicing of the ADAMTS3 transcript. In a study of autoimmune disease patients Ueda et
al (2003) found evidence for a non-coding 6.1 kb region 3" of the cytotoxic T lymphocyte
antigen 4 gene (CTLA4) being associated with the efficiency of splicing of the mRNA

molecule and the relative levels of the soluble form of the protein.

Several studies have suggested that variation in expression levels may also be important
in a number of genes that encode susceptibility to complex traits (Drysdale et al. 2000;
Cowles et al. 2002). In some skeletal dysplasias, mutations in the regulatory regions of
genes have been associated with milder phenotypes than those severe phenotypes often

associated with either loss of function or dominant negative mutations (Dreyer et al.

1998).

Since the ADAMTS3 gene is large, spanning approximately 290 Kb, and as regulatory
regions for both splicing and expression may be found throughout the gene or distal to it,
it is likely that at least some of the variation that affects splicing or expression will be in
almost total linkage equilibrium with the SNPs genotyped in this study. This is supported
by the low level of linkage disequilibrium between the SNPs investigated. If SNPs
influencing expression or splicing of the ADAMTS3 gene are responsible for the OA

phenotype therefore it may be unlikely that any association would be detected with the

SNPs used in this study.

For these reasons it is not possible, at this stage, to totally exclude ADAMTS3 as the

chromosome 4 OA susceptibility gene. Further studies investigating the expression or
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splicing patterns of this gene in OA patients versus normal controls may yield further

insights into the potential role of this gene in OA.

If this gene is not responsible for the linkage to OA detected in this region then the
evidence for linkage must be due to variation within another gene or genes. The genome
databases are being constantly updated and the functions of genes which were previously
unknown are being investigated. In addition novel functions for already characterised
genes are frequently discovered. Although ADAMTS3 was, at the time of candidate gene
selection, and still is, the most obvious candidate within the linkage region on
chromosome 4, a number of other genes could potentially be envisaged as having a role in

the OA disease process.

There is a cluster of genes encoding CXC chemokines (a small family of pro-
inflammatory cytokines characterised by the presence of one amino acid residue
separating the first two conserved cysteine residues), including IL-8, within the linkage
region on chromosome 4. The chemokines are pro-inflammatory and have functionally
diverse roles within the immune and nervous systems in addition to a role in angiogenesis
(Frederick and Chapman 2001). Although OA is not defined as an inflammatory disease,
a variable degree of inflammation is observed and recent evidence suggests that cartilage
integrity is maintained by the balance between pro- and anti- inflammatory cytokines
(Fernandes et al. 2002). Any one or a number of these chemokines could therefore be
envisaged as having a role in the cartilage degradation seen in OA. IL-8 in particular has

been demonstrated to be expressed by articular chondrocytes (Lotz et al. 1992).

A number of studies have implicated a potential role for vitamin D in OA either directly

or as a consequence of its role in normal bone metabolism (Dieppe et al. 1993;
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McAlindon et al. 1996). The vitamin D binding protein gene, GC, could therefore

potentially have a role in the OA disease process by modifying vitamin D function.

There are also a number of genes within the 4q linkage interval that encode for growth
factors and proteins involved in cell and nuclear signalling. If any of these genes are

found to be expressed in joint tissue then they become reasonable candidates for detailed

investigation.

In conclusion, no substantial evidence has been found for an association between OA and
the common ADAMTS3 DNA variants genotyped. As a consequence of the large size of
this gene, and the low level of linkage disequilibrium across it however, further work, for
example investigating expression or splicing patterns, would be needed before it can be
confidently excluded as a susceptibility gene for OA. There are a number of additional
genes within the region which may be envisaged as having a role in the OA disease

process and which may also be investigated in future studies.
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6.1 Introduction: Candidate gene identification on chromosome 16

As for chromosome 4 (chapter 5), candidate gene investigation was undertaken for the
two regions identified on chromosome 16. The regions on chromosome 16p and 16q
identified by linkage mapping (chapter 3.7) are still too large to allow for
economically viable systematic association analysis, with the 1-LOD support intervals
spanning approximately 8 Mb of DNA on chromosome16p and 9 Mb of DNA on

chromosome 16q. A search for candidate genes within these regions was therefore

undertaken.

6.1.1 Cataloguing of genes within the linkage region

Genes within the 1-LOD support intervals of the two regions identified on
chromosome 16, defined as 16p12.3-16p12.1 (19 Mb - 27 Mb) and 16¢q22.1-16923.1
(69 Mb - 78 Mb) respectively, were identified using the three major databases of
Ensembl, NCBI and UCSC as for Chromosome 4 (section 5.1.1). Tables 6.1a and b
detail integrated lists from all three databases of all confirmed genes within the
regions (correct as of July 2003). A number of the genes in these regions are

hypothetical and are not included in the tables.

6.1.2. Identification of candidate genes

Following identification and classification of the genes within the regions, one gene
was selected as being a notable candidate. The interleukin 4 receptor o chain (IL4AR)
gene resides to the edge of the 1-LOD support region on 16p at 16p12.1-p11.2. Its

position relative to the linkage region is illustrated in figure 6.1.
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Chapter 6 - IL4R candidate gene investigation

The strong biological evidence for a role of the IL4R gene in the OA disease process
(see below), coupled with its position within both the linkage region identified by this
study and within the region on chromosome 16 identified by Ingvarsson et al (2001)

made this gene a strong candidate. Therefore, association studies were focussed on the

IL4R gene.

6.2 Introduction: The interleukin - 4 receptor alpha chain gene

6.2.1 The role of IL4R in OA

Recent evidence suggests that chondrocyte function, and thus cartilage integrity, is
partly regulated by mechanical stimulation. Optimal stimulation, such as that
associated with physiologic levels of exercise, is thought to maintain cartilage
integrity whilst abnormal over or under loading has been shown to result in cartilage
matrix degradation and tissue remodelling and can lead to the development and
progression of OA (Brandt et al. 1991; Jortikka et al. 1997; Blain et al. 2001; Long et

al. 2001).

Mechanical stimulation in vitro of chondrocytes from normal tissue has been
demonstrated to result in (amongst other anabolic responses), increased production of
aggrecan, increases in proteoglycan synthesis, decreased matrix metalloproteinase 3
(MMP3) mRNA synthesis, changes in membrane potential and increases in
intracellular calcium and cAMP levels (Buschmann et al. 1995; Millward-Sadler et al.
2000). These changes are dependent on oB, integrins and SK (calcium sensitive small
potassium) channels. The cytokine interleukin 4 (IL4) has been demonstrated in in

vitro studies to be the active autocrine or paracrine signalling molecule in this
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mechanotransduction pathway (Millward-Sadler et al. 1999; Salter et al. 2002). Figure

6.2a details the proposed pathway of action of mechanotransduction in normal

chondrocytes.

Although IL4 signalling pathways in the immune system are highly characterised
there is currently little information on IL4 mediated signalling pathways in non-
immune cells. In order to initiate signalling IL4 binds to the IL4R chain which then
heterodimerizes with either the common gamma (cy) chain (also a component of
receptors for IL2, 7, 9, 15 and 21), to form the Type I receptor, or with the ILI3RA1
subunit, to form the Type II receptor. Formation of the different receptor types results
in the activation of alternative downstream signalling pathways. Type I receptor
signalling acts via Janus Kinase 1 (JAK1) and JAK3 whilst Type II receptor signalling
appears to act via JAK1 and Tyrosine kinase 2 (TYK2) (Ryan et al. 1996; Murata and
Puri 1997). IL4 mediated signalling results in the upregulation of a number of
transcription factors including signal transducer and activator of transcription 6
(STATS6). This transcription factor acts to enhance IL4AR gene expression in addition
to upregulating the expression of many other IL4 responsive genes. There is likely to
also be a role for a number of additional molecules, both inhibitory and activating,
including SOCS (suppressers of cytokine signalling) and SHPs (SH2-containing
phosphatases) with many of these molecules acting in a cell-type specific manner
(Haque et al. 1998). In cells of a non-haematopoietic lineage IL4 appears to signal

through the Type II receptor (Pan and Rothman 1999).

In vitro studies of chondrocytes from OA cartilage have revealed a number of

differences in response to mechanotransduction compared with chondrocytes from
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Mechanical stimulation of normal chondrocytes

o3, integrins (act as mechanotransductors)

Actin cytoskeleton

Stretch-activated ion channels

Tyrosine phosphorylation of pp125 focal
adhesion kinase, paxillin and B-catenin

v
IL4 release
Type II IL4 receptors
JAK-STAT signalling
Phospholipase C
Protein kinase C
T aggrecan mRNA levels v
| MMP3 mRNA levels Calcium release

Activation of SK channels (calcium sensitive small channels)

Membrane hyperpolarisation

Figure 6.2a: Proposed mechanism of action for the observed effects of mfachani.cal
stimulation on normal chondrocytes. Many of the details of the pathway, including
downstream signalling of the IL4R are yet to be determined. Based on work by Salter et al

(2002).
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normal tissue. In OA chondrocytes a membrane depolarisation is seen in response to
cyclic stimulation, with pressure pulses at S0 kPa above atmospheric pressure at 0.33
Hz, in contrast to the hyperpolarisation observed in normal chondrocytes under these
conditions. In addition the anabolic response, seen in normal chondrocytes, of
increased aggrecan and decreased MMP3 production is not observed in OA
chondrocytes (Salter et al. 2002). In vitro studies have demonstrated that while OA
chondrocytes show a similar mechanotransduction pathway up to the release of I1L4
(with the possible exception of the response of OA chondrocytes to mechanical
stimulation not involving the cytoskeleton or protein kinase C), the downstream
signalling pathways appear to be very different. In OA chondrocytes IL4 signalling
appears to be via the Type I IL4R and results in the activation of tetrodoxin-sensitive
sodium channels with a subsequent membrane depolarisation. This is as opposed to
the signalling via Type II receptors, activation of apamin-sensitive SK channels and
membrane hyperpolarisation observed in normal chondrocytes (Salter et al. 2002).
Activation of the different IL4 receptor types is likely to result in signalling via
different JAK/STAT pathways possibly accounting for the differences in gene
expression observed between normal and OA chondrocytes in response to mechanical
stimulation. In OA chondrocytes membrane depolarisation may be blocked by
antibodies either against L4 or IL1B, suggesting an additional role for IL1B in OA
chondrocytes, not observed in normal chondrocytes (Salter et al. 2002). Figure 6.2b
details the proposed pathway for the response of OA chondrocytes to
mechanotransduction. These studies suggest a potentially catabolic response in OA
chondrocytes to mechanotransduction compared with the anabolic response seen in

normal chondrocytes. These observed differences between normal and OA
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chondrocytes are difficult to explain at present but Salter et al (2002) suggest that they

may be related to cytokine receptor expression or function.

There has recently been a resurgence of interest in the possibility of the involvement
of cytokines generally in OA. It is thought that the balance between catabolic and
anabolic events in normal cartilage is maintained through the action of cytokines,
especially IL1 and TNFA, on the chondrocyte (Goldring 2000a, b). IL4 has also been
demonstrated in in vivo and in vitro studies to be directly chondroprotective,
regulating the turnover of tissue inhibitors of metalloproteinases (TIMPs) and MMPs
(Cawston et al. 1996; Nemoto et al. 1997; Lubberts et al. 1999). IL4 has also been
shown to act indirectly, both by suppressing the actions of IL1 and IL17 (which act to
mediate MMP3 production and inhibit proteoglycan synthesis) and by inhibiting

TNFA-induced PGE, production (Alaaeddine et al. 1999; Lubberts et al. 1999, 2000).

The IL4R gene then clearly is expressed in tissues of the arthritic joint and has a
biologically plausible role in the OA disease process. Its position at 16p12.1-p11.2,
places it well within the region showing evidence for linkage on 16p identified by this
study. It also resides within the region of linkage detected by Ingvarsson et al (2001)

in the Icelandic hip OA pedigree (section 3.8). For these reasons it is considered to be

a strong candidate OA susceptibility gene.

6.2.2 IL4R gene structure

The IL4R gene encodes for a 90 KDa protein of 825 amino acids. The first twenty-
five amino acids comprise a signalling peptide which is cleaved to generate the

mature protein. Although all three major databases (Ensembl, NCBI and UCSC) are
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concordant on the size and number of the coding exons there is some discrepancy as
to the number and size of non-coding exons 5’ of the coding region. This discrepancy
is also observed between publications and between different builds of the genomic
databases. Ensembl predicts that the transcript is 3545 bp long and consists of twelve
exons of which the first three are non-coding. The start codon resides within the
fourth exon. The current build of both the UCSC and NCBI databases, which share
much detail, agree with the first exon and with exons 5 through 12 but have an
extended exon 2, which is 81 bp longer than that predicted by Ensembl, and no exon 3
compared with the Ensembl database. In addition they have one extra base in exon 4.
For the ease of communication, all references to exon numbers in this and subsequent
chapters refer to numbering as per the Ensembl database, April 2003 release. It should
be remembered however, that the exact number and sequence of the non-coding exons
remains unclear. It is possible that multiple non-coding exons occur which may be
alternatively spliced to yield different transcripts as has been suggested to be the case
for numerous genes (Graveley 2001). The absence of a TATA box preceding the
proposed mRNA start site has led to the postulation of multiple transcription initiation
sites of the IL4R gene in humans (Kruse et al. 1999b). A summary of the size of the

introns and exons of the human ILAR gene is found in table 6.2

In addition to the constitutive exons there are reports of an alternative 114 bp exon
between exons 8 and 9 which, when present in the mature transcript, results in the
formation of a truncated, soluble form of the IL4R protein (sIL4R/splice) This
truncation is the result of inclusion of a premature stop codon, in the alternative exon,
which creates a protein lacking the transmembrane and intracellular regions. A

distinct soluble form of the receptor can also be produced by proteolytic shedding
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Exon N° Size (bp)

1 24
1 16045
2 52
2 9670
3 28
3 369
| 4 ' 8 89
4 1847
5 139
5 2609
6 152
| 6 1446
7 152
7 5921
8 157
8 3111
i 9 100
9 3008
l 10 79
1 10 1771
| 11 50
| 11 1436
| 12 1576
| _3UTR_| 97

Table 6.2: Exon and intron sizes for the IL4R gene, as per Ensembl database April
2003 release (www.ensembl.org).
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(Kruse et al. 1999a, b). This soluble form of the IL4R protein is designated sIL4R/prot
is proposed to play a physiological role in either inhibiting or co-stimulating IL4

signalling (Jung et al. 1999a, b).

6.2.3 IL4R chain protein structure and function

Two systems have been used for numbering amino acids for the IL4R chain protein.
This chapter follows the example of Deichmann et al (1997) of numbering amino

acids according to their position in the mature protein.

The extracellular domain of the protein, encoded for by amino acids 1 to 207 of the
mature peptide (Hage et al. 1998), is termed the IL4 binding protein (IL4-BP) and is
responsible for almost all of the binding affinity of the receptor complex (Hage et al.
1998; Zhang et al. 2002). It represents the minimal version of a cytokine binding
homology domain (CHR) and has two fibronectin type III domains (Mueller et al.
2002). It is likely that this epitope consists of two independent binding clusters, each
of which contains a central polar or charged side chain (at amino acids 72 and 183)

surrounded by hydrophobic groups (Hage et al. 1999; Zhang et al. 2002).

The transmembrane domain of the protein consists of about 23 or 24 amino acids

between amino acids 208 and 230/231 of the mature protein (predicted).

The intracellular domain, from amino acids 232 to 800 of the mature peptide
(predicted), contains five conserved tyrosine residues at amino acids 472, 550, 578,
606 and 688. These are termed Y1-5 respectively (Kashiwada et al. 2001). All five are

sites of potential receptor phosphorylation, creating binding sites for a number of
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downstream signalling molecules. There are four defined functional regions in the
intracellular domain, three of which are centred around these residues (Pan and
Rothman 1999). The region immediately proximal to the membrane is involved in
interactions with Jak-1. The second region, between amino acids 412 and 532, is
termed the insulin/IL4 receptor (I4R) motif. This region encompasses Y1 and is
important in the process of recruitment and activation of a number of signalling
molecules involved in IL4 induced proliferation including IRS (insulin receptor
substrate) (Keegan et al. 1994; Pernis et al. 1995). Distal to amino acid 532 is the
gene-activation domain which contains the functionally redundant tyrosine residues
Y2-Y4. This region is important in the induction of signalling pathways leading to
gene activation and is likely to be the docking site for STAT6 (Ryan et al. 1996;
Wang et al. 1996). The final region is the ITIM (immuno-receptor tyrosine-based
inhibitory motif). Containing Y5 this carboxy terminal domain is postulated to have a
role in the negative regulation of IL4 induced proliferation and signalling pathways,
possibly via the dephosphorylation of activated STAT6 (Kashiwada et al. 2001;
Hanson et al. 2003). Cells expressing mutant forms of this region of the IL4R chain
show a hyperproliferative response to IL4 stimulation (Kashiwada et al. 2001). It may
also have a role in the observed anti apoptotic effect of IL4 signalling (Pan and

Rothman 1999).

The three-dimensional structure for the free IL4R chain has not been determined so

far.
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6.2.4 IL4R SNPs and haplotypes

The IL4R gene shows a high level of sequence variation, much higher than that
observed for other cytokine receptor genes (Hackstein et al. 1999). This has led to
speculation that natural selection, possibly as a result of the activity of pathogens, has
influenced the evolution of this gene (Wu et al. 1999). Because of its reported
potential association with asthma and atopy there are numerous published studies on

polymorphisms in the IL4R gene and on their putative functional effects.

Most, if not all work, investigating the functional effects of SNPs have focussed on
cells of the haemopoietic/immune system where the IL4R chain forms a heterodimer
with the common cY chain to form a type I receptor. It is possible therefore that such
results can not be extrapolated exactly to IL4 mediated signalling via the type II

receptor as is seen in normal chondrocytes.

It is generally agreed that the IS0V SNP, which results in the substitution of a valine
for an isoleucine at amino acid 50 in the extracellular region of the receptor,
upregulates the response of the receptor to IL4 and augments STAT6 transcription
factor activation (Mitsuyasu et al. 1999). The mechanism by which this upregulation
is achieved however is unclear as the variant does not influence the binding affinity of
the receptor. The S478P polymorphism, resulting in the substitution of a proline for a
serine at amino acid 478 has been associated with alterations in STAT6 binding. This
substitution, in the intracellular portion of the receptor, alters the polarity of the
protein and as such may induce a conformational change in the receptor (Kruse et al.
1999a). The Q551R polymorphism results in the substitution of a glutamine for an

arginine residue at amino acid 551 adjacent to Y?2. The variant form of this SNP
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changes the sequence of the Src homology 2 (SH2) domain and has been reported to
result in a decreased binding of the negative regulator SHP-1 (src homology 2-
containing phosphatase-1: a phosphotyrosine phosphatase involved in signal
termination) (Kruse et al. 1999). Hershey et al (1997) demonstrated that peripheral
blood B-lymphocytes from individuals with the R551 variant had increased CD23
(cluster of differentiation 23) induction in response to IL4 stimulation. Failure to
replicate these results using transfected cell lines however, suggests that the action of
this SNP may be context dependent, having functional effects only in the presence of
other polymorphisms, or be due to linkage disequilibrium with another SNP
(Mitsuyasu et al. 1999; Wang et al. 1999). Hackstein et al (1999) found evidence for
six non-synonymous SNPs (I50V, E375A, C406R, S411L, S478P and Q551R) being
associated with lowered IgE levels. In addition to the action of these coding SNPs, the
presence of the promoter SNP C-3223T, occurring 3223 bases upstream of the start of
exon 1, has been found to be significantly associated with lowered sIL4R levels with

the observation of a possible gene dosage effect (Hackstein et al. 2001).

In addition to these effects of individual SNPs, there have been several reports of
potential interactions or cumulative effects. It has been reported that the presence of
both the S478P and Q551R polymorphisms in the same receptor may affect the IRS
pathway, which is not affected by either SNP in isolation. This results in a
magnification of effects on receptor signalling (Kruse et al. 1999a). A recent study by
Risma et al (2002) found no evidence for effect of either the V50 (in contradiction to
other reports) or R551 alleles alone on CD23 induction but found that the presence of
both substitutions resulted in expression of an IL4R with enhanced sensitivity to IL4.

These results were supported by association analysis, with a significant association to
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atopic asthma being observed only in the presence of the VS0R551 combination

(Risma et al. 2002).

To study the potential role of the IL4R chain in encoding susceptibility to OA,
variants within the gene were identified using both published reports and direct
sequencing and were genotyped in cohorts of probands, cases and controls. The
pattern of LD across the region was established and associations between alleles,
genotypes and haplotypes and disease were examined by y* analysis using standard
contingency tables. ODDs ratios were also calculated. The relationship between

genetic variation and the evidence for linkage was also examined.

Association work was concentrated on female cases who had undergone total hip
replacement (THR) for OA as it was the female-THR families in whom the highest
evidence for linkage to chromosome 16p was detected (chapter 3.7.1). For all PCR
reactions and restriction digests in this chapter, the reaction conditions and full primer

sequences are given in Appendices 4-6.

6.3 Sequencing of the IL4R gene

The IL4R gene was sequenced both to investigate the frequencies of previously
identified polymorphisms within our population and to determine any novel

polymorphisms in individuals with OA that could encode for susceptibility to disease.

All coding exons, 5" and 3 flanking intronic sequences and the 3'UTR of the IL4R

were sequenced in at least 39 OA cases. Details of primers and PCR conditions may
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be found in Appendix 4. Exons 2 and 3, which are non-coding, were also sequenced.

Exon 1 failed, after repeated attempts, to amplify, and so was not included.

Results of both number of individuals successfully sequenced and length of sequence
flanking the exons covered are summarised in table 6.3a. Table 6.3b details SNPs
discovered, position, nature of the polymorphism, minor allele frequency and database
SNP reference (www.ncbi.nlm.nih.gov/SNP/) where available. Full details of
sequence and position of SNPs may be found in Appendix 8. In summary, there are
seven intronic SNPs, four of which have a minor allele frequency = 5% and may
therefore be classified as common. There are sixteen exonic SNPs, six of which are
synonymous with four of these having a minor allele frequency = 5%. Of the ten non-
synonymous SNPs, eight have a minor allele frequency 2 5%. Most of the SNPs

identified have been previously reported.

6.4 Association studies - Stage 1

6.4.1 SNP selection

A subset of the SNPs identified by sequencing were selected for use in the association
study based both on their frequency and reported or potential functional effects. Based
on epidemiological association studies, it has been suggested that the variants used in
association studies should, where possible be those most likely to have functional
effects and therefore be disease causing (Tabor et al. 2002). SNPs selected initially,

were therefore those most likely to have a functional effect that in addition had a

minor allele frequency 2 0.05.
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Exon Exon size N° of bases 5’ of | N° of bases 3’ of | Average N° of

exon sequenced | exon sequenced | individuals

A____# sequenced’

2 52 135 104 % '

3 28 11 71 39

4 89 70 53 48

5 139 89 93 46

6 152 18 16 45

7 152 110 66 45

8 157 87 99 47

9 100 182 76 39

10 79 147 78 46

11 50 109 109 44

122 2523 96 17° 43

! For some exons more than one sequencing reaction was necessary to cover the whole
exon

2Sequence includes 3'UTR
317 bp 3’ of 3'UTR sequenced

Table 6.3a: Summary of sequencing of the IL4R gene



Exon/Intron | SNP Nature Distance from | Amino acid Nucleotide Amino acid | Minor rs reference’
number Exon substitution number’ position* allele

frequency
Intron 4 C/T Intronic -85' 11971 0.17 3024544
Intron 4 G/T Intronic -27' 12029 0.01 not in database
Exon 5 C/T Synonymous 12093 11 0.02 not in database
Exon 5 C/T Non-synonymous Arginine/Cysteine 12160 34 0.01 not in database
Exon 6 AIG Non-synonymous Isoleucine/Valine 14817 50 040 1805010
Intron 6 A/G Intronic -4! 16398 0.09 3024570
Exon 7 C/T Synonymous 16541 142 0.10 3024571
Intron 8 T/C Intronic -147' 25596 0.08 3024636
Intron 8 G/A Intronic -59' 25684 0.04 not in database
Intron 11 C/T Intronic -96' 32091 0.01 not in database
Intron 11 A/C Intronic -15 32172 0.24 3024676
Exon 12 T/C Synonymous 32226 288 0.05 2234897
Exon 12 A/C Non-synonymous Glutamate/Alanine | 32486 375 0.16 1805011
Exon 12 G/T Synonymous 32529 389 0.16 2234898
Exon 12 T/C Non-synonymous Cysteine/Arginine 32578 406 0.18 1805012
Exon 12 C/T Synonymous 32580 406 0.01 2234899
Exon 12 T/C Synonymous 32586 408 0.19 2234900
Exon 12 C/T Non-synonymous Serine/Leucine 32594 411 0.06 1805013
Exon 12 T/C Non-synonymous Serine/Proline 32794 478 0.24 1805015
Exon 12 A/G Non-synonymous Glutamine/Arginine | 33014 551 0.33 1801275
Exon 12 C/T Non-synonymous Proline/Serine 33310 650 0.02 3024678
Exon 12 T/G Non-synonymous Serine/Alanine 33541 727 0.06 1805016
Exon 12 T/C Non-synonymous Serine/Proline 33643 761 0.01 1805014
3'UTR T/C 3'UTR +6 33771 0.10 not in database
3’'UTR T/C 3’'UTR +8? 33773 0.01 3024680
3’'UTR C/G 3’'UTR +88° 33853 0.05 2234924
3’UTR G/T 3’'UTR +280° 34045 0.01 not in database
3’'UTR G/A 3'UTR +392 34156 0.38 1049631
3’'UTR A/G 3'UTR +636° 34401 0.36 8832
3’UTR C/T 3’'UTR +738’ 34503 0.04 8674
3'UTR G/C 3’UTR +8337 34598 0.01 not in database

'Position relative to preceding exon

*Position relative to termination codon
* First nucleotide of exon 2 (Ensembl April 2003 release) = nucleotide 1
*Numbering as per mature protein
*rs = reference SNP from www.ncbi.nlm.nih.gov/SNP/.

Table 6.3b: Summary of SNPs in IL4R detected by sequencing.
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Table 6.4a summarises the ten SNPs used for association studies. Selected were the
seven non-synonymous SNPs identified by sequencing that have a minor allele
frequency 2 0.05 in addition to one synonymous SNP, N142N, included to provide
more complete coverage of the gene. In addition to these eight SNPs identified by

sequencing, two common promoter SNPs were also genotyped (Hackstein et al.

2001).

6.4.2 SNP genotyping

All ten SNPs were genotyped using either forced or natural restriction digest analysis
in the female probands from the 146 female-THR families used in the finer mapping
linkage analysis studies for chromosome 16p (chapter 3.7.1) and in 399 age-matched
female controls. Details of primer sequence, amplification conditions and restriction
enzymes can be found in Appendices 5 and 6. C406R demonstrated unreliable
amplification as a result of multiple additional SNPs within the region and was
therefore excluded from further studies. It is clear that this SNP is in very strong LD
with E375A, and as such little novel information was lost by its exclusion. The
accuracy of SNP genotyping was confirmed by sequencing in a minimum of 43

individuals.

6.4.3 Association analysis
The allele frequencies for each of the SNPs in probands and controls were compared
by * analysis using standard 2 x 2 contingency tables. Table 6.4b shows the numbers

and frequencies of plus (+) and minus (-) alleles for all nine SNPs in the probands and

the controls as well as the p-values derived from comparison of the allele numbers. A
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Table 6.4b: Numbers and frequencies of (+) and (-) alleles for each of the IL4R SNPs
in a cohort of female probands from the 146 female-THR families used in linkage
analysis and a cohort of 399 age-matched female controls. The final column shows the

SNP 146 Female-TIIR Probands
(+) (-) (+) (-) P-value
N° (Freq) N° (Freq) N° (Freq) N° (Freq)

C-3223T 547(0.70) 231(0.30) 202(0.72) 80(0.28) 0.74
T-1914C 441(0.57) 339(0.43) 160(0.56) 128(0.44) 0.83
150V | 327(0.43) 441(0.57) 126(0.45) 156(0.55) 0.59
N142N | 732(0.93) 54(0.07) 259(0.90) 29(0.10) 0.11
E375A | 87(0.12) 669(0.88) 28(0.10) 246(0.90) 0.64
S411L 733(0.97) 21(0.03) 271(0.94) 17(0.06) 0.03
S478P 663(0.85) 115(0.15) 242(0.83) 50(0.17) 0.40
Q551R 142(0.18) 642(0.82) 58(0.20) 230(0.80) 0.51
S727A 726(0.97) 24(0.03) 269(0.93) 19(0.07) 0.02

p-value for the ’ test using standard contingency table analysis.
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(+) allele corresponds to a cut site for the specific restriction enzyme used being
present whilst a (-) allele corresponds to no cut site. All SNPs conform to Hardy-
Weinberg equilibrium in the controls. Two of the SNPs, S411L and S727A, show a
significant association (P < 0.05) with OA with p-values of 0.03 and 0.02
respectively. For both SNPs the minor allele is over represented in the cases compared
with the controls. None of the other SNPs show a significant difference (P < 0.05) in
allele frequencies between cases and controls. N142N however shows a suggestion of
association with a p-value of 0.11. Comparison of allele frequencies for this SNP
shows that, as for S411L and S727A, the minor allele is elevated in the cases

compared with the controls.

Genotype frequencies for the 146-THR probands and the 399 controls were also
compared by y* analysis using standard 2 x 3 contingency tables (table 6.4c). Three
SNPs show significant associations. For SNP S727A the p-value (0.02) is the same as
the p-value for the comparison of allele frequencies (P = 0.02) [table 6.4b] indicating
that there is no increased risk associated with a particular genotype. For SNP S411L,
the p-value for comparison of genotypes (P = 0.02) is slightly less than that for
comparison of allele frequencies (P = 0.03, [table 6.4b]). Finally, for SNP N142N, the
p-value for comparison of genotype frequencies (P = 0.05) is more significant than
that for the comparison of allele frequencies (P = 0.11 [table 6.4b]). Observation of

the genotype frequencies shows that the (+-) genotype is elevated in the cases

compared with the controls.

ODDs ratios and 95% confidence intervals were calculated with respect to the minor

allele for all nine SNPs (table 6.4d). Only two SNPs have confidence intervals that do
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- ODDs ratio I 95% confidence interval |

C-3223T 0.94 0.69 to 1.27
T-1914C 1.04 0.79 to 1.37
150V 1.09 0.83 to 1.43
N142N 1 152 0.95 to 2.44
E375A | 0.8 0.56 to 1.37
S411L | 2.19 1.14 t0 4.21
S478P 1.19 0.83 to 1.71
Q551R | 114 0.81 to 1.60
S727A | 214 1.15103.96 ]

Table 6.4d: ODDs ratios and 95% confidence intervals with respect to the minor allele
of the IL4R SNPs in a cohort of female probands from the 146 female -THR families and

a cohort of 399 age-matched female controls.
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not encompass 1, the value reflecting ‘no effect'. For SNP S411L the ODDs ratio 1s
2.19 (95% confidence interval 1.14 to 4.21). This SNP also shows a significant
association with y?analysis (P = 0.03). The wideness of the confidence interval
indicates however that the study size is too small to accurately predict the true effect
of this SNP. SNP S727A has an ODDs ratio of 2.14 (95% confidence interval 1.15 to
3.96). This SNP also had a significant p-value (P = 0.02) with y’analysis. The
confidence interval for this SNP is also wide indicating that the sample size may be

too small to precisely estimate the effect of this SNP.

6.4.5 SNP genotyping and association studies - Stage 2

The two SNPs, S411L and S727A, showing evidence for association, plus SNP
N142N with a p-value approaching significance and a potential significant association
of the (+-) genotype, were then genotyped in a separate cohort of 310 unrelated,
female-THR cases. Again the allele numbers for each of the SNPs in cases and
controls were compared by ¥ analysis using standard 2 x 2 contingency tables. Allele
numbers, frequencies and p-values for the 310 female-THR cases in addition to the
previously typed 146 female-THR probands and controls, are shown in table 6.4e.
Evidence for association (P<0.05) is observed for all three SNPs in the new cohort of

310 female-THR cases: N142N (P = 0.04), S411L (P = 0.04) and S727A (P = 0.007).

Since all of these SNPs show evidence for association in this case cohort, and as
evidence for association for N142N is higher in this cohort than for the 146 female-
THR probands, it was decided to genotype all other SNPs in this case cohort too. This
allowed for investigation of haplotype frequencies and the structure of linkage

disequilibrium across the gene in all affected individuals as well as the controls.
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Table 6.4f details results of association analysis for all nine SNPs in the 310 female-
THR cases and in the 146 female-THR probands. There are a total of four SNPs
which show evidence for association in this second cohort. In addition to N142N,
S411L and S727A, there is evidence for association for Q551R with p-value of 0.04.
Additionally, SNP S478P shows a p-value of 0.07 which approaches significance.
Observation of allele frequencies shows all differences between cases and controls are
due to an elevation of the minor allele in the cases (the (+) allele for N142N, S411L,
S478P and S727A and the (-) allele for Q551R). The association of SNPs S411L and
S727A in both the probands and the cases serves to increase confidence of their
involvement in OA susceptibility. SNP N142N also showed some suggestion of
association in the female-THR proband cohort (P = 0.11). SNPs S478P and Q551R
showed no evidence of association in the female-THR proband cohort. This may
reflect lack of power to detect association in the female-THR proband cohort due to

its relatively small size.

In order to maximise power and to minimise the number of tests, all subsequent

analysis was carried out for all 465 probands and cases combined.

ODD:s ratios and 95% confidence intervals were calculated with respect to the minor
allele for all nine SNPs for all probands and cases combined compared with controls
(table 6.4g). Only three SNPs have confidence intervals that do not encompass 1. For
SNP N142N the ODDs ratio is 1.51 (95% confidence interval 1.06 to 2.51). This SNP
also shows a significant association with v?analysis (P = 0.03). This confidence
interval is wide indicating that the study has limited power to accurately measure the

true effect. The confidence interval is also close to 1 which indicates that the effect of
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SNP 95% confidence interval
C-3223T 0.89 0.72to 1.11
T-1914C 1.03 0.85t0 1.25

I50V 1.02 0.84t01.24

N142N 1.51 1.06 to 2.15
E375A 1.03 0.76 to 1.40
S411L 1.98 1.17t0 3.33
S478P 1.27 0.98 to 1.65
Q551R 1.28 1.00 to 1.62
S727A 2.12 1.30 to 3.46

Table 6.4g: ODDs ratios and 95% confidence intervals with respect to the
minor allele for each of the nine IL4R SNPs in all 456 female-THR
probands and cases and for a cohort of 399 age-matched female controls.
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this SNP may be small. SNP S411L has an ODDs ratio of 1.98 (95% confidence
interval 1.17 to 3.33). This SNP also has a significant p-value (P = 0.01) with X
analysis. SNP S727A has an ODDs ratio of 2.12 (95% confidence interval 1.30 to
3.46). This SNP also has a significant p-value (P = 0.004) with x’analysis. The

confidence intervals for these two SNPs are also wide indicating that the sample size

may be too small to precisely estimate the effect of these SNPs.

6.5 Linkage disequilibrium studies

Pairwise LD values for all nine SNPs were estimated for the dataset of all 855
individuals genotyped (all probands, cases and controls) using the GOLD (graphical
overview of linkage, Abecasis and Cookson 2000) program (table 6.5). Figures 6.5a
and b display the graphical overview of the pair-wise linkage disequilibrium for D’

and r* on the physical map.

Consideration of D’ values indicates a high degree of LD across the gene. Pairwise
comparisons with # however, reveal a much more varied pattern of LD as a result of

the dependence of this statistic on allele frequencies at the two loci.

SNPs S478P and Q551R show a high level of LD with a r? value of 0.79. It may be
therefore that the trend towards association observed for S478P is due to its strong LD
with Q551R and not due to an independent association. SNPs S411L and S727A also
show strong evidence of LD with a r* value of 0.80 and a D’ value of 0.97. SNP
N142N shows some evidence of LD with both SNPs S41 1L and S727A (r* values for

comparisons are 0.33 and 0.36 respectively). Observation of the investigated
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' SNP 1 SNP 2 ]7 | X
C-3223T T-1914C 0.305 0.993
C-3223T 150V 0.461 0.929
C-3223T N142N 0.032 0.926
C-3223T E375A 0.009 0.426
C-3223T S411L 0.012 0.836
C-3223T S478P 0.023 0.541
C-3223T Q551R 0.019 0.436
C-3223T S727A 0.014 0.841
T-1914C 150V 0.543 0.966
T-1914C N142N 0.063 0.926
T-1914C E375A 0.068 0.804
T-1914C S411L 0.031 0.940
T-1914C S478P 0.108 0.832
T-1914C Q551R 0.124 0.791
T-1914C ST27A 0.039 0.839
150V N142N 0.128 1.000
150V E375A 0.007 0.195
150V SA11L 0.035 0.774
150V S478P 0.044 0.410
150V Q551R 0.025 0.272
150V S727A 0.038 0.739
N142N E375A 0.002 0.439
N142N SA11L 0.332 0.834
N142N S478P 0.084 0.420
N142N Q551R 0.057 0.393
N142N S727A 0.359 0.811
E375A S411L 0.001 0.478
E375A S478P 0.662 0.993
E375A Q551R 0.522 0.993
E375A S727A 0.002 0.562
SA11L S478P 0211 1.000
S411L Q551R 0.168 1.000
SAT1L S727A 0.802 0.969
S478P Q551R 0.792 1,000
S478P S727A 0.247 0.083
Q551R ST27A 0.194 Joss1

Table 6.5: Pairwise LD values for the nine IL4R gene SNPs.
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individuals genotypes for these three SNPs reveals that a large fraction of individuals
with the minor allele at S411L or S727A also have a minor allele at N142N, although
the reverse cannot be said to be true because of the higher frequency of the N142N
SNP. There is very little LD between SNPs N142N and S478P or Q551R with r*
values of 0.08 and 0.06 respectively. This suggests that the observed association for
N142N is independent of that at Q551R. There is only weak evidence of LD between

S478P or Q551R and SNPs S411L or S727A with r* values of between 0.17 and 0.25.

These results then appear to indicate two potentially independent associations with
OA within the TL4R gene. The first with SNPs N142N, S411L and S727A and the

second with SNPs S478P and QS551R.

6.6 Haplotype analysis

The frequencies of haplotypes (complex alleles) composed of between two and nine
SNPs were estimated using the EH-PLUS program (Zhao et al. 2000) and compared
between the 456 probands and cases combined and the controls. Haplotypes showing
some evidence for association with global p-values < 0.1 are shown in table 6.6a.
Haplotypes where the global p-value is less than that for any of the constituent SNPs
are highlighted in red. Although there are a number of such haplotypes, for many the
decrease in p-value compared to that for the individual SNPs is marginal. The
haplotype showing the largest deviation between the global p-value for the haplotype
and that of the constituent SNPs is that for N142N plus S478P with a p-value of 0.005
for the haplotype compared with a p-value of 0.03 for N142N. This represents an
almost ten-fold decrease in p-value. It should be noted however, that the r* value for

these two SNPs is very low, at 0.08, meaning that the power of EH-PLUS to reliably
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estimate haplotypes is limited. The significance of this result must therefore be treated

with caution.

In order to investigate this further, EH-PLUS was used to estimate individual
haplotype frequencies in the probands and cases combined and in the controls (table
6.6b). ODDs ratios and p-values were calculated to test for an association between
haplotypes and OA. Haplotypes showing significant p-values are highlighted in red.
Several haplotypes show evidence for over or under representation in the probands
and cases versus the controls. Many of the haplotypes with the lowest p-values consist
of the associated alleles at N142N, S478P and Q551R (allele 2 for N142N and S478P
and allele 1 for Q551R). Although this result may potentially be interesting it likely
reflects at least in part the small number of individuals with the minor alleles (as
indicated by the large 95% confidence interval for the ODDs ratio). Generally, the
confidence intervals for all of the haplotypes showing significant evidence for
association are wide. This indicates that the results should be interpreted with much

caution, as the sample size is likely to be too small to accurately estimate the effect of

these haplotypes.

6.7 Relationship between genetic variation and the evidence for
linkage.

In order to investigate the relationship between genetic variation and the evidence for
linkage, each of the 146 female-THR families used in the original additional finer
linkage mapping (chapter 3.7.1) were classified according to the genotype of their

proband. For each SNP, two groups were defined; those where the proband had at
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least one copy of the disease associated allele and those where the proband was
homozygous for the non-associated allele. Linkage analysis was then undertaken for
the two groups separately. Under the null hypothesis of no association between the
SNP in consideration (or one in LD with it) and the disease, it is expected that the
evidence for linkage will be randomly distributed amongst the two groups and will
therefore be proportional to the size of the group. If, however, the SNP is associated
with the disease then it is expected that the group with at least one copy of the disease
associated allele will show a disproportionately high level of evidence for linkage
(Cox 2001). Figures 6.7a - ¢ show the results of the linkage analysis of the two groups
for each of the three SNPs showing some evidence for association in the 146 female-
THR probands (N142N, S411L and S727A), overlaid on the original additional finer

linkage mapping results.

6.7.1 N142N

Linkage analysis for chromosome 16p was repeated for the twenty-nine families in
which the proband had at least one copy of the associated allele at N142N and also for
the 115 families where the proband is homozygous for the non-associated allele
(figure 6.7a). Two families were not included as the proband failed to amplify in the
SNP genotyping. The results show strong evidence for non-random partitioning of
linkage between the two groups. The group of families where the proband has at least
one copy of the associated allele represents only approximately 20% of the families
and yet has a LOD score of 1.2 compared to the LOD score of 0.9 for the other 115
families. This observation suggests that this allele, or one in tight LD with 1it, is

associated with the evidence for linkage at chromosome 16 therefore increasing

confidence in a role for the IL4R gene in OA.
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SNP N142N however, does not appear to account for all the linkage to chromosome
16p since the remnant of families without the N142N associated allele still show

some evidence for linkage. This may indicate the presence of another variant(s) within

the region also contributing to susceptibility.

6.7.2 S411L

Linkage analysis for chromosome 16p was repeated for the seventeen families in
which the proband had at least one copy of the associated allele at S411L and also for
the 127 families where the proband is homozygous for the non-associated allele
(figure 6.7b). Two families were not included as the proband failed to amplify in the
SNP genotyping. As for N142N the effects on linkage analysis are disproportionate to
the size of the groups with a LOD score of 0.7 for the seventeen families with the
minor allele in the probands compared with a LOD score of 1.1 for the other 127
families. This is compared with the expected LOD scores of approximately 0.2 and
1.5 if the evidence for linkage was proportional to the size of the two groups. This
result for S411L is not totally unexpected due to the relatively strong LD between this
SNP and N142N (¢ = 0.33, D’ = 0.83). Indeed there are fourteen families in which the
proband has the associated alleles at both N142N and S411L. This result implies that

part, but not all, of the observed association at N142N may be accounted for by it

being in LD with S411L.
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6.7.3 S7T27A

Linkage analysis for chromosome 16p was repeated for the nineteen families in which
the proband had at least one copy of the associated allele at S727A and also for the
127 families where the proband is homozygous for the non-associated allele (figure
6.7¢). Two families were not included as the proband failed to amplify in the SNP
genotyping. The results for this analysis are very similar to those of S411L with LOD
scores of 0.7 and 1.2 for the groups with and without a proband with the associated
allele respectively. This is compared with the expected LOD scores of approximately
0.2 and 1.5 expected if the evidence for linkage were proportional to the size of the
two groups. This disproportionate partitioning of linkage is not unexpected due to the
strong LD between this SNP and S411L (r* = 0.80, D’ = 0.97). In fact all seventeen of
the families with the associated allele at S411L also have an associated allele at

S727A.

These results appear to further suggest that the association at both S411L and S727A
may be dependent on their association with N142N or reciprocally, that part of the
association observed for SNP N142N may be dependent on its LD with these two
SNPs. It appears however, that the evidence for association at N142N cannot be

entirely accounted for by LD with either S411L or S727A.

6.8 Examination of dosage effects

Many investigators have reported an increased risk of complex disease associated
with two variant alleles at a susceptibility gene (e.g. Corder et al. 1993; Hugot et al.

2001). This may correspond to either two copies of a single variant allele (i.e.
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homozygosity), or to a combination of variant alleles at different sites (i.e. compound
heterozygosity). Since there are also reports of potential interaction between alleles

within the IL4R gene (Kruse et al. 1999; Mitsuyasu et al. 1999) the effects of dosage

of the associated IL4R SNPs were examined.

6.8.1 Association analysis of SNP genotypes

Genotype frequencies between all 456 female-THR probands and cases and the 399
controls were compared by %’ analysis using standard 2 x 3 contingency tables for all
nine SNPs (table 6.8a). The p-values for all SNPs are either equal to or less significant
than those for comparison of the allele frequencies. This indicates that there is no
increased risk associated with any particular genotype compared to having an

associated allele for any of the individual SNPs.

6.8.2 Association analysis for SNP genotype combinations

In order to examine if combinations of variant alleles at different sites are important in
determining susceptibility to OA the numbers and frequencies of variant alleles at
pairs of SNP loci were examined. Since at each SNP loci an individual can have 0, 1
or 2 variant alleles, when two loci are considered an individual can have between 0
and 4 variant alleles. For each possible combination of SNPs N142N, S411L, S478P,
Q551R and S727A the number and frequency of individuals with 0, 1, 2, 3or4
variant alleles was determined both for all 456 female-THR probands and cases and
for the 399 female controls. Results are shown in table 6.8b. In order to make a
preliminary comparison of the distribution of the number of variant alleles between

cases and controls, the cohorts were divided in to two groups. The first group
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contained those individuals who have a total of 0 or 1 variant alleles and the second
group contained those individuals who have a total of 2 or more variant alleles. The
numbers in each group were compared between the cases and probands combined and
the control cohorts using > analysis with standard 2 x 2 contingency tables. Results
are shown in table 6.8c. Two SNP combinations have a p-value which is more
significant than that observed for either of the constituent SNPs. The combination of
N142N & S478P has a p-value of 0.006, compared with individual SNP p-values of
0.03 (N142N) and 0.08 (S478P) (table 6.4f) while that of N142N & Q551R has a p-
value of 0.007, compared with individual SNP p-values of 0.03 (N142N) and 0.06
(QS51R) [table 6.4f]. Observation of the frequencies shows that for both SNP
combinations there is an elevation in the cases and probands combined compared with

the controls in the frequency of individuals with two or more variant alleles.

In order to investigate further these two SNP combinations, the cases and probands
combined and control cohorts were further subdivided according to both the total
number of variant alleles present and the composition of these variant alleles (tables
6.8d and e). For both SNP combinations, there is clearly an elevated number of
individuals in the cases and probands combined versus the controls who have at least
one variant allele at each of the SNPs (those groups are indicated with a ' in tables
6.8d and e). In order to formally compare the cases and probands combined and the
controls, x> analysis using standard 2 x 2 contingency tables (with the number of
individuals with at least one variant allele at both SNPs versus the number of
individuals without at least one variant allele at each SNP) was undertaken. P-values
are given in tables 6.8d and e. The p-value for at least one variant allele at both SNP

N142N and SNP S478P has a value of 0.0008 compared to the p-value of 0.006
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N l.lmber of Composition Probands Controls
variant alleles and cases

combined
(n = 456)

N142N

S478P
* 2xN142N
|
|

2x5478P
N142N, S478P'

2xN142N, S478P'
2xS478P, N142N'
2xN142N, 2xS478P'

B W W N NN - - O

> 1 copy of each
variant allele
< 1 copy of each
variant allele

' Rows added together to calculate numbers of individuals with at least one copy of
each associated allele.

Table 6.8d: Numbers of individuals with different combinations of variant alleles of
SNPs N142N and S478P. The p-value for comparison of individuals with 2 1 copy of
each variant allele and individuals with < 1 copy of each variant allele in probands and
cases combined versus controls is shown in the bottom row.



Number of
variant alleles

Composition Probands
and cases
combined

(n =456)

Controls

N142N
Q551R
2xN142N
2xQ551R
N142N, Q551R!
2xN142N, Q551R!
2xQ551R, N142N!
2xN142N, 2xQ551R’

B[ W[N] D [ | S

> 1 copy of each
variant allele
< 1 copy of each
variant allele

Pvalwe 1 0002

! Rows added together to calculate numbers of individuals with at least one copy of
both variant alleles.

385 366

Table 6.8e: Numbers of individuals with different combinations of variant alleles of
SNPs N142N and Q551R. The p-value for comparison of individuals with 2 1 copy of
each variant allele and individuals with < 1 copy of each variant allele in probands and
cases combined versus controls is shown in the bottom row.
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observed when any combination of two or more variant alleles was considered. This
almost ten-fold decrease in p-value when individuals with at least one variant allele at
each SNP is considered would appear to indicate that possessing at least one copy of
each variant allele (compound heterozygosity) increases OA susceptibility risk. For
the combination of SNPs N142N and Q551R the p-value, when individuals with at
least one variant allele at both SNPs are considered, of 0.002 also represents a
decrease when compared with that for any combination of two or more variant alleles
(p-value = 0.007). It is likely that the result for N142N and Q551R is not independent

of that for N142N and S478P due to the high level of LD between SNPs S478P and

Q551R (* =0.79).

6.9 Splicing analysis

At least 60% of human genes express two or more transcripts generated by alternative
splicing (Modrek and Lee 2002) resulting in functionally diverse protein isoforms
which are often tissue and developmental stage specific (Grabowski 1998; Smith and
Valcarcel 2000). A new group of auxiliary, cis-acting elements which influence
splicing have recently been identified. These elements aid in the recognition of exons
and are especially relevant for regulating alternative splicing (Smith and Valcarcel
2000). A subgroup of these cis-acting elements, the exonic splice enhancers (ESEs)
are predicted to be in the majority of exons (Schaal and Maniatis 1999) and are likely
to function by acting as binding sites for specific serine/arginine (SR) proteins which
promote exon definition (Robberson et al. 1990). It is predicted that a number of
exonic point mutations previously classified as silent may disrupt the sequence of an

ESE resulting in aberrant splicing with a subsequent effect on protein function.
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Since the N142N SNP is an apparently silent polymorphism, it was postulated that its
observed association with OA may be due to an effect of this variation on splicing of
the ILAR gene. In order to test this, cDNA was synthesised from total cartilage RNA
collected from the removed joint in individuals who had undergone total hip or total
knee joint replacement for primary OA. This cDNA was amplified, using primers in
exons 6 and 8 of the IL4R gene (the exons flanking exon 7 which contains the N142N
SNP) in eleven individuals heterozygous for the N142N SNP (there were no
individuals homozygous for the associated allele) and in two individuals homozygous
for the non-associated allele to act as controls (figure 6.9). All individuals show a
single band at 219 bp, the size expected for correct splicing of exon 7. There is no
difference between the individuals homozygous or heterozygous for the N142N SNP.
If SNP N142N did have an effect on IL4R splicing in chondrocytes then it would be
expected that heterozygous individuals would have an additional band of a different
size. This additional band could be larger, if some of the intronic flanking sequence
was spliced in, or smaller, if some or all of the exon was excluded. No such band was

seen.

6.10 Discussion

The results reported in this chapter provide substantial evidence for the involvement
of the IL4R gene in encoding susceptibility for OA. The IL4AR gene was identified as a
strong candidate for involvement in the OA disease process, as a result of its position
both within the linkage region on chromosome 16p identified by work reported here
(chapter 3.7) and the region identified by Ingvarsson et al (2001), and as a result of its

observed chondroprotective effect (Cawston et al. 1996; Nemoto et al. 1997,
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Alaaeddine et al. 1999; Lubberts et al. 1999) and potential involvement in normal
chondrocyte mechanotransduction (Millward-Sadler et al. 1999; Salter et al. 2001).

Sequencing of the IL4AR gene both confirmed many previous published reports as to
the high level of variation within the gene (Hackstein et al. 1999; Wu et al. 1999),
with a total of twelve common, exonic SNPs, and allowed for determination of allele

frequencies in our population. All common, non-synonymous variants detected had

been previously reported.

Preliminary investigations of nine SNPs within the IL4R gene, in the probands of the
146 female-THR families used in the additional finer linkage analysis of chromosome
16p and in 399 age-matched female controls, found significant evidence for
association between SNPs S411L (P = 0.03) and S727A (P = 0.02) and OA disease
with a further SNP, N142N, approaching significance (P = 0.11). Subsequent analysis
with a separate cohort of 310 female-THR cases provided further evidence for
association for SNPs N142N, S411L and S727A (with p-values of 0.04, 0.04 and 0.07
respectively). A fourth SNP, Q551R also showed significant association in this cohort
(P = 0.04) with a fifth, S478P, having a p-value approaching significance (P = 0.07).
Combination of information from all 456 female-THR patients provided significant
and increased evidence for association at SNPs N142N, S411L and S727A compared
to either cohort individually (with p-values of 0.03, 0.01 and 0.004 respectively).
SNPs S478P (P = 0.08) and Q551R (P = 0.08) show a trend towards association in the

combined dataset. For all five SNPs the minor allele is elevated in the patients

compared with the controls.
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Linkage disequilibrium studies revealed a relatively high level of LD between SNPs
N142N, S411L and S727A and between SNPs S478P and Q551R with minimal LD

between these two groups. This suggests the possibility of two independent

associations of the IL4R gene with disease.

Haplotype analysis added little further information to that gained for individual SNPs.
This may be partly attributed to the limitation of haplotype estimation programmes to
accurately estimate haplotype frequencies when SNPs are in near linkage equilibrium.
No haplotypes comprised of alleles in LD with a r* value 2 0.2 showed an increase in

association when compared with the evidence for association of their constituent

SNPs.

When the relationship between genetic variation and the evidence for linkage was
examined, evidence for non-random partitioning of the evidence for linkage with the
associated allele was seen for SNPs N142N, S411L and S727A, with a much higher
level of linkage in those families whose proband has a copy of the associated allele
than would be expected for a group of that size. This increases confidence for the
involvement of one or more of these SNPs in encoding for OA susceptibility. SNPs
S411L and S727A are in tight LD and both show a reasonable level of LD with
N142N. The results of this partitioning analysis appear to indicate that the association
at both S411L and S727A may be dependent on their LD with N142N, or conversely,
that part of the association observed for SNP N142N may be dependent on its LD
with these two SNPs. The evidence for association at N142N does not however,
appear to be entirely accounted for by LD with either S411L, S727A or both. In

addition, the residual evidence for linkage in those families without the associated
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alleles at any of these three SNPs appears to suggest that a further variant(s) within
this region, either within or without of the IL4R gene, is contributing to OA

susceptibility.

Some studies have demonstrated an increased risk or severity of complex diseases
associated with two variant alleles. This suggests a role for a gene dosage effect on
disease susceptibility (e.g. Corder et al. 1993; Horikawa et al. 2000; Hugot et al.
2001). This dosage effect may be due either to two copies of a single variant (i.e.
homozygosity) or be the result of a combination of variants at different sites (i.e.
compound heterozygosity). There are also reports that interactions between variants
within the IL4R gene can affect protein function (Kruse et al. 1999a; Mitsuyasu et al.
1999). Therefore, the effects of dosage of the SNPs in the IL4R gene which show
evidence of association with OA were examined. No increased evidence of
association (compared with the evidence for association of individual alleles) was
found when frequencies of individual SNP genotypes were compared between cases
and probands combined and controls. This indicates that two copies of the same
variant (homozygosity) are not associated with an increased risk of disease. When
combinations of two SNPs were compared, highly significant evidence of association
(P = 0.0008) was found for the group of individuals, who carry at least one copy of
the variant allele at both of SNPs N142N and S478P (compound heterozygosity). A
significant association (P = 0.002) was also observed for the group of cases with at
least one copy of the variant allele at both of SNP N142N and Q551R. It is probable
however, that this result is not independent of that for N142N and S478P due to the
high level of LD between SNPs Q551R and S478P. These results suggest that

compound heterozygosity at SNPs N142N and S478P is important in increasing
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susceptibility to OA. The requirement of at least one copy of a variant allele at two
SNP loci (compound heterozygosity) may account for the non-significant association
results for N142N, S478P and QS551R in the smaller, 146 female-THR proband
cohort. It is not possible from the present study to determine whether it is important
for both variant alleles to reside on the same protein molecule, or if the effect is

greatest when both copies of the gene carry at least one variant allele.

Neither SNP S411L nor SNP S727A showed increased association with disease in
combination with either SNP S478P or SNP Q551R. This result, in combination with
the studies of the relationship between variation and evidence for linkage, appear to
indicate that while LD of N142N with S411L and S727A may account for some of the

observed association at N142N it does not account for all of it.

The observation that several variants within the IL4R gene are implicated in OA
susceptibility appears to be in line with other complex traits where multiple variants
within a gene, some rare and some common, have been identified as encoding for
susceptibility to disease. For example, in Crohns disease at least three common

variants and several rare variants in the CARD15 gene have been implicated as

encoding for susceptibility (Lesage et al. 2002).

SNPs S411L, S478P, Q551R and S727A are all non-synonymous and may therefore

be envisaged as having a direct role on protein function. Investigations in to the
functional effects for S478P and Q551R have been reported. The S478P
polymorphism, which results in an amino acid substitution in the intracellular portion

of the receptor, alters the polarity of the IL4R protein and may consequently affect its
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conformation. This polymorphism has been associated with alterations in the binding
of the STAT6 transcription factor (Kruse et al. 1999a). The Q551R polymorphism
results in a glutamine for an arginine substitution within the Src homology 2 (SH2)
domain and has been associated with decreased binding of the negative regulator
SHP-1 (a phosphotyrosine phosphatase involved in signal termination) (Kruse et al.
1999a). It is not currently clear if this variant affects protein function with two
investigations (Mitsuyashu et al. 1999; Wang et al. 1999) failing to replicate the
results of an earlier study by Hershey et al (1997) who demonstrated an increased
CD23 induction in response to IL.4 stimulation in individuals with the variant form of
the IL4R protein. It has been suggested, that the action of SNP Q551R may be context
dependent, having functional effects only in the presence of other polymorphisms, or
that the effects observed by Hershey et al (1997) may be the result of linkage
disequilibrium of the Q551R polymorphism with another SNP (Mitsuyashu et al.
1999; Wang et al. 1999). It may be possible that the observed results for Q551R in the
study by Hershey et al (1997) is due to the action of SNP S478P with which Q551R is
in strong LD. It is also possible, in light of the gene dosage studies reported above,
that the effect of Q551R on protein function may be dependent on the co-presence of

a variant allele at N142N, or another SNP in tight LD with it.

Functional studies of the effects of S411L and S727A have not so far been reported.
S411L resides on the boundary between the region involved in interaction with JAK-1
and the 4R motif. The variant allele results in the substitution of an aliphatic,
hydrophobic residue for a polar, hydrophilic one, which could potentially have a

profound effect on protein function. The S727A polymorphism, which also results in

the substitution of an aliphatic, hydrophobic residue for a polar, hydrophilic one,
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resides within the terminal cytoplasmic domain of the protein, in the region involved
in negative regulation of IL4 signalling (Kashiwada et al. 2001; Hanson et al. 2003).

Again, such a substitution can be envisaged as having a substantial effect on the

protein.

Since N142N does not result in a change in amino acid in the IL4R protein, it is
difficult to immediately envisage its role in encoding susceptibility to OA. Although it
is possible that some of the evidence for association seen for SNP N142N is
accounted for by its LD with the potentially functional, non-synonymous SNPs S411L
and S727A it is clear from the study of the relationship between genetic variation and
the evidence for linkage, and from the study of dosage effects that these variants
cannot account for all the observed association at N142N. No other common SNPs
that could be classified as functional were found in LD with this SNP and thus it
remains that either this SNP, or another as yet unidentified SNP(s) in LD with N142N,

are likely responsible for at least a degree of the association observed for this gene.

Traditionally, DNA sequence variation has been classified as functional only if it
results in either the substitution of an amino acid in the protein or obviously disrupts a
splice junction or recognised promoter sequence. Many, more recent, studies however,
challenge this classification as to0 narrow, with increasing evidence for mutation
outside these regions resulting in disease phenotype (Mendell and Dietz 2001; Knight
2003). Increasing understanding of the mechanisms involved in both gene expression
and mRNA processing reveal the importance of an increasing number of DNA

regions, some potentially distal to the gene of interest itself, in controlling correct

protein structure and function.
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Control of splicing is increasingly emerging as a highly complex process. In addition
to the involvement of consensus sequences at the splice junctions and branch sites,
various other auxiliary cis-acting exonic and intronic sequences have been identified
as having an influence on splicing. One set of these, termed exonic splice enhancers
(ESEs), act as binding sites for serine/arginine rich (SR) proteins and aid in the
recognition of exons (Schaal and Maniatis 1999). It is predicted that such elements
may be in the majority of exons and that a considerable number of mutations within
exons may disrupt these elements resulting in aberrant splicing patterns (Cartegni et
al. 2002). A synonymous mutation in exon 7 of the SMN1 gene has been identified as
being causal for spinal muscular atrophy as a result of exon skipping (Lorson et al.
1999). Since consensus sequences for such elements are currently poorly understood it
is not possible to accurately predict which sequence changes will affect splicing. It
was therefore postulated that the N142N SNP could interrupt an exonic splice
enhancer or silencer, or similar sequence, affecting IL4R protein structure/function at

the level of splicing.

Investigation of cDNA synthesised from the cartilage RNA of joints replaced for OA,
found no evidence for an alternative splice product in individuals heterozygous for the
N142N SNP compared with individuals homozygous for the non-associated allele.
However, since numerous variants that affect splicing result in the introduction of an
in-frame premature termination codon (PTC) leading to the degradation of the mRNA
by nonsense-mediated decay (NMD), it is possible that only the normal copy of the

mRNA would be detected in cartilage samples. Further work in to the relative levels
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of the two mRNA transcripts in heterozygous individuals may yield further insight in

to the potential effect of N142N on splicing.

If it emerges that this SNP does not itself have a functional effect it is possible that it
1s acting as a marker for the genuine disease encoding SNP(s). The pattern of LD
across the genome is emerging as complex, dependent on a number of factors
including recombination rates, population history and allele frequencies (Phillips et al.
2003). In this way a SNP in LD with N142N, for which N142N is acting as a marker,
may be some distance from it. In addition, the SNPs showing evidence for association
in this study do not appear to account for all the linkage observed on chromosome 16p
and it is possible that additional variant(s) within the IL4R, not in LD with the
investigated SNPs, are also involved. Since all common, non-synonymous variants
within the IL4R have been genotyped in this study, any additional variants
contributing to OA susceptibility within this gene must either represent rare non-
synonymous variants (a number of such variants were identified by sequencing but
were not investigated further due to their low frequency) or be due to synonymous or
non-coding variation(s) which affects splicing or mRNA expression. Some
investigators have proposed that such variants, which do not result in an amino acid
substitution, may be expected to be involved in susceptibility to complex traits, as
their effects will often be less severe than those seen for amino acid changes, giving

rise to a more subtle, environmentally and genetically modifiable effect on phenotype

(Mendell and Dietz 2001).

In addition to the DNA sequences proposed to be involved in the control of splicing

detailed above, numerous other DNA regions are implicated as having roles in
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controlling gene expression, mRNA processing and message degradation. It appears
that gene expression is dependent both on the promoter region, often many tens of Kb
upstream of the translation start site, and on enhancer and silencer sequences which
may be a considerable distance 5’ or 3’ of the transcription start site. Consensus
sequences for such regions are again poorly characterised making identification of
such regions based on sequence information alone difficult (Werner 2002). Some
predictions can be made however by alignment and comparison of non-coding
sequence between species (Videl et al. 2003). The promoter region of the IL4R gene
is approximately 30 Kb upstream of the translation start site and covers at least 4 Kb
of DNA (Hackstein et al. 2001). This region was not sequenced in this study and it is
possible that variation within the promoter or within as yet unidentified enhancer or

silencer elements may also affect gene expression thereby encoding susceptibility to

OA.

Protein synthesis is also regulated at the level of mRNA processing and degradation.
Following transcription the mRNA molecule undergoes a number of modifications

including splicing, capping and polyadenylation. Control of splicing has been detailed

above.

The 5'UTR of the mRNA molecule plays an important role in protein translation,
being responsible for the recruitment and scanning of the 40s ribosomal subunit.
Mutations within this region can result in defects in both translation initiation and
regulation and in transcript stability (Mendell and Dietz 2001). The 5'UTR of the
IL4R gene was not covered in this study and it is possible that variants, which encode

susceptibility to OA by affecting translation, may be present in this region. At the
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other end of the gene, the 3’'UTR is important for interaction of the mRNA with
specific proteins and exosomes which can result in the rapid degradation of the
molecule (Bevilacqua et al. 2003). Mutations in this region can therefore also have
important effects on protein synthesis by affecting message stability (Bevilacqua et al.
2003). Numerous mutations within the 3’'UTR of the IL4AR gene were detected and it

is possible that any one or a number of these may be involved in altering mRNA

stability and therefore contributing to disease.

The regions described above, as potentially harbouring additional variants conferring
susceptibility to disease, are very large and disparate, potentially covering hundreds of
Kb. In addition, understanding as to the consensus sequence of the elements involved
in regulation of protein expression and function and also the potential consequence of
variations within these elements is limited. It would therefore seem that a sensible
approach to dissect further the role of this gene in the OA disease process would be to
undertake in vivo functional studies in to gene expression and transcript processing in

addition to examining the effects of identified non-synonymous mutations on protein

function.

Although it is very likely that the IL4R gene has a role in OA disease susceptibility it
cannot be excluded that other gene(s) within the region of linkage may additionally
encode susceptibility for OA. There are, at the present time, however, no other

obvious, strong candidates within the 1-LOD support region of linkage on

chromosome 16p.
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In summary then, there is strong evidence for the involvement of the IL4R gene in the
OA disease process, with at least three SNPs showing consistent evidence for
association with both disease and evidence for linkage. In addition gene dosage
studies appear to show that combinations of variant alleles are important in increasing

risk to OA. The exact nature and effects of disease encoding variants may now be

investigated by functional studies.
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7.1 Introduction

Osteoarthritis (OA) is a common, disabling disease of the elderly. It is uncommon in
individuals under 45 years of age, and prevalence is higher in females than males. OA

is characterised by focal cartilage loss accompanied by osteophytes, sclerosis and

often some inflammatory response (Felson et al. 2000).

Primary OA has a large genetic component with heritability for hip and knee OA
estimated from twin studies to be between 39 and 65% (MacGregor and Spencer
1999). Other systemic, local and environmental factors have also been shown to be
involved in the initiation and progression of the disease leading to the description of

OA as an oligogenic, multifactorial disease.

Identification of OA susceptibility genes will enhance our understanding of the

biological basis of this disease leading to the development of new treatments.

Our group previously carried out a two-stage genome-wide linkage scan with a total
of 481 families containing at least one pair of affected siblings (Chapman et al. 1999).
Following stratification for sex, joint replaced and sex & joint replaced 6 chromosome

regions - on chromosomes 2, 4, 6, 11, 16p and 16q - were identified as potentially

harbouring OA susceptibility genes.

The aim of this study was to refine the regions on chromosomes 4 and 16 and then to

test for association candidate genes identified within these regions.
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7.2 Chromosome 4

7.2.1 Linkage mapping

Linkage mapping of chromosome 4 has identified a region showing evidence of
linkage to OA that confirms and refines the region first identified by Loughlin et al in
1999. This region is restricted to the families with female siblings concordant for hip
OA and has a multipoint LOD score (MLS) of 3.1. The 1-LOD support interval for

this region is only 4 cM and resides at 4q13.1-4q13.2.

7.2.2 Conditioning analysis

There was no evidence for correlation between the family NPL scores at the region on
chromosome 4 and the NPL scores for either the region on chromosome 16p or that on

chromosome 16q (or with any of the other regions identified by this group).

7.2.3 ADAMTS3 candidate gene identification

At the time of the study there were no obvious candidate genes within the 1-LOD
support interval on chromosome 4q and therefore the search for candidates was
expanded outside this region. The ADAMTS3 gene, residing at 4q13.3 (approximately

4.5 Mb from the 1-LOD support interval) was identified as a strong candidate with a

potentially important role in the processing of type II collagen in cartilage.

The exonic sequence, the 5" and 3° flanking intronic sequences and the 3°UTR of the

ADAMTS3 gene were sequenced and SNPs identified. The ADAMTS3 is a highly

conserved gene with only one common exonic SNP identified. Comparison of allele
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frequencies between probands from the 146 female-THR families and controls for six
of the SNPs identified by sequencing revealed two SNPs as showing significant
evidence for an association with OA disease. A third SNP had a p-value which
approached significance. None of these SNPs showed significant evidence for
association to OA in an additional case cohort. When the results for this additional
case cohort were combined with the results for the probands only one SNP,
Intron12A/C, showed any evidence for association. This SNP showed no evidence for
association of genetic variation with the evidence for linkage and therefore is unlikely

to represent a genuine disease causing/associated polymorphism.

There is very little linkage disequilibrium between the six SNPs used in this study and

therefore haplotype analysis provided very little useful information.

Although this study indicates that variants within the coding regions of the
ADAMTS3 gene are not responsible for susceptibility to OA it remains possible that
variants that affect splicing or expression, which would not likely have been detected
by this study, may predispose to OA disease. If the ADAMTS3 gene is not the
susceptibility gene on chromosome 4 there are a number of other genes which could
be considered. These include the CXC chemokines and the vitamin D binding protein,

GC.
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7.2.4 Future studies

7.2.4.1 Further ADAMTS3 studies

Since ADAMTS3 is a good candidate gene it may warrant further investigation.
Splicing studies, like those undertaken for ILAR, may yield insights as to the splicing
patterns of the ADAMTS3 gene in diseased cartilage. In addition, quantitative allelic
expression of the ADAMTS3 gene may be investigated. Expression studies have been
undertaken by our group using methods based on those proposed by Cowles et al
(2002). If either of these studies provide interesting results then functional studies

involving model systems, cell culture, mutagenesis etc may yield further insights.

7.2.4.2 Investigation of other candidate genes

In addition to the ADAMTS3 gene there are other potential candidate genes within the
linkage region on chromosome 4. Initial studies of the type used for the candidate
genes reported here could be used to identify genes showing association with OA
disease. Any genes showing evidence for association could then be investigated

further either by using splicing or expression studies or by looking at the functional

effects of variations.

7.2.4.3 Systematic association studies
Systematic association studies across the region identified by linkage mapping may be

of use in narrowing the region and identifying disease-associated variants. This

technique has been used successfully by Mira et al (2004) in leprosy. Initially they
used a sparse map of SNPs within a 6.4 Mb region of DNA identified by linkage

showing evidence for association. Then, using a denser
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panel of markers, they were able to define an 80 Kb block of the genome showing
evidence for association. Multivariate analysis was then used to identify two SNPs as
responsible for the observed association. These reside in the upstream regulatory
regions of two genes. This result has been confirmed in an independent sample. Such
studies could conceivably be used across the 1-LOD support interval on chromosome
4 which spans only 7 Mb of DNA. The success of such studies would depend on many

factors including the pattern of LD across the region and the choice of SNPs.

7.3 Chromosome 16

7.3.1 Linkage mapping

Linkage mapping of chromosome 16 identified two regions showing evidence of
linkage to OA which confirm and refine the regions first identified by Loughlin et al
in 1999. The first region, on chromosome 16p, is restricted to the families with female
siblings concordant for hip OA and has a MLS of 1.7. The 1-LOD support interval for
this region is 12 cM and resides at 16p12.3-16pl12.1. The second region, on
chromosome 16q, is accounted for by the families with female siblings and has a MLS

of 1.9. The 1-LOD support interval for this region is 10 cM and resides at 16g22.1-

16¢23.1.

7.3.2 Conditioning analysis
Conditioning analysis, for the region on 16p conditioned on the region on 16q and for

the region on 16q conditioned on the region on 16p, resulted in increased MLS and a

narrowing of the regions. The region on chromosome 16p was narrowed to a 1-LOD
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support interval of 7 ¢cM with a MLS of 4.4. The region on chromosome 16q was
narrowed to a 1-LOD support interval of 5 cM with a MLS of 5.7. These results need

to be treated with caution however due to the two regions residing on the same

chromosome.

7.3.3 IL4R candidate gene identification

The IL4R gene, residing at 16p12.1, towards the edge of the 1-LOD support interval
on 16p was identified as a strong candidate gene. The IL4R has been proposed to
have a role in the normal response of healthy chondrocytes to mechanical stimulation.
Different types of the receptor for IL4 and downstream signalling pathways have been
shown to be important in chondrocytes from normal versus osteoarthritic cartilage at
least in model systems (Millward-Sadler et al.1999; Millward-Sadler et al. 2000;

Salter et al. 2001 ; Salter et al. 2002).

The IL4R is a highly polymorphic gene and the most polymorphic of all the cytokine
receptor genes. There are many published reports on both the common variations

within the gene and the potential role of these variants on protein function.

The coding exonic sequence, the 5" and 3” flanking intronic sequences and the 3"UTR
were sequenced and variants identified. In addition two non-coding exons were also
sequenced. Seven common exonic SNPs were selected for genotyping in addition to
two SNPs in the promoter region of the gene. Comparison of allele frequencies
between probands from the 146 female-THR families and controls for these SNPs
identified two SNPs (S411L, S727A) as showing significant evidence for association

with OA disease. A third SNP (N142N) had a p-value approaching significance. All
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three of these SNPs and an additional SNP (Q551R) showed significant evidence for

association to OA in an additional case cohort.

Linkage disequilibrium studies reveal a complex pattern of LD across the IL4R gene
and suggest that there are potentially two independent associations between the IL4R
gene and OA disease. The first association consists of SNPs N142N, S411L and

S727A whilst the second consists of SNPs S478P and QS551R.

The three SNPs N142N, S411L and S727A all show evidence for a relationship
between genetic variation and the evidence for linkage. This increases confidence for

the involvement of these variants in encoding for OA susceptibility.

When gene dosage effects were investigated, it appears there is a requirement for at
least one copy of the variant allele at each of SNPs N142N and S478P or SNPs

N142N and Q551R in order to increase susceptibility to OA.

Splicing analysis of cDNA from cartilage RNA did not detect any aberrant splicing in

individuals heterozygous for the N142N polymorphism.

7.3.4 Future studies

7.3.4.1 Further IL4R studies
It is hard to envisage how N142N could have an effect on IL4R protein function. It is

suggested that this SNP may either directly affect expression of the gene or cause

degradation of the transcript via nonsense mediated decay. Expression studies, such as
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those referred to for the ADAMTS3 gene, could therefore be undertaken to investigate
if this is the case. If such studies provide interesting results then functional studies

involving, for example, protein constructs, cell cultures and/or model systems may

yield further insights.

There are several reports as to the effects of many of the common IL4R SNPs on
protein function but these are generally limited to cells of the immune system and
little, if any, work has been carried out on IL4R and cartilage chondrocytes. In
addition, no functional studies as to the effect(s) of SNPs S411L and S727A have
been undertaken. Again, functional studies on chondrocytes, potentially using the
human articular primary chondrocyte monolayer and mechanotransduction system
first employed by Millward-Sadler et al (1999) may yield useful insights in to the
effects of polymorphisms in the IL4R in cartilage. Since the polymorphisms under
consideration are common it should be relatively easy to attain cartilage samples from
individuals with the polymorphisms negating the need for site directed
mutagenesis/transfection. Such systems could also be used to investigate the effect of

combinations of SNPs on protein function.

It would also be reassuring to confirm the positive associations between the IL4R

SNPs and OA in additional OA case cohorts.

7.3.4.2 Investigation of other candidate genes

Since the time of original candidate gene selection, when there were no obvious

candidate genes within the 1-.LOD support region on chromosome 16q, two potential
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candidate genes have been positioned within this region. The first on 16q22.1 encodes
for haptoglobin, a protein involved in binding haemoglobin facilitating its clearance
by the liver. The protein therefore, has a role in the control of haemoglobin turnover
and iron availability. Iron availability has been demonstrated to have a fundamental
role in bone metabolism with depletion of iron being associated with demineralisation
of bone (Angus et al. 1988). The capacity of haptoglobin to bind haemoglobin is
dependent on a polymorphism within the haptoglobin gene and Pescarmona et al
(2001) found an association between a particular haptoglobin genotype and increased
risk of post menopausal osteoporosis. Given the inverse correlation observed between
bone mineral density and OA (Dequeker 1997; Stewart et al. 2000) it is possible that
polymorphisms within this gene could result indirectly in defects of bone metabolism

by influencing iron availability, and therefore increase risk of OA disease.

The second potential candidate gene on 16q is the cartilage-derived, ¢ type lectin
(CLESCF1) gene on 16q23. Expression of this protein has been found to be restricted
to cartilage and is especially prevalent in the upper hypertrophic and proliferating
zones of developing rib. It is a trimeric protein with 3 globular domains probably
involved in ligand binding and is closely related to tetranectin. Although its function
is currently unknown it is postulated to have a role in either organisation of the
cartilage matrix or as a protease precursor with a role in regulation of cartilage

remodelling (Neame et al. 1999). This gene could therefore clearly have a role in both

normal cartilage function and the pathogenesis of OA.
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For both the regions on chromosome 4q and chromosome 16q there are a large
number of hypothetical genes and genes with an unknown or poorly defined function.
Any of these could in subsequent studies be identified as having potential roles within
the OA disease process. In addition, novel functions are frequently discovered for well
characterised genes, so that any number of genes could, in the future, be implicated as
potential OA susceptibility genes. In addition, a number of genes within the regions
e.g. Butyryl Coenzyme A synthetase 1 (BUCS1) and Ubiquinol-cytochrome c
reductase core protein II (UQCRC2) encode for proteins that are involved in
mitochondrial pathways that are active in a number of tissues. Unless studies in to
tissue expression patterns have been carried out it is not possible to totally exclude
such genes as being involved in cartilage/bone function and therefore being candidates
for OA susceptibility. Limitations in knowledge such as those listed above are being
constantly overcome as a result of the availability of increasing quantities of curated

data, on numerous genes from multiple sources, within the human genome database.

7.3.4.3 Systematic association studies

As for the region on chromosome 4q it is possible that a systematic association study
could be used across the 1-LOD support interval on 16q which spans 10 Mb of DNA.

Again, the success of such a study would depend on the pattern of LD across this

region and the choice of SNPs.
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7.4 Concluding remarks

In conclusion, work reported here has identified regions on chromosome 4q, 16p and
16q as encoding for susceptibility to OA. There is strong evidence for association of

polymorphisms in the IL4R gene with OA disease.

The research conducted during my DPhil has been carried on by others within the

group.

The IL4R data reported in this thesis is now being tested from a functional viewpoint
in a collaboration with Professor Donald Salter of Edinburgh University. As
previously mentioned, Professor Salter has developed techniques for investigating the
response of chondrocytes to mechanical stimulation. In the collaboration chondrocytes
with different genotypes at the IL4AR SNPs are being investigated to determine

whether genotype influences response.

The finer mapping of chromosome 4 has been extended with a high density
microsatellite association analysis of the linkage interval. This revealed a number of
microsatellites demonstrating evidence for association. The genes positioned near to
the positive microsatellites are currently being assessed. Intriguingly, one of the
positive microsatellites is positioned immediately 5' to the ADAMTS3 gene. This has
prompted the group to investigate whether polymorphism in regulatory elements of
ADAMTS3 exist and, if they do, whether they are associated with OA. A project grant

application has been awarded by the Arthritis Research Campaign to facilitate the

identification of the chromosome 4 OA susceptibility gene.
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Future investigation of all three regions and the IL4R gene will yield further insights
in to the poorly understood OA disease process paving the way for creation of novel

and more effective treatments for this debilitating disease.
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Appendix 2: Family NPL scores for the regions showing maximum

evidence for linkage on chromosomes 4q,
female-THR families

16p and 16q in the 146

L Family ﬂ‘Chromosome 4q—Thromosome 16p FChromosome 16q
e
1 -0.816497 -O.279116i 0.816224
2 -1.413983 -0.000984 -0.001007}
3 0.000146 0.002201 of
4 1.413746 -0.019447 -0.015239]
5 -1.414214 -0.002206] -0.002059]
6 2.75484 0.995442 1.154807)
7 1.273337 -0.003124 -1.388869)
8 -0.015593 0.028564 -1.404111
9 -0.326477 1.410179 1.367691
10 1.413118 1.412691 -0.72874
11 -0.000115 1.414214 0.451987
12 -0.003355 -1.414214 0.20443
13 -0.004585 -1.372663 -0.202107
14 0 -0.001855 -1.411729)
15 -1.414 -1.410718 0}
16 1.414214 -0.007163 -1.413359
17 -0.816497 2.444427 0.793415
18 1.366782 -0.023137 -0.012854
19 -0.009051 -0.000636{ 1.40878
20 0.000498 -0.001528] -1.413738
21 -0.566691 -0.011286) -0.024083
22 1.378856 -0.001085] -1.402563
23 0 1.413308] 1.412606
24 -0.00057] -1.41126] 0.001308
25 -0.025576) 1.391752 1.412354
26 -0.006816| -1.406378 -1.413264
27 0.816497 0.816497 1.193441
28 -0.000361 0.000466] 1.411094
29 1.409296 -1.403548] -0.672247
30 0.816323 0.816497) 2.331163
31 1.216069 -0.015889] 1.41054
32 0.000184 1.412125 0
33 0.816497 -0.816497 0.798532
34 1.414125 -1.343254 -0.132955
35 1.41396 -0.015477 -1.411687
36 1.413694 1.408734 -0.056592
37 -0.000326] 1.32713 -1.377781
38 -0.000115} of -1.41244}
39 1 0.817742f 2.444507 0.81494
40 -0.005229] 1.410791 1.410478
41 ol 1.414214 1.413262
42 0.000009] 1.412691 0.003229
43 of 0.001534 -0.001301
44 0.007837] -0.016398 -0.023056}
45 i -0.044871] 0.850032 -0.048363




46 -0.000144) -0.01117 -0.003249]
47 -0.0001 16] -0.000423 0]
48 1.354891 1.413784 1.411297
49 -0.002404 -0.00312 1.41359
50 -0.006898 1.411673 1.413039
51 -0.468597 1.410439 1.411872
32 0] 1.413224] 1.411425
53 -0.677802} -0.769923] -0.414874
4 o] 0 -0.022003
55 1.413941 1.410632 1.379799]
56 1.413791 -0.029237 -1.22075
57 -0.001192 -0.146133 0.000154
58 -0.003731 1.408616 0.424039
59 -0.000101 -0.001199] 1.412946
60 0.000388 -1.414214) -1.401632
61 1.406143 o] 0}
62 0.000088 -1.408622] o}
63 -0.954738 -0.009286] -1.383407
64 -0.206134 -0.009302] -1.14346
65 1.414214 -0.000466} 1.27111
66 -1.105635 -0.027673| 1.149847
67 -1.413867 -1.412417| -0.000002
68 1.413671 0} 1.413739
69 1.381026 -0.002218 1.409612
70 1414214 0.221898 -0.000449]
71 -0.007304 0.333132 0.260515]
72 0.002809 1.412939 0.028654]
73 1.413703 -0.00005 0}
74 -1.414214 1.413882 -0.004146
75 1.412157 1.400471 0.06348
76 1.329566 -0.004804 -0.03001
77 1.413874 1.188719 -0.015967
78 1.412211 1.258191 -0.006918
79 -0.002319] 1.214752 1.409295
80 -1.413857 0.948914 1.367943
81 1.339451 -0.845089 0.004328
82 -1.412125 -1.38249 -1.389481
83 1.413601 1.412277 1.410119
84 1.413463 -0.068727 -1.077608
85 -0.034688 -0.010698 -0.487545
86 1414214 -0.003911 _1.355976
87 -0.016661 1.413381 1.410382
88 -0.018718 -1.043633 -0.003588
89 -1.323621 1.413538 1.281913
90 1.414214 0.009407 -0.003944
91 -0.033828 0.077102 1.391697
92 -0.01011 -0.008898 -1.099946}
93 1.413964 1.401862 1.40991]
94 -0.005887 -1.400982 -1.399436}
95 -0.319863 -0.004396} -0.028813]
96 1413834 -0.00716] -0.065518]




97 1.413991 -0.464629| -0.009639
98 1.413849 -0.014942 1.398806
99 0.811591 2.448685 0.815165
100 2.449097 -0.812523 -0.787984
101 -0.073427 1.412874 0.061286
102 -0.026118 1.411877 -0.001464,
103 -0.008325 -0.025277 -0.506558
104 -1.41396 -0.002569 -0.719537
105 1.414125 -0.027153 -0.866904
106 -0.017333 -1.402392 -0.026954
107 -0.004272 -0.010576] -1.353786]
108 -1.412681 1.407823 -0.959677]
109 1.413709 1.406465 1.409323]
110 -0.014168 -1.363571 -0.386589]
111 1.413713 -1.060612 -0.00356]
112 -0.002271 1.253531 0.466382
113 1.411393 -0.696926] 1.394926
114 0.00341 -0.000473 1.411591
115 -0.193626 -0.179657 1.938829
116 -0.049477| 1.167784 0.004861
117 1.331228] -1.414214 0.012512
118 -0.006179] -0.299636 1.298434
119 -0.009109] -1.400855] -0.927197
120 -1.15988] -0.022682] 1.358076
121 -0.001998] -1.347206] -0.009363
122 -0.004889] -0.718198] -0.104189
123 -0.925272 -0.004089)] -1.413264
124 -0.002454 -1.406119 1.401729
125 -0.369054 1.172346 -0.515315
126 -1.413065 1.410351 1.410543
127 0.000536 -1.069648 -0.282463
128 -0.001848 -1.408211 1.064482
129 -0.000409] 1.412856 -0.923373
130 -0.075188 -0.507332 1.126089
131 1.343888 -0.88023 -0.441622
132 1.412678 -1.412977 -1.407106]
133 0.000395 0 0.004588
134 -0.002588 -0.006964 -1.293561
135 1.414098 -0.010923 0.026638
136 0.591158 0.794542 0.811715
137 1.413123 0.016973 1.198367
138 -0.100995 1.408913 -0.004947
139 1.414214 -0.006528 1.293709
140 -0.005219) -0.016636] 0.251235
141 -1.414214 -0.941499] -0.128688
142 -1.413284 1.41187 0.200054
143 1.41322 0.007352 0.967684
144 -0.004361 -1.282783 0.097399
145 -0.010394 0.007942 0.002558
146 1411112] 1.408627] -1.175497




Appendix 3: Family NPL scores for the regions showing maximum

evidence for linkage on chromosomes 16p and 16q in the 218 female
families

L Family LChromosome 16p | Chromosome 16q

1 -0.816462 0.816497

2 -0.000475 -0.001259
3 -0.816497 0.816497

4 -0.015765 -0.015907

5 -0.002502 0.003383

6 0.9954 1.153958

7 -1.295592 -1.414214

8 -0.001466 -1.385155

9 -0.00677 -1.404998]
10 1.413808 1.357126]
11 1.41395 -0.702246}
12 0 o]
13 -0.014181 1.252339

14 -0.002694 1.409678

15 -0.176004 0.998138

16 -1.413905 0.145944

17 1.414111 0.004062

18 -1.414123 0.026571

19 -0.005185 -1.411712

20 -1.414214 of
21 -0.816497 -0.816497]
22 2.44941 0.799503]
23 -0.040904 -0.0139

24 -0.000133 1.409595

25 -0.00167 1.403238

26 0 -1.414214

27 1.100339 -0.024943

28 -0.001102 -1.39982

29 0.816335 2.447289

30 1.403782 0.821404

31 -1.413848 -0.466357

32 1.410845 1.403521

33 -0.127661 -0.036858
34 -1.414214 0.001635

35 1.412785 1.412513
36 1.40507 -0.001306
37 -1.414214 -1.414214
38 0.816497 1.287919)
39 ol 1.411584
40 -1.414214] -0.760882
41 0.816497] 2.30922




42 -0.002698 1.411211]
43 1.413859 0o
44 -0.816462 0.80086]
45 -1.414214 -0.160068]
46 -0.000512 -1.41166
47 0.111868 1.308168
48 1.413965 1.413155
49 1.413861 -1.320331
50 1.389345 -0.052697
51 1{ 1.412615 -1.414214
52 0 -1.41259]
53 1.372456 -0.005756
54 2.437877 0.815234
55 1.414214 1.410023
56 1[ 1.414042 1.413711
57 1.394425 1.404272
58 | 0.047996 1.413116
59 J 0 1414214}
60 1.414154] 0.004241]
61 of -0.001626}
62 -0.064422 -0.024249]
63 -0.002376 -0.035547]
64 -0.070695 -0.004062}
65 0

6 | 1.414155 1.411361
67 -0.002351 1.414094
68 -0.000477 -0.016684
69 1.414214 1.413585
70 1.410601 1.412223
71 1.413977 1.411616
72 -0.429862 -0.505087
73 0 -0.022845
74 1.413992 1.371887
75 -0.034024 -1.241059]
76 -1.411058 -0.010068
77 0.319205 -1.016691
78 -1.408719| -1.414214
79 -1.414214] 0.649366]
30 of 0.000856}
81 1.414115 1.413097]
82 -1.414214 0]
33 1.413793 0.881355
34 o] 1.413571
35 of -1.414214
36 -0.844241] -1.400951
37 2.444375] 0.777929
88 of o




89 -1.414214

90 -0.003588 -1.377462)
91 -0.001664 -1.067884
92 -0.000099 1.246797
93 -0.022967 1.09471
%4 -0.816497 _0.816497
95 -0.000222 1.414214
96 0.816497 0.827542
97 1.414214 -0.197882
98 -0.000593 1.410001
99 0.23929 -0.00043
100 -0.001943 -1.414214
101 -0.01995 -0.00374
102 2.449164 0.852074
103 -0.002627 1.41375
104 0

105 1.414195] -0.004677
106 0 1.412251
107 1.413772 0.067003
108 0.338831 -0.030573
109 -0.000283 -0.016271
110 -1.284467 -1.414214
111 -0.002174 -0.044141
112 1.411301 -0.007637
113 20.135249] 1.38667
114 -0.014136 -0.17329]
115 1.412988 1.409957]
116 | 1414214 -1.403071}
117 -0.001427 1.356569]
118 0.289663 -0.814074)
119 -1.413915 -1.383349
120 1.414023 1.410661
121 0.932167 -0.013634
122 :F -0.07339 -1.131601
123 -0.001735 -0.54941
124 0.016412 -1.352392
125 JF -0.003264 1.399203
126 1.413883 1.410865
127 + -0.982374 -0.003017
128 | 1.413665 1.263001
129 1.413727 1.413005
130 -0.735%4 1.387616)
131 -0.000946 -0.003574
132 -0.00186 1.389294]
133 -0.000543 -1.122479]
134 0.000955 20.004443)
135 1.414087 1.410412}




136 -1.414214 -1.395655]
137 -0.104488 -0.04219
138 -0.000702 -1.414214
139 -0.493436 -0.406641
140 -0.001687 -0.048539]
141 -0.008603 -1.410394
142 -0.071117 -0.01081
143 -1.273065 0.18001
144 1.25602 1.407458
145 2.449385 0.815417
146 -0.816497 -0.777258
147 -1.414214 1.41195
148 1.413994 0.06233
149 1.41407 -0.002101
150 -0.001473 -0.063266]
151 -1.414214 -1.316427
152 -0.00299] -0.560674
153 -0.001579] -0.633285
154 -0.019616 -0.89367
155 -1.409583 -0.034431
156 -0.056351 -1.360663
157 1.414032 -0.899291
158 0.814847 -0.816497
159 -0.00354 1.293346
160 1.40767 1.410431|
161 -1.414214 -0.363029]
162 -1.414214 -0.003489]
163 1.408108 0.507438]
164 -0.267581 1.391529]
165 -0.013799] 1.411914
166 -0.000144 1.411877
167 -0.179612 1.950683
168 -0.020657 1.411701
169 -0.001216 -0.004253
170 -1.408067 0.016145
171 0.204803 1.411243
172 -0.841186| 1.271789)
173 -1.413737 1.248464
174 -1.414214 -0.893881
175 -0.206844 -1.394637
176 -0.018155 1.367421
177 -1.366796 -0.008911
178 -0.465487 -1.192825
179 -1.414214 -1.414214
180 -1.413977 -0.110414
181 -0.002562 -1.414214
182 -1.414214 1.403453




183 -0.023158 -0.00794
184 1.002476 -0.475206
185 1.414018 1.411093]
186 -1.413506] of
187 -1.414214 0.998665]
188 1.414145 -0.808561|
189 | -1.414214 1.0716}
190 -1.413915 -0.465857
191 1.414028] -1.410394
192 -0.816497] -0.816497
193 1.391684} 0.00744
194 | -1.413126] -0.013479
195 | -0.000066{ -1.409672}
196 | -0.014528] -1.311752)
197 | -0.96448% 0.679819]
198 | 0.816772 0.816497
199 -0.007062] 0.031182
200 -1.413848} -0.137442)
201 0.813229] 0.810864
202 -0.003143 -1.400235
203 -0.013511 1.266473
204 1.414139 -0.006774
205 -0.000805 1.339544
206 1.413685 1.405385
207 -0.009343 0.250495
208 -0.020518 -1.414214
209 0.001595 1.042144
210 1.390928] 0.063686
211 -0.42169) -0.155695
212 4 1.414073 -0.006232)
213 1.414046 0.038765
214 1.414096] 1.414214
215 -0.00337] 1.20778
216 -1.239444] -0.080463
217 -0.002616] 0.007352
218 | 1.413921] -1.106335)
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