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GENERAL ABSTRACT:

Osteoarthritis is the most common form of arthritis and one of the ten most disabling
diseases in developed countries. The main objective of my thesis was to employ genomic

and metabolomic approaches to improve our understanding of the OA pathogenesis.

I carried out a metabolomics analysis and identified three distinct endotypes of OA
patients. Butyrylcarnitine, arginine, and a number of glycerophosphlipids were the major
contributing metabolites for the differentiation between the three endotypes suggesting
that the primary OA patients can be classified as muscle weakness, arginine deficient, and
low inflammatory OA. Using the same metabolomics approach, I found that the elevated
blood level of the ADMA and uric acid were associated with the muscle weakness over

10-years and may elevate the study participants risk for developing OA.

Additionally, I conducted an independent GWAS analysis in OA patients from NL and
identified novel genes significantly associated with OA. These genes are involved in
cartilage deterioration; inflammatory signaling; innate immune pathway; abnormal bone

growth and remodeling; panic disorder; and pain mechanisms.

Further, I performed a genetic variant annotation study using WES data and identified
deleterious variants in the IGSF3, ZNF717, PRSS1, AQP7, and ESRRA genes in OA
patients that have not been reported in previous OA GWAS studies. These genes act in

the ECM homeostasis and degradation. With the same WES data, I conducted a genome-



wide digenic interaction test in OA patients and identified aggregated variants in each of
the CDHI19, SOGAI, MORC4, TMTC4, and ANK3 genes to be significantly interacting
with rs56158521 in the HLA-DRBI gene. Our findings suggested the implication of the

immunoinflammatory pathway in the pathogenesis of OA.

Also, I conducted a GWAS analysis and found variants in the MC5R gene to be
significantly increasing the TJR pain, and variants adjacent to the 7PTE gene to be
significantly increasing the TJR disability. These genes are involved in
immunoinflammatory reactions and may play a significant role in the pain and function

mechanisms following TJR.

While confirmation is required, these findings provided new insights into better

understanding of the OA pathogenesis and hold promising as druggable targets for

developing OA therapies.
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Chapter 1: General introduction



1.1 WHAT IS OSTEOARTHRITIS?

Osteoarthritis (OA) is the most common chronic rheumatic disabling disorder that affects
about 10% of world population aged 60 years or older (1,2). OA is an age-related
degenerative musculoskeletal disease that consists of heterogeneous groups of
overlapping distinct conditions with different aetiologies, but it has similar biological,
morphological, and clinical presentations (3). Clinical manifestation of OA ranges from
asymptomatic to incidental finding on clinical and/or radiographic examination to rapidly
progressive disabling disorder (4). While OA may affect any joint, it most commonly
affects the knees, hips, hands, joints of the lower cervical, and lower lumbar spine, yet
less commonly affects the elbow, wrist, shoulder, and ankle (5). The disease affects the
entire joint and deteriorates its compartments including the articular cartilage,
subchondral bone, synovial membrane, ligaments, capsule, and periarticular muscles
leading to joint pain, stiffness, reduced range of movement, joint grating, and limited joint

function (6,7).

1.1.1 OA definition:

Clinical and molecular heterogeneity of OA is the major obstacle to developing a

universal definition of the disease (8). Initially, OA was defined as gradual damage and
loss of articular cartilage at the synovial joints due to aging wear and tear processes (9).
This definition was accepted based on the United States Food and Drug Administration
(FDA) disease classification systems that define diseases primarily based on their signs

and symptoms (10). However, this definition classified OA based on its morphological,



and clinical manifestations, it did not classify distinct subtypes of OA based on their
underlying molecular mechanisms (10). As a result, this disease definition failed to
optimally incorporate the new OA biological insights and was a fundamental hurdle of
developing disease-modifying OA drugs (DMOADs). Subsequently, the US National
Academy of Sciences created a new disease taxonomy system to define and describe
diseases based on their intrinsic biology as well as signs and symptoms (10). Thus,
several different strategies have been proposed for describing OA phenotypes based on
modern imaging and pathophysiological mechanisms (11). Based on this definition
criteria, OA was estimated to be a diverse group of conditions caused by a variety of
biochemical, hormonal, and mechanical factors that lead to overlapping morphological,
and clinical presentations (11). Then, the most recent definition of OA that is globally
recognized for classifying the disease has been proposed by the Osteoarthritis Research
Society International (OARSI) (10). The OARSI defines OA as “a disorder involving
movable joints characterized by cell stress and extracellular matrix degradation initiated
by micro- and macro-injury that activates maladaptive repair responses including pro-
inflammatory pathways of innate immunity. The disease manifests first as a molecular
derangement (abnormal joint tissue metabolism) followed by anatomic, and/or
physiologic derangements (characterized by cartilage degradation, bone remodeling,
osteophyte formation, joint inflammation, and loss of normal joint function), that can

culminate in illness (10).”

Furthermore, OA has been classified into primary and secondary OA based on the disease

aetiologies. Primary OA, also known as idiopathic OA, is a form of the condition that



develops over time without a known cause, however biochemical and biomechanical
factors including obesity, muscle weakness and neurologic dysfunction may be
implicated in the primary OA aetiology and pathogenesis (12). It affects women more
often than men, especially after menopausal age. It usually affects knees, hips, hands, and
big toes (13,14). On the other hand, secondary OA has a known underlying cause such as
trauma or joint injury, metabolic disorders, congenital joint disorders, avascular necrosis,

and other types of arthritis (13).

Symptomatic and radiographic OA are the most frequently used OA definitions. The
symptomatic OA classification criteria are based on experiencing the disease symptoms,
as well as the findings from the clinical examinations including pain and at least three of
the following six symptoms: age >45 years, morning stiffness duration <30 minutes,
crepitus on active motion, tenderness of the bony margins of the joint, bony enlargement
noted on examination, and a lack of palpable warmth of the synovium (15-17). While
radiographic OA investigates the nonuniform joint space narrowing (JSN), osteophyte
formation, cyst formation, and subchondral sclerosis on radiographic imaging including
X-ray and magnetic resonance imaging (MRI). Multiple classification methods are used
to define the degree of radiographic severity of OA. For example, the American College
of Rheumatology (ACR) classification of OA was a widely used classification system
(15), but it has several limitations, including: a) artificial separation of nodal and erosive
(non-nodal) OA as two distinct subsets of hand OA; b) inclusion of intervertebral disc
degeneration and Forestier's disease as a subset of spinal OA, even though OA is

pathologically confined to synovial joints; and c) the guideline development group has



recognized that these distinctions are arbitrary and have yet to be validated (18). Thus, the
Kellgren and Lawrence (K/L) radiographic grading scheme that will be mentioned in
detail in the diagnosis of OA section became for more than four decades the most used
radiographic classification system for clinical applications and research. This scoring
system assesses OA based on five radiographic grades from 0 to 4, and defines OA by the
presence of a definite osteophyte in grade 2 and above, and more severe grades by the
presumed successive appearance of the JSN, sclerosis, cysts, and deformity in the

subchondral bone (19).

OA frequently affects multiple joints. Hence, it is also defined as generalized OA (GOA) or
multiple joint OA (MJOA) due to the polyarticular involvement of OA (20). This form of
polyarticular OA expresses a high clinical and disease burden in affected individuals (21).
It may represent a distinct aetiology from mono-articular OA (22) that should be
considered separately from single joint OA when assessing the risk factors and associated

disease (23).

1.1.2 OA pathogenesis:

The underlying pathogenesis of OA remains largely unknown. However, OA pathology
has been referred to as repetitive joint overloading, leading to an excessive biomechanical
joint stress (24). Moreover, a combination of genetic, metabolomic, and environmental
factors are thought to be implicated in the disease development and progression (6). In the

past, OA was deemed to simply be a degenerative ‘wear and tear’ process in the synovial



joints (9). Following over two decades of OA research, the degenerative ‘wear and tear’
concept has been modified, and OA is explained in the current dogma as ‘a whole joint
degenerative disease’ that involves a deterioration continuum of multiple joint

components (25).

OA affects synovial joints that are the most common and main functional joints of the
body (26). These joints are called diarthroses due to their free movement (27). There
are several tissues that are essential components of synovial joints. Each tissue has its
own composition and structure which plays critical functional role in effectively dealing
with mechanical loads encountered throughout the life. The main structural component
of a synovial joint is the presence of a joint cavity (26,27). The cavity is surrounded by
the articular capsule, which is a fibrous connective tissue where the articulating surfaces

of the bones contact each other, Figure 1.1.

Hyaline articular cartilage covers the entire articulating surface of each bone and
distributes an impressive load across the joint to allow the articulating bones to move
smoothly against each other without damaging the underlying bone tissue (28). Articular
cartilage is composed of chondrocyte cells surrounded by the extracellular matrix (ECM).
The ECM is comprised of water, 15-20% collagen type 11, 4-7% proteoglycans, and a
small amount of calcium salt, but it does not have blood vessels, nerves, or lymphatics
(29). The turnover rate of collagen is relatively slow in comparison with the rapid
turnover of the proteoglycan (30). The ECM provides elasticity and high tensile strength

to the articular cartilage. It allows a frictionless movement and functions as a biological



shock absorber of mechanical forces that are distributed via the underlying subchondral

bone (31).
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Figure 1.1: Schematic showing the anatomical structure of the synovial joint that has
articular capsule with synovial membrane, synovial cavity containing synovial fluid, wide
joint space, smooth hyaline articular cartilage covering the surface of the subchordal
bone, allowing the articulating bones to move smoothly against each other without
damaging the underlying bone tissue. This image was created by the OpenStax College
and downloaded from WIKIMEDIA COMMONS that is licensed under Creative
Commons Attribution-Share Alike 3.0 un-ported License.

Chondrocytes are the only cell type in the articular cartilage that represent about 5% of its
total volume, they are enormously important for the production of the ECM components,
modulate their turnover, and produce the proteolytic enzymes responsible for their

breakdown (32). In turn, chondrocytes are themselves influenced by growth factors and



cytokines, structural and physical stimuli, and even the components of the ECM (33).
Chondrocytes also play a central role in the regulation of the ECM water content; they
produce the negatively charged sulfated-glycosaminoglycans (sGAG) that gives the
cartilage a fixed charge density (34). This fixed charge density allows large amounts of
positive ions and water to enter the cartilage leading to a high hydrostatic pressure within
the collagen network. The water is squeezed out of the cartilage with each compressive
force during joint movement (34,35). Due to the continuous presence of the sGAG in the
ECM, water is immediately attracted back into the ECM when loads are reduced. This
mechanism gives the cartilage a spongelike structure, allows it to continuously absorb
forces between 10-20 megapascal (MPa) (36), and protects the underlying bone
(35,37,38). Some synovial joints of the body also have a fibrocartilage structure located
between the articulating bones, such as menisci which is large C-shaped found between

articulating bones to smooth their movement (39).

Subchondral bone is bony components underlies the articular cartilage at the synovial
joints (40,41). It consists of subchondral bone plate, the underlying trabecular bone, and
bone marrow space. The subchondral bone plate is a thin dome-like cortical lamella that
is made of cortical bone and is separated from the articular cartilage by the zone of
calcified cartilage (42). It is penetrated by channels that provide a direct link between
articular cartilage and subchondral trabecular bone. An extremely high number of arterial
and venous vessels, as well as nerves scattered through the channels with tiny branches
reach calcified cartilage (40,43). Subchondral trabecular bone has significant shock-

absorbing and supporting functions in normal joints, it is also thought to have an



important role in cartilage nutrient supply and metabolism (44). Subchondral trabecular
bone is more porous and metabolically active, containing blood vessels, sensory nerves,
and bone marrow than the subchondral bone plate (45). Thus, Subchondral bone has a
central role in evenly distributing forces from weight bearing and impact during physical
activity, which protects the cartilage from high peak stresses and the ECM damage, as

well as it contributes to the cartilage homeostasis.

Other components of the synovial joints include synovial membrane (synovium) that lines
the articular capsule, and the synoviocyte cells of the synovial membrane secrete the
synovial fluid that fills the joint cavity (46). Synovial fluid consists of the hyaluronic acid
(HA) that mainly lubricates, reduces friction, and nourishes the articular cartilage at the
joint. Also, synovial joints contain ligament and tendons. Where ligaments connect two

bones and stabilize organs, and tendons connect muscles to the bone at the joint (39).

Normal joint structure and function depend on the ability of constituent tissues to respond
to stress and load. Usually, large loads or forceful impacts at joints stimulate repair
mechanisms to repair and restore normal function of the joint and ensure that the joint
continues to dissipate load correctly (47). However, when the damage at the joint exceeds
the repair rate, chondrocytes fail to maintain normal homeostasis between synthesis and
degradation of the ECM components (32). For instance, excessive loading and injuries
produce microfractures at the affected joint. In response to the microfractures,
chondrocytes synthesize more inflammatory cytokines including tumor necrosis factor-a

(TNF-0) and interleukin-1p (IL-1p). If these cytokines exceeded the normal concentration



and were not swept over by the synovial macrophages, they become mediators of
inflammation that bind to chondrocyte receptors leading to release of destructive enzymes
like the matrix metalloproteinases (MMPs) (24). In turn, the MMPs inhibit collagen type
II production (48). Specifically, the matrix metalloproteinases 13 (MMP-13) cleaves
collagen type II and degrades other ECM proteins including collagen types IV and X,
aggrecan, and perlecan (49). Loss of homeostasis yields elevation in water level that
results in dilution of the proteoglycans concentration and increases apoptosis of
chondrocytes (50). Shortly after the initiation of cartilage degradation cascade at the OA
joint, the rate of anabolic and catabolic activity increases. To primarily maintain the
structure and function of the articular cartilage, synthesis of the ECM collagen,
proteoglycans, and hyaluronate raises. Then, proliferation of chondrocytes expedites
leadings to expansion of the cartilage size. As a result, cartilage softens, fibrillates,
diminishes, and fissures (51). Next, the water content of the cartilage decreases gradually
due to the reduction of the sGAG production (24,49), and over time cartilage thins
resulting in JSN leaving the underlying subchondral bone plate completely exposed in

which is called chondropathy (52), Figure 1.2.
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Figure 1.2: Schematic showing the differences between the normal synovial joint and the
OA joint. OA Joint has cartilage degradation, joint space narrowing, abnormal bone
growth (osteophytes), and inflammation of the synovial tissues in comparison with the
healthy joint. This image was adapted from Zhang et al. (2022) that is licensed under a
Creative Commons Attribution 4.0 International License (53).

Deterioration of the articular cartilage is intercorrelated with subchondral bone
remodeling in the OA joint. Since the subchondral bone changes are detected by the MRI
at the early stages of OA (54), it is not fully understood if the subchondral bone changes
are intimately implicated in the initiation of OA or are consequences of the articular
cartilage damage (55). It is estimated that the exposure of the subchondral bone leads to
angiogenesis of blood vessels accompanied with sensory nerves that penetrate the
cartilage. As a result, the subchondral plate thickness increases, the architecture of
subchondral trabecular bone is modified, and outgrowth of the bone and cartilage called
osteophytes occur at the joint margins to decrease the load across the joint by increasing
its surface area (40). Subsequently, advanced bone remodeling processes occur in the

severe cartilage degradation regions leading to aseptic bone necrosis and invasion of the
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synovial fluid to the bone marrow leading to the formation of bone cysts that are
frequently seen in late stage of OA (56). These cysts are pouches of fibrous tissues filled
with a semi-liquid fluid and are connected to each other and to the joint space through

microfractures in the bone.

Afterward, chondral, osseous, or osteochondral fragments break-down from the bone
surfaces that is covered with hyaline cartilage and form intra-articular loose bodies in the
joint cavity. Loose bodies that move freely in the joint cavity are predisposed to be
entrapped between the articular surfaces causing intermittent joint locking, limitation of
motion, pain, and intra-articular effusion (57). Also, these loose bodies are thought to be
implicated in the development of synovitis in OA. Products of loose bodies that are
released into the synovial fluid are phagocytosed by synovial cells called synoviocytes.
As a result, synoviocytes increase in number leading to raise in the synovial lining cell
layer thickness and increase vascularity and inflammatory cell infiltration of the synovial
membranes at late stages of OA (58). Activated synoviocytes in the inflamed synovium
produce large quantities of proteolytic enzymes including the MMP1, MMP3, MMP9,
and MMP13 (59). Also, synoviocytes secrete pro-inflammatory cytokines, such as TNF-
a, IL-1pB, and interleukin-6 (IL-6) leading to vascular hyperplasia in osteoarthritic
synovial membranes (60). These destructions in the OA joint are followed by
deterioration of ligaments, capsule, menisci, periarticular muscles, peripheral nerves, and
alteration of the biochemical and biomechanical joint’s properties leading to irreversible

damage to the joint as whole, pain, stiffness, and disability in affected individuals (25,61).
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1.1.3 Symptoms and signs of OA:

OA takes years to reach a severe stage. Where it is primarily asymptomatic at the early
stages, its clinical symptoms and signs appear gradually as it progresses. Symptoms of
OA vary significantly from person to person. For instance, some patients are greatly
affected by their symptoms, but their X-rays fail to detect joint structural changes. Other
patients may have moderate to very few symptoms, while their X-rays appearance include

JSN, osteophytes formation, and sclerosis (62).

Joint pain is the strongest OA symptom that forces the patients to seek medical advice.
Pain affects one or few joints at a time that usually develops gradually and progresses
slowly over long period of time with variable intensity (55). It usually initiates from deep
within the joint and is described as aching, sharp or a burning pain that is poorly
localized. Pain is aggravated by activity and relieved by rest. It is also often described as
mechanical that is worsen with activity such as walking or climbing stairs due to putting

pressure and weight on the affected joint (62).

At late disease stages when the structure of the joint is badly damaged, pain occurs at rest
and night-time, its severity may wake the OA patients while sleeping (63). Since the
assessment of pain is highly subjective and its intensity is variable, evaluation of OA pain
became a challenging task. Thus, using self-reported questionnaires like the Western
Ontario and McMasters Universities Osteoarthritis Index (WOMAC) (64) that can record

intensity of pain, severity of disease, and impairment of function are preferred in
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epidemiological studies (65). Appendix A contains a copy of the WOMAC Osteoarthritis
Index. The WOMAC score consists of 24 items that are divided into pain, stiffness, and
physical function subscales. While five pain items assess pain during walking, using
stairs, in bed, sitting or lying, and standing; two stiffness scales evaluate limitations of
motion after first waking and later in the day; and physical function measures estimate
difficulties in stair use, rising from sitting, standing, bending, walking, getting in/out of a
car, shopping, putting on/taking off socks, rising from bed, lying in bed, getting in/out of
bath, sitting, getting on/off toilet, heavy and light household duties. Each response weighs
four points, thus the WOMAC gives pain score (0-20), stiffness (0-8), and function score

(0-68), with zero represents no pain, stiffness, or function difficulties.

Stiffness of the joint that is described as ‘gelling’ is another symptom of OA, it is
reported in most OA patients with different degrees ranging from slowness of the joint to
pain with initial joint motion. The joint stiffness is usually at its worst in the morning
following to first rising from bed that lasts for <30 minutes (62). Also, it can be
troublesome following to joint rest during the day. Moving the joint or doing some
exercise for a few minutes can help restore the joint function. Function impairment and
difficulties in performing the daily activities due to joint stiffness are usually linked to
lower quality of life of the OA patients including social isolation and loss of job

opportunities (66).

As the disease progresses, its symptoms and signs become more noticeable, one of

several OA signs is limitation of joint motion and loss of joint flexibility. Reduction in the
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normal range of motion within the joint can be noticed when the joint becomes less

movable, and eventually it may not be possible to fully straighten or bend it (62).

Moreover, ligamentous instability, significant joint destruction, and decline in the
strength and function of the joint muscles lead to instability and insecurity of OA patients
(62,67). Also, OA patients can feel and hear crunching, creaking, crackling, grating, or
grinding sounds and sensation on movement of the joint that is called ‘crepitus’ due to
roughening of the normally smooth cartilage surfaces inside the joint (62). As well as
most of the OA patients experience tenderness with discomfort feeling when pressing on
the affected joint even in the absence of obvious signs of inflammation. Joint line
tenderness could be due to articular pathology, while tenderness away from joint is

possibly due to periarticular pathology (55,62).

In later stages of OA, visible bone swelling can be noticed in the affected joint due to
cartilage distraction and bone remodeling on either side of the joint, as well as the
formation of small osteophytes at the joint margins. Also, swelling can be soft and warm
due to extra synovial fluid that is called effusion resulting from the accumulation of

excess fluid in the joint space (62).

Another sign of OA is bone growth or deformity, bone growth at advanced stages of OA

can be seen under the skin near joints due to the articular cartilage loss, formation of

osteophytes at the bone margins, and bone cysts at the affected joint (62).
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OA does not affect all joints equally (62). Since knee OA patients may have a collection
of joint fluid in the hollow at the back of the knee called a Baker’s cyst. They sometimes
walk with difficulty, and it can worsen as the joint degenerates. The pain of knee OA is
often gets worse during physical activities such as walking, squatting, setting or getting
off a chair and climbing stairs (68,69). In hip OA patients, pain develops slowly in the
groin and on the outside of the hips, or sometimes in the buttocks. The pain may also
radiate to the knee, making the diagnosis unclear (62). Hip OA patients often have a
restricted range of motion particularly when trying to rotate the hip and walk with a limp,
because they must slightly turn the affected leg to avoid the pain. The pain gets worse
during physical activities such as walking, getting in and out of the car, and putting socks
or stockings on (69). Hand OA occurs most often in older women and may be inherited
within families. Hand OA causes the formation of hard bony enlargements (nodes) of the
small joints of the fingers. The characteristic appearances of these finger nodes can be
used in diagnosing hand OA (70). OA of the hand may cause enlargements of the distal
interphalangeal (DIP) joints called Heberden’s nodes, it may also cause enlargements of
the proximal interphalangeal (PIP) joints called Bouchard’s nodes (62). Moreover, it
frequently damages the base of the thumb, which may give the hand a squared appearance

(62,70).

1.1.4 Diagnosis of OA:

The diagnosis of OA is made clinically based on the typical disease symptoms, signs, and

physical examination in the age of onset (> 40 years) group. However, when the clinical
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diagnosis is unclear, radiography and/or laboratory investigations can be used to assess

the presence and severity of the disease (71).

In clinical diagnosis of OA, peripheral OA joints may be diagnosed confidently with
persistent joint pain at one or few joints along with morning stiffness for <30 minutes
(72). Also, the presence of additional clinical signs of OA including joint swelling and
redness, osteophytes formation, and the pattern of joint involvement are used in the

symptomatic diagnosis of OA (73) as shown in Table 1.1.

This OA clinical diagnosis method is used regardless of the presence or absence of the
radiographical structural changes and vice versa. For example, patients with a robust
clinical diagnosis of OA may have normal radiographs (74,75). Although, there may be a
significant correlation between radiographic features and OA symptoms in the affected
joint, radiographic diagnosis fails to correspond directly with symptoms and disability,
and implementation of radiographic criteria alone would not be accurate in clinical

research studies of OA (75).

Radiographic examination may be used to support the diagnosis of OA but is not a
routine procedure to explain the clinical symptoms. When there is still diagnostic
uncertainty regarding the cause of the joint pain, imaging with plain radiographs, CT

scan, MRI, or ultrasonography may be used (74).
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Table 1.1: the clinical features of OA used in the diagnosis of the symptomatic OA. The
table was adapted from the Abhishek and Doherty et al. (2013) (73).

Patient characteristics

Age of onset | >40 years
Symptoms
Pain = Affects one or few joints at a time.
= Insidious onset - slow progression over years.
= Variable intensity.
= May be intermittent.
= Increased by joint use and relieved by rest.
= Night pain in severe OA.
Stiffness = Short-lived (<30 minutes) and early morning- or inactivity-
related.
Swelling . (Siome (c?g, nodal OA) patients present with swelling and/or
eformity.
Constitutional = Absent.
symptoms

Physical exam findings

Appearance = Swelling (bony overgrowth + fluid/synovial hypertrophy).
= Attitude.
= Deformity.
* Muscle wasting (global - all muscles acting over the joint).
Palpation = Absence of warmth.

Swelling (effusion if present is usually small and cool).
Joint line tenderness.
Periarticular tenderness (especially knee, hip).

Range of motion

Crepitus (knee, thumb bases).
Reduced range of movement.
Weak local muscles.

Traditional radiography using X-ray is the most widely implemented imaging method in

OA diagnosis that allows for detection of OA characteristic features including marginal

osteophytes, subchondral sclerosis and cysts, and JSN as indicator of cartilage

degradation (75). Also, it is used to evaluate patient’s need for total joint replacement

(TJR) surgery. However, X-ray is insensitive, particularly with early OA stage, and it

often correlates poorly with the disease symptoms (76).
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MRI is not necessary for most of the OA patients with symptoms suggestive of

OA and/or typical radiographic features, however the utility of MRI is increasing due to
its ability in identifying OA at earlier stages (74). Since MRI can detect cartilage damages
and bone marrow lesions at the affected joint, and it can also be used to assess pathology
in other structures of the joint including effusions, synovium, and ligaments that are not

seen by traditional X-ray testing (75,76).

Although, ultrasonography became a useful tool in OA diagnosis to identify the OA-
associated structural changes including synovial inflammation, effusion, and
osteophytosis, ultrasound cannot be used to assess deeper articular structures and

subchondral bone (77).

A common and widely used method of Radiographic classifying OA severity is the K/L
scale that grades radiographs by the presence of osteophyte, joint space narrowing,
sclerosis and joint deformity (78), Figure 1.3. The classification ranges from 0 to 4,
where 0 is none and 4 is severe OA of the joint respectively (78,79) as shown in Table

1.2.
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Kellgren—Lawrence grading scale

OA Grade Grade 0 Grade 1 Grade 2 Grade 3 Grade 4
(Normal) (Doubtful) (Mild) (Moderate) (Severe)
JSN No radiographic Doubtful Possible Definite Marked
features of OA are
Osteophytes present Possible Definite Multiple Large

Figure 1.3: Knee X-ray images showing the grades of the Kellgren and Lawrence (K/L)
radiographic grading system. Grade 0 corresponds to the normal knee without
radiographic findings of OA; Grade 1 corresponds to minute osteophytes of doubtful
clinical significance of OA; Grade 2 corresponds to mild OA with definite osteophytes
and possible JSN <3 mm (<25%); Grade 3 corresponds to moderate OA with definite
osteophytes and minor JSN <5 mm (50-75%); and Grade 4 corresponds to severe OA
with definite osteophytes with moderate JSN 5-15 mm (>75%). This image was adapted
from Bany Muhammad ef al. (2021) that is licensed under Creative Commons CC BY
License (80).

Table 1.2: Kellgren and Lawrence (K/L) grading system. The table was adapted from the
Abhishek and Doherty et al. (2013) (73).

Grade of the OA | Description

Grade 0 No radiographic findings of OA.

Grade | Minute osteophytes of doubtful clinical significance.

Grade 11 Definite osteophytes with possible JSN <3 mm (<25%)).

Grade 111 Definite osteophytes with minor JSN <5 mm (50-75%).

Grade IV Definite osteophytes with moderate JSN 5-15 mm (>75%).

Grade V Definite osteophytes with sever JSN >15 mm, subchondral
sclerosis, and subchondral cysts.

OA: osteoarthritis, JSN: joint space narrowing, mm: millimeter.
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Also, the ACR proposed different criteria for the diagnosis of knee, hip, and hand OA.
For the OA of knee: the existence of knee pain in addition to at least three of the
following six features: a) older than 50 years, b) stiffness lasting less than 30 minutes, c)
crepitus on active motion of the knee, d) bony tenderness, €) bony enlargement, or f) no
palpable warmth (15). Whereby, diagnosis of hip OA investigates: the existence of hip
pain in addition to at least two of the following three features: a) erythrocyte
sedimentation rate (ESR) less than 20 mm/hour, b) femoral and/or acetabular osteophytes
evident on X-ray, or ¢) JSN shown on X-ray (71). Finally, detection of hand OA contains:
the existence of hand pain in addition to at least three of the following four features: a)
hard tissue enlargement of two or more of 10 selected joints (2nd and 3rd DIP, 3rd PIP,
and first carpometacarpal (CMC) joints), b) deformity of at least two of the above ten
selected joints, c) hard enlargement of two or more DIP joints, or d) fewer than three

swollen metacarpophalangeal (MCP) joints (71) as shown in Table 1.3.
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Table 1.3: The American College of Rheumatology (ACR) criteria for the diagnosis of
knee, hip, and hand OA (71).

Joint symptoms | Additional features
affected
Knee OA Knee pain | At least three of the following six features:

= Greater than 50 years of age.

= Stiffness lasting less than 30 minutes.
= Crepitus on active motion of the knee.
= Bony tenderness.

= Bony enlargement.

= No palpable warmth.

Hip OA Hip pain | At least two of the following three features:
= Erythrocyte sedimentation rate (ESR) less than 20
mm/hour.
= Femoral and/or acetabular osteophytes evident on
X-ray.

= Joint space narrowing evident on X-ray.

Hand OA Hand pain | At least three of the following six features:

= Hard tissue enlargement of two or more of 10
selected joints (2nd and 3rd DIP, 3rd PIP, first
CMC joints).

= Deformity of at least two of the above ten selected
joints.

» Hard enlargement of two or more DIP joints.

= Fewer than three swollen MCP joints.

However, laboratory testing is not being used as a routine clinical diagnostic procedure
for OA (81). Synovial fluid examination can be examined in the lab to differentiate
between OA and the rheumatoid arthritis (RA) (82), since synovial fluid is normally non-
inflammatory or moderately inflammatory in the OA with 2000 white blood cells/mm?, as
well as the presence of the predominantly mononuclear cells (75,82). Further laboratory

testing in OA diagnosis may include investigation of the ESR or C-reactive protein
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(CRP), rheumatoid factor (RF), and anti-cyclic citrullinated peptide (CCP) antibodies as

indicators of inflammatory (82).

Also, it is worth mentioning that appropriate imaging and laboratory investigations of OA
should be carried out in young individuals with atypical OA symptoms and signs such as
unusual site of involvement; joint inflammation; and pain at rest during night-time, and

rapidly progressive pain (72,75).

1.2 OA EPIDEMIOLOGY:

The difficulties in defining OA and determining its aetiology and onset led to complexity
in estimating its epidemiology. Therefore, the prevalence and incidence of OA varies
according to the OA definition, the affected joint, and the population of each study (83).
Moreover, since OA is a chronic disease affecting the elderly, competing risk factors or
death from other diseases complicates direct estimation of the cumulative incidence of
OA (84). Nevertheless, studies consistently report a high global OA prevalence, with a
greater burden in older peoples, females, specific ethnical groups, and among peoples
with lower socioeconomic conditions (85). This burden is expected to rise with the aging
population and at higher rates of obesity (4). The rapid increase in prevalence of OA will
lead to a growing impact and major challenges for health care and public health systems
(86). A report from the Global Burden of Diseases (GBD), Injuries and Risk Factors
Study estimated the global age standardized point incidence of the symptomatic,

radiographically confirmed OA in 2017 to be 3.8% (3754.2/100,000 person-years), with
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an increase of 9.3% from 1990. Rates being higher in women (4.8%) compared to men
(2.8%) (85). Also, the global age standardized annual incidence rate was 181.2/100,000
person-years and 8.2% increases since 1990 (85). Also, Jin et al. (2020) used the GBD
data and found that the global annual increase of OA was 0.32% (95% Confidence
interval (95% CI)=0.28-0.36) in age standardised incidence rate (ASIR) with about 102%
increase in crude incidence rate between 1990-2017 (87). The increase in the OA
incidence could be due to the aging of the global population and the westernized lifestyle
that are associated with increased age-related muscle weakness, lack of physical activities
and exercises, increase of obesity, and comorbidities. Moreover, a UK-based study of
494,716 OA patients found that the incidence of symptomatic OA was 6.8/1000 person-

years between 1997-2017 (88).

Limited number of studies investigated the prevalence and incidence of OA in Canada.
Based on the data from the Canadian Chronic Disease Surveillance System (CCDSS) and
the report on OA from the Public Health Agency of Canada (PHAC, 2019), the
prevalence and incidence of OA increase with age and are higher in females than their
estimates in males in Canada (89). The prevalence of OA was 16.1% in females and
11.1% in males, Figure 1.4. Also, the incidence was 10.0 per 1,000 persons-year in
females and 7.5 per 1,000 persons-year in males (89), Figure 1.5. During the 2007-2008
and 20162017 period, the age-standardized prevalence of diagnosed OA increased by
0.7% in females and by 1% in males, while the age-standardized incidence of diagnosed
OA decreased in females from 13.0 to 10.9 per 1,000 persons-year and in males from 9.2

to 8.1 per 1,000 persons-year as shown in Figure 1.6 (89).
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Figure 1.4: Prevalence (%) of diagnosed OA by sex and age group in Canada during
2016-2017. The figure was adapted from the Public Health Agency of Canada statistical
report on OA.
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Figure 1.6: Age-standardized prevalence (%) and incidence (per 1,000 persons-year) of
diagnosed OA among Canadians aged 20 years and older, by sex, Canada, from 2007—
2008 to 2016-2017. The figure was adapted from the Public Health Agency of Canada
statistical report on OA.

1.2.1 Site specific prevalence and incidence of OA:

Since knees, hips, and hands are the most common joints affected by OA, the majority of
epidemiological studies have focused on OA of these sites. A population-based study of
healthcare records from northeast Spain with more than three million OA patients
reported that incidence rates per 1000 person-years was for knee OA 6.5 (95% CI=6.4-

6.6), hip OA 2.1 (95% CI=2.0-2.1), and hand OA 2.4 (95% CI=2.4-2.4) (5).

1.2.1.1 Knee OA:

Several studies investigated the prevalence and incidence of knee OA. A study in Malmo,
Sweden reported that the prevalence of radiographic knee OA was 25.4% (95% CI1=24.1-
26.1) among individuals aged from 56 to 84 years, whereas the prevalence of

symptomatic knee OA was 15.4% (95% CI=14.2-16.7) in adults aged 56 to 84 years old
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(90,91). In the US-based Johnston County OA project, the prevalence of the symptomatic
knee OA was 17% among adults > 45 years old (92,93). Another population study, the
Framingham OA study in the USA identified the symptomatic knee OA prevalence to be
7% in the same age group. However, this study reported the age and body mass index
(BMI) adjusted prevalence of knee pain and symptomatic knee OA, but not radiographic
knee OA, approximately doubled among women and tripled among men in adults > 70
years old between 1983-2005 (94). A meta- analysis based on the studies from China
estimated that the symptomatic knee OA prevalence was 14.6% (95) in Chinese
population aged 40-74 years. Moreover, the Chingford study reported that the cumulative
5-year incidence of typical radiographic knee OA in women aged 45-64 years was 17.6%,
and the incidence of accelerated radiographic knee OA was 3.7% (96). Also, by using
different cohorts and methodologies, the lifetime risk of symptomatic knee OA was
estimated to be between 14% and 45% (97,98). Additionally, in the Korean National
Health and Nutrition Examination Survey, the weighted prevalence of radiographic knee

OA was 35.1% in adults > 50 years old (99).

1.2.1.2 Hip OA:

Pertaining to the few epidemiological studies of hip OA, the US-based Johnston County
OA study identified the prevalence of the radiographic hip OA to be 27% in patients > 45
years old (83). However, among the same age group, this study reported the symptomatic
hip OA to be 10% (83,100). In the Framingham Community Cohort, the age-standardized

prevalence of radiographic hip OA among adults > 50 years old was 19.6% (95%
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CI=16.7-23.0), and the prevalence of symptomatic hip OA was 4.2% (95% CI=2.9, 6.1%)
(101). Another study showed that the incidence rate of radiographic hip OA in adults > 23
years was 5.6 per 1,000 person-years for men and 8.4 per 1,000 person-years in women
(102). While the age- and sex-standardized incidence rate of symptomatic hip OA was

identified to be 88 per 100,000 person-years in adults > 50 years old (150).

1.2.1.3 Hand OA:

There was a high difference in the prevalence of hand OA due to differences between the
radiographic and symptomatic status, variable disorder definitions, and study populations.
The weighted prevalence of hand OA in a Spanish study of adults > 40 years old that used
the ACR clinical criteria was 7.7% (85). Another study of three cohorts of OA patients >
50 years old from England reported that the weighted prevalence of radiographic and
symptomatic hand OA was 22%, with first CMC joint OA being the most common
subtype of the disorder (104). Also, the primary investigations of the Framingham OA
study reported the age-standardized prevalence of symptomatic hand OA to be 14% in
women and 7% in men (105); these measures were increased to 26% among women and
13% among men in patients > 71 years old (106). The same study showed that the nine-
years incidence of radiographic OA at any joint of the hand was about 35%, and the
incidence of symptomatic OA at one or more of hand joints being 4% in men and 10% in
women (105). Furthermore, in the US-based Johnston County OA Project, the incidence
of radiographic hand OA among adults age > 45 years old was 60%, and the incidence of

symptomatic hand OA was 13% throughout a 12-year follow-up time (107). In the same
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cohort, the weighted lifetime risk of symptomatic hand OA was 40% (108). Also, the age-
and sex-standardized incidence rate of symptomatic hand OA was 100 per 100,000
person-years, and this value increases significantly after age of 50 in adults in a

community health plan (103).

1.2.1.4 Multiple Joint OA (MJOA):

The presence of OA in multiple joints is an often-overlooked component of the burden of
OA (109). Overall, MJOA has been associated with poorer OA-related outcomes
compared with single joint involvement. Previous studies estimated that the prevalence of
MIJOA range from 5% to 25% (23). A population-based study from Korea suggested that
almost 11% of men and 23% of women had more than two joints involved in the disease
among individuals older than 50 years (110). In a Swedish population, almost 27% of

prevalent OA cases report OA in multiple joints (111).

1.2.2 Economic and social burdens of OA:

OA is the most common form of arthritis and the eleventh most disabling disease in the
developed countries (1). Worldwide estimates indicated that 240 million individuals have
symptomatic OA, including 10% of men and 18% of women aged over 60 years (112).
About 80% of OA patients have limitations in movement, and 25% of them cannot
perform their major daily activities (113). In addition to pain and disability, OA patients
may also experience low grade of health, psychological distress, and reduced quality of

life. Although OA is not a life threatening, its social and economic burden is very
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significant. The OA burden was reported as the 6th in the East Asia and high-income East
Pacific countries, 10th in North America, 7th in Eastern Europe, and 13th in Western
Europe (114). These burdens are elevated by significant co-morbidities, such as metabolic
syndrome, diabetes, cardiovascular disease, and the adverse effects of non-steroidal anti-
inflammatory drugs (NSAID) treatments (103). For instance, a population-based study of
a large men and women sample with symptomatic and radiographically confirmed knee
or hip OA identified more severe walking disability and greater the risk of death. This
increased risk may be due to low-grade systemic inflammation or a lack of physical
activity (115). Another study reported that the risk of cardiovascular events was
associated with only greater baseline walking disability (116). Also, in a US population-
based cohort study of 9,704 white women aged > 65 years, about 25% of the increased
risk of cardiovascular disease mortality among women with hip OA could be explained

by poor physical function (117).

Additionally, costs associated with OA may include costs for outpatient visits and
hospitalization, adaptive aids and devices, medications, and time lost from employment.
In general, the annual direct costs of OA were estimated to be US $10,124 for male and
US $12,534 for female (85). Particularly, the costs occurring during outpatient visits and
hospitalization were accounting for 40-93% of the total costs. Also, the annual
medication costs were consistently estimated between US $1,062- $3,624 per individual
(95,97). Moreover, the number of days absent from work due to OA varied from 3.3 to

40.6 days with annual indirect costs ranging US $2,298-5,715 (118,119).
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In Canada, about 3.9 million (13.6%) Canadians aged > 20 years live with OA, and
219,000 (8.7 per 1,000 persons-year) were newly diagnosed with OA in 20162017 (89).
Of these, 12% experience pain in their hip(s); 29% in their knee(s), and 29% in both
joints. OA is estimated to be the major source of joint pain and disability in Canada
(66,120). Sharif et al. (2015) predicted that the burden of OA in Canada will increase
from approximately 2.9 billion Canadian Dollar in 2010 to almost 7.6 billion Canadian
Dollar in 2031, a 2.6-fold increase from 2011. In which hospitalization will account for
38.2% of the total costs (121). Thus, OA has an extremely high burden in terms of health
and economics on individuals, communities, and healthcare systems; This burden is
largely attributable to the effects of disability, comorbid disease, and the expenses of OA

treatment (122).

1.2.3 OA aetiologies and risk factors:
It became obvious that OA is a heterogeneous disorder, and its pathophysiology is driven
by many systemic, intrinsic, and existing risk factors (123). Interactions between two or

more of these factors may increase the susceptibility of OA development and progression

(4,124).

1.2.3.1 Age:
Age is the strongest, non-modifiable risk factor for OA. The incidence and prevalence of
OA are highly associated with age (125). Approximately, 14% of adults aged 25 and

older have symptomatic OA of at least one joint, and 30-50% of adults > 65 years old
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develop OA (18-20). Then, leveling-off occurs at all joint sites around the age of 80 years
(126). However, many older individuals at advanced age live without OA signs, and some
young individuals could be diagnosed with OA at early stages of their life (127). The
relationship between the age and the risk of OA is multifactorial that can be consequence
of physiological processes of aging including oxidative damage, thinning of cartilage,
loss of normal bone structure, increased stiffness of ligaments and tendons, meniscal
degeneration, muscle weakening (sarcopenia), and a reduction in proprioception (128).
These factors may affect the joint function and predispose the joint to OA. Moreover,
basic cellular mechanisms that maintain tissue homeostasis decline with aging. For
example, disruption of the catabolic and anabolic processes that are linked to aging lead
to loss of the cartilage plate, decline in the chondrocytes number, and reduction of ECM
water equilibrium (114). As a result, the risk of joint deterioration increases, and the
chance of OA initiation and development elevates. Thus, OA could be a good marker for
long life expectancy, people with OA could have other comorbidities and thereby die
earlier than those without OA, and the reduction of OA incident rates around the age of

80 years is possibly due to withdrawal from studies or death of OA patients at older ages.

1.2.3.2 Sex:

Sex is another key risk factor for OA. Generally, there is no significant difference in the
OA prevalence and incidence between males and females before the age of 50. For
individuals older than 50 years, women are more often affected with hand, foot, and knee

OA. A meta-analysis of sex differences prevalence, incidence, and severity of OA
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reported that women older than 50 years are at a higher risk of severe knee OA (129), and
these measures elevate dramatically after the menopause age (126,130). The Framingham
Knee OA study reported a 1.7 (95% CI=1.5-2.7) times higher incidence of knee OA in
women aged 40-80 years compared with men. Women were estimated to have a lifetime
increased risk of symptomatic knee OA of 47% (131). In addition, females live with OA
tend to have more severe symptoms, faster progression, and more prone to undergo TJR
surgery and use of healthcare than men (132). Multiple studies suggested an implication
of sex hormones and menopause in the development of OA in women, but the results of
clinical and epidemiologic studies are conflicting (133—-135). However, a recent study
reported that there was no clear association between sex hormones and radiographic knee,
hip, or hand OA in women (135). Although, the reason for the increased risk of OA in
women remains unclear, it was hypothesized that other factors including reduced volume
of cartilage, bone loss, or muscle strength difference between both sexes may lead to this

difference in OA prevalence and incidence (90).

1.2.3.3 Obesity:

Individuals with BMI > 30 kg/m? are categorized as obese. Obesity represents one of the
most important modifiable risk factors for the incidence and progression of OA. It has
been associated with early articular cartilage damage identified by MRI before the
development of OA symptoms, suggesting a causation between obesity and OA, rather

than obesity being developed due to lifestyle changes associated with OA (136).
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The effect of obesity on the development and progression of OA is possibly due to
increased overloading during weight bearing activities, decreased muscle strength, and
altered biomechanics on the knee and hip joints (137,138). Studies showed obese
individuals were 6.8 times more likely to develop knee OA than normal-weight controls
(139). A study in patients with new-onset knee pain identified that 24.6% of cases were
overweight or obese individuals (124). Also, a large population-based study found that
overweight individuals had a 46%, and obese subjects had a 93% increased risk of
developing hip OA (140). Furthermore, studies of BMI and risk of OA showed that a
five-unit increase in BMI was associated with a 35% raised risk of knee OA and 11%

increased risk of hip OA (141,142).

As a modifiable risk factor, weight loss have been demonstrated in many studies in the
relief of pain, delay of joint structural damage, restore joint’s function, and decrease
inflammatory associated with OA (143). The Framingham Study estimated that weight
reduction by 5 kgs decreased the risk of developing knee OA by 50% (144). Likewise, a
reduction in weight by 7.7% was reported to clinically improve joint’s function scores
(145). Also, a multicenter observational study in 640 adults who were overweight or
obese with mild to moderate OA identified that a decrease in BMI > 5% over a 48-month
period is strongly correlated with a decrease in rate of progression of knee cartilage and

meniscal damage seen on MRI (146).

Interestingly, obesity has been also associated with the risk of developing hand OA (147).
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As hands are non-weight-bearing joints, and the association between body weight and
hand OA is inconsistent and weaker than its estimates in knee and hip OA (114). In this
case, the effect of obesity may be due to not only just biomechanical, but also metabolic
diseases or inflammatory processes (148). Previous studies reported that metabolic factors
linked to obesity like circulating adipocytokines, adipokines, and lipid abnormalities may
impact the joints of obese individuals (149). For example, adipokines has been identified
to stimulate similar chondrocyte activation in a similar manner to the mechanical stress
and pro-inflammatory cytokines (150). Likewise, excess leptin generated due to adiposity
may lead to the ECM synthesis reduction and degradation of cartilage (137). It has been
also shown that white adipose tissue (WAT) secretes inflammatory mediators into the
systemic circulation and effects cartilage degeneration (147). Additionally, bone marrow
of the cancellous bone at the femoral head of end-stage hip OA patients had higher fat
mass (151). Thus, obesity and adiposity have a serious effect on the hip bone and
cartilage. Furthermore, obesity as a low-grade inflammatory state may significantly

impacts joint’s cartilage, synovium, and bone (152).

1.2.3.4 Metabolic syndrome:

In addition to obesity, other components of metabolic syndrome (MetS) including high
cholesterol, hypertension, cardiovascular disease, and diabetes may contribute to OA
pathophysiology (153). The association between these MetS components and OA is
possibly due to the shared pathogenic mechanism involving metabolic abnormalities and

systemic inflammation. For instance, the Korean National Health and Nutrition
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Examination Survey III study reported an increased risk of metabolic syndrome by 5.26-
folds in OA patients at the age of 43.8 years than older individuals (154). Eckstein F, et
al. (2013) found that patients with severe spine OA had statistically higher composition of

MetS factors than patients with early spine OA (155).

Moreover, hyperlipidemia was shown to possibly affect chondrogenesis, osteogenesis,
and mesenchymatous cell differentiation (156). For example, increased circulation levels
of cholesterol are implicated in the hypertension. In turn, hypertension was hypothesized
as an important driver for the initiation and progression of OA (157). It has been
identified that venous blocking due to hypertension may lead to episodic reduction in
blood flow through the micro vessels in the subchondral bone. Therefore, the interstitial
fluid flow within subchondral bone is reduced leading to subchondral bone ischemia,
nutrient, and oxygen supplies decline (154). Thus, apoptosis of the subchondral
osteocytes with subsequent abnormalities in subchondral bone remodeling occurs and
results in OA development (158). Additionally, individuals with OA are at higher risk of
physical inactivity and the use of the NSAIDs that increases the risk of cardiovascular
disease which may further explain the association between these two conditions (154).
However, the link between diabetes and OA is not fully understood, the association
between these two conditions has been traditionally attributed to underlying shared risk
factors of age and obesity (159). A meta-analysis study of 28 cross-sectional, 11 cohort,
and 28 case-control studies found that the mean OA prevalence was 29.5+£1.2% in 5,788
diabetes patients from 17 studies, and the prevalence of diabetes was 14.4 £0.1% in

645,089 OA patients from 31 studies. Moreover, OA and diabetes were significantly
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associated, the overall risk of OA in diabetic patients studies found the risk of OA to be
greater in the diabetes patients than individuals without diabetes with OR=1.46 (95%
CI=1.08 to 1.96), and the risk of diabetes in OA patients’ studies reported the risk of
diabetes to be higher in the OA patients than individuals without OA diagnosis with
OR=1.41 (95% CI=1.21 to 1.65) (160). It has been proposed that alterations in lipid
metabolism and excessive glucose concentration (hyperglycemia) might have a direct
impact on cartilage health and subchondral bone. Emerging evidence suggests that high
intracellular glucose concentration in diabetic patients promotes the production of
reactive oxygen species and advanced glycation end products (AGEs) (160,161). In turn,
accumulation of the AGEs compounds in articular cartilage give rise to a cascade of
events that promote release of pro-inflammatory factors, such as TNF-a and activate
transcription factors including nuclear factor-kappa B (Nf-kB), which cause inflammation
and oxidative stress intracellularly and might promote cartilage degradation leading to

OA pathogenesis (161).

1.2.3.5 Osteoporosis:

Osteoporosis (OP) is another common age-related skeletal condition. It develops when
bone mineral density (BMD) declines leading to a decreased bone strength and elevated
risk of fractures. OP is one of the major causes of fractures in postmenopausal women
and in older men. Fractures can occur in any bone but happen mostly in bones of the hip,
vertebrae in the spine, and wrist (162). The association between OA and OP is more
complicated than what previously thought. The inverse association between OA and OP

is not well understood and has been a subject of argument, these two diseases are not

37



mutually exclusive (162,163). It has been found that increased BMD is often associated
with elevated risk of radiographic OA and increased number of affected joints (164). For
example, a systematic review and meta-analysis of the knee OA risk factors in older
adults identified a significant association between increased BMD and the onset of knee
OA in women (165). Also, subjects with high BMD were found to have a higher
prevalence of self-reported joint replacement and use of NSAIDs compared with
unaffected controls, suggesting an increased risk of OA (164). However, the
pathophysiological mechanisms of this association between OA and OP are not fully
known, it is estimated that individuals with high BMD have a tendency for bone-forming,
which elevates their susceptibility to OA. One study showed that individuals with high
BMD are at higher susceptibly of hip OA and formation of multiple osteophytes (166).
Furthermore, the studies of high BMD and OA in non-weightbearing joints in hands
referred this association to osteophyte formation rather than cartilage loss and JSN (167).
Moreover, the inverse association of OA with OP can be explained by shared genetic
components between OA and OP (168). Also, a small number of studies in end-stage
knee OA women have found sclerotic bone with a bone marrow lesion (BML) suggesting
implication of BMLs in the relationship between OA and OP (169). Additionally, studies
reported involvement of muscle weakness in the pathogenesis of OA and OP. Thus, the
inter-correlation of BMLs, muscle weakness, OA, and OP may represent different

mechanism that explains the relationship of OA and OP (170).
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1.2.3.6 Muscle weakness (Sarcopenia):

Skeletal muscles are essential components of the neuromuscular skeletal system that has
an integral role in the biomechanical structure and function of the synovial joints, since
they produce movement, absorb loading, and provide dynamic joint stability (4,171).
Muscle weakness and atrophy, which is also called sarcopenia, is one of the earliest signs
of aging and an important geriatric condition (172). It became obvious that the age-related
reduction of muscle strength and OA share similar pathologic processes and clinical
features including changes of the joint anatomy, joint pain, decreased function, joint
instability, periarticular muscle weakness, and fatigue (173). However, the underlying
mechanisms between age-related muscle weakness and the pathogenesis of OA are not
fully understood, it has been estimated that muscle weakness and OA are intercorrelated,
and muscle weakness may represent an important risk factor for OA in the weightbearing
joints. Limited number of studies have been conducted to investigate the contribution of
muscle strength to the pathogenesis of OA, and the majority of the reported studies found
strong correlation between muscle weakness and initiation of OA (174—176). It has been
reported that individuals with reduced skeletal muscle mass and strength are at higher risk
of falls (177), fractures (178), and loss of function (179). On the other hand, OA patients
have significant loss of muscle mass, function, and strength due to reduced physical
activities (180—185). For example, men and women with symptomatic and radiographic
knee OA have been identified to have weakness in quadriceps compared to those without
OA. Also, a large cohort study of knee OA patients reported that quadriceps weakness in
women, but not in men, was associated with increased risk for tibiofemoral and whole

knee JSN over 30 months' follow-up (186). This quadriceps weakness could be due to
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atrophy with disuse (187). There is evidence that exercise to strengthen the lower limb
may improve OA symptoms (188). Moreover, findings from the OA Initiative found
significantly lower isometric strength in symptomatic versus asymptomatic knees (189).
In another study examined ~8,000 patients, lower knee extensor strength was associated

with an increased risk of pain and functional impermeant (190).

1.2.3.7 Joint injury:

Joint injury is one of the strongest risk factors for the development of OA and is
commonly called posttraumatic OA (114). It is obvious that meniscal and cruciate tears,
fractures, and dislocations, can result in an increased risk of OA development and
musculoskeletal symptoms (128). The knee is one of the most frequently injured joints.
Damage of the anterior cruciate ligament (ACL) is implicated in deterioration of
cartilage, subchondral bone, collateral ligaments and/or menisci observed in
approximately 65—-75% of ACL-injured knees (191,192). Studies found that early onset in
13% of knee OA cases after 10-15 years is due to tearing of the ACL (193). However,
injury of hip is less frequent than knee injury, individuals with hip injury were reported to

have a five-fold risk of incidence and progression of hip OA (194,195).

1.2.3.8 Occupation:
Heavy workload is one of the most common occupational risk factors for OA. However,
the mechanism of the association between the occupation and OA is not fully understood.

It is thought that excessive joint loading and repetitive damage of the joints over time are
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implicated in the development of OA at several anatomic sites (128). Most studies of
occupation and OA are limited to knee OA. Knee OA was more frequently observed in
people working in construction, firefighting, agriculture, fisheries, forestry, and mining
(196) that required prolonged squatting, knee bending, kneeling (197), regular stair
climbing, crawling, whole-body vibration, and repetitive movements (198). For example,
one British study identified that workers > 55 years old who were exposed to more than
25 kgs heavy lifting and kneeling/squatting or climbing stairs are at more than a five-fold
greater risk of developing knee OA (199). Another study of the occupational exposure
duration revealed that men who worked for 11 to 30 years in building and construction
work had a 3.7-fold greater risk of developing knee OA (200). Occupation was also
linked to the susceptibility of hip OA. Heavy physical workload involving bending,
twisting, and reaching has been shown to contribute to hip OA (124). It was estimated
that participation in such occupations doubling the risk of hip OA in men and increasing
by approximately 40% in women (201). Like knee OA, the number of years in the
occupation was also contributing to the increased risk of hip OA. For instance, farming
for up to nine years increasing the risk of hip OA by 4.5 times; while farming 10 or more

years increased the risk 9.3 times (114,128).

Moreover, heavy physical workload is considered as an occupational risk factor for spine
and neck OA (196). Also, due to frequent extreme positions or high load being placed on
the cervical spine, significantly higher risk of cervical spondylosis was reported in meat

carriers, dentists, and miners in comparing to office workers (202). Additionally, workers
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whose jobs required repeated pincer grip and increased manual dexterity have increased

the risk of radiographic hand OA, particularly in the DIP joint (90,203).

1.2.3.9 Sports and physical activities:

The relationship between physical activity and subsequent OA remains complex and
controversial (204). It is unclear if the associations are due to the involvement of the sport
activities itself, or consequences of injury associated with the sport activities participation
(205). There are some evidences suggesting that highly repetitive, intense and high-
impact physical activity may increase the risk of radiographic hip and knee OA
development (90,204,206). For example, a meta-analysis identified an increased risk of
OA in soccer and elite soccer players, but lower and not significant risk in runners (207).
Another study reported that middle-aged runners that were followed up for a five-year
period did not develop symptomatic or radiographic knee OA compared with age
matched controls from the general population (90,114). Similarly, observational studies
using the Framingham cohort data did not show any additional risk or benefit associated
with incidence of radiographic knee OA and participation in walking or jogging, even in
subjects with a BMI >30 kg/m? (207). Moreover, other studies estimated that in the
absence of joint injury, moderate daily recreational sport activities, whatever is the type
of sport, do not appear to increase the risk of developing clinical or radiographic hip or

knee OA (208), but could reduce the risk of various age-related chronic conditions (209).
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1.2.3.10 Joint Alignment:

Anatomic factors such as joint shape and alignment have been also associated with the
development of knee and hip OA. For instance, the mechanical alignment of the knee
modulates the distribution of load across the articular surfaces. About 65% of weight-
bearing load of a normally aligned knee is transmitted through the medial compartment.
Shift in a valgus or varus direction affects the load distribution and increases stress on
joint structures including articular cartilage and leads to degenerative change in the joint
(128) . In a prospective observational study of 230 knee OA patients, medial and lateral
progression of knee OA was four-fold greater in patients with varus alignment and five-
fold greater in those with valgus alignment, respectively (116). Also, a meta-analysis of
radiographic OA confirmed that knee malalignment is an independent risk factor for
progression of radiographic knee OA (210). Similarly, hip joint shape alterations such as
femoroacetabular impingement (FAI) and severe developmental dysplasia of the hip
(DDH) have been associated with high risk of early-onset hip OA, with FAI being the

more prevalent of these malalignment (91).

1.2.3.11 Ethnicity and race role in OA:

Different ethnic groups were found to have different prevalence of OA and patterns of
joint involvement. In general, the prevalence of OA is higher in the populations of the
developed countries including the Caucasian population of Europe and America, as well
as East Asians population in Japan compared to the less developed countries (211,212).

While, the Chinese from Beijing were identified to have significantly lower radiographic
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hip and hand OA in comparing with the white Americans from the Framingham Study. In
contrast, Chinese women had a higher prevalence of radiographic and symptomatic knee
OA than white Americans (197). From other point of view, Johnston County OA Project
reported similar prevalence of the radiographic hip OA in African and white American
women, but the African American men were more likely to have superior or medial JSN

and lateral osteophytes, and they were less likely to have axial JSN than white men (213).

1.2.3.12 Diet:

It had been found that some diets have anti-inflammatory capabilities which can help
reduce OA symptoms, while other foods may increase them. For instance, Omega-6 fatty
acids are known as precursors of pro-inflammatory eicosanoids that accumulate in the OA
joints at high concentrations (214) and regulate inflammation, leading to impaired
chondrocyte structure and cartilage degradation (215). While total plasma omega-3
decreases production of pro-inflammatory eicosanoids, reactive oxygen and nitrogen
species, and cytokines. Thus, omega-3 generates anti-inflammatory mediators (216) and
have protective affect against cartilage damage (217). Western diet contains high amount
of meat and vegetable oils, hence higher omega-6 ratio than omega-3 (218,219) that
promote inflammatory, bone-marrow lesions and increase the risk of OA development

(220).

Serum cholesterol has also been thought as a systemic OA risk factor (221,149).

Accumulation of cellular cholesterol induces cytotoxicity (222), and
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hypercholesterolaemia increases arachidonic acid formation and production of pro-
inflammatory eicosanoids (223) in human OA cartilage (218). Dietary strategies and
weight reduction are recommended to lower plasma cholesterol concentrations and

protect against OA (224).

Reactive oxygen species and reactive nitrogen species may be implicated in the
pathophysiology of OA, and therefore antioxidants might delay its onset and progression
(225,226). The antioxidant vitamins including vitamins D, C and K have been found to
protect against OA (227). Vitamin D has multiple roles in the musculoskeletal system, it
is thought to regulate bone metabolism and calcium homeostasis (228). It is also believed
to modulate inflammation and cytokine synthesis (229). Studies determined that
individuals with lower levels of vitamin D could be at higher risk to develop OA (218),
and those with moderate vitamin D deficiency are more likely to have pain at the hip and
knee joints (218). A number of trial studies have shown that vitamin D supplementation
has positive effects on muscle strength (230); Other studies found protective role of
vitamin C against OA development, cartilage deterioration, and knee pain (218). Also,
vitamin K that is a group of fat-soluble compounds, is involved in bone and cartilage
mineralization (231), and insufficient vitamin K intake may lead to abnormalities in bone

and cartilage that are seen in the OA patients (218).
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1.2.3.13 Smoking:

The association between smoking and OA is somewhat unclear and there have been
conflicting reports on the role of smoking OA (128). Some studies have found a
protective association between smoking and OA, but others in contrast, reported that
smoking may be associated with a greater risk of cartilage loss and knee pain in OA
(128). As an example, a large meta-analysis of 38 independent observational studies
including 481,744 participants reported an inverse association between smoking and the
risk of OA in the knee joint (232). A significantly lower risk of knee OA development
was identified in those who had ever smoked in comparing to those who had never
smoked. The decreased risk for knee OA was more obvious in male smokers than female
smokers. Furthermore, a dose-response analysis showed a linear decrease in knee OA
with increased number of smoked cigarettes (232). A meta-analysis of 48 observational
studies confirmed a negative association between smoking and OA; however, when
analyses were performed in hospital-based case-control studies, no association was
observed among the cohort or cross-sectional studies (233). This false protective effect of
smoking was likely related to selection bias, as many studies have been conducted in a
hospital setting where control subjects have smoking-related conditions (234).
Additionally, the rate of smoking may be higher in study participants from hospital

settings than in the community and general population (234).

1.2.3.14 Genetic architecture of OA:
OA is a multifactorial condition that is caused by interplay between many environmental

and genetic factors. Although, the involvement of genetic factors in the development and
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progression of OA is complex as associations can vary depending on factors such as the
joint involved, history of joint injury, and gender; OA in all of its forms appears to be
strongly genetically determined (129). Identification of genes involved in OA risk and
progression enables us to detect individuals at high risk of OA, allows us to better
monitor disease progression, improves our understanding of OA molecular pathogenesis,
and represents novel targets for OA therapeutic intervention (235). Evidence of genetic
implication in OA has been determined by the epidemiological studies of family history
and family clustering, twin studies, linkage scan and candidate genes studies, and
genome-wide association studies (GWAS) analysis. The heritable contribution to primary
OA risk has been established in twin and sibling studies to range from 40% to 65% with
genetic factors being stronger for hand and hip OA than knee OA (129). Due to the
multifactorial inheritance of OA, no single gene is involved in the development of OA,
and multiple genes could contribute to the disease onset that are transmitted in a non-
Mendelian manner. It is likely that different genes contribute to the OA development and
its pain (23). Moreover, it is possible that different genes play roles for specific sites
rather than a generalized OA phenotype. Also, GWAS analysis found differences
between different ethnic groups including a significant association of a signal in a region
on chromosome 7q22 with OA in European-descent samples but not in Asian populations
(129,236). Similarly, two single nucleotide polymorphisms (SNPs) on a region of human
leukocyte antigens (HLA) locus on chromosome 6p were associated with knee OA in a

Japanese population, but not in Han Chinese or European populations (129).
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Most established OA-associated genetic variants are represented by common SNPs with
minor allele frequency (MAF) >5% that have moderate to small effect sizes with odd
ratio (OR) <1.3, while low frequency and rare variants with MAF <1%, epigenetic
changes, structural variants and gene-environment interactions may contribute to the

missing heritability of OA (237).

1.2.3.14.1 Familial aggregation studies:

Family studies investigate whether the disease or trait run in families. Where individuals
with a family history of the disease will have a higher disease risk ratio compared with
the disease prevalence in the general population (238). The familial aggregation of OA
has been reported at the earliest descriptions of the disease. Charcot ef al. (1881) reported
in his clinical lectures on senile and chronic diseases that multiple members of a family
may have Heberden’s nodes of the fingers that may often appear with disease of the hip
or knee, proposing that OA could be hereditable and runs in families (239). Similarly,
Duckworth ef al. (1890) detected the Heberden’s nodes in a multi-generation family with
a female predominance (240). Then, familial clustering of Heberden’s nodes was first
formally studied by Stecher ef al. in the 1940s who found the condition twice as
frequently in the mothers and three times as frequently in the sisters of affected women as
in the general population. He postulated that the nodes were inherited as a Mendelian
dominant in females and as a recessive in males (241). Subsequently, family clustering of
hand and knee OA had been confirmed in the epidemiological studies. For instance the
study conducted by Kellgren et al. (1963) in the United Kingdom (242) found that

definite OA in five or more joints was found in 36% of the male relatives, compared with
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an expected rate of 17%, and in 49% of the female relatives, compared with an expected
rate of 26% (242). Also, when the relatives were divided into two groups according to the
presence or absence of Heberden's nodes in the proband, definite multiple OA was
equally prevalent in both groups, but there was a distinctly higher prevalence of severe
multiple OA in the relatives of the nodal probands (242). Moreover, clinically-observed
Heberden's nodes of moderate or severe grade were found in 45% of female relatives of
"nodal" probands compared with an expected rate of 10%, and in 13% of female relatives
of "non-nodal" probands compared with an expected rate of 10% (242). More recently
large community-based studies in the USA including the Baltimore Longitudinal Study of
Aging (152) and the Framingham Offspring Study (243) reported that there is a clustering
of cases of hand, knee, and hip OA with significant increases in the disease risk for a
relatives of OA patient within affected families. Specifically, first degree relatives to OA
patients have 2-3 fold increase of the disease risk. Also, the sibling OA recurrence risk is
2.08-2.31 for radiographic knee OA and 2.27-5.07 for radiographic hip OA (235,244).
Other multiple radiological case reports and case series of sciatica, cervical spondylosis,
and herniated discs reported family clustering of OA (245-249) and estimated that sibling
recurrence risk of radiographic knee OA is 2.08-2.31, and the risk of the total knee
replacement (TKR) ranges from 2.8 to 4.8. Likewise, the risk of radiographic hip OA is
4.27-5.07, and the risk of the total hip replacement (THR) ranges from 1.78 to 8.5 (12).
These estimates are relatively low due to the effect of environment and similar lifestyle

choices of individuals within the same family (152).
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However, the familial aggregation studies were successful to show the recurrence risk of
OA, they failed to match age of probands and their relatives, since age matching is
particularly important in OA studies (152). Moreover, family studies were ineffective in
clearly quantify genetic involvement in OA, since they do not permit differentiation of
clustering that is due to a shared environment in the same family (12,152). Furthermore,
population data on hip and spine OA are limited, making it difficult to determine the
expected rates of OA at these sites for comparative purposes. Hence, twin studies were
conducted to compare identical to non-identical twins after adjustment for environmental
and other confounders and identify the implication of genetic factors and heritability of

the OA.

1.2.3.14.2 Twin studies:

Generally, twin studies compare the occurrence of trait or disease between monozygotic
(MZ) and dizygotic (DZ) twins (250). This study design distinguishes between the effects
of genetic factors and the shared family environment with matching for age (251). Since
MZ twins inherit identical genetic composition, any variation between them can be due to
environmental factors. On the other hand, the DZ twins share 50% of their genes on
average, and any intrapair similarity may be attributed to a combination of both
environmental and genetic factors (250,251). Thus, twin studies perform comparison of
the disease occurrence between MZ and DZ twins and quantify genetic and
environmental contributions to the disease and disease-related traits in a population

(235,250).
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In a twin study investigated the involvement of genetic and environmental factors in OA
in 130 MZ and 120 DZ female twins aged 48 to 70 years from the St. Thomas’ UK Adult
Twin Registry, the effect of genetic factors in radiographic OA of the hand and knee was
between 39% and 65% respectively, independent of known environmental or
demographic confounding factors (252). Another study in a larger sample of twins,
reported the heritability of the hip JSN at 60% (253). Additional study evaluated the
extent of genetic influences on disc degeneration in 172 MZ and 154 DZ twins unselected
for back pain or disc disease using MRI and reported overall degeneration score
heritability of 73% at the cervical spine and 74% at the lumbar spine (152,254). Overall,
twin studies suggested that the effect of genetic factors is approximately 40% for knee
OA, 60% for hip OA, 65% for hand OA, and about 70% for spine OA, after controlling
for known environmental and demographic confounding factors (152). These estimates
suggested an overall heritability of OA to be approximately 50% (range 40%-65%) that is
transmitted in a non-Mendelian mode of inheritance (235,254). Generally, twin studies
have proved that genetic factors are implicated in the susceptibility of OA. However, as a
complex disease, OA is influenced by multiple loci and each locus has a small effect
(OR<1.2). Hence, for genetic mapping of OA, a very large sample size would be needed

to discover any rare large-effect variant (255).

1.2.3.14.3 Genome-wide linkage scan:

Linkage analyses investigates a set of genetic markers across the whole genome and map

a trait or disease to a genomic location by demonstrating co-segregation of the disease
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with genetic markers of known chromosomal location throughout extended families with

multiple affected individuals (256).

A number of genome-wide linkage analysis based on small families or twins of hand, hip,
or knee OA affected relatives have been conducted and have identified multiple relatively
large chromosomal regions on chromosomes (Chrs) 2, 4, 6, 7, 11, 16, 19, and X that may
comprise OA susceptibility genes (244). For example, a meta-analysis of OA genome-
wide linkage scans including 893 families with 3,000 affected individuals from Iceland,
the United Kingdom, and the USA had concluded that chromosomal regions including
7q34-7q36.3, 11p12-11q13.4, 6p21.1-6q15, 2q31.1-2q34, and 15921.3—-15926.1 were
the most likely to harbor OA susceptibility genes (257). Further investigation of these
genomic intervals using candidate gene or SNP association studies led to the discovery of
genetic variants associated with OA in the /L] gene cluster in Chr 2q11-q13, matrilin 3
(MATN?3) gene in Chr 2p24.1, IL4R gene in Chr 16p12.1, the secreted frizzled-related
protein 3 (FRZB) gene in Chr 2q32.1, and the bone morphogenetic protein 5 (BMPY5)

gene in Chr 6p12.1 (258).

However, a genetic linkage scan identified large linked chromosomal regions that may
include the disease candidate genes, and they have been very successful in identifying
rare variants involved in monogenic disorders that are inherited in a Mendelian fashion,
they failed to detect specific disease genes, and they have largely failed in detecting the

complex disease susceptibility genes (259). Limited ability of linkage studies to identify

52



genes involved in common complex diseases, such as OA could be due to the disease
genetic heterogeneity, lack of power, inherent complexity, and poor phenotypic definition

(244).

1.2.3.14.4 Candidate gene studies:

Candidate gene or gene-centric studies focus on a pre-specified set of markers, based on
the known biological aetiology of a disease, using a priori hypothesis. These analyses are
carried out by resequencing either the entire candidate gene or a set of SNPs selected in
patients and controls from population-based cohorts and identifying variants that are
associated with the phenotype of interest in the affected individuals compared with
unaffected controls (260,261). Few candidate gene studies have been conducted based on
the limited knowledge available of the OA aetiology (235,244). These studies
investigated variants in the SMAD family member 3 (SMAD?3), Asporin (ASPN), FRZB,
Collagen type XI alpha 1 chain (COL11A1), Vascular Endothelial Growth Factor A
(VEGF)), Interluekin 1 receptor antagonist (IL1RN), and growth differentiation factor5
(GDF5) genes that are already hypothesized to be involved in OA (235,262,263). A
variant rs143383 (T>C) in the 5’ untranslated region (UTR) of the GDF'5 gene was the
most convincing and robust variant linked to the risk of OA (264-266). The GDF'5 gene
was originally discovered in gene-centric studies and has been associated with OA in
many studies in different populations (264,266,267). This gene is a bone morphogenetic
family member that plays a role in joint development (265). It affects chondrogenesis and

joint compartments formation during skeletal development, consistent with the protein
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expression in the cartilage and joint inter zone (264,265). Mutations in this gene are
thought to predispose to OA due to altered joint shape. Studies documented the important
role of this gene in the development and progression of OA (264—273). The first
candidate gene study which was conducted in 2007 reported that the allele T of rs143383
was associated with hip OA in two independent Japanese populations (266). The
rs143383 T risk allele is associated with a reduction of the gene transcription in
chondrogenic cells leading to reduced protein expression (266). Furthermore, this
identified locus was found to be associated with OA in the European populations with a
lower effect size (268). Also, a meta-analyses showed that the rs143383 risk allele was
associated with knee OA and was found to have a stronger effect for knee and hip OA in
the Asian populations (273). In a study of individuals from the Caucasians population in
Europe, this variant was also found to associate with developmental dysplasia of the hip
at the genome wide association level (270). Additional studies suggested association of
rs143383 variant with severe radiographic OA (274,275). An epigenetic study of human
chondrocytes showed that the GDF5 gene expression is influenced by CpG methylation at
rs143383 (276). Genetic variations in the GDF5 gene were also found to associate with
height (277,278). Animal model studies identified that the GDF'5 gene has a critical
functional role in bone and joint disease in mice (279). This study has suggested that
lower levels of the GDF5 gene product in mice include mechanisms of altered loading
and changes in subchondral bone, exhibiting developmental failure of the condyles and

the articular ligaments (279-281).
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Although, candidate gene studies were able to discover important OA genes, they have
several limitations including dependency on assumptions, incomplete variant coverage,
lack of power, phenotypic and genetic heterogeneity, population stratification, lack of

replication, and exclusion of discovering novel genes influencing the OA (282,283).

1.2.3.14.5 GWAS analysis of OA:

Since OA is multifactorial condition, it is estimated that multiple common genetic
variations may have small contribution in the disease risk. Based on the limited
knowledge about the genetic aetiology of OA, GWAS analysis was the approach of
choice that can be performed on a small or large scale to unlock the genetic bases of OA
(284). Thus, GWAS have been suggested as the best approach when studying OA (284).
GWAS is a hypothesis-free approach that investigates hundreds of thousands of genetic
variants across the whole genome and identifies the association between these genetic
variants and the disease locus based on the linkage disequilibrium (LD) (136,284). These
large scale human genome studies compare the genotyped allele frequencies of genetic
variants between cases and unaffected population controls (285). Based on each study
research question, different genotyping microarrays with variable number of genotyped
genetic variants (> a million) are available for the GWAS analysis. Then, pre-association
quality control (QC) filtering is conducted to check the genotyping data quality of study
samples and genetic variants. Subsequently, genome-wide imputation analysis can be
performed to improve the coverage of the genetic variation by allowing the assessment of
more SNPs from a greater allelic frequency spectrum and increase the power of the

GWAS analysis (286,287). Variables such as sample age, sex, BMI, and relatedness
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principal components can be taken into account while investigating the association (288).
Then, due to the many false positive discoveries in the complex diseases reported by
candidate gene studies, the conventional significance threshold of p < 5*10® became
widely used in GWAS analysis to account for multiple testing and limit false positive
association findings (289). Replication of a discovery study’s findings in an independent
cohort is recommended to report robust associations between the genetic variations and
phenotype of study. In the complex disease studies, thousands of SNPs have been
robustly associated with disease risk at genome wide statistical significance (290). Most
associations are at common loci and their effect sizes are small to moderate with typically
OR<1.4 (291). In GWAS analysis, sample size and distinct phenotype definitions are
important considerations to maximize study power and to avoid case misclassification,
respectively (292,293). Also, to improve power of associations, meta-analysis of several
GWAS analyses is performed by either replicating and meta-analyzing signals taken
forward from the discovery study with p<1*10- in the replication cohort using summary

statistics, or by genome-wide meta-analysis between studies (294,295).

Multiple GWAS analyses have been conducted for OA. For instance, a study that was
performed in 2008 for knee OA patients from a Japanese population investigated about
100,000 SNPs and identified a SNP rs7639618 to be associated with knee OA. This SNP
is a missense variant in the Double Von Willebrand Factor Type A domain (DVWA) gene
located on Chr 3p24.3. SNP rs7639618 was also replicated (p= 7.3*107!") in the Japanese
and Han Chinese combined cohorts (296). The DVWA gene was reported to be highly

expressed in cartilage compared to other human tissues suggesting an involvement of the
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gene in metabolism of cartilage in humans. Also, the DVWA protein that consists of 276
amino acid binds to B-tubulin and modulates its chondrogenic function (297). Further
analyses in Korea, UK, Netherlands, Spain, and Greece cohorts have failed to
independently replicate this signal, suggesting ancestry-specific effects at this locus,

maybe due to differences in study populations (298-300).

Another GWAS analysis in 4,800 Japanese participants with knee OA identified SNPs
1s7775228 (OR=1.34, 95% CI=1.21-1.49; p=2.43*10%) and rs10947262 (OR=1.32, 95%
CI=1.19- 1.46; p=6.73*10"%) on Chr6 to be significantly associated with OA. These
genetic variants locate in a region containing the Human Leukocyte Antigen (HLA) class
II/IIT genes including the HLA-DQBI and the Butyrophilin Like 2 (BTNLZ2). These results
suggested an involvement of immunologic mechanisms defects in the development and
progression of OA. These findings were also replicated in the European population (301),
but further analyses were unsuccessful to replicate these findings in the Han-Chinese

(302) and other European populations (303).

Moreover, a GWAS that included 1,341 cases and 3,496 controls from Dutch Caucasian
population investigated the association of 500,510 genetic variants with knee and hand
OA. This study identified rs3815148 in intron 12 of the Component of Oligometric Golgi
Complex 5 (COGS5) gene on Chr7q22 to be associated with a 1.14-fold increased risk of
knee and hand OA (p=8*10%) (304). Replication of the analysis in 14,938 cases and

39,000 controls identified variants in the COG5 gene to be in complete LD with
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rs3757713 variant that is adjacent to five genes containing the Protein Kinase cAMP-
dependent Regulatory Type Il Beta (PRKAR2B), HMG-box Transcription Factor 1
(DUS4L), and B-Cell Receptor-Associated Protein 29 (BCAP29) genes. Further, SNP
rs3757713 was reported to associate with the GPR22 gene expression levels in
lymphoblast cell lines (p=4* 107!2). Immunohistochemistry experiments identified that the
GPR22 gene expression was absent in the articular cartilage and synovial fluid of normal
mice but present in instability-induced OA mice (304). Moreover, in a large meta-analysis
and replication study, a SNP rs4730250 in the DUS4L gene was significantly associated
with knee OA (p=9.2*10"°). This finding indicates that any of these highly linked genes
may contribute to the risk of developing knee OA (141). Validated expression of these
genes in the joint environment was also confirmed by functional analysis and gene
expression studies using cartilage tissues from OA cases and controls, suggested the

implication of the HBPI gene in the pathogenesis of OA (305).

In a GWAS of 6,523 individuals, the G allele of rs12982744 on Chr19p13.3 was
associated with a 5% larger hip endophenotype space width (P=4.8*1071%). The
association was replicated in 4,442 individuals from the European population with an
overall meta-analysis p=1.1%10"'!. SNP rs12982744 falls in the Disruptor of telomeric
silencing I-like (DOTIL) gene that is conserved histone methyltransferase. Lately, the
DOTIL gene was estimated to play an enzymatic role for the Wingless/Integrated (Wnt)
target-gene activation in leukemia. Functional analysis in mice identified a role for the
DOTIL gene in chondrogenesis (306). The same locus was previously associated with

height (277) and skeletal development (307). Another GWAS using a larger sample size
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from the European origin individuals also identified an association of rs1292744 with hip

OA in males (OR=1.17, 95% CI=1.11-1.23, p=7.8*10") (308).

In 2014, a large GWAS meta-analysis of 11,277 cases of radiographic and symptomatic
hip OA identified SNP rs6094710 (MAF=0.04) to be associated with hip OA with an OR
of 1.28 (95% CI=1.18-1.39, p=7.9*10") (309). The identified SNP is close to the Nuclear
Receptor Co-Activator 3 (NCOA3) gene on Chr20q13. Reduced expression of the NCOA3
gene was detected in OA damaged articular cartilage compared to macroscopically non
affected cartilage of the same joint. However, the role of the NCOA3 gene in the OA
pathogenesis is not fully understood, it has been observed to modulate hormonal
regulation of bone turnover, such as thyroid hormones and steroids (310,311). Also, it is

thought to be involved in chondrocyte mechano-transduction (312).

Furthermore, the Arthritis Research UK Osteoarthritis Genetics (arcOGEN) consortium
GWAS study that included 3,177 hip and knee OA cases and 4,894 OA-free controls
from all over the UK was conducted in a two-stages in 2011. Initial and replication
analysis did not identify any loci to be associated with OA at the genome-wide
significance level, which could be due to the small sample size, and heterogeneity of the
disease (313). Subsequently, imputation analysis of the initial GWAS data was performed
using the 1000 Genomes Project dataset (314) and meta-analysis was implemented. As a
result, a SNP rs11842874 in the protein encoding MCF.2 cell line derived transforming
sequence-like (MCF2L) gene on Chr13q34 was associated with knee OA at genome wide

significance level (OR=1.17, 95% CI=1.11-1.23, p=2.1*10®) (315). The MCF2L gene
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plays a role in cell motility of the nervous system, indicating that this gene affects
nociception. Functional studies in zebrafish concluded that expression of the MCF2L

plays a role in skeletal system development (316).

Then, the final arcOGEN GWAS analysis that contained 7,410 OA cases and 11,009 un-
affected controls from the UK identified five novel loci to be associated with OA at the
genome-wide significance level (317). The top SNPs were rs6976 in the 3’ UTR of the
Glycosyltransferase 8 Domain Containing 1 (GLT8D1) gene, and a missense variant
rs11177 in the Guanine Nucleotide Binding Protein-Like 3 (GNL3) gene, both variants
locate on Chr3p21.1 and in almost perfect LD with each other with OR of 1.12 (95%
CI=1.08-1.16, and p<1.3*107!%) (317). These two SNPs are associated with hip and knee
OA in both sexes. Also, the association was stronger in subjects that underwent the TJR
(317). Approximately 80% of the studied OA cases had undergone the THR and/or TKR,
indicating a severe OA phenotype definition (317). Further significantly associated
variants included rs4836732 that was identified to be associated with hip OA in women
with the TJR (OR=1.20, 95% CI=1.13-1.27, p=6.11*10"1%) (317). SNP rs4836732 falls in
intron one of the Astrotactin 2 (ASTN2) gene on Chr9q33.1 that has been associated with
neurological disorders (318) and migraine (319). Also, it is suggested to act in the
regulation of the Astrotactin 1 (ASTN1) neuronal protein (320). Another SNP (rs835487)
was associated with hip OA in the TJR subjects at the genome-wide significance level
(OR of 1.13,95% CI 1.09 to 1.18, p=1.64*10%) for both men and women. SNP rs835487
locates in intron two of the Carbohydrate Sulfotransferase 11 (CHST11) gene on

Chr12q23. The CHST11 gene has a role in cartilage development (321) and is
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differentially expressed in OA and normal cartilage (322). Also, SNP rs9350591 was
significantly associated with hip OA (OR=1.18, 95% CI=1.12-1.25, p=2.42*10°) (317).
SNP rs9350591 falls between the filamin A interacting protein 1 (FILIPI) and the sentrin
specific peptidase 6 (SENPG6) genes on chr6. However these two genes are not previously
linked to OA, the collagen type XII alpha 1 (COL12A1) gene resides nearby and is known
to play a role in bone formation (323). The last significantly associated variant,
rs10492367 was also established as a risk locus for hip OA (OR=1.14, 95% CI=1.09-
1.20, p=1.48*10®) (317). This variant lies between the Kelch Domain Containing 5
(KLHDCS) and the Parathyroid Hormone-Like Hormone (PTHLH also known as PTHrP)
genes. Deletion of the gene encoding PTHrP has been reported to play a role in mice
skeletal development (324,325). Three additional novel variants were identified to be
associated with OA at borderline in the arcOGEN study including rs8044769 that locates
in an intron of the Fat Mass and Obesity Associated (FTO) gene; the intronic variant
rs12107036 in the Tumor Protein p63 (TP63) gene; and the intergenic rs10948172 that
lies between the Suppressor of Ty3 Homolog (SUPT3H) and the CDC5 Cell Division
Cycle 5-Like (CDC5L) genes (317). FTO gene is an established obesity risk locus
(326,327). The phenotypic intercorrelation between OA and obesity has been genetically
verified, and the role of the 70 gene in OA has been confirmed to be modified through
obesity (328). The functional role of the 7P63 gene in the pathogenesis of OA is unclear,
although it is reported to be involved in facial shape development (329). Also. the
functional roles of the SUPT3H and CDCS5L genes remain undefined in OA, while an
adjacent Runt Related Transcription Factor 2 (RUNX?2) gene in extended LD with these

genes is thought to play a regulatory role in bone development (330).
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Since 2018, four GWAS meta-analysis of OA were performed and identified more than
100 genetic variations to be associated with different forms of OA. Firstly, A GWAS
meta-analysis of OA that was conducted by Zengini et al. (2018) in about 30,727 OA
cases and 297,191 OA-free controls from the UK Biobank dataset (331). This study
identified three genetic variants to be associated with hip OA including rs11780978 in the
plectin (PLEC) gene on Chr8, rs2521349 in the Mitogen-Activated Protein Kinase Kinase
6 (MAP2K6) gene on Chrl7, and rs6516886 falls 1 kb upstream of the RWD-domain-
containing 2B (RWDD2B) gene on Chr21 (331). Also, three variants were associated with
knee OA containing rs11335718 in an intron of the annexin A3 (ANXA3) gene on Chr4,
rs116882138 falls between the MOB Kinase Activator 3B (MOB3B) and the equatorin
sperm-acrosome-associated (EQTN) genes on Chr9, and rs375575359 in intron three of
the zinc-finger-protein 345 (ZNF345) gene on Chr19 (331). These genes act in multiple
pathways including the bone morphogenetic proteins and Wnt-beta catenin-signaling
pathways which play a central role in the joint development and bone differentiation
(265,332). Thus, if OA is initiated from bone, these pathways may be implicated in the
OA development and progression. Moreover, this GWAS analysis identified two variants
to be associated with OA at any joint. These genetic variants include SNP rs2820436 that
resides within a region including multiple metabolic- and anthropometric-trait-associated
variants, it is also adjacent to the long-noncoding-RNA gene RP11-392017.1 and the
zinc-finger CCCH-type containing 11B pseudogene (ZC3H11B) genes on Chrl. Also,

rs3771501 that is in intron three of the transforming growth factor alpha (TGFA) gene on
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Chr2. The TGFA regulates the conversion of cartilage to bone during the process of

endochondral bone growth (333).

Another GWAS meta-analysis of OA was performed by Styrkarsdottir e al. (2018) in
41,028 (17,151 hip, and 23,877 knee OA patients) and more than 562,000 controls from
the UK Biobank and Iceland (386). This study identified 23 variants at 22 loci to be
significantly associated with OA and are located in or adjacent to the COL11A1; Histone
Deacetylase 9 (HDACY); Smoothened, frizzled class receptor (SMO); tenascin C (TNC);
LIM homeobox transcription factor 1 beta (LMXIB); Latent transforming growth factor
beta binding protein 1 (LTBPI); Latent transforming growth factor beta binding protein 3
(LTBP3); Filamin-Interacting Protein, Refilin A (FAMI101A); IL11; Inter-alpha-trypsin
inhibitor heavy chain 1 (ITIHI); FILIP1; RUNX2; ASTN2; SMAD3; Homeostatic iron
regulator (HFE); Chondroadherin like (CHADL); Strawberry notch homolog 1 (SBNOI);
WW domain containing E3 ubiquitin protein ligase 2 (WWP2); and the GDF5 genes
(386). The genes detected by this study are linked to formation of collagen, chondrocytes
proliferation, and anabolic/catabolic processes of the ECM (387,388); osteoblast
development and proper bone formation; OA pain (372); transforming growth factor beta
(TGF-B)/SMAD?3 pathway that is involved in the OA risk, cartilage maintenance and
repair; and chondrogenesis and joint compartments formation during skeletal

development (311,312,389).

Moreover, one of the largest GWAS meta-analysis of OA was conducted by

Tachmazidou et al. (2019) and tested the genome-wide association between genetic
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variants and four OA phenotypes including knee, hip, knee and/or hip, and any OA in
77,052 cases and 378,169 unaffected controls from the UK Biobank dataset (196). This
study detected 64 signals, 52 of which are novel. This study identified putative effector
genes including the TGF-p1 , fibroblast growth factor 18 (FGF'18), cathepsin K (CTSK),
and /L11 that underly monogenic forms of bone development diseases, the collagen

formation, and ECM organization biological pathways (196,334).

The most recent and largest OA GWAS meta-analysis was performed by Boer et al.
(2021) and investigated the association of the whole genome genetic variations with 11
OA phenotypes in 177,517 OA patients and 649,173 OA-free controls from the UK
Biobank dataset (334). This study identified ~100 independently associated risk variants
with different forms of OA, 52 of them have not been associated with the disease before
as shown in the table in Appendix B. Interestingly, this study identified high-confidence
effector genes and provided evidence for genetic correlation with phenotypes related to
pain, the main disease symptoms, and identified likely causal genes linked to neuronal
processes (335). Furthermore, the study findings provided insights into key molecular
players in the disease processes and highlighted attractive drug targets to accelerate

translation (334).

1.3 OA MANAGEMENT:

While there is no known way to prevent OA, controlling the OA modifiable risk factors

including weight loss in overweight OA patients, preventing age-related muscle weakness
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and wasting, avoiding joint injuries, managing comorbidities, and eating healthy food
minimise the risk of OA and slow its progression (336).

As OA progresses toward advanced stages, it is unstoppable and irreversible. Regrettably,
OA does not have an available cure thus far that has been shown to reverse, slow down or
stop its progression (337,338). Hence, the management of OA focuses on managing its
pain, disability, and delay its progression (339). Mild to moderate OA symptoms are
usually well driven by a combination of non-pharmacologic and pharmacologic
treatments. When These treatments do not relief OA pain and disability at severe OA

stage, doctors may recommend surgical treatments for OA patients (340).

1.3.1 Non-pharmacologic interventions:

Physical, occupational, exercise therapy, and weight management practices are the most
common non-pharmacological treatments of OA (341). Personalized physiotherapy and
exercise programs such as swimming, water aerobics, and low-impact muscle strength
training are widely recommended by clinical guidelines. Multiple studies reported an
inverse correlation between these physical activity regimes and the amount of pain and
disability that OA patients experience (342,343). In contrary, extreme exercise programs
were found to elevate the OA symptoms and potentially accelerate the progression of the
disease. Since obesity is the most important modifiable risk factor for OA (12,344),
weight loss with physical activities and exercise programs in overweight OA patients,
especially in women, has been identified to reduce stress and the amount of pain in

weight-bearing joints, as well as reduce the inflammatory processes that contribute to OA
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(345). A meta-analysis reported that a 5% decrease in weight over a 20-week period is
beneficial for knee OA (144). furthermore, a clinical trial study revealed that 10% weight

loss due to diet and exercise may improve OA symptoms by about 50% (346).

Additionally, medical devices are recommended by healthcare providers to reduce pain
and improve function of the affected joints. For instance, knee braces, splints, custom foot
orthotics and inserts, canes, or walkers can help to decrease pressure, diminish pain, and
improve function of the OA joints (347-349). Similarly, intermittent heating pads, hot
packs, hot showers, and cold packs may be beneficial to relief joint pain and stiffness

(350).

1.3.2 Pharmacologic treatment:

Unlike other forms of arthritis, progress on DMOADs has been much slower, and there
are no medications yet to reverse or slowdown the disease progression. Hence,
medications used in OA are focused on managing the OA symptoms. Non-steroidal anti-
inflammatory drugs (NSAIDs) are considered as the first-line drug treatment for OA pain
(351,352). Previous studies have reported that NSAIDs are favorable for rest and general
OA pain (353). However heavy use of NSAIDs was associated with increased risk for
cardiovascular problems (354), and gastrointestinal bleeding (355). Due to the side effects
of NSAIDs, four grams of acetaminophen per day has been suggested to reduce mild to
moderate pain of OA. Acetaminophen medications has a CsHoNO> chemical structure that

is called acetaminophen or Tylenol in the USA and Japan, while it is called paracetamol
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or Panadol in Europe and most of the world areas. A meta-analysis found low-level
effects of acetaminophen for pain management in OA (341,356), and a randomised
controlled trial found four grams of acetaminophen per day was preferable over placebo
for knee OA (356). However, an increased risk of gastrointestinal, cardiovascular
complications, and multi-organ failure were reported with supratherapeutic doses of
acetaminophen drugs (354,355). Thus, due to safety concerns pertaining to the use of
acetaminophen, increased awareness of their negligible and non-clinically significant
effects on pain, these medications are no longer considered the first-line analgesic for the
treatment of knee and hip OA by clinical guidelines, especially for patients with

comorbidities (341,357).

Moreover, topical drugs including NSAIDs, and capsaicin were suggested to manage OA
pain and improve joint function, however these interventions have local adverse effects
like rash, burning and itching. Topical NSAIDs, such as diclofenac, are valuable
analgesic for knee and hand OA as local drug delivery that reduce gastrointestinal adverse
reactions of oral NSAIDs (358,359). Also, efficacy of the topical NSAIDs was found to
be greater than placebo and oral NSAIDs (359). Since most of the previous studies
focused on knee OA patients, the benefits of topical NSAIDs on patients with multiple-
joint OA remain uncertain. Despite this, topical NSAIDs are increasingly being
considered as a first-line pharmacological option, especially in patients with an increased
risk of adverse events. Similarly, topical capsaicin can be used as an alternative or as an

adjunct to standard drug treatment. Reviews of randomised controlled trials found that
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topical capsaicin is beneficial for knee OA that reduces pain by 50%, however withdrawal

of the study was higher in capsaicin than placebo because of the adverse event (360,361).

Additional medications used to manage OA symptoms include intra-articular
corticosteroid injections. These injections have shown to provide short-term (up to three
months) pain relief and improve joint motion for OA patients having acute exacerbations
with joint effusions and local inflammation. Furthermore, intra-articular injections of
hyaluronic acid have been reported to diminish OA symptoms that extend beyond eight
weeks (362). The drawback of the intra-articular injections is that they are given more
frequently than once every four months, which may lead to cartilage and joint

deterioration (363,364), as well as increased risk of infection.

Opioids including codeine and propoxyphene are alternative drugs for short-term use in
patients with severe OA and comorbidities (365). Overall, oral and transdermal opioids
were more effective compared to placebo in relieving pain and improving function in
knee and hip OA patients (365,366). However, their benefits were small to moderate
along with possible adverse events including fractures, cardiovascular complications, and
all-cause mortality, as well as nausea, dizziness, drowsiness caused many patients to
withdraw from the studies, especially in the older adults (366). Also, the effectiveness of

opioids in the long term is limited (365).

Alternative treatment for OA includes glucosamine and chondroitin (367,368). Studies

concluded that glucosamine may possibly reduce or slow down the progression of
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cartilage loss and other joint’s structural changes (369). Similarly, chondroitin has been
reported to play a role in reducing the rate of the JSN (370). Also, studies found that
taking supplements of glucosamine and chondroitin for two years had a statistically
significant reduction in the JSN compared to placebo. However, no statistical difference
was found with individual treatment alone (371). Other nutritional supplements used for
OA treatment may include vitamin D (230,372), diacerein (373), and avocado soybean
unsaponifiables (ASU) (374). Also, supplements of fish oil for OA is gaining attention for
its possible role in reducing the expression of degradative enzymes and inflammatory
cytokines in the cartilage of OA animal models (375,376). However, one clinical study
showed fish oil at low or high doses did not delay structural progression of symptomatic
knee OA (377). Furthermore, alternative therapies that have been implemented in the
treatment of OA contain acupuncture (378), traditional Chinese medicine (379,380), and

transcutaneous nerve stimulation (TENS) (381).

Regrettably, existing pharmacological treatments of OA are merely pain-relieving drugs.
Thus, finding DMOADs that can induce the repair and regeneration of articular tissues
would be important. However, there are no identifiable DMOADs by far, some latest
developments have been made to investigate the impact of anti-cytokine therapy, enzyme
inhibitors, growth factors, gene therapy, and peptides that are emerging pharmaceutical

therapies for OA (382).

Anti-cytokine therapies that are recently used in OA treatment include tanezumab, AMG

108, adalimumab, etanercept, and anakinra. Tanezumab is a monoclonal nerve growth
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factor inhibitor that relives hip and knee pain in OA patients (383,384). Oral
administration of 5 mg for 24-56 weeks was recommended for OA patients (383,385),
however it may cause osteonecrosis of the knee, rapid illness progression, augmented
prevalence of total joint arthroplasty particularly when combined with NSAIDs (386—
388). AMG 108 and Anakinra are another anti-cytokine drugs that are recently
investigated to relive OA pain (389,390). AMG 108 is antibody against IL-1 receptor type
1 that restrains the IL-1a and IL-1p activities (389), while anakinra is an IL-1 receptor
antagonist (390). Previous studies did not find significant difference in pain relive
between OA patients taking AMG 108/anakinra and placebo (389,390). Adalimumab and
etanercept are also of the anti-cytokine therapies that are tested lately for OA patients
(391,392). Adalimumab is an antibody against TNF-a. One knee OA study identified that
the intra-articular utilization of adalimumab reduced pain. Another study found that the
utilization of adalimumab relieved pain of hand erosive OA (391). Also, etanercept was
the first TNF-a inhibitor that was approved by the FDA and the European Medicine
Agency for the treatment of moderate to severe RA (392). Inflammatory hand OA clinical
trial showed that etanercept did not improve pain and function at 24 weeks or 1 year in
OA patients (393). However, on subgroup analyses of participants with active
inflammation, such as the presence of soft tissue swelling or power Doppler

signals, etanercept revealed an improvement in radiographic scores (392). In

addition, etanercept reduced serum MMP3-levels but no other soluble biomarkers of

inflammation, cartilage, and bone damage (392,393).
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Enzyme inhibitors of MMP such as M6495, doxycycline, cindunistat, and PG-116800
have been demonstrated to have a chondroprotective impact in OA studies (394-396).
M6495 is a novel anti-ADAMTS-5 inhibiting nanobody that showed a protective effect
on articular cartilage degradation and inhibited aggrecan turnover ex vivo in a dose-
dependent manner (394). Although, doxycycline has broad-spectrum activity as a matrix
MMP inhibitor, oral doxycycline has not been shown to be efficacious in managing OA
and has produced significant adverse effects (395). Cindunistat is another enzyme
inhibitor that is linked to the progressive degeneration occurred in OA and implemented
in the condition management (382). Cindunistat is a selective inducible nitric oxide
synthase inhibitor with a controversial role in clinical practice. In an experimental study
on dogs, cindunistat inhibition caused a decrease in the catabolic effectors. However, a
study comparing oral cindunistat with placebo demonstrated no difference in pain
alleviation in individuals with knee OA (395). furthermore, in a multicentre double-blind
placebo-controlled study of oral cindunistat (50 or 200 mg/day), the drug did not decrease
the rate of the JSN versus placebo (397). However, the MMP inhibitor PG-116800 did not
modify matrix structure in OA patients, it had unexpected side effects on muscle and
skeleton; it limited joint mobility, and caused arthralgia, hand oedema, palmar fibrosis,

Dupuytren’s contracture and persistent tendon thickness or nodules (398).

Growth factors including bone morphogenetic protein 7 (BMP-7) and FGF18 have also
been studied for managing OA (399,400). The intra-articular use of BMP-7 in individuals
with knee OA has been shown to be safe and well tolerated. However, its effectiveness

has not yet been shown (382,399). FGF18 or as it is called sprifermin was reported to
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reduce type I collagen expression and had no hypertrophic effect (400). In a study of
single or multiple intra-articular injections of FGF18 with a 1-year follow-up in knee OA
patients, sprifermin resulted in less cartilage volume loss and augmented joint width in
the lateral compartment than in the placebo group (401). However, pain alleviation was
greater than in the placebo cohort. Therefore, sprifermin became a promising DMOAD,
and 30-100 pg intra-articular injection every 6 months for 18 months is recommended for

knee OA patients (402).

Moreover, several gene therapies using plasmid DNA, mRNA, and short oligonucleotides
have been implemented to slow down the degeneration of the affected joint parts and
simultaneously improve their repair and regeneration (403). Also, miRNA levels have
been encountered to be increased in osteoarthritic cartilage (404—406). For instance,
miRNA-140 has been found to play a fundamental role in the development of cartilage.
Several experimental studies have reported that intra-articular injections of miRNA-140
have an anti-inflammatory effect and slow the progression of OA (407,408). Moreover,
pre-clinical studies have shown the possible silencing of miRNA181a-5p by the antisense

oligonucleotide (405).

Although pre-clinical studies have stated that calcitonin has a protective impact on
cartilage and bone, a clinical trial conducted on OA patients did not demonstrate the
drug’s clinical efficacy (409). It is indicated that this was possibly due to low exposure to

the drug (409,410).
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Further potential DMOADs include SM04690 that is a Wnt signaling pathway inhibitor,
several clinical trials on OA have reported the role of SM04690 in relieving pain and

restoring function in OA patients based on the WOMAC osteoarthritis index (411,412).

Another OA therapy that targets the mechanisms of senescence includes the UBX101
(senolitic) (382,413). In an experimental study, UBX101 was demonstrated to eliminate
senescent cells and slow down illness progression in OA mice (414). Also, clinical trials
are being performed to assess the safety and tolerability of UBX101 in individuals with
OA (415). This drug increases the activity of p53 tumor suppressor that regulates the cell

cycle and induces apoptosis in senescent cells (382,415).

Moreover, transient receptor potential vanilloid 4 (TRPV4) that belongs to the TRPV
subfamily of transient receptor potential ion channels was found to play a crucial role in
the TGF-f signalling in chondrocytes, and therefore it became an attractive goal of the
DMOAD:s (382). A study performed by Atobe et al. (2019) identified that local injection

of TRPV4 agonist is a potential treatment for OA (416).

Another study identified that intra-articular injection of IL-1 induced more severe
inflammation and cartilage degradation in the knee of neural epidermal growth factor-like
1 (Nell-1) mice than wildtype animals (417). Therefore, neural EGFL-like 1 (Nell-1) is
considered as promising DMOAD with pro-chondrogenic and anti-inflammatory effects

(382,417).
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Likewise, Kjelgaard-Petersen et a/ (2019) reported that TPCA-1 (the kB kinase inhibitor)
and tofacitinib (the Janus kinase inhibitor) maintain and help conserve cartilage ECM
under inflammatory conditions and could be potential DMOADs for inflammation-driven

OA (418).

Additional studies have been conducted to investigate the role of lorecivivint that
modulates the Wnt signaling pathway in OA treatment (419). These studies showed that
intra-articular injections of 0.07 mg of lorecivivint are effective on patient-related

outcomes in knee OA patients (420).

Furthermore, immunohistochemical data have shown that quercitrin exerts an anti-
osteoarthritic effect by deferring ECM degradation (421). Therefore, quercitrin could be a

prospective DMOADs to prevent and manage the early stages of OA (382,421).

1.3.3 Surgical treatment:

When non-surgical conservative therapies fail to relief OA pain and restore joint function
at severe OA stage, doctors may recommend surgical treatments for OA patients (422).
Several types of techniques are employed. Arthroscopic surgery is a common outpatient
procedure for knees and shoulders (423). In this procedure, doctors can repair the surfaces
of damaged joints, removing loose cartilage, repairing cartilage tears, and smoothing bone
surfaces (423). In contrary, the TJR or arthroplasty is performed for patients with

advanced knee and hip OA. In the TJR, parts of an arthritic or damaged joint are removed
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and replaced with a metal, plastic, or ceramic devices called prosthesis that mimic the
shape and movement of a natural joint. Although hip and knee replacements are the most
common performed TJR, joint replacement is also done for shoulders, fingers, elbows,
and back joints (424). While they have risks, joint replacement surgery can be effective to

restore some joint function and relief pain for majority of OA patients (425).

In conclusion, OA is a multifactorial musculoskeletal disorder that is estimated to be the
most prevalent forms of chronic and painful arthritis. It is one of the ten most disabling
disorders that affects ~10% of the worlds’ population aged 60 years or older.
Pathogenesis of OA involves all of the joint tissues with active anabolic and catabolic
processes. Thus, OA is now defined as a disease of the whole joint involving articular
cartilage, subchondral bone, synovium, ligaments, menisci, peri-articular muscles, and
peripheral nerves. Despite the high prevalence and social burden of OA, it does not have
a cure yet. Thus, there is an urgent need to identify novel targets for better understanding
of the OA pathogenesis and establish OA intervention strategies to improve the life of

people living with OA.
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Chapter 2: Thesis objectives

76



OA is the most prevalent musculoskeletal disease and a leading cause of disability that
affects about 10% of the world population aged 60 years and older. Heterogeneity of OA
is the major hurdle of developing DMOADs. Efforts have been made to classify subtypes
of OA patients based on epidemiological factors or joint structural changes seen on MRI,
but significant overlapping features among OA subtypes defined by these methods limit
their clinical application. Hence, there is an urgent need to develop new tools that can
classify different subtypes of OA. Given that metabolites are the functional molecular
intermediates that are the closest molecular products to the observed phenotypes, we
hypothesized in chapter 3 that different subtypes of OA have unique metabolic profiles
which can be identified by a metabolomics approach and tested our hypothesis in the

well-established Newfoundland Osteoarthritis Study (NFOAS).

Age-related muscle weakness and wasting has been associated with several health and
socioeconomical consequences including OA. However, the underlying mechanisms and
intercorrelation between age-related muscle weakness and the pathogenesis of OA are not
fully understood, previous studies documented that patients with OA have significant loss
of muscle mass, function, and strength. Likewise, it became obvious that the age-related
reduction of muscle strength and OA share similar pathologic processes and clinical
features including changes of the joint anatomy, joint pain, decreased function, joint
instability, periarticular muscle weakness, and fatigue. Moreover, our recent study on
endotypes of OA came in agreement with these studies and found that an endotype of OA
patients could be classified as muscle weakness OA. Thereby, the study of muscle

strength has been increasingly recommended for better understanding of the OA
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pathogenesis. In chapter 4, we hypothesized that metabolic profiling can be used to
investigate the longitudinal reduction of muscle strength over 10 years and its possible
implication in the pathogenesis of OA in older adults in a community-based older adult

cohort from Southern Tasmania, Australia.

Although the recent largest GW AS-meta-analysis of 13 cohorts from 9 populations with a
total of 826,690 individuals identified about 100 independent associated risk variants
across 11 OA phenotypes, and the GWAS meta-analyses that were conducted to date
have identified about 140 OA genetic risk variants, these genetic variants can only
account for ~10% of OA heritability (334). Hence, further analysis is needed to identify
the genetic component and explain the missing heritability of OA in non-studied
populations like the NL population. We hypothesized in chapter 5 that novel OA
susceptibility loci can be detected in the NL founder population to clarify whether the
contribution of these loci extends to this European ancestry population. Therefore, a
series of independent GWAS analyses in 557 primary OA patients from the NFOAS and
118 unaffected controls from the same population were conducted to identify novel
genetic variants associated with OA in the NL population that were not identified

previously.

However, previous GWAS studies identified about 140 OA genetic risk variants, the
aetiology and pathogenesis of OA still not fully understood. Thereby, we hypothesized in
the first part of chapter 6 that genes for OA can be detected by whole exome sequencing

(WES) analysis, and I conducted a genetic variation annotation analysis in a WES data of
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200 OA patients from the well-established NFOAS to investigate the possible putative
genes for knee and hip OA. Furthermore, due to the involvement of multiple genes in the
development of the OA, we hypothesized in the second part of chapter 6 that two-locus
(gene*gene interaction) may identify digenic implication in the development and
progression of OA and performed a genome-wide case-only test for detecting digenic

interaction in the WES data of 200 OA patients from the NFOAS.

Despite the high prevalence and societal burden of OA, there is no cure for it yet. If
nonsurgical treatments like medications and physiotherapy do not relieve pain and
disability, doctors may recommend TJR surgery. Hip and knee replacements are the most
commonly performed joint replacements, however up to 23% of THR and 34% of TKR
patients either do not achieve improvement or get worse after the operation. Accordingly,
it is important, to identify factors to predict responders and non-responders to TJR for
clinical application and educate patients on their surgery expectations reliably. A number
of potential non-genetic predictors for the outcome of TJR have been investigated,
however the results were either inconclusive or with very limited predictive power. Also,
none of the previously performed studies considered the genetic factors as predictor for
TJR non-responders. We hypothesized in chapter 7 that genetic factors may play a role
and could be used to predict poor outcome of the TJR in the NFOAS. The work
conducted in chapter 7 of this thesis included a series of GWAS analyses to identify the
genetic variations associated with non-responding of TJR in comparing with responding

of TJR surgery from NFOAS.
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3.3 Abstract:

Background: OA is the most common type of arthritis that affects about 10% of world
population aged over 60 years. Heterogeneity of OA is the major hurdle of developing
DMOAD:s. Efforts have been made to classify subtypes of OA patients based on
epidemiological factors or joint structural changes seen on MRI, but significant

overlapping features among OA subtypes defined by these methods limit their clinical
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application. Hence, there is an urgent need to develop new tools that can classify different
subtypes of OA. Given that metabolites are the functional molecular intermediates that
are the closest to the observed phenotypes, we hypothesized that different subtypes of OA
have unique metabolic profiles which can be identified by a metabolomics approach and

tested our hypothesis in the well-established NFOAS.

Patients and Methods: The study participants were primary OA patients who underwent
total hip or knee replacement surgery before 2017 in St. John’s, Canada. Study controls
were unaffected adults from the Complex Diseases in the Newfoundland population:
Environment and Genetics (CODING) study. Diagnosis was made based on the ACR-OA
criteria and post-surgery pathology reports on cartilage. Patients’ plasma samples were
collected before their surgery after at least 8 hours fasting, and metabolomic profiling was
performed using the Biocrates AbsoluteIDQ p180 kit. Subsequently, quality control
filtering was conducted to exclude low quality metabolite values. Then, common factor
analysis was utilized to reduce the dimensionality of the metabolite’s concentrations, and
the identified factors were used for the following clustering analysis. Next, the optimal
number of clusters was determined, the K-means clustering was applied to identify the
endotypes of OA patients, and the logistic regression was used to identify the most
significant metabolites that contribute to the classification of the endotypes of OA
patients. Finally, sixteen clinical and epidemiological variables were examined in relation

to the identified endotypes.
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Results: A total of 615 primary OA patients and 237 controls were included in the study.
Among the 186 metabolites measured, 162 passed the quality control filtering and
included in the subsequent analysis. Factor analysis identified 17 distinct factors in 93
metabolites that had rotated factor loading > |0.3| in only one factor. Subsequently, the
615 OA patients were categorized in three main clusters (A = 66, B =200, and C = 349).
Multivariable logistic regression detected butyrylcarnitine (C4), arginine, and a number of
glycerophosphlipids to be the major contributing factors for the differentiation between
the clusters. Cluster A patients were characterized by a significantly higher concentration
of C4 than other two clusters (p = 2.04*10) and unaffected controls (p = 4.08*107%), but
lower concentration of phosphatidylcholine acyl-alkyl (PC ae C40:3) in comparison with
other OA patients (p = 0.012) and controls (p = 1.30*10'"). The ratio of these two
metabolites PC ae C40:3 to C4 had a great discriminatory power to classify patients in
cluster A from controls as indicated by the area under the curve (AUC) = 0.92 from the
receiver operating characteristic (ROC) analysis with sensitivity of 0.92 and specificity of
0.64. Elevated C4 is associated with generalized muscle weakness. Cluster B patients had
a significantly lower arginine concentration than clusters A and C (p = 3.44*107%) and
controls (p = 7.98*10'!). The cluster C was distinguished from other two clusters by the
lower concentration of lyso-phosphatidylcholine (lysoPC a C16:0, p = 1.42*10°!%) and
controls (p = 3.79*10°%), but higher phosphatidylcholine acyl-alkyl (PC ae C38:2)
concentrations than other patients (p = 5.8*%10%), and lower than controls (p = 1.33*107).
These phospholipids are thought to have pro-inflammatory effects. Further, we found that
55% of cluster A patients were diabetic in comparing to other clusters (13%; p = 5.05*10"

13), about 8% of cluster B patients had coronary heart disease (CHD) compared to other
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OA patients (3.4%; p = 0.003), and 41% of cluster C patients had higher cholesterol

concentration than other study participants (38%; p = 0.02).

Conclusion: Our data demonstrated that at least three distinct endotypes existed in
primary OA, suggesting muscle weakness OA, arginine deficient OA, and inflammatory
OA that can be distinguished by specific blood metabolic markers. While confirmation is
needed, these findings provide us better understanding of OA pathogenesis and hold

promising in developing personalized tools for OA management.

3.4 Introduction:

OA is the most common chronic progressive type of arthritis and one of the ten most
disabling diseases in developed countries (426,427). The prevalence of OA has doubled
since the mid-20" century, and about 240 million people worldwide have been diagnosed
with OA (428). Global estimates of the symptomatic OA show that 9.6% of men and
18.0% in women aged over 60 years live with OA (2,113). Pain is the strongest symptom
and sign that forces OA patients to seek medical assistance. Also, 80% of those patients
with OA have limitations in movement, and 25% of them cannot perform their major
daily activities (429). An estimated 37% of Canadians aged 20 years or older who had
been diagnosed with arthritis reported OA as their only form of the condition (430). Of
these, 12% experienced pain in their hip(s); 29%, in their knee(s), and 29%, in both joints
(430). Thus, OA is considered to be the major source of joint pain and disability

throughout Canadians (121,431), which it is expected to affect six million Canadians and
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result in direct costs of CAD $7.6 billion annually in Canada by 2031, a 2.6-fold increase

from 2011 (432).

Although OA has long been considered as a disease of the wear and tear of the articular
protective cartilage at the load-bearing joints (16,73). This theme has been changed lately,
and OA have been found to deteriorate all components of the arthritic joint causing loss
of articular cartilage, JSN, remodeling of subchondral bone, formation of osteophytes,
laxity of ligamentous, inflammation of synovial membrane, and weakening of the
periarticular muscles (433). The destruction of the affected joint is mostly found in hands,
knees, hips, shoulders and spine and leads to joint pain, swelling, bone deformity, and

muscle weakness (434).

OA is a heterogeneous group of overlapping distinct conditions that have different
aetiologies, but similar clinical manifestations (73). Its heterogeneity represents the major
pitfall to efficacy detection of the disease modifying OA treatments. Efforts have been
made to classify subtypes of OA patients based on the epidemiological factors and
structure changes on MRI including disease mechanism of onset and pathophysiology
(435), anatomical components (436), clinical manifestations (437), disease stage (438),
affected joints (439,440), and degree of inflammation (441), but significant overlapping
features among the OA subtypes defined by these methods limit their clinical application
(442). Hence, there is an urgent need for novel biomarkers that can provide better
understanding of the disease status and suggest suitable treatments for OA patients

(442,443),
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Lately, metabolomics study has become potential filed of research that investigates
small-molecule metabolites in the body fluids or tissues of the biological system (443).
Metabolites are the low molecular weight intermediates and downstream products of the
genome, transcriptome, proteome, which are required at optimum concentration and
steady state to maintain normal function of the cellular processes (442,444). Several
studies recently proposed the involvement of metabolites in diseases including age-related
metabolic dysfunction, fatigue syndrome, obesity, hypertension, diabetes, cardiovascular,
and dyslipidemia (437,442,445—-447). Also, the association of OA with obesity, diabetes,
systemic low-grade inflammation, and oxidative stress has been lately reported (167,448—

450), which suggest the involvement of metabolites in initiation and progression OA

(443).

Previous study by our research team reported that the OA patients can be clearly
classified into two distinct groups based on the significant difference in the metabolite
concentrations from OA patient synovial fluid samples (442), with no significant
differences were identified in either epidemiological risk factors or structural changes on
MRI. We therefore hypothesized in this study that endotypes of OA patients exist and can
be identified by a metabolomics approach and tested our hypothesis in the well-

established NFOAS (71).
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3.5 Materials and Methods:

3.5.1 Study participants:

The study subjects were primary OA patients who were recruited to the NFOAS (450)
and comprised THR or TKR between November 2011 and September 2017 in St Clare’s
Mercy Hospital and Health Science Centre General Hospital in St John’s, NL, Canada
(441). OA diagnosis was made based on The ACR-OA clinical diagnostic criteria (71).
Pathology reports on cartilage were investigated post-surgery to confirm the OA
diagnoses in these patients. Study controls were OA-free adults from the same
geographical region who were recruited to the on-going large-scale nutrigenomics cross-
sectional CODING study (451). Subjects of the CODING study gave their written
consent and completed a screening questionnaire to assess their physical characteristics
and health status. Participants who were between 20 and 79 years old who were born and
lived in NL and at least being third generation of a NL family; and healthy without
serious metabolic, cardiovascular, or endocrine disease were eligible to participate in the
CODING study (452). Then, our study ethical approval was acquired from the Health
Research Ethics Authority of NL (reference number 11.311, Appendix C), and a written
consent was obtained from all study participants. Appendix D includes a blank consent

form.

3.5.2 Demographic and medical information:

A Self-administered questionnaire was used to collect the patients’ demographic and

medical information including age, sex, BMI, and comorbidities, Appendix E. A
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patient’s age was calculated at the TJR surgery by subtracting the birth date from the
surgery date, then divided by 365.25 to get the number of years. BMI was calculated by
dividing patient’s weight in kilograms by the squared height in meters. Comorbidities
including diabetes, hypertension, high cholesterol, coronary heart disease, gout,
osteoporosis, breast cancer, colon cancer, skin cancer, melanoma, basal cell carcinoma,

and squamous cell carcinoma were self-reported by the OA patients (441).

3.5.3 Metabolic profiling:

Patients’ blood samples were collected with EDTA tubes after minimum of 8 hours
fasting. Plasma was extracted from blood by centrifugation at 1500 rcf for 10 minutes at
4°C. Then, plasma was aliquoted and stored at -80°C until use (453). Metabolomic
profiling was performed on plasma samples obtained from study participants using the
Biocrates AbsoluteIDQ p180 kit (BIOCRATES Life Sciences AG, Innsbruck, Austria),
which measures the concentration of 186 metabolites, including 21 amino acids, 19
biogenic amines, 40 acylcarnitines, 90 glycerophospholipids, 15 sphingolipids, and one
sugar hexose (>90% is glucose). Table 3.1 provides the full list of the metabolites
measured in the study. The profiling was done at the Metabolomics Innovation Centre
(TMIC) using an API4000 QtrapVR tandem mass spectrometry instrument (Applied
Biosystems/MDS Analytical Technologies, Foster City, CA, USA) equipped with an
Agilent 1100 HPLC system (Agilent Technologies, Santa Clara, CA, USA) at the
Metabolomics Innovation Centre (https://www.metabolo micscentre.ca). The complete
analytical process of targeted metabolite concentrations was performed using the MetIQ

software package, which is an integral part of the AbsoluteIDQVR p180 kit, and the
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concentrations were reported in micromolar (454). Our in-house reproducibility of the
assay was performed in 23 samples as previously describe (455); the mean coefficient of

variation (CV) for all metabolites was 0.07 (0.05) puM.
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Table 3.1: Biocrates AbsoluteIDQ kit list of 186 metabolite concentrations.

Biological relevance (selected

Metabolite class Number | Metabolite name or abbreviation
examples)
: . . S . Amino acid metabolism, urea-
Alanine, arginine, asparagine, aspartate, citrulline, glutamine, ) tivity of ol ’ .
. . glutamate, glycine, histidine, isoleucine, leucine, lysine, cycle, activity o SUCONCOSENesIs
Amino acids 21 . oy . . . . and glycolysis, insulin sensitivity,
methionine, ornithine, phenylalanine, proline, serine, threonine, . .
trvptophan. tvrosine. valine nel.lrot'ransrmtter metabolism,
yptophan, ty ’ oxidative stress
Carnitine 1 Co
C2,C3,C3:1, C4, C4:1, C5, C5:1, Co(or C4:1-DC), Co:1, C8, C9,
Acylcarnitine 25 Cl10, C10:1, C10:2, C12, C12:1, C14, C14:1, C14:2, Cl6, Cl6:1,
Cl6:2, C18, C18:1, C18:2
C3-OH, C4-OH(or C3-DC), C5:1-DC, C5-DC(or C6-OH), C5-M- . .
Hydroxy-and 14 DC, C5-OH(or C(23—DC—M)? C7-DC, C12-DC, C14:1-OH, Cl4:2- | Lnergy metabolism, fatty acid
dicarboxyacylcarnitines OH., C16:1-OH, C16:2-OH, C16-OH. C18:1-OH transport agd mltochf)ndna.ll fgtty
acetylornithine, asymmetric dimethylarginine, total :tcrl:ls;iﬁggﬁtﬁgf;&ﬁﬁ?
dimethylarginine, alpha-Aminoadipic acid, carnosine, creatinine, dama;;e
Biogenic amines 19 histamine, kynurenine, methioninesulfoxide, nitrotyrosine,
hydroxyproline, phenylethylamine, putrescine, sarcosine, serotonin,
spermidine, spermine, taurine
Lyso- ” lysoPC a C14:0/C16:0/C16:1/C17:0/C18:0/C18:1/C18:2/ fl Zilrif;‘;fgaﬁgg:sgzﬁﬁﬁz
phosphatidylcholines C20:3/C20:4/C26:0/C26:1/C28:0/C28:1 ]
cascades, fatty acid profile
PC aa C24:0/C26:0/C28:1/C30:0/C30:2/C32:0/C32:1/C32:2/
Diacyl- 33 (C32:3/C34:1/C34:2/C34:3/C34:4/C36:0/C36:1/C36:2/C36:3/C36:4/
phosphatidylcholines C36:5/C36:6/C38:0/C38:1/C38:3/C38:4/C38:5/C38:6/C40:1/C40:2/
C40:3/C40:4/C40:5/C40:6/C42:0/C42:1/C42:2/C42:4/C42:5/C42:6 Dvslinidaemi b
PC ae C30:0/C30:2/C32:1/C32:2/C34:0/C34:1/C34:2/C34:3/ e e
Acyl-alkyl- 1 C36:0/C36:1/C36:2/C36:3/C36:4/C36:5/C38:0/C38:1/C38:2/C38:3/ 32?3%22151? :?tivify“?fggésjmﬁases
phosphatidylcholines C38:4/C38:5/C38:6/C40:1/C40:2/C40:3/C40:4/C40:5/C40:6/C42:0/ ’
C42:1/C42:2/C42:3/C42:4/C42:5/C44:3/C44:4/C44:5/C44:6
Sphingomyelines 10 SM C16:0, SM C16:1, SM C18:0, SM C18:1, SM C20:2, SM Signalling cascades, membrane

C22:3, SM C24:0, SM 24:1, SM C26:0, SM C26:1

damage (eg,
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SM (OH) C14:1, SM (OH) C16:1, SM (OH) C22:1, SM (OH) neurodegeneration)

Hydroxysphingomyelines | 5 C22:2, SM (OH) C24:1

Hexose 1 Hl Carbohydrate metabolism

aa: acyl-acyl; ae, acyl-alkyl; a: lyso; Cx:y: where x is the number of carbons in the fatty acid side chain, y is the number of
double bonds in the fatty acid side chain; DC: decarboxyl; M: methyl; OH: hydroxyl; PC: phophatidylcholine; SM:
sphingomyelin; C: carbon; lysoPC: lysophosphatidylcholine; H: hexose.
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3.5.4 Statistical analysis:

Quality control filtering was conducted on the raw metabolites data resulted from the
AbsoluteIDQ p180 kit. Subsequent to combining the metabolite profiling data for all
patients, metabolites with missing values or having values below the limit of detection
(LOD) in more than 10% of OA patients were excluded from further analysis to minimize
the false positive results as a standard practice in metabolomics studies (456). For
metabolites with missing values or having values below the LOD in <10% of samples, the
values were imputed by the mean of the given metabolites. Principal component analysis
(PCA) demonstrated that we did not have any batch effect in our experiment; therefore,

no correction for batch effects was performed.

The Bartlett's test of sphericity and the Kaiser-Meyer-Olkin (KMO) measure of sampling
adequacy were used to evaluate the factorability of the data and to determine if there were
meaningful latent factors and variables inter-correlation within the metabolomic data
(457). The Bartlett's test evaluated the statistical significance between the observed
correlation matrix and the identified matrix in the metabolomic data (457). Also, the
KMO examined if the partial correlations within the metabolites data suggest any latent
factor underlying the metabolite concentrations based on the minimum acceptable value
of 0.50 before undertaking a factor analysis. Then, the number of factors was determined
using the scree plot, and parallel analysis (457). In the scree plot, the eigenvalues were
plotted for all factors, and the number of factors was represented by the point where the
eigenvalues dropped off sharply on the plot (458). Likewise, parallel analysis calculated

the eigenvalues from randomly generated correlation matrices, which were then
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compared with the observed eigenvalues extracted from the metabolite’s dataset. Thus,
the number of the observed eigenvalues generated from the metabolite’s dataset with
higher values than the corresponding random eigenvalues were more likely to form
meaningful factors and represented the number of the retained factors (459). In contrary,
the observed eigenvalues with lower values than their corresponding random eigenvalues
do not produce true factors. Parallel analysis appears to be among the best methods for
deciding how many factors to extract or retain (457—459). Based on the suggested number
of factors in the metabolite data, common factor analysis was performed to reduce the
dimensionality of the metabolites concentration data (457,460). Factor analysis identified
the latent variables that were underlying the set of metabolite concentrations (457). Then,
the identified factors were utilized in the subsequent clustering analysis if their
corresponding eigenvalues were > 1.0 along with rotated absolute factor loading for each
metabolite > 0.3 detected in only one factor (461). Next, factor scores for each OA patient
were calculated by adding up all the metabolite concentrations in each identified factor

and used in the clustering analysis (461).

Subsequently, the Hopkins statistic was used to assess the clustering tendency of the
calculated factor scores from the 615 samples (462). Clustering tendency is measuring to
what degree clusters exist in the data to be clustered, and may be performed as an initial
test, before attempting clustering (462). The Hopkins statistic tested the spatial
randomness of the dataset, checked if the dataset was generated by a uniform data
distribution, this implies that there is underlying structure in the data and therefore

meaningful results to be gained from further clustering analysis, and investigated whether
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the 615 OA samples are clusterable and contains any inherent grouping structure based on
the metabolite data. Hence, the dataset is considered to be significantly clusterable and
used in the clustering analysis, if the identified Hopkins statistic value is close to zero (far

below 0.5) (462).

Choosing which clustering method to use and the optimal number of clusters can be a
daunting task. The optimal number of clusters was determined using the silhouette width
and elbow plot methods (463). The average silhouette width approach measured the
quality of clustering, and the optimal number of clusters was determined by maximizing
the average silhouette over a range of possible values (464). Also, elbow plot method
verified the number of the clusters by using the F-test to check and plot the percentage of
variance between expected clusters, and at a certain point with a lot of variance between
subject groups it gave an angle in the graph used to determine the optimum number of

clusters (463).

Next, the clValid package in R was used for simultaneously compare multiple clustering
algorithms including hierarchical, self-organizing maps, K-means, self-organizing tree
algorithm, and model-based in a single function call for identifying the best clustering
approach and the optimal number of clusters that should not only have good statistical
properties, but also give results that are biologically relevant (465). This function used the
internal evaluation silhouette score to evaluate the clustering probertites of our dataset by

assigning the best score to the algorithm that produces clusters with high similarity within
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a cluster and low similarity between clusters (464). The silhouette score is a metric that
measures how cohesive and separated are the clusters. It ranges from -1 to 1, where a
higher value indicates that the points are well matched to their own cluster and poorly
matched to the neighboring clusters. The silhouette score is calculated by taking the
average of the silhouette coefficients for each point, which are defined as the difference
between the average distance to the points in the same cluster and the average distance to
the points in the nearest cluster, divided by the maximum of these two distances
(464,466). The silhouette score works well with k-means clustering and can help choosing
the optimal number of clusters, by comparing the scores for different values of K (464).
The clValid function estimated that the K-means clustering algorithm is the best

algorithm to cluster our 615 OA patients (465).

Then, the factor scores from all of the 615 OA patients were utilized in the clustering
analysis using K-means clustering algorithm to identify the endotypes of OA patients. K-
means clustering is the most commonly used unsupervised machine learning algorithm
for categorizing a given dataset into clusters based on the similarity and minimized
variance between the clustered subjects (463). The K-Means algorithm calculates the
goodness of classification and assigns individuals to clusters such that the overall within-
cluster variance is minimized (internal cohesion) and the between-cluster variance is
maximized (external separation) with the between Sum of Squares (BSS)/total Sum of

Squares (TSS) ratio should approach 1 (463).
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Then, multivariable logistic regression was performed to identify the most significant
metabolites that contribute to the classification of the endotypes of OA patients and
differentiate the patients in each group from healthy controls. Metabolite ratios between
those identified metabolites as proxies for enzymatic reaction were examined to identify
the most likely metabolic pathways (467). ROC analysis was conducted to evaluate the
performance of identified metabolites and ratios in the classification of each endotype.
The AUC was calculated, and optimal cut-off values were determined using the

maximum sensitivity and specificity simultaneously (MaxSpSe) method.

Furthermore, we examined 15 clinical and epidemiological variables in relation to the
identified endotypes, including age, sex, BMI, and comorbidities. Joint specificity
(knee/hip) for the identified endotypes was also tested. Significance level was defined as
P <0.0003 after correction of multiple testing of 162 metabolites with the Bonferroni
method. All the analyses were performed in R version 3.5.1 (R Foundation for Statistical
Computing, Vienna, Austria) with psych, GPArotation, corpcor, Factoextra, NbClust,

cluster, clValid, stats, pROC, caret, OptimalCutpoints, dplyr and ggplot2 packages.

To complement our data analytic method, we randomly split our cohort equally into
training and validation datasets with similar distribution of age, sex and, BMI between the
two datasets using the CreateDataPartition function in the caret package in R (468). Then,
the exact same methods described above were applied to the training dataset and

replicated the results in the validation dataset.
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3.6 Results:

A total of 615 primary OA patients and 237 OA-free controls were included in the study.
OA patients were significantly older (p=0.0001) and had a higher BMI than controls
(p=0.0001), but there was no difference in sex distribution between OA patients and

controls (p=0.27), Table 3.2.

Table 3.2: The characteristics of the 615 OA patients and 237 OA-free controls.

OA patients OA-free controls P-value
n=615 n=237
Sex (% for Females) 55.28% 59.49% 0.265
Age (yrs) 66.0578.55 49.23M12.71 0.0001
BMI (kg/m’) 33.7406.86 29.035.05 0.0001

Values are mean + SD for age and BMI continuous variable, and percentage for sex.
P-values were obtained from Chi squared test for sex distribution and Student’s t-test
for continuous variables.

Among the 186 metabolite concentrations measured, 162 metabolites passed the QC
criteria and were included in the analysis. The evaluation of the factorability of the
metabolomic data using Bartlett’s test of sphericity showed statistically significance
(p=0.0001), suggesting significant difference of the correlation matrix from the identity
matrix and thereby indicating that the metabolomic data is factorable. Also, the KMO test

indicated that the metabolomic data was adequate for factor analysis with overall measure
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of sampling adequacy (MSA) = 0.93. Scree plot (Figure 3.1A) and parallel analysis
(Figure 3.1B) estimated that the metabolomic data can be categorized by 17 factors based

on their correlation and relationship.

Accordingly, common factor analysis retrieved a rotated factor matrix of 17 distinct
factors from 93 metabolites that had a rotated factor loading >|0.3] in only one factor.
These 93 metabolites included 12 amino acids, 3 biogenic amines, 22 acylcarnitines, 48

glycerophospholipids, 7 sphingolipids, and 1 sugar hexose (>90% is glucose), Table 3.3.
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Figure 3.1: Estimation of the factor numbers from the concentrations of 162 metabolites
of 615 OA patients. The red arrows in the Scree plot. (A) and parallel analysis plot (B)
indicating that the metabolite data could be categorized by 17 factors based on their
correlation and relationship. FA: factor analysis; PC: principal component analysis.

99




Table 3.3: 17 distinct factors from 93 metabolites that had rotated factor loading > |0.3| in only one factor.

Factors Factor Loading Factor items (metabolites)

Factor 1 7.63 PC ae C36.4, PC.ae.C36.5

Factor 2 18.33 C3-DC/C4-0OH, C3-0OH, C3.1, C4, C4:1, C5, C5-DC/C6-OH, C5-M-DC, C5-OH/C3-DC-M,
C5:1, C5:1-DC, Cé6:1, C7-DC, C9, C10:2, C12-DC

Factor 3 9.46 Glycine, lysoPC a C16:0, lysoPC a C16:1, lysoPC a C17:0, lysoPC a C18:0, lysoPC a C18:1,
lysoPC a C18:2, lysoPC a C20:3, H1

Factor 4 9.52 PC aa C24:0, PC aa C32:3, PC aa C40:2, PC ae C30:1, PC ae C30:2, PC ae C38:1, PC ae C38:2,
PC ae C40:3

Factor 5 4.78 PC aa C30:0, PC aa C32:1, PC aa C34:1

Factor 6 7.27 Isoleucine, Leucine, Lysine, Phenylalanine, Proline, Tryptophan, Tyrosine, Valine, Kynurenine

Factor 7 6.72 SM-OH C22:1, SM-OH C22:2, SM C20:2, SM C22:3

Factor 8 7.92 C6/C4:1-DC, C8, C10, C14:1, C14:2, Cl16:2

Factor 9 8.02 PC aa C36:5, PC aa C36:6, PC aa C38:6, PC aa C40:6, PC aa C42:2, PC ae C38:0

Factor 10 5.26 lysoPC a C24:0, lysoPC a C26:0, lysoPC a C26:1, lysoPC a C28:0

Factor 11 6.96 Taurine, PC aa C42:5, PC ae C34:1, PC ae C36:0, PC ae C42:1

Factor 12 5.64 SM-OH C14:1, SM-OH C16:1, SM Cl16:1

Factor 13 5.76 PC aa C36:4, PC aa C38:4, PC aa C40:4, PC aa C40:5

Factor 14 10.42 PC ae C40:5, PC ae C42:4, PC ae C42:5, PC ae C44:3, PC ae C44:4, PC ae C44:5, PC ae C44:6

Factor 15 5.72 Arginine

Factor 16 7.06 PC aa C34:2, PC aa C36:2, PC aa C36:3

Factor 17 3.65 Citruline, Glutamine, Serine

aa: acyl-acyl; ae, acyl-alkyl; a: lyso;

Cx:y: where x is the number of carbons in the fatty acid side chain, y is the number

of double bonds in the fatty acid side chain; DC: decarboxyl; M: methyl; OH: hydroxyl; PC: phophatidylcholine; SM:
sphingomyelin; C: carbon; lysoPC: lysophosphatidylcholine; H: hexose.
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Then, the Hopkins statistic indicated that the metabolomic dataset of OA patients was

significantly clusterable with Hopkins statistic value = 0.18. The minimum silhouette

width (Figure 3.2A) and elbow plot (Figure 3.2B) anticipated that the 615 OA patients

could be classified into three main clusters based on the metabolomic factor scores. K-

means clustering analysis determined three distinct main clusters (cluster A=66, cluster

B=200, and cluster C=349) of OA patients with BSS/TSS = 77.0 %, Figure 3.3.

Average silhouette width

04

02

0.0

Optimal number of clusters

| 2 3 4 5 6 F 4 8 9 10

Number of clusters K

Figure 3.2: Estimation of the factor and cluster numbers from the concentrations of 162
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metabolites of 615 OA patients. The red vertical dash line in the minimum silhouette
width plot (A) and the red arrow in the elbow plot (B) indicate that the 615 OA patients

can be classified into three main clusters based on the calculated metabolite factor scores

from the 17 identified factors.
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Figure 3.3: The three distinct clusters of OA patients identified by K-means clustering
method coupled with metabolomics data.

Logistic regression identified butyrylcarnitine (C4), arginine, and
lysophosphatidylcholine with palmitic acid (lysoPC a C16:0) to be the major contributing
factors for the classification and differentiation between cluster A, B, and C. The cluster
A patients were characterized by a significantly higher concentration of C4 than the other

two clusters (p=2.04*10%) and OA-free controls (p=4.08*10%), Table 3.4. While it did
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not reach the pre-defined significance, the second metabolite was a phosphatidylcholine
with 40 carbons and three double bonds (PC ae C40:3) for which the patients in cluster A
had a lower concentration than other OA patients (p=0.01) and controls (p=1.30*10'"),
Table 3.4. When the ratio between these two metabolites was considered, the significance
became stronger. The PC ae C40:3 to C4 ratio was significantly lower in cluster A
patients than in patients of other clusters (p=4.89*10"7) and controls (p=1.31*10"!"), Table
3.4. The ROC analysis showed that the ratio had an AUC of 0.92 (95% CI: 0.89 to 0.95)
to distinguish cluster A patients from OA-free controls with a sensitivity of 0.83 and
specificity of 0.83 at the optimal cut-off value of 4.75. The ratio had a moderate
discriminatory power to distinguish patients in cluster A from patients in other clusters

with an AUC of 0.68 (95% CI: 0.62 to 0.75), Figure 3.4A.

The cluster B patients had a significantly lower arginine concentration than clusters A and
C (p=3.44*10"'%) and controls (p=7.98*10-'!), Table 3.4. The ROC curve analyses
showed that arginine had an AUC = 0.82 (95% CI: 0.78 to 0.85), and a sensitivity of 0.74
and a specificity of 0.75 to discriminate patients in cluster B from patients in other two
clusters at an optimal cut-off value of 28.30uM; and an AUC = 0.99 (95% CI: 0.98 to
1.00) with a sensitivity of 0.95 and a specificity of 0.96 to distinguish patients in cluster B

from controls at the optimal cut-off value of 56.10 uM, Figure 3.4B.

Patients in cluster C were distinguished from patients in the other two clusters and OA-
free controls by a lower concentration of lysoPC a C16:0 (all p<3.79*10-%), Table 3.4.

Although it did not reach the pre-defined significance level, the second top associated
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metabolite was a phosphatidylcholine with 38 carbons and two double bonds (PC ae
C38:2, p<0.006), Table 3.4. When examine the ratio of these two metabolites, we found
that the significance became stronger and lysoPC a C16:0 to PC ae C38:2 ratio was
significantly lower in patients of cluster C than in patients of other clusters (p=0.0001)
but significantly higher than in OA-free controls (p=0.0001), Table 3.4. The ratio was
also significantly higher in patients of cluster A and B than in controls (p=0.0001). The
ROC curve analyses showed that the ratio had an AUC = 0.74 (95% CI: 0.70 to 0.78), and
sensitivity of 0.66 and specificity of 0.70 to discriminate patients in cluster C from
patients in other clusters at an optimal cut-off value of 63.28, and an AUC = 0.87 (95%
CI: 0.85 to 0.90) with a sensitivity of 0.80 and specificity of 0.81 to distinguish cluster C

patients from OA-free controls with the optimal cut-off value of 32.01, Figure 3.4C.
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Table 3.4: Most significant metabolites contributing to the classification of endotypes of primary OA patients.

OA endotypes Metabolite Concentration Concentration in other OA patients Concentration in controls
(MeanxSD) Mean£SD P-value Mean£SD P-value
C4 (uM) 0.34+0.25 0.2620.16 0.0002 0.23+0.14 4.08*10°8
(Cnl:zg‘;" A PC ac C40:3 (uM) 0.85:0.32 0.97+0.37 0.01 1.670.58 1.30%10°1!
PC ae C40:3 to C4 ratio  3.11+1.57 4.5142.39 4.89%107 8.81+4.51 1.31%10™"
8:;;%‘;3 Arginine (uM) 21.39+17.83 41.76+19.48 3.44%10°16 115.08450.77  7.98*10°!!
LysoPC a C16:0 (uM) 79.02+25.46 130.47+65.10 1.42%10™"2 82.61+37.02 3.79%10°
Cluster C PC ae C38:2 (uM) 1.94+1.44 1.74+1.20 0.006 4.54+2.30 1.33*107
(n=349) lysoPC a C16:0 to
Y ' 53.15+25.09 90.93+50.67 0.0001 22.34+12.13  0.0001

PC ae C38:2 ratio

C4 — butyrylcarnitine; PC ae C40:3 - Phosphatidylcholine acyl-alkyl with 40 carbons and 3 double bonds; lysoPC a C16:0 -
Lyso-phosphatidylcholine with 16 carbons and no double bond; PC ae C38:2 - Phosphatidylcholine acyl-alkyl with 38
carbons and 2 double bonds.
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Figure 3.4: The ROC curve analysis results of each identified cluster: A) the PC ae C40:3 to C4 ratio in relation to distinguish
patients in cluster A from other clusters and controls. B) Arginine in relation to distinguish patients in cluster B from other
clusters and controls. C) LysoPC a C16:0 to PC ae C38:2 ratio in relation to distinguish patients in cluster C from other clusters
and controls.
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In the split sample analysis, a total of 615 OA patients were randomly divided into a
training dataset (n= 308) and a validation dataset (n= 307). The minimum silhouette
width (Figure 3.5A) and elbow plot (Figure 3.5B) estimated that the training dataset
could be classified into three main clusters, which was validated in the validation dataset,
Figure 3.6A and B. K-means clustering analysis identified three distinct clusters (TA=39,
TB=95, and TC=174) of OA patients in the training dataset, which was also validated in
the validation dataset (VA=10, VB=112, and VC=185). Logistic regression analysis
identified exactly same metabolites- arginine (p=4.28*10®) and lysoPC a C 16:0
(p=4.79*1071?) that were the key contributors for cluster B and C as found in the entire
cohort analysis, which were also confirmed in the validation dataset with p=1.38*10"7 and
p=2.98*10 for arginine and lysoPC a C16:0 respectively, Table 3.5. C4 was also
identified as the key contributor for cluster A in the training dataset and confirmed in the
validation dataset, but the P-value=0.01 did not reach the pre-defined significance level

because of the small sample size, Table 3.5.
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Figure 3.5: Estimation of the cluster number in the training dataset of 308 OA patients,
A) the minimum silhouette width plot, and B) the elbow plot showing that the 308 OA
patients in the test dataset can be classified into three main clusters based on the similarity
and relationship between the metabolites.
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Figure 3.6: Estimation of the cluster number in the validation dataset of 307 OA patients,
A) the minimum silhouette width plot, and B) the elbow plot showing that the 307 OA
patients in the validation dataset can be classified into three main clusters based on the
similarity and relationship between the metabolites.
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Table 3.5: The most significant metabolites contributing to the classification of endotypes of primary OA patients in the
training and validation datasets.

Training dataset Validation dataset
Concentration Concentration in Concentration Concentration in
Clusters other clusters P-value Clusters other clusters P-value
(Mean£SD uM) (Mean=SD M) (Mean£SD uM) (Mean=SD M)
Cluster A | 0.34+0.22 0.27+0.22 0.011 Cluster A | 0.48+0.15 0.25+0.15 0.011
C4
(n=39) (n=10)
.. Cluster B | 22.25+16.76 43.35+18.64 4.28*10% | Cluster B | 20.65+18.32 40.75+20.13 1.38*1077
Arginine _ —
(n=95) (n=112)
Cluster C | 79.26+25.36 133.414+69.36 4.79%10°10 | Cluster C | 78.55+26.41 131.83+59.75 2.98*107°
LysoPC a C16:0 _ —
(n=174) (n=185)

C4 — butyrylcarnitine; lysoPC a C16:0 - Lyso-phosphatidylcholine with 16 carbons and no double bond.
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With regards to the clinical and epidemiological factors, there was no sex difference
among the three identified clusters (all p>0.22), but patients in cluster A had a higher
BMI and a higher prevalence of diabetes than the other two clusters (all p<0.0009), as
well as significantly older than cluster B (p=0.018) and had a higher prevalence of CHD
than cluster C patients (p=0.039) (Table 3.6). Patients in cluster B had a significantly
higher prevalence of CHD than cluster C (p=0.003), whereas patients in cluster C had a
significantly higher prevalence of osteoporosis than cluster B (p=0.009). The prevalence
of osteoporosis in cluster C was also higher than in cluster A (22.06% vs. 15.15%) but

was not statistically significant (Table 3.6).

In addition, the study cohort included 68% of knee OA patients and 32% of hip OA
patients. However, we found that there was no difference in the distribution of knee and
hip OA among the three identified OA clusters (p=0.43). The proportion of knee OA in

cluster A, B, and C was 72.73%, 62.32%, and 69.86%, respectively.
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Table 3.6: Significant epidemiological factors and comorbidities associated with each of identified clusters.

Factors Cluster A Cluster B Cluster C P-value

Avs. B Avs. C Bvs. C
Age (years) 67.78+7.37 65.03+8.32 66.324+8.82  0.018 0.207 0.094
BMI (kg/rnz) 36.57+7.27 33.294+6.70 33.46+6.74  0.0009 0.0008 0.776
Diabetes (%) 54.55 13.50 12.89 1.039%10°'"  4.906*%10°  0.840
CHD (%) 7.57 8.00 2.58 0.912 0.039 0.003
Osteoporosis (%) 15.15 13.00 22.06 0.658 0.206 0.009

*Values are mean + SD for age and BMI, percentage for diabetes, CHD, and osteoporosis. CHD — coronary heart disease.
P-values were obtained from Chi-squared test or Student t-test wherever appropriate.
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3.7 Discussion:

In this metabolomic analysis with a large sample size, we were able to identify three
distinct endotypes of OA patients. The significant metabolite contributors to each of the
three endotypes implied that the primary OA patients can be classified as muscle
weakness, arginine deficient, and low inflammatory OA. The findings provide new
insights into the pathogenesis of primary OA and could help to develop personalized tools

for OA management.

In a preliminary study with only 80 OA patients, we previously found that the OA
patients can be classified into two distinct groups (469). 11% of the 80 patients were
classified into one group characterized by high concentration of acetylcarnitines in the
synovial fluid. The findings of the current study were consistent with it, and we found
that 11% of the 615 primary OA patients was classified into cluster A based on plasma
metabolic profiles, and a specific acetylcarnitine - C4 was the key contributor to the
clustering. The patients in cluster A had on average 33% increase in C4 compared to the

OA patients in other two clusters and 52% increase compared to OA-free controls.

Acetylcarnitines are used to transport fatty acids from cytosol into mitochondrial matrix
for energy production (441). C4 is a short-chain acetylcarnitine and responsible for the
transfer of short-chain fatty acids. It had been reported that accumulation of C4 reflects
the abnormal concentration of tissue butyryl CoA due to defect or inhibition of short-

chain acyl-CoA dehydrogenase (SCAD), which is the key enzyme involved in short-chain
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fatty acid beta-oxidation pathway in mitochondria, leading to energy pathway defect and
generalized muscle weakness (470). Elevated concentration of C4 in blood is one of the
diagnostic parameters for SCAD deficiency. SCAD deficiency is a clinically
heterogeneous disorder with variable clinical phenotypes ranging from fatal metabolic
decompensation in early life to subtle adult onset with asymptomatic phenotypes in some
patients (471). Adult patients are more likely to have problems related to muscle
weakness and wasting (471,472). Muscle weakness has been associated with OA (473).
Thus, our findings suggest that patients in cluster A might have weakened muscle
strength which makes them susceptible to OA. To the best of our knowledge, elevated
plasma concentration of C4 had not been reported in OA patients previously, however, it
had been associated with disorders including diabetes, obesity, and cardiovascular
diseases (474,475). Interestingly, the analysis of fifteen clinical and epidemiological
factors in relation to the identified clusters found that the majority of cluster A patients
were diabetic and having higher BMI than other study participants. This cluster patients

also had a significantly higher prevalence of CHD than cluster C patients.

Moreover, we found previously that both knee OA patients and diabetic patients had a
lower concentration of two phosphatidylcholines (PC ae C34:3 and PC ae C36:3) than
controls (476). In the current study, we found that patients in cluster A were also
associated with a phosphatidylcholine - PC ae C40:3. Although the statistical test only
reached the pre-defined significance when comparing cluster A with controls, the strength
of association became much stronger when inspect the ratio of these two top metabolites,

supporting a hypothesis that cluster A had an impaired fatty acid oxidation for energy
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production leading to insufficient energy levels for muscle functions. Thus, OA patients

in cluster A would benefit from interventions or therapies that improve muscle strength.

Cluster B with 200 OA patients was characterized by a significant reduction of plasma
free arginine concentration. Previous studies have reported that blood arginine levels were
reduced by 24 - 31% in OA patients (477,478). Animal model of OA showed a significant
reduction of arginine concentration after anterior cruciate ligament transection (ACLT) in
the ACLT rabbit model with a negative association between the post-ACLT arginine
concentration and severity of OA (479), suggesting the potential mechanisms of the
reduced arginine concentration in OA patients is due to increased demand of arginine for

cartilage repair in OA (480) and inability of the body to meet the demand.

Further, arginine has antihypertensive and antioxidant properties, which influences blood
viscosity and coagulation system, and affects the metabolism of glucose, lipids and
proteins (481). Evidences show that arginine intake in cardiovascular patients reverses
endothelial dysfunction associated with major cardiovascular risk factors, such as
hypercholesterolemia, smoking, hypertension, diabetes, obesity, insulin resistance, and
aging (482). Also, multiple studies reported an important role of arginine in improving
blood flow in the arteries of the heart that may improve symptoms of clogged arteries,
chest pain or angina, and CHD (483). Interestingly, our analysis came in agreement with
the findings of these studies and showed that cluster B patients had a significantly higher
prevalence of CHD especially than cluster C. Hence, supplementation of arginine might

be beneficial to OA patients, particularly in cluster B patients. Further, arginine is a
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natural inhibitor of cathepsin such as cathepsin B and K, a protease that breaks down
cartilage (484), thus, the depletion of arginine in cluster B patients reduces its inhibitory
effect on cathepsin and leads to over activity of cathepsin which in turn leads to cartilage

breakdown. Functional studies are needed to confirm this.

Significant differences in the concentration of lysoPC a C16:0 contributed to the
categorization of cluster C of 349 OA patients from other OA patients and controls.
LysoPCs are bioactive lipids that contribute to a variety of cellular functions (485,486),
such as proliferation, apoptosis, smooth muscle contraction, wound healing, and tumor
cell invasiveness (487), and they have been reported to stimulate pro-inflammatory
cytokines, such as IL-1f3, TNF, and IL-6 leading to the initiation and progression of OA
(488). The other possible pathway to produce lysoPCs from phosphatidylcholines uses the
reactive oxygen species (ROS) in neutrophils (453). Under the oxidative stress that is
implicated in the pathogenesis of OA, the majority of OA joint cells can produce large
amounts of ROS and nitric oxide (NO) in response to biomechanical or biochemical
stimuli. Then, the mixture of proteolytic enzymes released from neutrophils combined

with different ROS may stimulate the cartilage damage at the OA joints (453,489).

Although the second metabolite PC ae C38:2 only reached the pre-defined significance
when comparing patients in cluster C with controls, the ratio of lysoPC a C16:0 to PC ae
(C38:2 was statistically significant. The ratio was significantly higher in all three
identified OA clusters than in OA-free controls which is in agreement with our previous

studies, where we documented a significant increase of lysoPCs to PCs ratio to be
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associated with knee OA risk (453), knee cartilage volume changes in two years follow-
up (490), and an increased risk for undergoing TKR in 10 years follow-up (453). The
ratio has also been found to be able to predict OA patient’s response to symptomatic
drugs (491). The elevated ratio indicated that the conversion pathway of PC to lysoPC
was overactivated in OA and led to the stimulation of inflammation. Thus, lysoPCs to
PCs ratio has been suggested as a possible biomarker for monitoring anti-inflammatory
treatment in RA as well (492). Between identified clusters, lysoPC a C16:0 to PC ae
(C38:2 ratio was significantly lower in cluster C patients compared to OA patients in other
clusters, suggesting that cluster C might have a lower level of inflammation. Further
analysis found a significantly lower percentage of cluster C patients to have diabetes,
CHD, but higher percentage of these patients had osteoporosis compared to other two
clusters. These findings support a proposed hypothesis that bone loss might be an
initiation factor for OA development at least for patients in cluster C (493). Thus,
identifying cluster C patients for clinical trials of anti-osteoporotic drugs in OA would be

helpful for detecting its efficacy.

There are a number of limitations in this study. The metabolic profiling was done with a
commercially available metabolomics assay kit that has limited coverage of metabolites.
Thus, we might miss some metabolites that may contribute to the endotypes of OA. Also,
study participants included both knee and hip OA patients. While knee and hip OA share
a number of risk factors, the aetiology might be different between knee and hip OA.
However, we did not find a different distribution of knee and hip OA in the identified

three clusters. Further studies of knee and hip OA cohorts with sufficient sample sizes are
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needed to confirm these findings. Similarly, prevalence of OA particularly knee OA was
different between men and women, however, we did not find a sex difference in the three
identified endotypes of OA. Different endotypes might have different severity of the
disease or different observed characteristics such as muscle weakness in cluster A, but we
did not have data on the severity or muscle strength, further studies are needed to confirm
these results. Lastly, all the study participants were from NL, which is a
genetically/ethnically homogeneous population that may limit the generalizability of our

findings to other populations.

In conclusion, our data demonstrated that at least three distinct endotypes existed in
primary OA, suggesting muscle weakness, arginine deficient, and low inflammatory OA
subtypes that can be distinguished by specific blood metabolic markers. While
confirmation is needed, these findings provide new insights into the understanding of OA
pathogenesis and hold promise in developing personalized tools for OA management

toward reduction of economic burden and better quality of life for OA patients.
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(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in

this article, unless otherwise stated in a credit line to the data.

4.3 Abstract:

Purpose: Skeletal muscles are essential components of the neuromuscular skeletal system
that have an integral role in the structure and function of synovial joints. Muscle
weakness and atrophy is one of the earliest signs of aging. Limited number of studies
have been performed to investigate the implication of muscle weakness in the
pathogenesis of OA. Since metabolites are the functional molecular intermediates that are
the closest to the observed phenotypes, we undertook this study to identify the baseline
metabolomic signatures for the longitudinal reduction of muscle strength over 10 years in

the well-established community-based Tasmanian Older Adult Cohort (TASOAC).

Methods: The study was conducted as part of the TASOAC Study, a prospective,
population-based study aimed at identifying the environmental, genetic, and biochemical
factors associated with the development and progression of OA. Older adults who were
50-79 years old were selected randomly with an equal number of men and women from
the roll of electors in southern Tasmania. Muscle strength measurements, including hand
grip, knee extension, and leg muscle strength were conducted at baseline, 2.6-, 5-, and 10-
year follow-up time points. Blood samples were collected at the 2.6-year follow-up point
after at least 8 hours fasting, and then serum was separated and metabolically profiled

using the TMIC Prime Metabolomics Profiling Assay which measures a total of 143
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metabolites. Then, the generalized linear mixed effects model with restricted maximum
likelihood (REML) method implemented in R package nlme was used to identify the
metabolites that were associated with the longitudinal reduction of hand grip strength,
knee extension, and leg strength over 10 years with adjustment for age, sex, and BMI.
Significance level was defined at 0=0.0004 after correcting multiple testing of 129
metabolites with Bonferroni method. Further, a GWAS analysis on the identified
metabolomic markers was performed in 77 individuals who had both GWAS and
metabolomic data available from the NFOAS to explore the potential mechanisms of the
association between the metabolomic markers and the longitudinal reduction of muscle

strength over 10 years.

Results: A total of 409 older adults (50% of them were females) were included in this
study. Study participants had a mean age of 60.9376.50 years, and mean BMI of
27.124.18 kg/m? at baseline. BMI did not change significantly (p=0.06) over the 10
years follow-up period. Although hand grip, knee extension, and leg strength
measurements in males were significantly higher than in females (p=0.0001) at baseline,
there was no significant difference (p=0.24) in muscle strength reduction between males
and females over the 10 years follow-up period. Muscle strength declined by 0.09 psi,
0.02 kg, and 2.57 kg per year for hand grip, knee extension, and leg strength, respectively.
Among the 143 metabolites measured, 129 passed the quality control filtering and were
included in the subsequent analysis. We found that the elevated level of asymmetric

dimethylarginine (ADMA) was significantly associated with the reduction of average
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hand grip strength over 10 years (beta= -0.13 psi/per year per log uM, SE= 0.05;
p=0.0003). The total dimethylarginine was the second associated metabolite for hand grip
strength reduction but the p-value did not reach the pre-defined significance level
(p=0.0005). The increased concentration of this metabolite was associated with a decline
in average hand grip strength (beta=-0.12 psi/per year per log uM, SE=0.05). This
suggests ADMA but not the symmetric dimethylarginine to play a role in hand grip
strength reduction. ADMA was also the top metabolite associated with the reduction in
knee extension strength (beta= -0.13 kg/per year per log uM, SE= 0.05; p=0.008). A
similar trend was found for the reduction in leg strength but was not statistically
significant. The GWAS analysis found that SNP rs1125718 was associated with ADMA
concentration at the GWAS significance level (p=4.394*10®). This SNP is in the gene
desert region on chr8 but adjacent to the WNTI Inducible Signaling Pathway Protein 1
(WISP1I) gene that plays important roles in maintenance of the extracellular matrix of
connective tissues. Although it did not reach the GWAS significant, the second most
associated SNP rs816296 (p=2.03*10"%) on chr12 is very interesting as it is in intron 2 of
the nitric oxide synthase 1 (NOSI) gene which is expressed abundantly in skeletal muscle
tissues and plays a role in synthesizing nitric oxide from arginine. Further, we found that
the increased serum concentration of uric acid was significantly associated with the
decline of leg strength over 10 years (beta= -0.64 kg/per year per log uM, SE=0.17; p =
0.0001) but not with hand grip or knee extension strength. While they did not reach the
pre-defined significance level, methionine, creatinine, and diacyl-phosphatidylcholines

with 32 carbons and two double bonds (PC aa C32:2) were found to be associated with
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the reduction of muscle strength over 10 years with p<0.01, warranting further

investigation.

Conclusion: Our results demonstrated that elevated serum concentrations of
dimethylarginine, especially ADMA, and uric acid at baseline were significantly
associated with age-dependent muscle strength reduction which may make study
participants more susceptible for the development and progression of OA. While
confirmation is needed, these findings provided new insights into the pathogenesis of age-
related muscle strength decline and novel targets for developing strategies to prevent

muscle strength loss over time.

4.4 Introduction:

OA is an age-related multifactorial degenerative condition that damages the whole joint,
with pathological changes to multiple musculoskeletal tissues including cartilage,
meniscus, ligament, and synovium (494). It is characterised by deterioration of articular
cartilage, subchondral bone sclerosis, and the formation of osteophytes at the joint margin

and synovitis (495).

Skeletal muscles are essential components of the neuromuscular skeletal system that has
an integral role in the biomechanical structure and function of the synovial joints (496).
Skeletal muscles attach to the bone by tendons and produce all body movements. They

also resist gravity to absorb loading and maintain posture (497,498). Small, constant

124



adjustments of the skeletal muscles are needed to hold a body upright or balanced in any
position. Muscles also prevent excess movement of the bones and joints, maintain skeletal

and joint stability (499), and prevent skeletal structure damage or deformation (500,501).

Muscle weakness and atrophy is one of the earliest signs of aging and an important
geriatric condition (172). As we get older, loss in skeletal muscle mass and strength
increases (502). Previous studies reported that after the age of 30 muscle mass decline
about 3—8% per decade and this rate of reduction is even higher after the age of 60
(503,504). Although, the true mechanisms that lead to muscle strength reduction onset
and progression are not entirely understood, various age-related mechanisms including
endocrine dysfunctions, neurodegenerative diseases, insufficient nutrition, and muscle
disuse and immobility may contribute to the decline of muscle strength (505). Also,
mitochondrial dysfunction, oxidative stress, pro-inflammatory status, or metabolic
inefficiencies are certainly implicated in the muscle weakness and wasting in older
individuals (506). Age-related muscle weakness has been associated with several health
and socioeconomical consequences (507). It leads to higher risk of falls, fractures (178),
loss of function, and disability in older adults (508). This involuntary loss of muscle

mass, strength, and function is a fundamental cause and contributor to disability in older

people (504).

Although, limited number of studies have been conducted to investigate the contribution
of muscle strength to the pathogenesis of OA, the majority of the performed researches

detected strong correlation between muscle weakness and initiation of OA (509-511). For
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example, Cicuttini et al. (2005) reported that loss of muscle mass and strength was
associated with an increased loss of medial and lateral tibial cartilage over two years
(512). Another study identified that hip OA patients had lower limb muscle strength and
volume deficits. Also, our recent study on endotypes of OA (Chapter 3) showed that
muscle weakness indicated by an elevated C4 serum level might be responsible for a
subset of OA patients (513). Thus, understanding the potential mechanisms of the age-
related muscle strength reduction would provide an avenue to develop OA intervention

strategies and improve the quality of life in older adults.

Since metabolites are considered to be the intermediates and end products of cellular
processes that affect or are affected by a set of biological systems, genetics, lifestyle, and
environmental changes, their concentrations provide a functional information about the
physiological state of the human observed phenotypes (514). Recent advances in the
metabolic analysis offered new opportunities to measure diverse cell or body fluid
metabolites, and it greatly improved our knowledge about the molecular mechanisms
underlying metabolism and corresponding human traits and diseases (515). Thus, we
undertook this study to investigate the metabolomic signatures for the longitudinal
reduction of muscle strength over 10 years in a well-established community based

TASOAC Study.
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4.5 Materials and Methods:

4.5.1 Study participants:

This study was conducted as part of the TASOAC Study, a prospective, population-based
study aimed at identifying the environmental, genetic, and biochemical factors associated
with the development and progression of OA (516). Ethics approval was obtained from
the Southern Tasmanian Health and Medical Human Research Ethics Committee. Older
adults who were 50-79 years old at recruitment were selected randomly with an equal
number of men and women from the roll of electors in southern Tasmania, Australia and
completed a written informed consent at the baseline between March 2002 and September

2004 (516).

4.5.2 Demographic information:

Demographic, joint symptoms, and daily physical activities information were obtained by
a self-administered questionnaire, and anthropometric data including height and weight
were measured at subjects’ clinical interview (516), Appendix F contains a copy of the
interview questionnaire. Participants’ age at baseline was calculated by subtracting the
birth date from the time of recruitment, and then divided by 365 to get the numbers of
years. BMI was calculated by dividing weight in kilograms by squared height in meters at

the baseline, and 10 years follow-up.
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4.5.3 Muscle strength measurements:

Hand grip, knee extension, and leg muscle strength measurements were performed upon
baseline, 2.6-, 5-, and 10-year follow-up time points. Hand grip strength was measured
using a pneumatic bulb dynamometer (North Coast™ bulb dynamometer; adult 0-30 psi,
model no.70154). Participants were seated straight on a chair and held the dynamometer
with their elbow at a 90 Jangle, and their opposite arm resting on their lap (517,518),
Figure 4.1A. Then, the participants were asked to squeeze as hard as they could for three
seconds. The test was conducted twice for each hand interchangeably, with a 30 second
rest between trials. Measurements were taken twice for each hand, and the mean score to

the nearest pounds per square inch (psi) was used in the analyses (517).

Knee extension strength of the dominant leg was measured by isometric contraction of
knee extensors to the nearest kilogram (kg) (518). Subjects were seated on a custom
dynamometer chair having a 100 kg pocket balance connected to the back of the chair
with their hips and knees at 90° angle. They were asked to keep their backs straight and
grip the chair throughout the test. A strap was placed 10 cm above participants’ lateral
malleolus and attached to the dynamometer that recorded maximum contractile force
whilst participants attempted to extend their leg, Figure 4.1B. Measurement was taken

twice and the average was used in the analyses (518).

Leg muscle strength was measured to the nearest kg in both legs simultaneously using a

dynamometer (TTM Muscular Metre, Tokyo, Japan) (518). Study subjects were seated on
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the back of a dynamometer platform while their knees were flexed by 115° angle, and
their backs were rested on a wall (518). Then, participants were instructed to lift the
dynamometer bar that was attached to the dynamometer to the maximum contractile
force, using their legs while their head and neck constant, Figure 4.1C. Measurement was

taken twice, then the best reading was used in the analyses (518).

Figure 4.1: Muscle strength measurements including A) Hand-grip strength test using the
hand-grip dynamometer, participants were seated straight on a chair and held the
dynamometer with their elbow flexion at a 90 langle, and their opposite arm resting on
their lap. This image was adapted from El-gohary et al. (2019) under the Creative
Commons CC BY-NC-ND 4.0 License (519). B) Knee extension strength measurement
using a custom dynamometer chair with participant’s hips and knees at 90° angle, their
backs straight, and they grip the chair throughout the test. A strap was attached to the
dynamometer and placed 10 cm above participants’ lateral malleolus to record maximum
contractile force whilst participants attempted to extend their leg. This image was adapted
from Martin-San Agustin et al. (2020) under the Creative Commons CC BY 4.0 License
(520). C) Leg muscle strength test using a dynamometer. Study subjects stand on the back
of a dynamometer platform while their knees flex by 115° angle, and their backs rest on a
wall. Then, they lift the dynamometer bar that is attached to the dynamometer to the
maximum contractile force, using their legs while their head and neck constant. This
image was adapted from Scott et al. (2009), Appendix G contains the copyright
permission to use this picture.
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4.5.4 Metabolic profiling:

Blood samples were collected at 2.6-year follow-up point after at least 8 hours fasting,
then the blood was centrifuged at 2500 rpm for 5 minutes, and the serum was transferred
into microcentrifuge tubes and stored at -80°C until analysis. We used the samples
collected at this time point because the baseline collected samples were depleted. It was
the closest time point to the baseline, thus could be considered as baseline surrogate.
Targeted metabolic profiling was performed using the TMIC Prime Metabolomics
Profiling Assay which quantifies 143 compounds including 40 acylcarnitines, 25 amino
acids and derivatives, 23 biogenic amines, one amine oxides, one carboxylic acid, one
monosaccharide, 17 organic acids, 34 phospho-and sphingolipids, and one vitamin and
cofactor, Table 4.1. The profiling was done at the TMIC using an AB SCIEX
QTRAP®4000 mass spectrometer (Sciex Canada, Concord, ON, Canada) equipped with
an Agilent 1260 series ultra-high-performance liquid chromatography (UHPLC) system
(Agilent Technologies, Palo Alto, CA, USA). The Analyst software 1.6.2 (Concord, ON,
Canada) was used to control the entire assay’s workflow and the metabolite

concentrations were reported in uM. The CV for the metabolites ranged between 1.16-

15.93%.
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Table 4.1: TMIC Prime Metabolomics Profiling Assay list of 143 metabolite concentrations.

Metabolite class llj;_m Metabolite name or abbreviation

Carnitine 1 Co

Acylcarnitine 25 C2, C3, C3:1, C4, C4:1, C5, C5:1, Co(or C4:1-DC), Cé6:1, C8, C9, C10, C10:1, C10:2, C12,
C12:1, Cl14, C14:1, C14:2, C16, C16:1, Cl16:2, C18, C18:1, C18:2

Hydroxy- and 14 C3-OH, C4-OH(or C3-DC), C5:1-DC, C5-DC(or C6-OH), C5-M-DC, C5-OH(or C3-DC-M),

dicarboxyacylcarnitines C7-DC, C12-DC, C14:1-OH, C14:2-OH, C16:1-OH, C16:2-OH, C16-OH, C18:1-OH
Alanine, Arginine, Asparagine, Aspartate, Citrulline, Glutamine, Glutamate, Glycine, Histidine,

Amino Acids 22 Isoleucine, Leucine, Lysine, Methionine, Ornithine, Phenylalanine, Proline, Serine, Threonine,
Tryptophan, Tyrosine, Valine, Betaine

Amino Acid Derivatives 3 Creatine, Phosphocreatine, Methylhistidine
Acetylomithine, Asymmetric dimethylarginine, Total dimethylarginine, Alpha-Aminoadipic acid,
Carnosine, Creatinine, Dihydroxyphenylalanine (DOPA), Dopamine, Histamine, Kynurenine,

Biogenic Amines 23 Methioninesulfoxide, Hydroxyproline (c4-OH-Pro), Hydroxyproline (t4-OH-Pro), Nitrotyrosine,
Phenylethylamine, Putrescine, Sarcosine, Serotonin, Spermidine, Spermine, Diacetylspermine, Taurine,
Tyramine

Amine Oxide 1 Trimethylamine N-oxide (TMAQ)

Carboxylic Acid 1 Homocysteine

Monosaccharides 1 Glucose
Lactic acid, Beta-hydroxybutyric acid, Alpha-ketoglutaric acid, Citric acid, Butyric acid,

Organic Acids 17 Propionic acid, HPHPA, Para-hydroxyhippuric acid, Succinic acid, Fumaric acid, Pyruvic acid,
Isobutyric acid, Hippuric acid, Methylmalonic acid, Homovanillic acid, Indole acetic acid, Uric
acid

Diacyl- : : : : : : : :

. . 8 PC aa C32:2/ C36:0/ C36:6/ C38:0/ C38:6/ C40:1/ C40:2/ C40:6

phosphatidylcholines

Acyl-alkyl-

phgsphat}i]dylcholines 2 PCac €36:0/C40:6

Lyso-phosphatidylcholines | 14 LysoPC a C14:0/ C16:0/ C16:1/ C17:0/ C18:0/ C18:1/ C18:2/ C20:3/ C20:4/ C24:0/ C26:0/
C26:1/ C28:0/ C28:1

Sphingomyelines 5 SM C22:3, SM C24:0, SM 24:1, SM C26:0, SM C26:1
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Hydroxysphingomyelines

SM (OH) C14:1, SM (OH) Cl16:1, SM (OH) C22:1, SM (OH) C22:2, SM (OH) C24:1

Vitamins & Cofactors

1

Choline

C: carbon; DC: decarboxyl; M: methyl; OH: hydroxyl; TMAO: Trimethylamine N-oxide; HPHPA: 3-(3-hydroxyphenyl)-3-
hydroxypropionic acid; PC: phophatidylcholine; aa: acyl-acyl; ae, acyl-alkyl; lysoPC: lysophosphatidylcholine; SM:

sphingomyelin.
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4.5.5 Statistical analysis:

Metabolomic and muscle strength data underwent a set of quality control filtering.
Metabolites with missing values or with concentration below the LOD in more than 10%
of the samples were removed from the subsequent analysis to minimize the false positive
results as a standard practice in metabolomics studies (456). For metabolites with missing
values or having concentration below the LOD in less than 10% of samples, values were
imputed by the mean of the given metabolites. Then, log transformation was used to make
the metabolite concentration data less skewed and normally distributed for the subsequent
analysis. The average hand grip strength was calculated from the right- and left-hand grip
strength measurements and was used in the analysis. Then, the metabolomic and muscle
strength datasets were combined and transformed from wide to long format using
long_panel function from the panelr package in R. Subsequently, generalized linear
mixed effects model with REML method implemented in R package nlme (522) was used
to identify the metabolites that were associated with the longitudinal reduction of hand
grip strength, knee extension, and leg muscle strength over 10-years. An interaction term
between each metabolite and a follow-up time variable was also introduced into the
multiple regression models as a predictor for longitudinal changes in muscle strength, and
the beta coefficient for the interaction term was interpreted as the rate of muscle strength
change per year over the follow-up time in relation to a given metabolite concentration

unit.
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Random effects of the y-intercept (sample-ID) and slope (muscle strength reduction over
the follow-up time) were utilized to account for the excess variation implicit in the study
design between and within study subjects, respectively. The analyses were adjusted for
age, sex, and BMI as potential confounders, as shown in the below linear mixed effects

model equation of our analyses:

library(nlme)

Ime(Muscle Strength ~ follow-up time + Sex + Age + BMI + Metabolite +
(follow-up time* Metabolite), data=TASOAC_Data, random=~ follow-up
time|SamplelD, control=list(opt = “optim”), method= “REML"”,

na.action=na.omit)

Then, the significance level was defined at a=0.0004 after correcting for multiple testing

of 129 metabolites with Bonferroni method.

Since the metabolomics profiling was conducted at the 2.6-years follow-up point only,

and the age range of the study participants spanned ~30 years, additional analysis using a
multiple linear regression was performed to investigate the cross-sectional association of
the identified metabolites with the muscle strength measurements at the 2.6-years follow-

up phase across individuals of different ages.

Further, a GWAS was performed on 77 individuals from the NFOAS whose metabolomic

and genome-wide SNP genotyping data were available from previous studies (513,523).
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The GWAS analysis was conducted to explore the potential mechanisms of the
association between the metabolomic markers and the longitudinal reduction of muscle
strength over 10-years using the commonly accepted GWAS significance threshold

(p<5*107%).

4.6 Results:

A total of 409 subjects (50% females) were included in this study. The subjects were
followed up for three-time phases with the mean follow-up time of 2.60010.40, 5.0610.48,
and 10.7300.67 years, respectively. Mean age was 60.93(76.50 years (Figure 4.2) and
mean BMI was 27.12014.18 kg/m? at baseline. Males were older than females (p=0.02) but
there were no significant differences in BMI between males and females at baseline, as

well as at each of the follow-up phases, Table 4.2. Further, BMI did not change

significantly over the 10-years for both sexes (p=0.06).

Age distribution

0.06
J

0.04
|

Density

0.02
|

0.00
|

50 60 70 80

Age at baseline

Figure 4.2: A histogram showing the 409 study participants age distribution at baseline.
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Table 4.2: The characteristics of the study participants (n=409).

Male Female P-value
Sex (number (%)) 205 (50.12) 204 (49.88) 1
Age (years) 64.2701.91 62.7901194 0.02
Baseline BMI (kg/m?) 27.12[13.54 27.12004.74 0.99
2.5-year BMI (kg/m?) 27.18(13.64 28.590116.99 0.25
5-year BMI (kg/m?) 27.4417 111 28.960117.29 0.22
10-year BMI (kg/m?) 27.5714.10 27.64005.44 0.87

Values are mean = SD for continuous variables and percentage for sex. P-values were
obtained from Chi squared test for sex distribution and Student’s t-test for continuous
variables. BMI: body mass index.

Similar to other longitudinal analysis, our study had few individuals that did not complete
all four follow-up muscle strength measurements. Table 4.3 lists the numbers and
percentages of the study participants that completed the hand grip, knee extension, and

leg muscle strength measurements at the baseline and each of the follow-up time points.

Table 4.3: The number and percentage of the study participants that completed the
muscle strength measurements at each of the follow-up time points.

Baseline 2.6-years point  S-years point 10-years point

number (%) number (%) number (%) number (%)
Hand grip 409 (100) 408 (99.76) 408 (99.76) 407 (99.51)
Knee extension 408 (99.76) 407 (99.51) 407 (99.51) 403 (98.53)
Leg strength 399 (97.56) 396 (96.82) 386 (94.38) 377 (92.18)
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Our data showed that hand grip declined by 0.09 psi per year (p=0.0002), and leg muscle
strength decreased by 2.57 kg per year (p=8.49*10715), while the decrease in knee
extension of 0.02 kg per year was not statistically significant (p=0.58), estimated by the

generalized linear mixed affects model (Figure 4.3; Table 4.4).

Furthermore, our findings showed a significant association between higher age and lower
hand grip (p=1*10-'%), knee extension (p=4.5*10"1°), and leg muscle strength (p=3.4*10-

12) at the baseline (Figure 4.4).

A Hand grip strength changes over 10 years B Knee extension changes over 10 years ‘ Leg muscle strength changes over 10 years
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Figure 4.3: Plots of the fitted lines for changes over 10-year follow-up time for A) hand
grip strength, B) knee extension, and C) leg muscle strength estimated by linear mixed
regression model done with nlme R package with the function Ime(Muscle Strength ~
follow-up time, data=TASOAC _Data, random=~ follow-up time|SamplelD,
control=list(opt = “optim”), method= “REML”, na.action=na.omit). The gray shaded
areas are 95% CI.
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Table 4.4: Muscle strength differences between males and females over 10-years follow-
up period in whole cohort (n=409).

e Male Femute ey Feml

Hand Grip (psi) Baseline  12.3£2.99  14.4+2.53  10.3+1.77 2.76*1014
2.6-years 10.1£2.93  11.942.59  8.43+2.15 1.03%10
5-years 11.744.35  13.94436  9.37+2.92 2.13%10°
10-years  10.843.64  12.8+3.62  8.91+2.45 3.12%10

decline/year (psi/year) 0.09 0.09 0.09

P-value 0.0002 1.2%10°14 1.46*10'4

Knee extension (kg) Baseline  31.55+11.3 38.2+9.19  24.8+9.12 2.74%10°!8
2.6-years 33.2+11.0  38.849.17  27.6+9.71 2.36%1012
5-years 34.3+10.3  39.5+8.69  29.249.2 1.52*101
10-years  31.54+11.3 38.5+12.6  24.7+9.32 8.28*10°7

decline/year (Kg/year) 0.02 0.002 0.067

P-value 0.58 0.50 0.20

Leg strength (kg) Baseline  96.0+52.6  132+46.3 59.6+27.7 1.82%10*
2.6-years  96.7+53.4  133+46.5 60.1+29.5 5.36%10
5-years 87.3+54.4  124+47.6 50.1+30.1 3.48*10°°
10-years  70.4+43.9  953+43.6  45.4+26.8 3.71%10

decline/year (Kg/year) 2.57 3.68 1.47

P-value 8.49%10°15  2.0%10°° 2.09%10°

Values are mean = SD for muscle strength measurement at baseline, 2.6-, 5-, and 10-years
follow-up phases. P-values for muscle strength differences between males and females at
each follow-up points were obtained by using the linear regression (Im) method in R; psi:
pounds per square inch; kg: kilogram.
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Figure 4.4: The relationship between muscle strength and the study participants’ age at
the baseline, A) hand grip strength, B) knee extension strength, and C) leg muscle
strength changes.

Although all muscle strength measurements in males were significantly higher than that
in females over the 10-years follow-up time (p=2*10-1%), at the baseline, and at each of
the follow-up phase (all p=5.36*10, Table 4.4), there was no significant difference
(p=0.24) in the muscle strength change rate between males and females over the 10-years
follow-up period, Figure 4.5. Interestingly, higher BMI in the 409 study participants was

associated with higher knee extension strength (p=0.036).
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Figure 4.5: The differences between males and females in muscle strength changes over
10-year follow-up time: A) hand grip strength, B) knee extension strength, and C) leg
muscle strength. *Bars represent 95% CI.

Among the 143 metabolites measured, 129 passed the quality checks and were included
in the subsequent analysis, Table 4.5. The volcano plot in the Figure 4.6A shows the
results of the association between the reduction of the hand grip strength and each of the
129 metabolites. While four metabolites had p<0.05, only one metabolite - asymmetric
dimethylarginine (ADMA) was associated with the reduction in the hand grip strength at
the pre-defined significance level (p=0.0003). Per log uM increase in ADMA was
associated with 0.05+0.02 psi/year reduction rate in the hand grip strength (Table 4.6).
The total dimethylarginine was the second top metabolite associated with the hand grip
strength reduction, but the P-value (p=0.0006) did not reach the pre-defined significance,
Figure 4.6A. Per log uM increase of this metabolite was associated with 0.05+0.01
psi/year reduction rate in the hand grip strength, Table 4.6. Taurine (beta=0.03+0.01
psi/year per log uM; p=0.015) and lactic acid (beta=0.03+0.01 psi/year per log uM;
p=0.04) were also potentially associated with the reduction in hand grip strength over 10-

years, Table 4.6.

140



Table 4.5: Summary statistics for the 129 metabolites that passed the quality checks and

were included in the analysis.

# Metabolites Mean+SD Min Max
1 Creatinine 95.25+£30.52 27.7 212
2 Glycine 323.39+£96.86 161 892
3 Alanine 496.25+113.63 268 970
4 Serine 136.28+25.42 68.5 229
5 Proline 222.82+65.68 85.4 516
6 Valine 267.14£52.76 139 465
7 Threonine 174.274+39.69 83.9 338
8 Taurine 113.89+35.71 46.4 237
9 Putrescine 0.26+0.13 0.0521 0.972
10 trans-Hydroxyproline 13.83+6.30 5.11 40.9
11 Leucine 173.90+40.50 92.7 317
12 Isoleucine 80.06+18.20 39.4 134
13 Asparagine 46.81+10.29 28.1 93.5
14 Aspartic acid 16.33+6.61 3.02 51.8
15 Glutamine 751.19£124.18 419 1230
16 Glutamic acid 58.72+25.80 12.8 164
17 Methionine 32.27+6.60 18.6 53.6
18 Histidine 109.68+29.18 62.6 511
19 alpha-Aminoadipic acid 0.71£0.36 0.0271 3.52
20 Phenylalanine 84.07+15.04 553 194
21 Methionine-sulfoxide 0.88+0.36 0.183 2.19
22 Arginine 156.79£33.97 88.2 283
23 Acetyl-ornithine 0.95+0.79 0.0669 10.5
24 Citrulline 44.24+12.34 9.75 141
25 Asymmetric dimethylarginine | 0.72+0.76 0.331 14.3
26 Serotonin 1.27+0.73 0.0302 4.71
27 Tyrosine 90.09+22.16 45.1 170
28 Kynurenine 3.08+1.06 1.05 7.27
29 Total dimethylarginine 2.10+0.84 1.14 13.7
30 Tryptophan 75.71+£15.32 29.1 131
31 Ornithine 112.97+26.41 52 217
32 Lysine 257.92+61.44 135 444
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# Metabolites Mean+SD Min Max

33 Sarcosine 1.78+0.84 0.203 7.21

34 Spermidine 0.18+0.07 0.0249 0.458
35 Spermine 0.13+0.04 0.0498 0.436
36 Creatine 42.334£22.19 8.79 131

37 Betaine 42.19+15.47 12.2 107

38 Choline 12.29+3.40 4.87 27

39 Trimethylamine N-oxide 8.86+9.57 0.432 93.6

40 Methylhistidine 15.92+10.69 3.72 70.8

41 Lactic acid 1778.59+585.23 516 4100

42 beta-Hydroxybutyric acid 89.18+98.63 13.2 736

43 alpha-Ketoglutaric acid 8.46+2.42 4.06 29.3

44 Citric acid 144.94+43.19 66.4 382

45 Butyric acid 0.72+0.32 0.161 248

46 Propionic acid 2.20+14.62 0.13 297

47 HPHPA 0.18+0.21 0.0101 1.44

48 Succinic acid 2.04+0.49 1.1 3.64

49 Fumaric acid 1.29+0.40 0.579 3.12

50 Pyruvic acid 58.44+20.35 13.7 149

51 Isobutyric acid 0.60+0.19 0.201 1.87

52 Hippuric acid 6.12+5.09 0.59 51.6

53 Methylmalonic acid 0.19+0.14 0.0247 1.73

54 Indole acetic acid 2.34+1.83 0.255 19.6

55 Uric acid 341.78+£82.41 144 572

56 Glucose 5234.08+991.52 3571 13425
57 LysoPC a C14:0 2.90+0.94 1.0659 6.9832
58 LysoPC a C16:0 74.76+19.26 36.1693 164.2629
59 LysoPC a Cl16:1 3.03£1.16 0.9811 12.9972
60 LysoPC a C17:0 1.86+0.70 0.5198 5.8315
61 LysoPC a C18:0 22.87+6.76 9.0653 50.5419
62 LysoPC a C18:1 18.17+6.72 6.8234 79.2064
63 LysoPC a C18:2 22.07+8.21 7.3367 62.6617
64 LysoPC a C20:3 2.85+1.02 0.9418 10.4587
65 LysoPC a C20:4 4.54+1.68 1.6613 14.6625
66 LysoPC a C24:0 0.10+0.03 0.0314 0.2355
67 LysoPC a C26:0 0.11+0.04 0.0328 0.2671
68 LysoPC a C26:1 0.05+0.02 0.0097 0.1206
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# Metabolites Mean+SD Min Max

69 LysoPC a C28:0 0.214+0.07 0.0674 0.588
70 LysoPC a C28:1 0.2740.10 0.0621 0.6177
71 SM C16:0 130.43+30.02 60.8714 231.5374
72 SM C16:1 19.36+4.82 8.3687 37.9455
73 SM C18:0 32.40+8.14 15.4762 59.3029
74 SM C18:1 14.07+4.20 5.185 28.7409
75 SM C20:2 1.67+0.52 0.6583 4.0601
76 SM (OH) C14:1 9.434+2 81 3.2538 18.4442
77 SM (OH) C16:1 5.62+1.60 1.8069 11.2314
78 SM (OH) C22:1 18.99+5.17 6.663 41.0485
79 SM (OH) C22:2 17.04+4.74 6.7205 35.1672
80 SM (OH) C24:1 2.84+0.79 1.0599 6.3808
81 PC aa C32:2 6.74+1.95 2.4347 14.5156
82 PC aa C36:0 6.85+1.92 2.8197 14.6563
83 PC aa C36:6 1.204+0.51 0.275 4.2165
84 PC aa C38:0 2.96+1.17 0.9397 8.4584
85 PC aa C38:6 73.95+£27.16 22.1437 224.4749
86 PC aa C40:1 0.254+0.07 0.1151 0.5082
87 PC aa C40:2 0.3440.08 0.1573 0.6621
88 PC aa C40:6 22.01+8.43 5.7374 62.3499
89 PC ac C36:0 1.70+0.47 0.5595 3.4495
90 PC ac C40:6 4.37+1.43 1.8528 9.777
91 C0 54.08+13.14 21.6175 98.7145
92 C2 12.02+4.22 3.172 30.0657
93 C3 0.37+0.12 0.1308 1.0289
94 C3:1 0.01£0.00 0.0017 0.0292
95 C4 0.294+0.13 0.0801 1.2048
96 C4:1 0.024+0.01 0.0062 0.1398
97 C5 0.15+0.06 0.0586 0.4868
98 C5:1 0.02+0.01 0.0077 0.065
99 C6(or C4:1-DC) 0.08+0.04 0.0276 0.5666
100 | Cé6:1 0.024+0.01 0.0073 0.048
101 | C8 0.254+0.22 0.0519 2.9411
102 | C9 0.08+0.05 0.0183 0.4074
103 | C10 0.57+£0.46 0.1078 6.0561
104 | C10:1 0.3240.12 0.125 0.9399
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# Metabolites Mean+SD Min Max
105 | C10:2 0.06+0.02 0.0267 0.1799
106 | C12 0.14+0.07 0.0439 0.8476
107 | Cl12:1 0.17+0.06 0.0685 0.5337
108 | Cl4 0.06+0.02 0.019 0.2495
109 | Cl4:1 0.20+0.09 0.0686 0.9702
110 | Cl14:2 0.06+0.03 0.0194 0.2514
111 | Cl6 0.15+0.04 0.0504 0.3142
112 | Cl6:1 0.06+0.02 0.0257 0.2616
113 | Cl6:2 0.02+0.01 0.0067 0.0674
114 | C18 0.06+0.02 0.0276 0.1372
115 | C18:1 0.19+0.06 0.0581 0.4725
116 | C18:2 0.06+0.02 0.0164 0.1283
117 | C3-OH 0.03+0.01 0.0098 0.0647
118 | C4-OH(or C3-DC) 0.04+0.02 0.0163 0.1363
119 | C5-OH(or C3-DC-M) 0.03+0.01 0.0118 0.081
120 | C5-DC(or C6-OH) 0.01+0.01 0.0034 0.0356
121 | C5:1-DC 0.03+0.01 0.011 0.0789
122 | C5M-DC 0.03+0.01 0.0109 0.1407
123 | C12-DC 0.01+0.00 0.0041 0.016
124 | C14:1-OH 0.03+0.01 0.0121 0.0731
125 | C14:2-OH 0.02+0.00 0.0053 0.0383
126 | C16-OH 0.01£0.00 0.0041 0.0247
127 | C16:1-OH 0.024+0.01 0.0084 0.047
128 | C16:2-OH 0.01£0.00 0.0055 0.0243
129 | C18:1-OH 0.01£0.00 0.0048 0.0368

C: carbon; DC: decarboxyl; M: methyl; OH: hydroxyl; TMAO: Trimethylamine N-
oxide; HPHPA: 3-(3-hydroxyphenyl)-3-hydroxypropionic acid; PC:
phophatidylcholine; aa: acyl-acyl; ae, acyl-alkyl; lysoPC: lysophosphatidylcholine;
SM: sphingomyelin.

The volcano plot in the Figure 4.6B presents the results of the association between the

change of knee extension strength over time and each of the 129 metabolites. While total
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dimethylarginine and ADMA were the top associated metabolites with the reduction of

knee extension with p<0.05 level, both of them did not reach the pre-defined significance

level, Table 4.6.
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Figure 4.6: Volcano plots of the association results between metabolites and the changes
of muscle strength: A) hand grip strength change, B) knee extension strength change, and
C) leg muscle strength changes over 10-year follow-up time. X-axis is the effect size in
betas obtained from the generalized linear mixed effects model, and y-axis is minus log
transformed P-values. The green line indicates P-value = 0.01, and the red line shows the
pre-defend significance level at 0=0.0004 after correction of multiple testing of 129
metabolites with Bonferroni method. A negative value of beta in the X-axis refers to a
reduction in muscle strength per unit increase for a given metabolite, while a positive
value of beta in the X-axes refers to an increase in muscle strength per unit increase for a
given metabolite over the 10-year follow-up time.
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Table 4.6: Top metabolites associated with the muscle strength change measures in the

study participants (n=409) over 10-years follow up time.

Muscle strength change (Metabolite*follow-up time)* Beta SE P-value
A) Hand grip Asymmetric dimethylarginine  -0.053  0.015 0.0003
Total dimethylarginine -0.049  0.014 0.0006
Taurine 0.033 0.014 0.015
Lactic acid 0.029 0.014 0.04
B) Knee extension Total dimethylarginine -0.119  0.044 0.007
Asymmetric dimethylarginine  -0.119  0.045 0.008
Methylmalonic acid -0.085  0.046 0.07
C3:1 -0.084  0.046 0.07
C) Leg strength Uric acid -0.633  0.157 0.0001
PC aa 32:2 0.586 0.168 0.0005
Creatinine -0.581  0.168 0.0006
Methionine -0.551  0.168 0.001

*An interaction term between metabolite values and follow-up time used as predictors for
longitudinal changes in muscle strength. C3:1 - acrylylcarnitine; PC aa 32:2 -

phosphatidylcholine acyl-acyl with 32 carbons and 2 double bonds.

The volcano plot in the Figure 4.6C presents the results of the association between the

reduction in leg muscle strength and each of the 129 metabolites. A total of 24

metabolites were significantly associated with the reduction in leg muscle strength at

p<0.05 level, but uric acid was the only metabolite that reached the pre-defined

significance (p=0.0001). Per log uM increase in uric acid was associated with 0.63+0.16

kg/year reduction in leg muscle strength, Table 4.6. We also tested the interaction

between sex and uric acid which was not statistically significant (p=0.83). In addition,

diacyl-phosphatidylcholines with 32 carbons and two double bonds (PC aa C32:2;
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beta=0.59+0.17 kg/year per log uM; p=0.0005), creatinine (beta=-0.58+0.17 kg/year per
log uM; p=0.0006), and methionine (beta=-0.55+0.17 kg/year per log uM; p=0.001) were
potentially associated with the reduction rate of leg muscle strength over 10-years follow-

up period (Table 4.6).

Further, the increased serum concentration of ADMA and total dimethylarginine were
associated with difficulty in run errands and shopping (p<0.008), vacuuming (p<0.001),
and bathing (p=0.0003). The elevated uric acid level was associated with hardship of
putting on socks (p=0.04) and climbing up five steps (p=0.046) over 10-years follow-up

period.

Since the metabolomic profiling was performed on the serum samples collected at 2.6-
year follow-up point, we also performed a cross-sectional association test for the visit at
2.6 years and found that the higher levels of ADMA (p=0.027) and total dimethylarginine
(p=0.01) were associated with a lower knee extension, but not with hand grip strength (all
p=0.42). There was no cross-sectional association between uric acid and leg muscle

strength (p=0.56) at the 2.6-years follow-up point.

Further, we divided the cohort of 409 individuals into three different age groups based on
the sample size distribution: younger group included 140 individuals who had age range
51.1-57 years (mean=SD= 54.44+1.52), middle age group included 146 individuals who
had age range 57.2-63.9 years (mean+SD= 60.12+1.99), and older group included 123

individuals who had age range 64.1-79.9 years (mean+SD= 69.26+3.89) and examined
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whether the identified metabolite associations were stronger in the older group. The

results showed that the effect size of ADMA and total dimethylarginine on hand grip and

knee extension in the older age group was greater than that in the younger groups, Table

4.7. Also, the effect size of the uric acid on leg strength was larger in the middle age

group than the younger and the older groups, Table 4.7.

Table 4.7: Top metabolites associated with the muscle strength change measures in three
different age groups over 10-years follow up time.

(Metabolite*follow-up time)* | Beta SE | P-value

Hand Grip Younger Age Group | Asymmetric dimethylarginine | -0.049 | 0.13 | 0.69
(51.1-57 years) Total dimethylarginine -0.01 10.05 [0.79
Middle Age Group Asymmetric dimethylarginine | -0.056 | 0.01 | 0.0005
(57.2-63.9 years) Total dimethylarginine -0.05  10.02 | 0.003
Older Age Group Asymmetric dimethylarginine | -0.13 0.12 | 0.29
(64.1-79.9 years) Total dimethylarginine -0.03 1 0.04 | 0.56

Knee Extension | Younger Age Group | Asymmetric dimethylarginine | -0.51 0.41 |0.22
(51.1-57 years) Total dimethylarginine -0.06 1 0.16 | 0.70
Middle Age Group | Asymmetric dimethylarginine | -0.10 | 0.05 | 0.03
(57.2-63.9 years) Total dimethylarginine -0.1 0.05 |0.06
Older Age Group Asymmetric dimethylarginine | -0.60 0.34 | 0.075
(64.1-79.9 years) Total dimethylarginine -0.21 1 0.12 ] 0.083

T . .

Leg Strength é(il.lln-%%ryl:agres)(; P | Uric acid 068 926 1002
?g;ﬁz“_lggg;’eig‘)’“l’ Uric acid 073 |03 |00
Older Age Group | ;. 4 -0.52 | 0.26 |0.05

(64.1-79.9 years)

*An interaction term between metabolite values and follow-up time used as predictors for

longitudinal changes in muscle strength.
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The GWAS analysis was performed on the metabolites that reached the pre-defined
significance level. Figure 4.7A shows the Manhattan plot of the GWAS results for
ADMA. We found that the SNP rs1125718 (G>A, with MAF=0.29 on chr8 was
associated with elevated ADMA concentrations at GWAS significance level (p=4.39*10"
%). This SNP is located in the gene desert on chr8 but adjacent to several genes including
N-Myc Downstream Regulated 1 (NDRGI), WISP1, ST3 Beta-Galactoside Alpha-2,3-
Sialyltransferase 1 (ST3GALI), and Zinc Finger and AT-Hook Domain Containing
(ZFAT), Figure 4.7B. Although it did not reach the GWAS significance, the second most
associated SNP rs816296 (C>A, MAF=0.17, p=2.03*10) on chr12 is located in intron 1
of the NOSI gene, Figure 4.7C. Data on uric acid was not available in the NFOAS, thus

no GWAS analysis was performed for uric acid.
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Figure 4.7: GWAS for the asymmetric dimethylarginine (ADMA) in the 77 OA patients
from the NFOAS: A) a Manhattan plot of the GWAS results. The red line indicates the
GWAS significance at a = 5*1078, B) the regional association plot for the chromosomal
region around the most significant SNP rs1125718 on chromosome 8 (p=4.394*10%)
showing adjacent NDRG1, WISP1, ST3GALI, and ZFAT genes, and C) the regional
association plot for the chromosomal region around the second most significant SNP
1s816296 on chromosome 12 (p=2.03*107%). This SNP is an intronic variant located in
intron 1 of NOS1 gene.
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4.7 Discussion:

To the best of our knowledge, this was the first population-based study that investigated
the relationship between the serum metabolome and the longitudinal reduction rates in
hand grip, knee extension, and leg muscle strength over 10-years follow-up period in a
large sample size of older adults that were randomly selected from a general population.
The reduction rate of the hand grip and leg muscle strength in the current study were
comparable with previous studies (524-526), but the reduction rate of the knee extension
was lower in the current study than the previous report (527), which might be due to the
difference in study populations, follow-up times, study designs, and measurement

methods.

We reported that elevated serum concentrations of dimethylarginines, especially ADMA,
were significantly associated with the longitudinal reduction rate in the hand grip and
knee extension strength. Interestingly, the elevated ADMA and total dimethylarginine
blood levels were also associated with functional impairments including run errands and
shopping, vacuuming, and bathing over the 10-years follow-up period. We also found that
elevated uric acid concentration was significantly associated with the decline rate in leg
muscle strength over a 10-years follow-up period. The increased uric acid level was also
associated with the longitudinal complication of putting on socks and climbing up five

steps over 10-years follow-up period.
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However, there is still much more in common between a leg muscle strength and a knee
extension, than between hand grip and knee extension, it is interesting that both hand grip
and knee extension had negative correlation with ADMA and total dimethylarginine
blood levels, while leg muscle strength decline had a significant association with the
elevated blood level of uric acid. This might be due to the hand grip and knee extension
common functionalities and mechanisms. Wrist and fingers flexion are mostly initiated by
the muscles in the anterior and posterior compartments of the forearm (extrinsic muscles),
and only the thin tendons of these muscles are found directly in the hand. The flexor
tendons of the forearm anterior compartments run in the anterior of the hand through the
palms to the tips of the fingers to facilitate flexing of the wrist and fingers leading to wrist
flexion and hand grip force production (528). Moreover, the extensor tendons of the
forearm posterior compartments used for wrist extension and hand grip relaxation run
through the back of the hand to the figures (529). While the extrinsic muscles of the hand
are responsible for stronger movements of the wrist and hand, the intrinsic muscles of the
hand have no direct effect on wrist action but can contribute to grip force via the extensor
mechanism (530). The intrinsic muscles produce finer, more controlled movements and
play important roles in rotating fingers toward the palm to maintain and improve hand
grip (531). Thus, hand grip strength is relatively specific for muscles in the anterior
compartment of the forearm that are involved in finger/wrist flexion. Similarly, while the
quadriceps femoris in the anterior compartment of the thigh are activated to extend the
knee in the knee extension strength test, the hamstrings in the posterior compartment of
the thigh are predominantly involved to flex the knee (532). Also, while the hand grip

and knee extension tests are mostly used to assess the upper and lower body’s muscle
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strength and power, leg muscle strength test is implemented to evaluate the body balance
and risk of fall in older adults, because balance consists of multiple body systems
including the ability to align different body segments and to generate multi-joint
movements to effectively control body position and movement (533). Moreover, as neural
decrements present earlier than loss of strength this would likely affect more complex
movements more drastically than measures of specific, relatively isolated muscle groups
performed in a stable setting. Indeed, the change in leg strength was more pronounced

than grip strength.

Data on ADMA and muscle strength are sparse in the literature. In the cross-sectional
study of 550 individuals (534), high serum level of ADMA was associated with lower
hand grip, quadriceps strengths, and slower gait speed (534). Cancer patients (535) were
found to have higher levels of ADMA in the skeletal muscle compared with healthy
controls, suggesting that increased levels of ADMA may contribute to impaired muscle
protein synthesis in cancer cachexia. In the longitudinal setting, our data documented that
the elevated ADMA level was associated with the reduction of muscle strength over time,
especially hand grip strength and knee extension. Further studies to investigate the causal
relationship between ADMA and muscle strength reduction is warranted. The increased
blood concentration of the total dimethylarginine was also associated with the strength
reduction in the hand grip and knee extension over the follow-up period. However, the
effect size was similar to that of ADMA, suggesting that the association was most likely

driven by ADMA rather than symmetric dimethylarginine (SDMA).
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Dimethylarginines are products of degraded methylated proteins. Two enzymes - protein
arginine methyltransferase type I and Il (PRMT-1, PRMT-II), are involved in the
methylation of arginine residues within proteins or polypeptides with the methyl groups
derived from S-adenosylmethionine (536). PRMT-I catalyzes the formation of NG-
monomethyl-L-arginine (LNMMA) and NG,NG-dimethyl-L-arginine (ADMA) while
PRMT-II methylates proteins to release NG,N’G-dimethyl-L-arginine (SDMA) and
LNMMA. Free dimethylarginines are released into the cytoplasm during proteolytic
breakdown of proteins and can be detected in blood and eliminated from the body by
renal excretion (537). ADMA, but not SDMA, is metabolized via hydrolytic degradation
to citrulline and dimethylamine by the dimethylarginine dimethylaminohydrolase-1
(DDAH-1), and -2 (DDAH-2) enzymes. Thus, the increased ADMA levels could be due
to increased PRMT-I activity, reduced elimination by the kidney, decreased DDAH-1 and
2 enzymatic activities, or a combination. However, our GWAS analysis did not find any
association between ADMA and these genes including PRMT-I and DDAH-1 and 2,
suggesting that the increased ADMA level may not be genetic. Instead, we found that
SNP rs1125718 on chromosome 8 was associated with ADMA concentration at GWAS
significance level. This SNP is located in a gene desert and has not been reported to be
associated with any disease or traits yet. However, several genes are located in the nearby
region including NDRGI, WISP1, ST3GALI, and ZFAT. Among them, WISPI gene is
interesting because a study showed that WISP1 as fibro-adipogenic progenitors (FAPs)-
derived matricellular signal is lost during aging. WISP1 is required for efficient muscle
regeneration, and it controls the expansion and asymmetric commitment of tissue-resident

muscle stem cells (MuSCs) through Akt signaling (538). Also, previous studies showed
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that nitric oxide (NO) level positively correlated with WISPI gene expression, and
elevated levels of NO increased the WISPI mRNA and protein expression levels through
a beta-catenin signaling (539). Interestingly, ADMA is known as an endogenous
competitive inhibitor of NO synthase (540). Our GWAS analysis showed that the second
most associated SNP with ADMA was rs816296 which is located in the intron 1 of the
NOS|I gene. Thus, we hypothesize that possible age-related muscle protein breakdown
may lead to an increased release of ADMA which in turn inhibits NO production. The
reduced NO synthesis may result in lower expression of WISP1 which leads to the
matricellular signals in the skeletal muscle stem cell niche being disturbed (538,541).
Hence, the MuSCs number, activity, adhesion, migration, proliferation, self-renewal, and
differentiation in skeletal muscle regeneration could be considerably deteriorated leading

to the reduction of muscle strength (542-544).

Uric acid is an enzymatic waste end-product from the degradation of purine nucleosides
that is renally excreted. Uric acid plays both protective and damaging roles in the skeletal
muscles (545), most likely due to its strong antioxidant properties at low levels and pro-
inflammatory effect at high levels (541). It has been proposed that oxidative stress might
contribute to muscle weakness and wasting. Uric acid at a low level might stabilise the
excessive production of free radicals that causes muscle protein damage leading to muscle
strength reduction (546). However, at high levels, uric acid stimulates the pro-
inflammatory pathway and elevates the production of pro-inflammatory cytokines

including IL-1, IL-6, and TNF, which have an impact on muscle mass and function in
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aged muscles (547,548). While we did not find a significant cross-sectional association
between uric acid and leg muscle strength (p=0.56) at the 2.6-years follow-up phase, we
found that there was a positive association between uric acid concentrations and leg
muscle strength at the baseline time point. This is consistent with previous studies
(545,546). We also documented a negative association between uric acid levels and
longitudinal leg muscle strength, consistent with previous studies (547,548). Thus, our
findings suggested the importance of maintaining optimal levels of uric acid in the blood

for muscle strength (546).

The strength of the current study was its longitudinal nature which allowed us to detect
significant metabolite associations for muscle strength changes overtime within an
individual. This cannot be achieved in a cross-sectional analysis. Indeed, when we
analyzed the data cross-sectionally for the 2.6-years follow-up point, the significance for
the identified metabolites became weaker or even non-significant. The current study also
underscored the importance of the longer follow-up time with multiple time point
measurements as it could minimize the effect of fluctuating variability on the
measurements and provide more accurate estimate of changes over time. However, there
are a number of limitations in this study. The present study used a commercially available
metabolomics assay kit that offers limited coverage of metabolome. Thus, we might miss
some metabolites that may contribute to the longitudinal reduction of muscle strength.
Also, since metabolomics profiling was performed at only 2.6-years follow-up point, we
cannot make any inference regarding the association between the changes in metabolite

profiles over time and the muscle strength decline over time. Thus, further studies with
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multiple time point metabolomic profiling are needed. However, our study answered an
important question whether the baseline metabolic markers can predict muscle strength
reduction in 10 years. Loss to follow-up might have influenced our results, especially for
leg muscle strength as we had 6 — 8% of missing values at phase3 and phase4 follow-up
points. Indeed, those lost to follow-up had a lower leg muscle strength measurement at
baseline than those included in the analysis (data not shown). However, there was no
difference in uric acid levels between those included and excluded in the final analysis,
suggesting that loss to follow-up was unlikely to bias the observed association. We cannot
rule out the potential confounding effect of gout on the association between uric acid and
leg muscle strength as we did not have data on gout in our cohort. However, gout mostly
affects big toes and associated with reduced muscle strength of ankle and foot, not leg
muscle strength, suggesting the observed association was less likely to be biased. Finally,
our results may not be generalized to populations that have different area-specific

socioeconomic indexes and health provisions than that in Tasmania, Australia.

In conclusion, our data demonstrates that baseline elevated serum concentrations of
ADMA and uric acid were associated with age-dependent muscle strength reduction.
Confirmation of these findings would establish new insights into the pathogenesis of age-
related muscle strength decline and uncover novel targets for developing strategies to

prevent muscle strength loss over time.
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5.1 Co-authorship statement:

GZ and SW were responsible for the study conception and design; statistical expertise;
analysis, and interpretation of the results. GS, HZ, AF, ML, and GZ participated in
specimens; data collecting; and assembly. GS, AF, PR, and GZ were responsible for the
provision of study materials or patients. GZ obtained the study funding. ML, PR, GZ

provided the administrative, technical, and logistic support.

5.2 Abstract:

Purpose: Osteoarthritis (OA) is the most common form of arthritis and one of the ten
most disabling diseases in developed countries. Although the recent largest GWAS-meta-
analysis of 13 cohorts from 9 populations with a total of 826,690 individuals identified
100 independent associated risk variants across 11 OA phenotypes, and previous genetic
studies in general identified about 140 genetic loci to be associated with OA, these
genetic variants can only account for approximately 10% of OA heritability. Thus, we
conducted an independent GWAS in the well-established NFOAS which was not
included in the previous GWAS analyses to identify novel genetic variants to be

associated with OA.

Methods: Study participants were total hip or knee replacement patients due to primary
OA who were recruited to the NFOAS before 2017 in St John’s, NL, Canada. Self-
reported OA-free controls were derived from the same source population who were

originally recruited to the CODING study. DNA samples were extracted from whole
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blood and genotyped using the I[llumina HumanOmni2.58 and Infinium Global Diversity
8 v1.0 genotyping microarrays. Then, pre-association QC filtering and population
structure analyses were performed for the study participants based on the genotyping
data. Individuals were excluded from the study if they: a) had a heterozygosity rate
beyond the mean £3SD, b) had discordant sex information; ¢) were non-Caucasian; and
d) had call rate < 95%. Also, variants QC filtering excluded SNPs that: a) had call rate
<95%; b) had MAF <5%; and c) were deviated from the Hardy Weinberg Equilibrium
(HWE, p<0.0001). Genome-wide imputation was performed using ShapelT4 phasing and
Impute5 imputation programs for both HumanOmni2.58 and the Infinium GDA 8§ v1.0
SNP genotyping datasets separately to predict the genotypes of the un-genotyped SNPs.
Subsequently, both OA imputed datasets were merged, and post imputation QC filtering
was performed to exclude duplicated samples and eliminate rare SNPs with MAF<0.01
that are deviated from the HWE (p < 0.0001). Next, the GWAS analysis was performed
using the Mixed Logistic Regression (MLR) implemented in the MilorGWAS package in
R version 4.1.2 to investigate the association between the whole-genome genetic variants

and OA, knee OA, and hip OA patients.

Results: A total of 557 OA patients (386 knee and 171 hip OA patients) and 118
unaffected controls were included in this study. OA patients were significantly older
(p=0.0001) and had a higher BMI (p=2.95*10-7) than controls, while there was no
significant difference in sex distribution of OA patients compared with controls.
Association analysis identified 29 genetic variants to be significantly associated with OA

in the 557 patients at the genome-wide significance level (p<5*107%). Out of the 29
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identified variants, 28 were not reported previously. Our analysis detected 11 variants
including rs115049241, rs9331225, rs115413462, rs114389542, rs116106396,
rs114879738, rs115449966, rs139005472, rs191270495, rs112039851, and rs9697293 in
the Agrin (AGRN) gene on chrl to be significantly associated (all p<1.94*10-) with OA.
The AGRN gene play a central role in the formation, maintenance, activation, and
synaptic stabilisation of the neuromuscular junction. Moreover, The SNP 1rs563964217 on
chr10 was the most significantly associated (OR=0.05, p=2.29*10"'%) variant with OA.
This SNP is a stop-gain variant (c.CAG>TAG, p.Q>%*) in exon 3 of the GPRI23 gene that
encodes a protein belonging to the adhesion family of the GPCRs. Two other variants
including rs111704643 and rs22981210n chr10 were significantly associated with OA.
These variants are ~57 Kbps apart spanning the ADAMS gene. Previous studies identified
a strong correlation between overexpression of the ADAMS gene and the OA
pathogenesis. Additionally, SNPs rs200222877 and rs560586208 were significantly
associated with OA (all p< 4.20*10®) and locate in the MUC5B and FADS?2 genes on
chrll, respectively. The MUC5B gene is the major gel-forming mucin in mucus, while
the FADS?2 gene regulates unsaturation of fatty acids. Likewise, 172298257, rs57991786,
1rs1552423, and rs201085636 were significantly associated (p=2.65*10"%) with OA. These
variants fall in intron 5 of the TMEM 132D gene on chr12 that is associated with panic-
disorder and anxiety related behaviour. Also, SNP rs142897716 was significantly
associated (p= 1.91*10") with OA. This SNP is adjacent to the MMP17 gene on chrl?2.
MMP17 gene is involved in breakdown of extracellular matrix in normal physiological
processes. Moreover, SNP rs78941287 on chr16 was significantly associated (p=

4.96*10") with OA. The variant rs78941287 is intergenic that is adjacent to the CA54
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and BANP genes playing roles in bone resorption and cell cycle regulation. Additionally,
the insertion 1s569627639 on chr19 was significantly associated (p= 1.09*10%) with OA.
This variant is in the MED16 gene that is involved in the regulated transcription of nearly
all RNA polymerase II-dependent genes. Another significantly associated variant with
OA on chr20 is 1576236562 (p= 1.38*107®). This SNP is adjacent to the NTSRI, OGFR,
COL9A43, DIDOI, and the GIDS genes that are involved in cell signaling, cell
proliferation, type IX collagen formation, cell apoptosis, and positive regulation of
canonical Wnt signaling pathway. Finally, rs181536033, rs560452957, and rs532097186
on chr22 were significantly associated with OA (p=1.24*10'?). These variants are
harboring the RANBP1, RTN4R, DGCR6L, and TMEM191B genes that have roles in
regulating the cell cycle, regulating axonal growth regeneration in the adult central

nervous system, cell attachment and migration, and component of cell membrane.

Conclusion: The majority of the identified genetic variants associated with OA in our
study were not reported previously and estimated to be specific for the NL population.
The identified variants play a critical role in the immune system, pro-inflammatory
pathway, OA pain, cartilage degradation, subchondral bone remodeling, and skeletal
muscle weakness. While confirmation is required, these findings provided new insights

into the pathogenesis of OA and novel targets for developing OA drugs.
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5.3 Introduction:

Although the recent largest GW AS-meta-analysis of 13 cohorts from 9 populations with a
total of 826,690 individuals identified about 100 independent associated risk variants
across 11 OA phenotypes, these genetic variants can only account for a small fraction of
OA heritability (334). Thus, we took advantage of the NL founder population and the
availability of the NFOAS and conducted an independent GWAS in a well-established
NFOAS which was not included in the recent meta-analysis to identify novel genetic

variants to be associated with OA.

5.3.1 The structure of Newfoundland founder population:

The island of Newfoundland is a part of the most easterly province of Canada in the
Atlantic Ocean off Canada’s east coast. It was first discovered by continental Europeans,
when the Italian explorer John Cabot arrived and landed on Cape Bonavista in 1497
(549). Then, the seasonal fishing trips of English and Irish fishermen that came to the
island to harvest the summer cod fishery led to settlements of small groups of immigrants
along the island coastline during the 1600s. Due to the expansion of the fishing industry
in the mid 1700s, the fisheries became very profitable, and the permanent immigration to
the island of Newfoundland took place (549). Thus, hundreds of fishing communities of
about 20,000 individuals of English Protestants from south-west England and Irish

Catholics from south-east Ireland were established along 10,000 kilometers of the island

coastline, and the population grew through natural expansion to 200,000 by the late 19th

century (549). Based on the information from statistics Canada report in 2019, there are
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recently approximately 477,787 residents on the Newfoundland Island, 98% of them are
of English or Irish descent, and 60% of whom live in small communities of less than

2,500 residents along the island’s coastline (550,551).

Geographical distance between communities and religious isolation have contributed to
the development of several Newfoundland genetic isolates that exhibit high inbreeding
coefficients and genetic homogeneity (552,553). These isolation factors resulted in three
distinct populations in Newfoundland including Protestant, Roman Catholic, and a
relatively small population of North American Indigenous (554). These properties of the
Newfoundland population make it a remarkable resource for studying genetic disorders.
Moreover, the Newfoundland population is considered to be one of the few founder
populations in the world that also include the Canadian Mennonites, French Northeastern
in Québec, Hutterites, Icelandic, Dutch, and Finnish populations (555). The founder effect
in these founder populations is defined as the loss of genetic variation that occurs when a
new population is established by a very small number of individuals from a larger
population (556). Compared to admixture populations that have a more heterogenous
gene pool, homogenous founder populations present many advantages in gene discovery
studies, including both Mendelian and complex disorders. Relative to other founder
populations, NL is comparatively young (<20 generations). Thus, genetic drift due to
founder effect in the Newfoundland population retains many advantages in the mapping
and identifying disease genes (557) and providing an ideal research environment to

identify the genetic basis that underlies many diseases (551).
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The founder effect has been reported for many diseases in the Newfoundland population.
An excellent example of this was identified in 1998, when a founder nonsense mutation
in the endocrine neoplasia type 1 (MENI) gene was identified in affected individuals
from four large families with familial multiple endocrine neoplasia type 1 (MEN-1) from
the Burin peninsula/Fortune Bay area (558). Also, five attenuated adenomatous polyposis
coli (AAPC) families were reported in 1999 to have the same ancestral Adenomatosis
Polyposis Coli (APC) gene splice mutation that resulted in the deletion of exon 4 (559).
There have also been 12 large Newfoundland hereditary non-polyposis colorectal cancer
syndrome (HNPCC) families reported to carry the same MutS Homolog (MSH?2) gene
founder mutation (560,561), three large Newfoundland families with a novel and
clinically variable spastic ataxia and supranuclear gaze palsy that carry the same disease
haplotype on chr12pl3 (562,563), and four families with diffuse gastric cancer from the
south-east coast of Newfoundland that carry the same ancestral Cadherin I (CDHI) gene
mutation (564). The coagulation factor VIII (F§) gene variant that causes a mild form of
hemophilia A (HEMA) that is highly prevalent in the Newfoundland population has also
been determined to be a founder mutation (565). Moreover, the characteristics of
Newfoundland population has led to multiple gene discoveries among Newfoundland
families including the hereditary hearing loss (566), hereditary sensory and autonomic
neuropathy type 2 (567,568), and IL-1 receptor antagonist deficiency (569). Also, a
heterozygous missense variant in the Transmembrane Protein 43 (TMEM43) gene that
causes the lethal arrhythmogenic right ventricular dysplasia type 5 (ARVDS) leading to
sudden death in young people was identified in 25 families from Newfoundland

population (570). Furthermore, the Newfoundland population, lead to gene discovery
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efforts for Bardet-Biedl syndrome (BBS), for which Newfoundland families aided in the
discovery of four of the 14 known BBS loci or genes. Five years after the discovery of the

first BBS locus (571).

Since OA is a multifactorial condition with strong genetic components, the NFOAS was
established to benefit from the Newfoundland population unique characteristics and
identify novel genomic, epigenomic, and metabolomic biomarkers in OA patients from

the Newfoundland population.

5.4 Materials and Methods:

5.4.1 The Newfoundland Osteoarthritis Study (NFOAS):

The NFOAS is a patient-based study that was initiated in 2011 by Dr. Guangju Zhai and
colleagues at the Division of Biomedical Sciences, Faculty of Medicine, Memorial
University of Newfoundland (572—-574). The main objectives of the NFOAS were to
identify novel biomarkers associated with the development and progression of OA, as
well as the outcome of the TJR therapy. The NFOAS was a major initiative in NL to
create a biobank of human joint tissues. 1,369 total hip or knee replacement patients due
to primary OA were recruited to the NFOAS between November 2011 and September
2017 in St Clare’s Mercy Hospital and Health Science Centre General Hospital in St
John’s, the capital city of NL, Canada (441). OA diagnosis was made based on the ACR-

OA criteria and post-surgery pathology reports on cartilage.
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Patients’ blood and joint tissue including cartilage and synovial fluid were collected
during surgery. Then, DNA was extracted from patients’ blood samples. About 76.4% of
the subjects were primary knee or hip OA patients, 2.3% were post-traumatic OA, 2.4%
were RA, 7% were other diseases, and 11.8% were hip fracture. Most of patients
(n=1,086) completed their outcome assessment by 2017 using the WOMAC Likert

version 3.0 at 3.99+1.38 years post-surgery (441,454,572-574).

The WOMAC Likert version 3.0 pain and function subscales scored 0—20 and 0—68
respectively, with 0 represent no pain or functional difficulties, Appendix A. To
investigate the outcome of the TJR, the same outcome measures used in other studies
were used in the NFOAS (575). Furthermore, pre-surgery WOMAC information
including extensive demographic, anthropologic, epidemiological data, and medical
information were collected at baseline. Participants were classified as having achieved the
minimum clinically important difference (MCID) (576) on the pain subscale based on
achieving a change score of at least 7 points (of 20 points total) for the WOMAC pain
from pre-surgery to post-surgery. For function, participants achieved the MCID if the

change score was 22 points or greater (of a total of 68) from pre-surgery to post-surgery.

5.4.2 Study participants:

This study was a part of the NFOAS. Study participants were THR and TKR patients due
to primary OA who were recruited to the NFOAS before 2017 (577) in St Clare’s Mercy
Hospital and Health Science Centre General Hospital in St John’s, NL, Canada (578). Hip

and knee OA diagnosis was made based on the ACR-OA clinical diagnostic criteria
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(579). Pathology reports on cartilage and osteophytic irregularities were investigated
following surgery to confirm OA diagnose. Ethic approval for the study was obtained
from the Health Research Ethics Authority of NL (HREA, reference number 11.311,
Appendix C), and a written consent was received from all study participants, Appendix

D.

Self-reported OA-free controls were originally recruited to the CODING study which is
an on-going large-scale nutrigenomics cross-sectional cohort performed in the NL
population. Subjects of the CODING study were self-selected through a poster campaign
advertising. Individuals who were interested in participating in the study gave their
written consent and completed a screening questionnaire that included basic personal
information, such as physical characteristics and health status. Participants who were
between 20 and 79 years old who were born and lived in NL and at least third generation
of a NL family; and healthy without serious metabolic, cardiovascular, or endocrine
disease were eligible to participate in the CODING study. The CODING study was
approved by the Human Investigation Committee of the Faculty of Medicine, Memorial

University of Newfoundland (452).

5.4.3 Demographic information:
Self-administered questionnaire was used to collect the patients’ demographic and
medical information including height, weight, sex, and BMI, Appendix E includes a copy

of the questionnaire. Patient’s age was calculated by subtracting the birth date from the
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TJR surgery date, then divided by 365.25 to get the number of years. BMI was calculated

by dividing patient’s weight in kilograms by the squared height in meters (513,578).

Likewise, the 29-items validated short habitual physical activity questionnaire developed
by Baecker et al. (1982) was used to estimate physical activity and collect the general
characteristics such as age, sex, smoking, medication use, and menopausal status of the
CODING study subjects (580). The chi-square test was used to analyze nominal
variables; and multiple linear regressions were used to test for associations between
genotype and energy, macronutrient intake, or physical activity with adjustment for age,
sex, alcohol intake, physical activity, alcohol intake, energy intake, and medication use
that was susceptible of affecting energy intake or body composition or weight.

All statistical analyses were performed using SAS software (version 9.3; SAS Institute

Inc) (451).

5.4.4 Genome-wide genotyping:

Genomic DNA was isolated from Study participants’ whole blood and genotyped using
either [llumina HumanOmni2.58 or Illumina Infinium Global Diversity 8 v1.0 genotyping
arrays (GDA) (581). The Illumina HumanOmni2.58 is a BeadChip microarray that offers
an optimal and comprehensive set of approximately 2,381,000 markers of the human
genome including both common and rare SNP content from the 1000 Genomes Project
(MAF>2.5%), high throughput and optimized tag SNP content, full support of copy number
variants (CNVs), Insertions and deletions (INDELSs), and Structural Variants (SVs). The

design of this platform enables the parallel genotyping of eight DNA samples, decreases
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the amount of DNA required to 200 ng/sample, and provides the fastest and the most cost
efficient platform for identification of disease causing/associated genetic variations from
diverse world populations (581). The Infinium GDA-8 v1.0 BeadChip is an eight DNA
samples microarray that contains about 1,825,277 markers of the human genome and
provides the most cost-effective/variant coverage throughout the Illumina human array
portfolio. It is built on a high-density SNP global backbone optimized for cross-
population imputation coverage of the genome. It enables polygenic risk score
development and characterization of genetic architecture in diverse populations. The
combination of a high-density SNP backbone and updated, relevant clinical research
variant coverage offers exceptional value per genotype by delivering insights for both
discovery and screening applications (582). Moreover, it includes enhanced tagging in
exonic regions and enriched coverage to map GWAS loci with previously identified
disease or trait associations with precision. More than 400,000 markers of exome content
were gathered from 36,000 individuals of diverse ethnic groups, including African
Americans, Hispanics, Pacific Islanders, East Asians, and individuals of mixed ancestry
(582). This Infinium GDA-8 v1.0 BeadChip also features diverse exonic content from the
Exome Aggregation Consortium (ExAC) database including both cross-population and
population-specific markers with either functionality or strong evidence for association.
The Infinium GDA-8 v1.0 BeadChip provides coverage of variants selected from the
National Human Genome Research Institute (NHGRI)-GWAS catalog, representing a
broad range of phenotypes and disease classifications. This content provides a powerful
opportunity to test and validate associations previously found in European populations

(582). Also, variants included on the Infinium GDA-8 v1.0 BeadChip consist of markers
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with known disease association based on ClinVar, the PharmGKB, and the NHGRI-EBI
databases. Furthermore, this BeadChip array provides imputation-based tagSNPs for
HLA alleles, extended Major Histocompatibility Complex (MHC) region, the Killer Cell
Immunoglobulin-Like Receptor (KIR) gene, and exonic content from the gnomAD

database (582).

5.4.5 Pre-association QC of the raw SNP genotyping data:

The raw genome-wide genotyping data may contain low quality of DNA samples,
insufficient DNA hybridization to the array, poorly performing genotype probes, and
sample mix-ups or contamination. Therefore, it is an essential practice in GWAS analysis
to conduct pre-association QC filtering (583). The QC flow chart in Figure 5.1 illustrates
the PLINK (V1.7) (584) pre-association QC filtering steps that were performed separately
for the [llumina HumanOmni2.58 and the Infinium GDA 8 v1.0 SNP genotyping datasets
to : a) exclude SNPs and individuals with very high levels of missingness (genotyping
call rate <95%); b) exclude individuals with sex discordance between the self-reported in
the dataset and their sex based on the X chromosome heterozygosity/homozygosity rates
that can be resulted from sample handling errors; c¢) eliminate individuals deviated +3
SDs from the samples' autosomal heterozygosity rate mean, since deviations higher and
lower than 3SD of heterozygosity rate mean indicates sample contamination and
inbreeding, respectively; d) avoid bias resulted by population stratification by excluding
non-Caucasian individuals using the PCA; e) exclude SNPs with MAF <0.01 that lead to
lack of SNP-phenotype association power; and f) exclude SNPs deviate from the HWE (p

<0.0001) (583,585).
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Then, the list of genetic variations rsIDs of the [llumina HumanOmni2.58 and the
Infinium GDA 8 v1.0 SNP microarrays were downloaded from Illumina product support

website and the genetic variations were updated using PLINK (V2.0) (586).

Raw whole genome SNP genotyping data

v
Pre-association QC
A\ 4 \4
Samples QC filtering (exclusion): SNPs QC filtering (exclusion):
I l
Autosomal Heterozygosity mean +3SD SNP Call Rate/Proportion <95%
' I
Sex concordance/ Gender information Minor allele frequency <5% |

X Chromosome Heterozygosity I

I Hardy Weinberg Equilibrium (HWE),
P<0.0001

Population stratification
Principal Component Analysis
(PCA)1-10
I

Sample Call Rate <95%

\ 4

| Genome-wide imputation analysis |

A 4

| Genome-wide association analysis |

Figure 5.1: A flow chart illustrates the GWAS pre-association quality control analysis
steps performed in this study to exclude samples and SNPs with low quality genotyping
data from further analysis. Also, this chart shows the subsequent genome-wide imputation
and association analysis.
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5.4.6 Genotype imputation analysis:
Availability of the imputation models in the last two decades allowed researchers to
obtain nearly whole-genome data from SNP genotyping microarrays data at reasonable

cost (587).

To improve the SNP coverage and increase the statistical power of our GWAS analysis,
genome-wide imputation was performed for both HumanOmni2.58 and the Infinium
GDA 8 v1.0 SNP genotyping datasets separately to predict the genotypes of the un-
genotyped SNPs. Imputation analysis was performed on the Compute Canada computing
cluster (588) using ShapelT4 phasing (589) and Impute5 imputation (590) programs.
Specifically, strands, alleles, and positions of genetic variants in both SNP genotyping
datasets were checked and corrected based on the human reference genome map panel
build GRCh37/hg19 using BCFtools (591). Then, PLINK (V2.0) was used to convert the
clean autosomal SNP genotyping datasets in PLINK binary BED file format into variant
call format (VCF) files (586), Figure 5.2. Moreover, the phased 1000 Genomes Project
phase III dataset that contains the genomes of 2,504 individuals from 26 populations and
characterized ~86 million genetic variants was downloaded and used as reference genome
throughout the imputation analysis (592). Next, the im5Chunker 1.1.5 static program of
the Impute5 was used to split the OA datasets and the 1000 Genomes Project reference
genome to small chromosomal chunks of ~5SMBs with 250KBs overlapping buffer

regions, Figure 5.2.
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Figure 5.2: A flow chart illustrates step-by-step genome-wide phasing using Shapel T4
and imputation analysis using IMPUTES.
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Subsequently, phasing analysis of the OA chromosome chunks was performed using the
ShapelT4 (589). Nowadays, haplotype phasing became commonly performed in
imputation analysis based on large reference panels of haplotypes. However, haplotype
estimation has two main challenges including computational efficiently to accurately
process large-scale datasets and data integration to exploit simultaneously large reference
panels of haplotypes and long sequencing reads (589). ShapelT4 statistical haplotype
estimation represents efficient solutions to these challenges. It allows processing of SNP
genotyping array and sequencing data accurately with running times that are sub-linear
with sample size, therefore making it well suited for very large-scale datasets.
Furthermore, it facilitates the integration of additional phasing information such as
reference haplotypes, long sequencing reads, and sets of pre-phased variants altogether to
boost the quality of the resulting haplotypes (589). This phasing method offers the
possibility to integrate a reference panel of haplotypes, phase information contained in
sequencing reads, and subsets of genotypes at which the phase is known a priori
haplotype scaffold. So that, all these layers of information can be conveniently and
simultaneously used (593). ShapelT4 phasing method uses the Li and Stephens hidden
Markov model (HMM) and the Positional Burrows—Wheeler Transform (PBWT) to
quickly assemble small sets of informative haplotypes to condition on when estimating
haplotypes. The HMM treats the sequence of each chromosome as a mosaic of the
haplotypes from the reference panel, where each untyped variant is imputed using the
typed variants in a small sliding window of one centimorgan around itself (594). The
PBWT is a generic approach that encapsulates a large amount of local linkage

disequilibrium information to encode binary matrices, especially useful in the case of
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haplotypes at a set of binary markers, each with two alleles arbitrarily coded as 0 and 1. A
PBWT of haplotypes is a data structure in which any two haplotypes sharing a match at a
given position are sorted next to each other at that position (595). Thus, ShapelT4
examines the PBWT arrays for every eight variants within 2 Mb overlapping genomic
regions to get the haplotypes that share the longest match with the current haplotype
estimates at that position (589). It maintains a PBWT of all the haplotype estimates so
that long matches between haplotypes can be identified in constant time. This method
provides highly accurate haplotype estimates for large-scale datasets. Beyond phasing,
this PBWT-based approach is believed to have the potential to speed up computations
involved by other haplotype-based models used in population genetics for admixture
mapping, identity-by-descent (IBD) mapping or genotype imputation (596). Thus,
ShapelT4 was used in our analysis to quickly select a small set of informative
conditioning haplotypes in the OA genotyping data based on the human reference genome

map panel build GRCh37/hgl9, Figure 5.2.

Afterward, imputation analysis was conducted using the Impute5 program (590), Impute5
uses the PBWT of the reference panel at target markers to identify a subset of states that
share long identity-by-state (IBS) sequences with target haplotypes. Initially, each target
haplotype is located in the PBWT, and the PBWT of the reference panel is calculated at
the target markers sequentially by moving from left to right across the region being
imputed and the state selection occurs at the same time (590). So, after one pass through
the full dataset, the state selection is performed for all the target haplotypes. Then, the

reference haplotypes close to the target haplotypes in the PBWT are added to a list, and
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this list is then used as the copying set of states in the HMM. Thus, there is no need to
store the full PBWT of the reference panel in the memory to save computation time and
memory usage (287). In our analysis, Impute5 used the PBWT of the 1000 Genomes
Project reference genome panel at study target markers to identify a subset of states that

share long IBS sequences with the OA target haplotypes, Figure 5.2.

Following to the genotype imputation analyses, chromosome chunks for each
chromosome were concatenated into one VCF file. Then, all VCF files for chromosomes

1-22 were concatenated into one VCF file for each OA dataset using the BCFtools (591).

In the same time, the genome wide imputation analysis was conducted for the OA
[llumina HumanOmni2.58 and the Infinium GDA 8 v1.0 SNP genotyping datasets
separately on the Wellcome Trust Sanger Imputation Service (597) to validate our
inhouse imputation analysis. Where phasing of the OA genome-wide data was performed
with Eagle2 program, and imputation analysis was done with the PBWT algorithm based

on the 1000 Genomes Project phase III dataset.

Subsequently, both OA SNP imputed datasets were merged into one VCF file using
BCFtools (591) and converted to PLINK binary BED file format with PLINK(V2.0)
(586). Post imputation QC filtering was performed using PLINK(V2.0) (584) to exclude
duplicated and non-OA samples, and exclude rare SNPs with MAF<0.01 that are deviated

from the HWE (p < 0.0001), Figure 5.2.
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5.4.7 Genome-wide association analysis:
The GWAS analysis was performed to investigate the association between the whole-
genome genetic variants and OA in the whole OA cohort, knee OA, and hip OA patients.

This GWAS analysis was conducted using MilorGWAS package in R version 4.1.2 (598).

MilorGWAS is a computational efficient approach that uses the mixed logistic regression
(MLR) for genome-wide association analysis. This approach estimates SNP variant effect
size for structured populations with a stratified quantile-quantile (Q-Q)-plot, enhancing
the diagnosis of p-values inflation or deflation when population strata are not clearly
identified in the study sample (598). MilorGWAS proposed two MLR methods including
the Approximate Maximum Likelihood Estimate (AMLE) and Offset methods that were
constructed with conceptually simple mathematical principles. The AMLE is based on a
first-order approximation of the MLR, which leads to an approximation of the SNPs
effect. The association is tested by a Wald test for binomial count data using a Markov
Chain Monte Carlo-based approach, and thus the conclusions drawn for the MLR apply
regarding type I error (598). The second method is called the Offset method that have
similar performances to AMLE but is slightly over-conservative in the presence of strong
familial effects (598). The two methods give similar p-values, but AMLE produces
slightly higher p-values for the most associated SNPs. These two proposed methods of the
MilorGWAS include the top 10 PCs as fixed effects in the MLR to completely correct for
population structure in GWAS analysis (598). Moreover, stratified Q-Q-plot created by

Chen et al. (2016) was implemented to control type I error rates (599).
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To correct for variance inflation resulting from genotyping errors or subtle subpopulation
structure, if any, the observed y? statistic was adjusted using the genomic control
approach based on the median test statistic (600). A Q-Q-plot was also carried out to
check whether the distribution of the inflation corrected p-values deviated from the
expected distribution under the null hypothesis of no genetic association. Finally, the
genome-wide significance level was defined at (p < 5*107%) to control for multiple

testing.

5.4.8 Compare the genetic variants associated with OA in the NFOAS with the
publicly available OA GWAS datasets:

Furthermore, a list of 22 publicly available GWAS datasets across 11 OA phenotypes

(Table 5.1) were downloaded from the Genetics of Osteoarthritis (GO) Consortium

GWAS:

(https://msk.hugeamp.org/dinspector.html?dataset=Boer2021 _OA_ Mixed Main).

Then, the identified genetic variants to be significantly associated (p<5*107®) with OA in
our NFOAS cohort were compared with the genetic variants that were reported previously
to be associated (p<0.05) with OA from the recent largest GW AS-meta-analysis (334).
Also, the SNPs that were identified to be significantly associated (p<5*10-®) with OA in
the recent largest GW AS-meta-analysis were compared with the associated genetic

variants (p<0.05) with OA in the NFOAS (334).

179



Table 5.1: The list of the 22 datasets across 11 OA phenotypes from the recent largest
GWAS-meta-analysis of 13 cohorts from 9 populations with a total of 826,690
individuals.

GWAS datasets across 11 OA phenotypes
1 KP.Format. ThumbOA.gwama.plotting.gz.minus9sout.gz
2 KP.Format. TKR.gwama.plotting.gz.minus9sout.gz
3 KP.Format. TJR.gwama.plotting.gz.minus9sout.gz
4 KP.Format. THR.gwama.plotting.gz.minus9sout.gz
5 KP.Format.SpineOA.gwama.plotting.gz.minus9sout.gz
6 KP.Format.KneeOA.gwama.plotting.gz.minus9sout.gz
7 KP Format.KneeHipOA.gwama.plotting.gz.minus9sout.gz
8 KP.Format.HipOA.gwama.plotting.gz.minus9sout.gz
9 KP Format.HandOA.gwama.plotting.gz.minus9sout.gz
10 KP.Format.GO.RAW.final.meta.results.Early AlIOA.txt.gz
11 KP Format.GO.FILTER.GW.ThumbOA.FULL.09052019.txt.gz
12 KP.Format.GO.FILTER.GW.TKR.FULL.09052019.txt.gz
13 KP.Format.GO.FILTER.GW.TJR.FULL.09052019.txt.gz
14 KP.Format.GO.FILTER.GW.THR.FULL.09052019.txt.gz
15 KP.Format.GO.FILTER.GW.SpineOA.FULL.09052019.txt.gz
16 KP.Format.GO.FILTER.GW.KneeOA.FULL.09052019.txt.gz
17 KP.Format.GO.FILTER.GW.KneeHipOA.FULL.09052019.txt.gz
18 KP.Format.GO.FILTER.GW.HipOA.FULL.09052019.txt.gz
19 KP.Format.GO.FILTER.GW.HandOA.FULL.09052019.txt.gz
20 KP.Format.GO.FILTER.GW.AIIOA.FULL.09052019.txt.gz
21 KP Format.FingerOA.gwama.plotting.gz.minus9sout.gz
22 KP.Format.AllOA.gwama.plotting.gz.minus9sout.gz

5.5 Results:

In total, 95 subjects and 1,466,378 autosomal genetic variants from the Illumina
HumanOmni2.58 SNP genotyping dataset, and 482 OA patients and 823,710 genetic
variants from the Illumina Infinium GDA 8 v1.0 dataset passed pre-association QC check
and were used in the genome-wide imputation analysis that detected 9,617,754 autosomal

genetic variants.
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A number of 557 OA patients (mean age 66.5+8.64 years, mean BMI 33.53+7.23 kg/m?,
and 54.94% females) and 118 unaffected controls (mean age 56.42+8.92 years, mean
BMI 29.5844.81 kg/m?, and 59.32% females) passed the post imputation QC check and
were included in the association analysis, Table 5.2. OA patients were significantly older
(p=0.0001) and had a higher BMI (p=2.95*10-7) than controls. Also, knee OA patients
(n=386) were significantly older (p=0.0001) and had a higher BMI (p=1.57*10"'2) than
controls, while hip OA patients (n=171) were significantly older (p=6.84*10!#) than
controls, but there was no significant difference in BMI between them and controls
(p=0.221). Furthermore, there was no significant difference in sex distribution of OA
patients (p=0.384), knee OA (p=0.65), and hip OA (p=0.131) patients compared with

controls, Table 5.2.

Table 5.2: The characteristics of the 557 OA patients and 118 OA-free controls.

OA-free controls P-value
(n=118, Female %)
All OA patients (n=557) 54.94% 0.384
?;)"for Females) | K0e¢ OA patients (1=386) |  56.99% 59.32% 0.65
Hip OA patients (n=171) 59.32% 0.131
All OA patients (n=557) 66.5[18.64 0.0001
Age (yrs) Knee OA patients (n=386) | 65.99(17.82 56.4218.92 0.0001
Hip OA patients (n=171) | 67.64110.17 6.84*10°14
All OA patients (n=557) 33.53017.23 2.95%107
BMI (kg/m?) Knee OA patients (n=386) | 34.85[16.7 29.584.81 1.57*%10°!2
Hip OA patients (n=171) 30.55077.49 0.221

Values are mean = SD for continuous variable and percentage for sex. P-values were obtained
from Chi squared test for sex distribution and Student’s t-test for age and BMI continuous
variables.
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MilorGWAS revealed that 29 genetic variants on chromosomes 1,7, 10, 11, 12, 16, 19,
20, and 22 were significantly associated with OA in the 557 patients at the genome-wide
significance level (p<5*10-®) as shown in the Manhattan plot (Figure 5.3) with genomic
inflation factor of p-value that was estimated at (lambda=1.0). The Q-Q plot in Figure 5.4
shows the deviation of the observed P-value from the null hypothesis that there is no
association between the genetic variants and the OA. The most significantly associated

variants with OA were also listed in Table 5.3.

NFOAS_vs_CONTROLS

10 — . .

~log1olp)

Chromosome

Figure 5.3: A Manhattan plot of the GWAS results showing the most significantly
associated genetic variations with OA in the 557 OA patients from the NFOAS in
comparing with the 118 OA free controls from the same population. The red line
indicates the GWAS significance at a = 5*107%,
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QQ plot of p-values
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expected -1ogq(p)

Figure 5.4: The Q-Q plot that shows the deviation of the observed P-value from the null
hypothesis that there is no association between the genetic variants and the OA.
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Table 5.3: The 29 genetic variants that were identified to be significantly associated with
OA in the 557 patients from the NFOAS at the genome-wide significance level (p=5*10%).

chr |position Variant ID A2 [A2 freq |OR L95% |U95% |P-value

1 974988 rs115049241 [T 0.01 0.08 0.02  [0.35 7.55%10"°
1 976554 rs191270495 |G [0.01 0.08 0.02  [0.35 7.55%10"°
1 978046 rs9331225 T 0.01 0.12 0.03  [0.51 1.94*10°
1 979690 rs115413462 [A  [0.01 0.12 0.03  [0.51 1.94*10°
1 979835 rs114389542 [A  [0.01 0.12 0.03  [0.51 1.94*10°
1 980077 rs116106396 [T 0.01 0.12 0.03  [0.51 1.94*10°
1 980189 rs114879738 [A  [0.01 0.12 0.03  [0.51 1.94*10°
1 980276 rs115449966 [T 0.01 0.12 0.03  [0.51 1.94*10°
1 980824 rs112039851 [C 0.01 0.12 0.03  [0.51 1.94*10°
1 980955 rs139005472 [A  [0.01 0.12 0.03  [0.51 1.94*10°
1 981131 rs9697293 G 10.01 0.12 0.03  [0.51 1.94*10°
7 289138 rs141053204 [T 0.15 0.34 0.22  [0.52 4.91%10°
10 134886621 [rs563964217 |T 0.01 0.05 0.01 [0.21 2.29%10"
10 135056001 [rs111704643 |C 0.01 0.03 0.003 [0.24 5.68%10"2
10 135113056  [rs2298121 T 0.01 0.12 0.03  [0.49 1.12*%10°"°
11 1253904 rs200222877 [T 0.02 0.08 0.02  [0.25 4.2%1071°

11 161627203 rs560586208 [C 0.06 0.21 0.11  [0.42 1.79%10°®
12 |129586987  [rs72298257 T 0.01 0.10 0.03  [0.42 2.65%10®
12 ]129587049  [rs57991786 G 10.01 0.10 0.03  [0.42 2.65%10®
12 |129587535 |rs1552423 G 10.01 0.10 0.03  [0.42 2.65%10®
12 ]129588957 [rs201085636 |C 0.01 0.10 0.03  [0.42 2.65%10®
12 132340280 [rs142897716 |A  ]0.01 0.04 0.01  [0.30 1.91*%10°
16  |88166883 rs78941287 G 10.01 0.08 0.02  [0.38 4.96*%10°
19 869605 rs569627639 [AT [0.01 0.01 0.002  [0.09 1.09%10®
19 38706886 rs34837947 ]A  [0.03 0.27 0.11  [0.66 4.81%10°
20 61410484 rs76236562 T 0.02 0.16 0.05 [0.52 1.38*10®
22 20265515 rs181536033 [T 0.02 0.10 0.03  [0.30 1.24*10°"°
22 20265527 rs560452957 (A [0.02 0.10 0.03  [0.30 1.24*10"°
22 20266657 rs532097186 [T 0.02 0.10 0.03  [0.30 1.24*10"°

Chr: chromosome, A2: minor allele, A2 freq: minor allele frequency in the OA patients
from the NFOAS, OR: Odd Ratio of the minor allele, L95%: Lower 95% confidence
interval, U95%: Upper 95% confidence interval.
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We found eleven variants in the Agrin (AGRN) gene on chrl to be significantly associated
with OA (Table 5.3), eight of them are intronic variants including rs115049241
(OR=0.08, p=7.55*10710), rs9331225, rs115413462, rs114389542, rs116106396,
rs114879738, rs115449966, and rs139005472 (all OR=0.12, p=1.94*10); two
synonymous variants including rs191270495 (OR=0.08, p=7.55*10"1%) and rs112039851
(OR=0.12, p=1.94*10"); and a missense variant 1s9697293 (OR=0.12, p=1.94*10"),
Figure 5.5A. Analysis showed that theses variants are in LD and are correlated with
12>0.96. Thus, any of them can be used as a tagSNP of the other identified SNPs in this
haplotype. Also, this chromosomal region includes the PPARGCI And ESRR Induced
Regulator, Muscle 1 (PERM1) gene. Another SNP (rs141053204) in the intron of the
FAM20C Golgi Associated Secretory Pathway Kinase (FAM20C) gene on chr7 (Figure
5.5B) was significantly associated (OR=0.34, p=4.91*10") with OA as shown in Table

5.3.

We also found that the T allele of 1563964217 was the most significantly associated with
OA (OR=0.05, p=2.29*10"'%), Table 5.3. This SNP is a stop-gain variant (c. CAG>TAG,
p.Q>*) in exon 3 of the G-Protein Coupled Receptor 123 (GPRI23) gene on chrl0 as
shown in the regional association plot in Figure 5.5C. The two other significantly
associated SNPs on chr10 included rs111704643 (OR=0.03, p=5.68*10"'2), and
12298121 (OR=0.12, p=1.12*1071%), Table 5.3. SNP (rs111704643) is intergenic in a
gene rich region that is located ~ 170 Kbps downstream of rs563964217 and adjacent to

the ADAM Metallopeptidase Domain 8 (ADAMS) gene, Figure 5.5D. While SNP
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(rs2298121) is a missense variant (c.GCT>ACT, p.A>T) in the Tubulin Gamma Complex

Associated Protein 2 (TUBGCP2) gene, Figure 5.5E.

Additionally, two variants on chrl1 were significantly associated with OA including
15200222877 and rs560586208 as shown in Table 5.3. SNP rs200222877 (OR=0.08, p=
4.20*107'%) is a missense variant in the Oligomeric Mucus/Gel-Forming (MUC5B) gene.
Also, this chromosomal locus includes the Toll Interacting Protein (TOLLIP), and the BR
Serine/Threonine Kinase 2 (BRSK?2) genes, Figure 5.5F. While SNP rs560586208
(OR=0.21, p=4.20*10%) is an intronic variant in the Fatty Acid Desaturase 2 (FADS2)

gene on chrll, Figure 5.5G.

Furthermore, two loci were found to be significantly associated with OA on chr12, Table
5.3. The first locus contains four variants (rs72298257, rs57991786, rs1552423, and
1s201085636) that are associated with OA at p=2.65*10® (OR=0.10). These variants are
~2 Kbps apart in intron 5 of the Transmembrane Protein 132D (TMEM 132D) gene and
arencorrelated in LD with r>=1, Figure 5.5H. Whereas the second locus contains
rs142897716 variant that was significantly associated (OR=0.04, p= 1.91*10") with OA.
This SNP is intergenic adjacent to the Matrix Metallopeptidase 17 (MMP17) gene,

Figure 5.51.
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Figure 5.5: The regional association plots of the significantly associated variants with the
OA showing: A) the chromosomal region around the most significant variants on chrl (all
p<1.94*10") including rs115049241, rs9331225, rs115413462, rs114389542,
rs116106396, rs114879738, rs115449966, rs139005472, rs191270495, rs112039851, and
1$9697293 variants in the Agrin (AGRN) gene; B) the chromosomal region around
1141053204 (p=4.91*10) that is intronic variant in the FAM20C Golgi Associated
Secretory Pathway Kinase (FAM20C) gene on chr7; C) the chromosomal region around
the most significantly identified SNP rs563964217 on chr10 (p=2.29*107%) showing the
location of this variant in the Adhesion G Protein-Coupled Receptor A1 (GPRI123) gene;
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D) the chromosomal region around the significant SNP rs111704643 on chr10
(p=5.68*107'2) showing the adjacent genes including the ADAM Metallopeptidase
Domain 8 (ADAMS) gene; E) the chromosomal region around the significant SNP
12298121 on chr10 (p=1.12*101%) showing the location of the variant in the Tubulin
Gamma Complex Associated Protein 2 (TUBGCP?2) gene; F) the chromosomal region
around the missense variant rs200222877 in the MUCS5B, Oligomeric Mucus/Gel-
Forming (MUC5B) gene on chrl1 that was identified to be significantly associated with
OA (p=4.20*10"'%); G) the chromosomal region showing the second top SNP
rs560586208 that was detected to be significantly associated with OA (p=4.20*10-8) on
chrl1. This SNP is an intronic variant located in intron 7 of the Fatty Acid Desaturase 2
(FADS?2) gene; H) the chromosomal region around the first significantly associated locus
(all p=2.65*10"%) with OA on chr12 that includes rs72298257, rs57991786, rs1552423,
and rs201085636; I) the second associated locus with OA (p=1.91*10") on chr12 that
includes the intergenic SNP rs142897716. This SNP is nearby to the Matrix
Metallopeptidase 17 (MMP17) gene; J) the chromosomal region around the most
significant SNP rs78941287 (p=4.96*10°) on chr16, this SNP is intergenic that is
adjacent to the Carbonic Anhydrase 54 (CA5A) and the BTG3 Associated Nuclear
Protein (BANP) genes; K) the top associated chromosomal region with OA on chr19 that
contains the INDEL rs569627639 that was significantly associated (p= 1.09*10%) with
OA, this INDEL is an intronic variant in the Mediator Complex Subunit 16 (MED16)
gene and harbouring the Azurocidin 1 (AZU1); the Proteinase 3 (PRTN3); and the
Elastase, Neutrophil Expressed (ELANFE) genes; L) the chromosomal region around the
most significant SNP rs34837947 (p= 4.81*10®) on chr19 that is a synonymous variant
the Double PHD Fingers 1 (DPF1) gene, this genetic region includes the Signal Induced
Proliferation Associated 1 Like (SIPA1L3), the Protein Phosphatase 1 Regulatory
Inhibitor Subunit 144 (PPPIR14A), and the Proteasome 26S Subunit, Non-ATPase 8
(PSMDS8) genes; M) the chromosomal region around the most significant SNP
1576236562 (p= 1.38*10%) on chr20 that is intergenic variant adjacent to the Neurotensin
Receptor 1 (NTSR1), the Opioid Growth Factor Receptor (OGFR), the Collagen Type IX
Alpha 3 Chain (COL9A43), the Death Inducer-Obliterator 1 (DIDOI), and the GID
Complex Subunit 8§ Homolog (GIDS8) genes; N) the most significantly associated variants
with OA on chr22 (p=1.12*10"!%) including rs181536033, rs560452957, and
r$532097186 that are adjacent to the RAN Binding Protein 1 (RANBPI), the Reticulon 4
Receptor (RTN4R), the DiGeorge Syndrome Critical Region Gene 6 Like (DGCR6L), and
the Transmembrane Protein 191B (TMEM191B) genes.
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One SNP rs78941287 on chrl6 was also significantly associated (OR=0.08, p=4.96*10~)
with OA, Table 5.3. rs78941287 is intergenic variant that harbors the Carbonic
Anhydrase 54 (CA5A4) and the BTG3 Associated Nuclear Protein (BANP) genes, Figure
5.5J. Additionally, two chromosomal regions on chr19 were detected to be significantly
associated with OA, Table 5.3. Firstly, the INDEL, rs569627639 was significantly
associated (OR=0.01, p= 1.09*10®) with OA. This insertion is an intronic variant in the
Mediator Complex Subunit 16 (MED16) gene. Other adjacent genes in this locus include
the Phospholipid Phosphatase Related 3 (PLPPR3); the Azurocidin 1 (AZU1); the
Proteinase 3 (PRTN3); and the Elastase, Neutrophil Expressed (ELANE) genes, Figure
5.5K. Secondly, the SNP rs34837947 on chr19 was significantly associated (OR=0.27, p=
4.81*10®%) with OA. This SNP is a synonymous variant (¢.CCC>CCT) in the Double
PHD Fingers 1 (DPFI) gene. This genetic region has also other genes, such as the Signal
Induced Proliferation Associated 1 Like (SIPA1L3), the Protein Phosphatase 1
Regulatory Inhibitor Subunit 144 (PPPIR14A), and the Proteasome 26S Subunit, Non-

ATPase 8 (PSMD3) genes, Figure 5.5L.

Furthermore, the significantly associated variant with OA on chr20 was the rs76236562
(OR=0.16, p= 1.38*10%), Table 5.3. This SNP is an intergenic variant located in gene
rich region that includes the Neurotensin Receptor 1 (NTSR1), the Opioid Growth Factor
Receptor (OGFR), the Collagen Type IX Alpha 3 Chain (COLYA3), the Death Inducer-
Obliterator 1 (DIDOI), and the GID Complex Subunit 8 Homolog (GIDS) genes, Figure

S5.5M.
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Finally, three genetic variants including rs181536033, rs560452957, and rs532097186 on
chr22 were significantly associated with OA (OR=0.10, p=1.24*10'?), Table 5.3. These
three intergenic variants span 1,142 bps in LD with r*=1 and harboring the RAN Binding
Protein 1 (RANBP1), Reticulon 4 Receptor (RTN4R), DiGeorge Syndrome Critical
Region Gene 6 Like (DGCRG6L), and the Transmembrane Protein 191B (TMEM191B)

genes, Figure 5.5N.

MilorGWAS analysis of knee OA patients (n=386) versus 118 unaffected controls
identified three variants on chr10 to be significantly associated with knee OA
including r$563964217 (OR= 0.07, p=2.64*10717), rs111704643 (OR= 0.05,
p=1.59*10%), and rs2298121 (OR= 0.13, p=1.90*10®). These variants were also
detected to be significantly associated with OA in the whole 557 OA patient cohort.
Although the rest of the significantly associated variants with OA in the 557 OA
patients did not reach the GWAS significance level, they were associated with knee
OA at (p<5*10°%) as shown in the Manhattan plot in Figure 5.6. The genomic inflation

of P-value estimated at (lambda= 0.962) as shown in the Q-Q plot in Figure 5.7.
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Figure 5.6: A Manhattan plot of the GWAS results showing the most significantly
associated genetic variations with knee OA in 386 OA patients from the NFOAS in
comparing with 118 OA free controls from the same population. The red line indicates
the GWAS significance at a = 5*107%,
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QQ plot of p-values
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Figure 5.7: The Q-Q plot that shows the deviation of the observed P-value from the null
hypothesis that there is no association between the genetic variants and the knee OA.

However, we did not find any associations with the GWAS significance level in
MilorGWAS analysis of hip OA patients (n=171) compared to 118 unaffected
controls. rs563964217 was associated with hip OA at (OR= 0.10, p=6.06*10"") as
shown in the Manhattan plot in Figure 5.8. The genomic inflation of P-value

estimated at (lambda=1.02) as shown in the Q-Q plot in Figure 5.9.
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Figure 5.8: A Manhattan plot of the GWAS results showing the associated genetic
variations with hip OA in 171 OA patients from the NFOAS compared to 118 OA free
controls from the same population. The red line indicates the GWAS significance at o =
5*10°8,
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Figure 5.9: The Q-Q plot that shows the deviation of the observed P-value from the null
hypothesis that there is no association between the genetic variants and the hip OA.

Interestingly, out of the 29 variants that were significantly associated with OA
(p<5*107®) in our NFOAS, only rs141053204 on chr7 was reported in the recent
largest GWAS-meta-analysis to be associated with OA at p=0.048 in patients
underwent TKR therapy, while the other 28 significantly associated variants with OA
in our study were novel and were not identified and reported previously. Furthermore,
four significantly associated variants with OA based on the recent largest GWAS-
meta-analysis (Boer et al. Cell 2021) results were also associated with OA in our

NFOAS at p<0.05 as shown in the table in the Appendix H.
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5.6 Discussion:

Since ~50% of the OA heritability is due to genetic components, and previous genetic
studies have identified more than 140 associated loci that traversing knee, hip and hand
OA with limited overlap, the OA heritability explained by these loci is relatively low and
can only account for ~10% (235,254). The distinct characteristics of the Newfoundland
population as a genetic isolate formed and have since helped in several gene discoveries
in Mendelian and complex diseases. In this study, we benefit from the Newfoundland
population structure and the well-established NFOAS and conducted an independent
GWAS analysis in a cohort 557 OA (386 knee and 171 hip OA patients) and 118 OA-free
controls from the same population to identify novel genetic variants to be associated with
OA.

The association analysis in this study was conducted using the MLR in genome-wide
association studies that was implemented in the MilorGWAS package in R version 4.1.2
and included the top 10 PCs to completely correct for population structure (601). It is
worth mentioning that all the identified genetic variants to be significantly associated with
OA using the MilorGWAS were imputed variants. Interestingly, 28 out of 29 identified
genetic variants to be associated with OA in this study were not reported previously to be
associated with any OA phenotype, which suggests that these variants are specific to the
Newfoundland population. The ROC analysis was conducted to address the imbalance
between the cases and un-affected controls from the Newfoundland population. Also, the
AUC was calculated using the maximum sensitivity and specificity simultaneously

(MaxSpSe) method. As a result, the identified variants had a moderate discriminatory

196



power to distinguish the OA patients from the OA-free controls as indicated by the AUC

> (.70 with an average sensitivity of 0.68 and specificity of 0.72.

The top SNP that was identified to be significantly associated (p=2.29*10-'%) with OA
was 18563964217 on chrl10. This SNP is a stop-gain variant (c. CAG>TAG, p.Q>%*) in
exon 3 of the GPR123 gene. However, GPR123 gene had not been previously linked to
OA, it encodes a protein belongs to the adhesion family of the G-protein-coupled
receptors (GPCRs). Different types of GPCRs are implicated in cartilage degeneration,
subchondral bone sclerosis, and chronic pain of OA (91). Members of the adhesion
GPCRs family have been reported to be activated by free fatty acids (FFAs) (602,603).
Animal model studies stated that mutations in these genes stimulate chondrocytes to
secrete more inflammatory mediators and reduce anabolism upon IL-1f treatment leading
to progression of OA in the knee induced OA mice (604). Also, mice displayed an
accelerated progression of ACLT surgery-induced OA (605). In contrary, agonist of GPR
genes block degeneration of type II collagen and aggrecan by reducing the expression of
matrix-degrading enzymes and pro-inflammatory cytokines in vitro (606). Moreover, they
prevent IL-1pB-induced reduction of ECM through sex-determining region Y (SRY)-
related high mobility group (HMG) box 9 (SOX9) mediated expression of collagen I and
aggrecan in ATDCS cell lines chondrocytes (607). Previous studies reported a central role
for these genes in stabilizing cartilage homeostasis and reducing expression of pro-
inflammatory mediators (cyclooxygenases 2, nitric oxide synthase 2, and IL-6), pro-
inflammatory adipokines (lipocalin-2 and nesfatin-1), and adhesion molecule (Vascular

cell adhesion molecule 1 and Intercellular adhesion molecule 1) in OA patients (608,609).
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Due to the involvement of GPCRs in wide range of physiological and pathophysiological
processes, they became exciting targets for drug discovery in several diseases including
OA (610,611). Our results proposed the implication of the GPR123 gene in the pro-

inflammatory and cartilage degradation of OA.

The two other variants on chr10 that were significantly associated with OA included the
intergenic SNP (rs111704643, p=5.68*10"!2) and the missense mutation (rs2298121,
p=5.68*10"'2) in the TUBGCP2 gene. Interestingly, these variants are ~57 Kbps apart
spanning the ADAMS gene. ADAMS encodes a member of the disintegrin and
metalloprotease domain (ADAM) protein family (612). Previous studies identified a
strong correlation between overexpression of the ADAMS gene and the development of
OA (613), and knockdown of the ADAMS by gene silence in chondrogenic OA cell model
resulted in significantly reduction of OA phenotype, including the suppression of MMP-
9, TNF-a, IL-6 expression, the restore of Collagen II, Aggrecan expression, the
stimulation of cell proliferation, and the inhibition of cell apoptosis. These findings
suggested a critical implication of the ADAMS gene in OA pathogenies including the
production of inflammatory factors, over expression of MMP-9, and degradation of ECM,
as well as proliferation and apoptosis. The ADAMS gene acts as an ectodomain sheddase
of receptors or ligands which were anchored on cell surface (614). The cleavage of the
receptors from cell surface by the ADAMS resulted in a releasing and promotion of
soluble form of receptors, and a suppression of respective intracellular signaling via a
blocking of specific ligands. A study performed by Duan et al. (2019) identified that

overexpression of the ADAMS gene in osteoarthritic chondrocytes leads to the cleavage
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and release of the membrane anchored epidermal growth factor (EGF) receptor ligands.
Access of soluble form of this growth factor activates ERK1/2 and NF-«xB to promote the
MMP-9 gene expression, which in turn facilitates the degradation of ECM and OA
progression (615,616). Moreover, Notch signaling was reported to play a crucial role in
the OA pathogenesis (617,618). It was identified that the inhibition of the Notch signaling
leads to the reduction of the ADAMS and MMP-9 expression. The animal model studies in
OA rat revealed that the inhibition of Notch signaling or knockdown of the ADAMS led to
suppression of OA phenotypes, including promotion of Collagen II and Aggrecan
expression, down-regulation of Notchl, Hesl, ADAMS and MMP-9 expression, as well as
EGF-ERK/ NF-«B signaling (619). Importantly, the glycoprotein in the joint cartilage
was found to be promoted by Notch inhibition or the ADAMSE knockdown. While the
overexpression of the ADAMS resulted in promotion of OA phenotypes in OA rats,
including suppression of Collagen II, Aggrecan, and glycoprotein level, and suppression
of Notch1, Hesl, ADAMS and MMP-9 expression, along with the EGF-ERK/ NF-«kB
signaling. Therefore, these results demonstrated that Notch-ADAMS positive feedback
loop facilitated OA progression in rat animal model (615). Our findings came in
concordance with these studies and proved the possible implication of the ADAMS gene

in the development and progression of OA in the Newfoundland population.

The identified genetic variants (rs181536033, rs560452957, and rs532097186) on chr22
to be significantly associated with OA (p=1.24*10"1?) are in complete LD (r?>=1). These
variants are harboring the RANBPI, RTN4R, DGCRG6L, and TMEM191B genes. RANBP1

gene encodes a protein that forms a complex with Ras-related nuclear protein (Ran) and
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metabolizes guanosine triphosphate (GTP). This complex participates in the regulation of
the cell cycle by controlling transport of proteins and nucleic acids into the nucleus (620).
RTN4R gene encodes a receptor that mediates axonal growth inhibition and may play a
role in regulating axonal regeneration and plasticity in the adult central nervous system
(621). DGCR6L gene plays a role in cell attachment and migration (622), while the
TMEM191B gene has been predicted to be an integral component of the cell membrane
(623). However, none of these genes have been identified previously to associate with
OA, they play central role in cell membrane structure, cell junction, cell cycle, energy,

and central nervous system.

Furthermore, we were able to identify eleven variants in the AGRN gene on chrl to be
significantly associated (all p<1.94*10~) with OA. Theses variants are in LD (r>>0.96).
AGRN gene encodes the proteoglycan agrin protein that contains several laminin G, Kazal
type serine protease inhibitor and epidermal growth factor domains (624,625). The
encoded protein is involved in the formation, maintenance, activation, and synaptic
stabilisation of the neuromuscular junction (NMJ) by mediating MuSK activation (626).
The activation of MUSK in myotubes induces the formation of NMJ by regulating
different processes including the transcription of specific genes and the clustering of
Nicotinic acetylcholine receptors (AChR) in the postsynaptic membrane (627-629).
Mutations in AGRN have been identified to be implicated in the congenital myasthenic

syndrome characterised by fatigable weakness of skeletal muscle (630). Since muscle
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strength weakness is a risk factor of the OA. These results suggest the involvement of

AGRN in the OA pathogenesis and pain mechanisms.

SNP rs141053204 that was significantly associated (p=4.91*10") with OA on chr7 is
intronic variant in the FAM20C gene that encodes a member of the family of secreted
protein kinases. The encoded protein binds calcium and phosphorylates proteins involved
in bone mineralization, mutations in FAM20C gene are associated with lethal
osteosclerotic bone dysplasia (631). Mouse model studies reported that mechanical
loading through increased body weight and/or muscle contractions triggers the
mechanoreceptor PIEZO1 that play a key role in the regulation of skeletal development
and bone maturation to enhance the production of FAM20C kinase in osteoblasts (632—
636), FAM20C induces a burst in dentin matrix protein 1 (DMP1) secretion into
extracellular matrix. Large amounts of extracellular DMP1 inhibit the VEGF signalling in
the ossification front (OF) active bone growth by preventing the phosphorylation of the
vascular endothelial growth factor receptor 2 (VEGFR?2) leading to reduced activation of
VEFGR?2 and expression of the vascular endothelial growth factor receptor 3 (VEGFR3)
on the tip cells of type H endothelium (637). Thus, highly-angiogenic type H vessels are
transformed into quiescent type L vasculature to prevent bone growth activity and lead to
rapid matrix mineralisation and strengthening of long bones (637). These findings
suggested new options for the treatment of different kinds of bone pathologies featuring

abnormal bone growth and vessels such as osteoporosis, osteosarcoma, and OA.
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Additionally, rs200222877 and rs560586208 were significantly associated with OA on
chr11. SNP rs200222877 (p= 4.20*10'%) is a missense variant in the MUC5B gene that is
the major gel-forming mucin in mucus. It is a major contributor to the lubricating and
viscoelastic properties of whole saliva, normal lung mucus and cervical mucus (638).
Multiple studies reported the association of rs35705950 promoter variant of MUCS5B gene
with RA associated with interstitial lung disease (ILD) (639—642). Also, this locus
includes the TOLLIP and BRSK?2 genes. The TOLLIP gene regulates inflammatory
signaling and is involved in interleukin-1 receptor trafficking and in the turnover of IL1R-
associated kinase (643). A study conducted by Ye et al. (2020) identified the TOLLIP
gene to be prospective candidate for cartilage regeneration associated gene that can be
potential therapeutic target of cartilage regeneration in OA patients (644). While the
BRSK?2 gene enables ATP binding activity; ATPase binding activity; and protein kinase
activity. It is also involved in cellular protein metabolic process; intrinsic apoptotic
signaling pathway in response to endoplasmic reticulum stress; and regulation of insulin
secretion involved in cellular response to glucose stimulus (645). Moreover, rs560586208
(p=4.20*10%) is intronic variant in the FADS2 gene on chrl1. This gene is a member of
the fatty acid desaturase (FADS) gene family. Desaturase enzymes encoded by the
members of this gene family regulate unsaturation of fatty acids through the introduction
of double bonds between defined carbons of the fatty acyl chain and play important role
in fatty acid metabolism (646). This chromosomal region includes other genes, such as
the Diacylglycerol Lipase Alpha (DAGLA) gene that encodes a diacylglycerol lipase. The

encoded enzyme by the DAGLA gene is involved in the biosynthesis of the
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endocannabinoid 2-arachidonoyl-glycerol (647). Also, the adjacent RAB3A Interacting
Protein Like 1 (RAB3ILI) gene encodes a guanine nucleotide exchange factor for the ras-
related protein Rab3A. The encoded protein binds Rab3a and the inositol
hexakisphosphate kinase InsP6K1. This gene is associated with Inflammatory Bowel
Disease 2 (648). The identified loci on chrl1 to be significantly associated with OA in the
Newfoundland population contain possible candidate genes that may be implicated in the
pro-inflammatory, cartilage deterioration, fatty acids metabolism, and proteolysis that

may increase the risk of OA development and progression.

Furthermore, the first locus found to be significantly p=2.65*10% associated with OA on
chrl12 contains four variants (rs72298257, rs57991786, rs1552423, and rs201085636).
These variants are ~2 Kbps apart and in LD correlated with r*>=1 in intron 5 of the
TMEM132D gene. This gene may serve as a cell-surface marker for oligodendrocyte
differentiation and neurotransmission that regulates expression and anxiety-related
behavior (649). Previous studies identified variants in the TMEM132D gene to be
associated with panic-disorder (650) and anxiety related behaviour (651). While SNP
rs142897716 on the second locus of chr12 that was significantly associated (p=1.91*10
%) with OA is intergenic falls adjacent to the MMP17 gene. The MMP17 gene is involved
in breakdown of extracellular matrix in normal physiological processes, such as
embryonic development, reproduction, and tissue remodeling, as well as in disease
processes, such as arthritis and metastasis (652). Elevated expression of the MMP17 gene
has been observed in OA and multiple human cancers (653). A study performed by

Davidson et al. (2006) identified MMP17 gene to be significantly upregulation
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(P=0.0146) in the synovium and cartilage tissues of OA patients compared to the fracture
in the neck of femur (NOF). These findings suggested a role of the MMP17 gene in the

cartilage degradation in OA patients (654).

SNP rs78941287 on chrl6 was also significantly associated (p=4.96*10°) with OA. This
SNP is intergenic variant that is adjacent to the C4A54 and BANP genes. The CA54 gene
participates in a variety of biological processes, including respiration, calcification, acid-
base balance, bone resorption, and the formation of aqueous humor, cerebrospinal fluid,
saliva, and gastric acid (655). While BANP acts as a tumor suppressor and cell cycle
regulator, it encodes a protein that binds to matrix attachment regions and forms a
complex with p53 and negatively regulates p53 transcription (656). These genes have not

previously been linked to OA mechanisms.

Additionally, INDEL, rs569627639 on chr19 was significantly associated (p= 1.09*10-%)
with OA. This insertion is an intronic variant in the MED 16 gene that is involved in the
regulated transcription of nearly all RNA polymerase [I-dependent genes (657). However,
this gene has not reported to be associated with OA, other genes in this chromosomal
region include the PLPPR3; AZUI; PRTN3; and ELANE genes may play an important
role in the OA pathogenesis. The PLPPR3 gene encodes an integral membrane protein
modulating bioactive lipid phosphates including phosphatidate, lysophosphatidate, and
sphingosine-1-phosphate in the context of cell migration, neurite retraction, and
mitogenesis (658). AZU1 acts in the Innate Immune pathway and is an important

multifunctional inflammatory mediator (659). Previous studies identified the AZUI gene
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to be hypomethylated that acts as activator in the inflammatory process in RA (660).
PRTN3 enables enzyme binding activity; serine-type endopeptidase activity; and
signaling receptor binding activity. It is involved in several processes, including mature
conventional dendritic cell differentiation; membrane protein ectodomain proteolysis; and
neutrophil extravasation (661). ELANE forms a subfamily of serine proteases that
hydrolyze many proteins in addition to elastin. This enzyme may play a role in
degenerative and inflammatory diseases through proteolysis of collagen-IV and elastin
(662). Bioinformatics analysis using protein-protein interaction identified upregulation of
the ELANE gene in OA patient and suggested this gene to be among the potential
diagnostic biomarkers for OA (663). SNP rs34837947 was also significantly associated
(p=4.81*10%) with OA. This SNP is a synonymous variant (¢c.CCC>CCT) in the DPFI
gene on chr19. The DPF] gene may have an important role in developing neurons by
participating in regulation of cell survival that acts as a neuron specific transcription
factor (664). This genetic region has also other genes, such as the SIPAIL3, PPPIRI14A,
and PSMDS genes. The SIPA1L3 gene has been implicated in regulation of cell adhesion,
cell polarity, and organization of the cytoskeleton (665). The PPPIR14A gene encodes a
protein that is an inhibitor of smooth muscle myosin phosphatase and has higher
inhibitory activity when phosphorylated. Inhibition of myosin phosphatase leads to
increased myosin phosphorylation and enhanced smooth muscle contraction (666). The
PSMDS gene plays a key role in the maintenance of protein homeostasis by removing
misfolded or damaged proteins, which could impair cellular functions, and by removing
proteins whose functions are no longer required. Therefore, the proteasome participates in

numerous cellular processes, including cell cycle progression, apoptosis, or DNA damage
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repair (667). A study performed by Yuan ef al. (2021) used differentially expressed genes
(DEGs) and differentially expressed immune-related genes (DEIRGs) analysis of the
immune cells in the OA tissues and found 15 genes including the PSMDS§ gene to be high

diagnostic biomarkers of OA (668).

Finally, the significantly associated variant with OA on chr20 was 1576236562 (p=
1.38*107®). This SNP is an intergenic variant locates in gene reach region that includes the
NTSRI, OGFR, COLY9A43, DIDOI1, and the GIDS genes. The NTSR1 gene has a role in
diacylglycerol regulated cell signaling pathways that may play an important role in the
final stages of mast cells (MCs) development and mast cells differentiation. The MCs are
long-living multifunctional innate immune cells that originate from hematopoietic
precursors and specifically differentiate in the destination tissue, e.g., skin, respiratory
mucosa, intestine, where they mediate immune cell recruitment and antimicrobial defense
(669). The OGFR gene is a negative regulator of cell proliferation and tissue organization
in a variety of processes. Also, it seems to be involved in growth regulation (670). The
COL9A3 gene encodes one of the three alpha chains of type IX collagen, the major
collagen component of hyaline cartilage. Type IX collagen, a heterotrimeric molecule, is
usually found in tissues containing type II collagen, a fibrillar collagen. The COL9A43
gene acts in the collagen chain trimerization and Extracellular matrix organization
pathways (671). Multiple studies reported significant association of the COL9A43 cartilage
collagen gene variants with knee and hip OA suggesting important role of this gene in

cartilage degradation and progression of OA (672—675). While the DIDO1 gene is an
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important apoptosis and Tumor suppressor gene (676), and the GIDS gene is involved in
positive regulation of canonical Wnt signaling pathway and positive regulation of cell

population proliferation (677).

However, the association analysis of knee OA patients only identified three genetic
variations on chr10 to be significantly associated with knee OA at the GWAS
significance level, the identified variants to be the associated with OA in the knee OA
were also associated with OA in the whole NFOAS cohort. These results suggested that
the association of these genetic variants with OA in our study is due to knee OA. While
the association of genetic variants with hip OA did not identify variations to be

significantly associated with hip OA due to the small hip OA sample size (n=171).

This study has a number of limitations, the small sample size (557 OA patients and 118
unaffected controls) is the main study’s limitation, giving that NL population is a small
isolated population, and assembling large OA sample size for a GWAS analysis was not
possible. Thus, there is a possibility of false positive rate inflation that may explain the
identification of 28 novel variants to be significantly associated with OA in the NL
population, while only one variant was reported in previous OA GWAS studies in
Caucasian populations, and the NL population is not that different than other Caucasian
populations to account for all these differences. However, our association analysis was
conducted using the MilorGWAS approach that uses the MLR and estimates SNP variant
effect size for structured populations with a stratified QQ-plot, enhancing the diagnosis

of p-values inflation or deflation when population strata are not clearly identified in the
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study sample. The analysis included the top 10 PCs as fixed effects in the MLR model to
control type I error and completely correct for population structure (598) which makes it
less likely to be false positive association between the identified variants and OA. Also,
the study OA-free controls were self-reported, and a misclassification among these
unaffected controls may only lead to null results. This situation is not a major issue for
the significant results, but we may miss other signals that might be significant if there was
not misclassification in controls. Moreover, due to the heterogeneity of OA, our analysis
was performed on the whole OA, knee, and hip OA cohort without taking in
consideration the possible endotypes or sub-phenotypes that also may complicate the
analysis. Although, knee and hip OA share a number of risk factors, the aetiology might
be different between knee and hip OA. Lastly, all the study participants were from NL,
which is a genetically/ethnically homogeneous population that may limit the

generalizability of our results to other populations.

In conclusion, our study identified novel genetic variations to be potentially associated
with OA that play a critical role in the cartilage degradation, subchondral bone
remodeling, skeletal muscle weakness, immune system, pro-inflammatory pathway, and
OA pain. While confirmation is required, these findings provided new insights into the

pathogenesis of OA and novel targets for developing OA management strategies.
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6.2 Abstract:

Background: Although GWAS is the approach of choice for discovering the genetic
basis of complex diseases, it has several challenges. GWAS analysis requires
development of robust study designs, sufficient sample sizes, rigorous phenotypes,
comprehensive maps, accurate high-throughput genotyping technologies, sophisticated I'T
infrastructure, rapid algorithms for data analysis, and rigorous assessment of genome-
wide signatures. Moreover, despite that GWAS cover hundreds of thousands of
individuals, it still has a degree of missing heritability. To date, the GWAS meta-analyses
have identified more than 140 genetic risk variants to be associated with OA, but the
aetiology and pathogenesis of OA remains elusive. Since about 85% of disease-causing
variants are within protein coding or gene regulatory regions, whole exome sequencing
(WES) approach is often used to identify genetic variants in protein coding regions.

Due to the multifactorial inheritance of OA, no single gene is involved in the

development of the disease, and multiple genes could contribute to its onset. Thus, we
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conducted the current genetic variation annotation study to identify novel genes for OA
by the WES analysis and performed a genome-wide case-only test for detecting digenic

interaction in the WES data of 200 OA patients from the NFOAS.

Methods: Study participants were total knee or hip replacement patients due to primary
OA who were recruited to the NFOAS before 2017 in St. John’s, Canada. Patients’ blood
DNA was extracted and sequenced by the [llumina® NovaSeq 6000 sequencing facility
at the Faculty of Medicine, Memorial University of Newfoundland. The GATK Best
Practices pipeline was followed to align the WES raw paired end reads to the GRCh37
human reference genome, produce master binary alignment map (BAM) files, and create
variants calling format (VCF) files. The resulted VCF files were used for the functional
variant annotation using ANNOVAR software. Quality control (QC) filtering was set to
exclude genetic variants with < 20X overall depth of coverage and < 5X for alternative
allele coverage. Further, variants having minor allele frequency (MAF) <0.01 and > 0.1
in the general population based on the 1000 genomes project, EXAC, and gnomAD
databases were excluded. Finally, only variants present in > 80% of OA patients based on

the MAF were considered as potential OA associated genetic variants.

Additional to variant annotation analysis, a genome-wide case-only analysis was
performed in this project to investigate a two-locus genome-wide digenic interaction in
the WES data of the 200 OA patients. This approach tests all pairs of genes to detect
gene-pair interactions underlying the OA condition. The master BAM files were used in

the FreeBayes software (1.3.6) from the Broad Institute with base quality > 10 and
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mapping quality > 10 cut off threshold to call for all possible genotypes in the WES data
and create the VCF files. Then, the OA WES data in the form of VCF file was annotated
with the GRCh37.75 reference genome dataset using the SnpEff tool and the GnomAD
dataset with SnpSift program, and the QC filtering was performed using SnpEff to: a)
retain variants that have depth of coverage (DP) > 8X; b) genotype quality (GQ) > 20; c)
minor read ratio (MRR) < 0.2; and d) call-rate > 95%. Also, only diallelic variants from
autosomal regions with missense or loss of function (LOF), including frameshift,
stop_gained, stop_lost, start lost, splice_donor, and splice acceptor with the gnomAD
bioinformatics “PASS” filter status were used for further analysis. Moreover, variants
with a MAF < 5% in the 1000 genomes project database were included in the analysis.
Finally, all the information was provided in the 2*2 contingency table for OA patients,
the analysis followed a dominant mode of inheritance for each gene, and the OA patients
carrying at least one copy of at least one allele within a gene were considered carriers of
the gene variation using the generalized linear regression (glm) to test for gene*gene
interaction for every pairwise combination of 17,803 genes using the SeqArray and
gdsfmt packages in R (4.1.2). Also, to control for the type I error inflation in this case-
only test, variants and genes separated & <2 Mb were excluded after the LD analysis, and
three principal components were used to adjust for population stratification and to

increase the study power.

Results: 144 knee and 56 hip OA patients from the NFOAS (mean age 62.83(17.61 years,

and 51.5% of them were females) were included in the study. A total of 526,459 raw
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genetic variants were identified in the cohort. After the QC, 92 of them were identified in
> 80% of the OA patients with a MAF of ~ 0.49, for both knee and hip OA. The MAFs
of these variants in all public available databases were < 0.06. Ten exonic
nonsynonymous single nucleotide variants (SNVs) located in /IGSF3, ZNF717, PRSS1,
AQP7, and ESRRA were estimated to have significant damaging effects on the related
proteins’ structure and function by > 4 functional and pathogenic prediction tools. These
genes play a central role in metabolism of water-soluble vitamins and cofactors,
aquaporin-mediated transport, glucagon signaling in metabolic regulation, regulation of
lipolysis in adipocytes, and the extracellular matrix degradation. Interestingly, these
genes have not been reported in previous OA GWAS studies. In the genome-wide case-

only digenic interaction analysis, rs56158521 common exonic nonsynonymous SNV in

the HLA-DRBI gene on chr6 was detected to be significantly (all P < 7.70* 1072 )
interacting with aggregated rare variants in each of the CDH19, SOGA1, MORC4,

TMTC4, and ANK3 genes.

Conclusion: The identified genes in this study play central roles in bone mineral density,
skeletal muscles’ cells differentiation, angiogenesis, morphogenesis, cellular
communication, cellular proliferation, oxidative stress, pro-inflammatory cytokines, and
immune response in the articular cartilage and synovial fluid of OA patients. While
confirmation is required, these findings provided new insights into better understanding

of OA pathogenesis and hold promise as druggable targets for developing OA therapies.
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6.3 Introduction:

In the past few years, the approach of choice was the GWAS analysis that is a powerful
method for discovering the genetic basis of complex diseases (678,679). This approach is
a hypothesis-free methodology that aims to identify associations of genotypes on a
microarray with phenotypes by testing for differences in the allele frequency of genetic
variants between individuals who are ancestrally similar but having different phenotypes.
GWAS scans hundreds of thousands or millions of genetic variants across the whole
genome to find those statistically associated genetic variations with a specific trait or
disease. It typically reports genomic risk loci of correlated SNPs that all show a
statistically significant association with the trait of interest (680). GWAS results have
accounted for confounding genetic group differences in epidemiological studies, gaining
insight into a phenotype’s underlying biology, estimating a phenotype’s heritability,
calculating genetic correlations, and making clinical risk predictions (681). Moreover, it
has become accepted as the way forward in the search for susceptibility loci of common
diseases, such as autoimmune diseases and cancer and allows for the interrogation of
lesser studied regulatory regions (682,683). However, the GWAS has several challenges.
The GWAS analysis requires the development of robust study designs to ensure high
power to detect genes of modest risk while minimizing the potential of false association
signals due to testing large numbers of markers. Moreover, the GWAS needs sufficient
sample sizes, rigorous phenotypes, comprehensive maps, accurate high-throughput
genotyping technologies, sophisticated IT infrastructure, rapid algorithms for data

analysis, and rigorous assessment of genome-wide signatures (678). Also, despite the
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GWAS covering hundreds of thousands of individuals, it still has a degree of missing
heritability (684). Furthermore, previous GWAS analysis have shown that most traits are
influenced by thousands of causal variants that individually confer very little risk, are
often associated with many other traits and are correlated with causal and non-causal
variants that are physically close in LD, making direct biological, causal inferences
complicated. Additionally, genetic associations may differ across ancestries, complicating
direct comparisons between groups of individuals. Some of these limitations hamper
drawing unambiguous conclusions about the biological meaning of GWAS results,
sometimes limiting their utility to produce mechanistic insights or to serve as starting
points for drug development (681). Hence, in addition to the common disease-common
variant hypothesis there are other potential mechanisms, such as rare genetic variants

gene*gene interactions that has been applied to complex human diseases (685).

The human genome comprises of approximately 3,200 Mbps, only 1% of them code for
proteins. Based on the information from the 1000 genomes project, individuals differ
from the reference human genome (GRCh37) at about 4.1 to 5.0 million sites (592). The
majority of the genetic variants found naturally among populations are not disease
causing and are found in non-protein coding regions. While it has been estimated that
85% of disease-causing variants are within protein coding or gene regulatory regions
(686). A fraction of exonic variants (n=11,000) contains synonymous variants that do not
lead to change in amino acid sequence in the polypeptides (592), while about 10,000 to

12,000 variants alter or truncate protein sequence (592). Therefore, when we look for
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disease causing variants, whole exome sequencing (WES) approach is often used to

identify genetic variants in protein coding regions.

Back in 1965, Fred Sanger and his co-workers developed a technique to sequence RNA
fragments (Sanger, Brownlee and Barrell, 1965). This technique used two-dimensional
(2D) fractionation and radiolabelling to detect partial-digestion fragments (687). This 2D
fractionation method was used in 1972 to produce the first protein-coding gene sequence,
followed by the complete genome sequence of bacteriophage MS2 (688). After several
rapid developments in the field of genetic sequencing, Sanger developed the ‘chain-
termination’ approach in 1977, using deoxyribonucleoside triphosphates (AINTPs) to
produce sequences of increasing length that are labeled at the final termination with
dideoxyribonucleotide for detection and therefore deduce the targeted DNA sequence
(689). This method was called Sanger sequencing and formed the basis for first-
generation sequencing technology that has been recognized as the gold standard of DNA

sequencing for nearly 40 years.

The next-generation sequencing (NGS) approach have evolved from the traditional
fragment-based Sanger sequencing technologies. The NGS is massively parallel shotgun
sequencing technology, it generates flow cells to bind DNA strands that allows for the
creation of paired-end sequencing, which reads 100s of millions of short reads, providing
greater accuracy when mapping to reference sequences (690). The NGS methods have
been continually developing, advances in the technology gradually led to the development

of longer read sequencing, and importantly, lower costs at a greater read depth, making
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the technology viable in a research and clinical environment with larger scales of
genomic sequences available to analyze than ever previously known (691). The NGS
technologies can sequence genomes with millions to billions of base pairs in days to
weeks versus the first-generation technology that took 13 years to sequence an estimated
3.3 billion base pair human genome (691,692). In addition to its lower costs when
compared to whole genome sequencing (WGS), aligned and merged WES data are more
compact. An average aligned whole exome binary alignment map (BAM) file (at 60x
coverage) takes about 4GB compared to a whole genome BAM file (at 60x coverage)
which takes about 150GB of disk space. These factors have made WES more practical in
a clinical and diagnostics setting, where potential candidate genes may not be covered by
a targeted panel, or for heterogeneous diseases such cardiac diseases and intellectual
disabilities (692). Thus, as sequencing costs continue to drop, it became feasible to
perform genome-wide studies on WGS data. Several studies make use of lower coverage
WGS to detect rare variants or structural variants, then impute these into pre-existing
GWAS data (693). This opens new avenues for exploring rare variants in large cohorts

and may provide a balance between rare variant detection and the affordability of

genotyping.

To date, the GWAS meta-analyses have identified more than 140 genetic risk variants to
be associated with OA (196,331,334,694), but the aetiology and pathogenesis of OA still
remains elusive. Thus, we conducted the current study to identify novel genes for knee

and hip OA by the WES analysis from the well-established NFOAS.
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Also, due to the multifactorial inheritance of OA, it is hypothesized that no single gene is
involved in the development of the disease, and multiple genes could contribute to OA
onset. Evidence of genetic architecture in OA has been determined by the
epidemiological studies of family history and clustering, twin studies, linkage scan and
candidate genes studies, and GWAS analysis. However, OA is often based on enrichment
of individual rare variants or their aggregate burden in affected individuals. Based on the
information from the Digenic Diseases DAtabase (DIDA), none of the previous studies
investigated the digenic (gene*gene) interaction implication in the development and
progression of OA. We hypothesized that two-genes interaction may identify digenic
implication in the OA pathogenesis and performed a genome-wide case-only test for

detecting digenic interaction in the WES data of 200 OA patients from the NFOAS.

6.4 Materials and methods:

This study was performed as part of the NFOAS, detailed description of the study
participates, and their demographic information were stated in the materials and methods

of chapter 5, sections 5.4.1-3.

6.4.1 Whole Exome Sequencing (WES):

Genomic DNA was extracted from patients’ whole blood. Exome sequencing was
performed at the Rahman/O’Rielly lab, Faculty of Medicine, Memorial University of
Newfoundland on libraries prepared from 100ng genomic DNA using the Agilent

SureSelect XT Human All Exon V7 with Low Input Fragmentation Kit (Agilent
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Technologies). Briefly, DNA was enzymatically fragmented, ends repaired and dA-
Tailed. Unique molecular-barcoded adaptors were ligated to the fragments and samples
purified with AMPure XP beads (Beckman Coulter). Individual P7 Index primers were
then added during amplification of the adaptor-ligated library. Following purification, the
quantity and quality was assessed using Tape Station 2200 and D1000 reagents (Agilent
Technologies). Hybridization of 1000ng of the gDNA library to target-specific probes
was followed by capture of the hybridized DNA using Dynabeads TM MyOne TM
Streptavidin T1 beads (Thermo Fisher Scientific). Captured libraries were further
amplified, purified and quantity and quality assessed with the Tape Station 2200 and High
Sensitivity D1000 reagents. Individual libraries were size adjusted and normalized before
pooling in batches of 100 samples for sequencing on the [llumina© NovaSeq 6000 with
S2, 200 cycle, V1.0 reagent kits for 2x100bp reads along with PhiX spiked in at 1% to aid

in assessing sequencing quality.

This paired-end sequencing method sequences both ends of a fragment and generates high-
quality, alignable sequence data. In addition to producing twice the number of reads for the
same time and effort in library preparation, it facilitates accurate read alignment to detect
common DNA rearrangements such as insertions, deletions, and inversions, as well as gene
fusions and novel transcripts, which is not possible with single-read data (695). Also, paired-
end DNA sequencing reads provide high-quality alignment across DNA regions containing
repetitive sequences and produce long contigs for de novo sequencing by filling gaps in the

consensus sequence (695).
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6.4.2 Raw Exome sequencing data processing:

The genome analysis toolkit (GATK) Best Practices pipeline was followed to perform
the WES data pre-processing that is required prior to all variant annotation and discovery
analysis, Figure 6.1. Initially, the Picard's FastqToSam program was used to read the
WES raw paired end reads in form of FASTQ files and produce the un-aligned BAM
files. Then, the Picard's MarkIlluminaAdapters program was used to mark the Illumina
adapter sequencing by adding the existing adapter-trimming tags (XT) to a read record,
marking the 5' start position of the specified adapter sequence, and producing a metrics
file. Some of the marked adapters come from concatenated adapters that randomly arise
from the primordial soup of the polymerase chain reaction (PCR), others represent read-
through to 3' adapter ends of reads and arise from insert sizes that are shorter than the

read length.
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Figure 6.1: A flow chart illustrates the steps of the GATK Best Practices pipeline
performed to process the WES raw data from the paired-end sequencing sequence
FASTQ to VCF file format.

In some instances, read-though can affect the majority of reads in a sample, and make
these reads unmappable by certain aligners. Picard's SamToFastq tool was used to read
the un-aligned BAM files and take the XT tag, read identifiers, read sequences, and base
quality scores to effectively remove adapter sequence contribution to downstream read
alignment and alignment scoring metrics. Then, it produced the Sanger FASTQ files that
are text-based format commonly used to store meta sequencing data, such as read group

information, alignment information, flag, and tag values. A FASTQ file normally uses
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four lines per sequence. The first line begins with a '@’ character and is followed by a
sequence identifier and an optional description like a FASTA title line, the second line
contains the raw sequence letters, the third line begins with a '+' character and is
optionally followed by the same sequence identifier and again any description, and the
fourth line encodes the quality values for the sequence in line 2, and it contains the same

number of symbols as letters in the sequence, Figure 6.2.

GEASS4 € R1 2 1 443 348
CITGCGCTI T CTIT GECETITEEETITEEEEEEE
+EASS4 € R1 2 1 443 348
> > 5 5 5 5 s s s -T72393333

Figure 6.2: A screenshot of the FASTQ file format showing the sequence identifier, and
an optional description in the first line, the raw sequence letters in the second line, the
same sequence identifier and again any description in the third line, and the quality values
for the sequence from the second line is listed in the fourth line.

Subsequently, the BWA-MEM algorithm version 0.7.17 was used to align the sequencing
reads data for each individual in the format of FASTQ files to the GRCh37 human
reference genome, which is a synthetic single-stranded representation of common
genome sequence that is intended to provide a common coordinate framework for all
genomic analysis (696). Hence, the alignment process revealed aligned sequencing
alignment/map (SAM) files that are TAB-delimited text file format storing large

nucleotide short read sequence alignments. SAM file consists of a header and alignment
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sections. If present, the header must be prior to the alignments part and starts with ‘@’
character, while the alignment lines do not. The header is followed by the read alignment
information, an automatically generated program group record and reads sorted in the
same order as the input FASTQ file. Each alignment line has 11 mandatory fields
including query template name, bitwise flag, reference sequence name, 1-based leftmost
mapping position, mapping quality, CIGAR string, reference name of the mate/next read,
position of the mate/next read, observed template length, segment sequence, and ASCII

of phred-scaled base quality+33, Figure 6.3.

@HD VN:1.5 SOD:coordinate
@SQ SN:ref LN:45

r001 99 ref 7 30 8M2I4M1D3M = 37 39 TTAGATAAAGGATACTG *

r002 0 ref 9 30 3S6M1P1I4M * O O AAAAGATAAGGATA *

r003 0 ref 9 30 556M * 0 O GCCTAAGCTAA * SA:Z:ref,29,-,6H5M,17,0;
r004 0 ref 16 30 6M14N5M * 0 0 ATAGCTTCAGC *

r003 2064 ref 29 17 6HS5M * 0 0 TAGGC * SA:Z:ref,9,+,556M,30,1;
r001 147 ref 37 30 9M = 7 -39 CAGCGGCAT * NM:i:1

Figure 6.3: A screenshot of the SAM file format showing the header lines that start with
@ character followed by the read alignment information that has 11 mandatory fields
including query template name, bitwise flag, reference sequence name, 1-based leftmost
mapping position, mapping quality, cigar string, ref. name of the mate/next read, position
of the mate/next read, observed template length, segment sequence, and ascii of phred-
scaled base quality.

Then, the GATK MergeBamAlignment algorithm was used to merge defined information
from the un-aligned BAM files with that of the aligned BAM files to conserve read data,

including original read information and base quality scores. This tool created a sequence
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dictionary file from a reference sequence provided in FASTA format, which is required
by many processing and analysis tools. The MergeBamAlignment program also
generated additional meta information based on the information generated by the BWA-
MEM aligner, which may alter aligner-generated designations, such as mate information
and secondary alignment flags. The tool then made adjustments to match all meta
information, including read and mate strand information based on proper mate

designations.

Moreover, the GATK MarkDuplicates program was utilized to identify read pairs that are
likely to have originated from duplicates of the same original DNA fragments through
some artifactual processes. These are considered to be non-independent observations, so
the program tags all but a single read pair within each set of duplicates, causing the
marked pairs to be ignored by default during the variant discovery process. Also, the
resulting BAM files were sorted using Picard tools, and INDEL realignment was
performed by GATK to produce a master BAM files (697). These BAM files are
compressed binary format of SAM files that are increasingly used as a space-saving
alternative of the FASTQ files for containing the short raw read data. The BAM files
contain a header and alignments sections. The header starts with ‘@’ character and
contains information about the entire file, such as sample name and sample length. While
the alignments section contains read name, read sequence, read quality, and custom tags,

Figure 6.4.
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nce_assembly sequence/hs37d5.fa.gz AS:NCBI37 SP:Human MS:6743bd63b3ff2bSb8985d8933c53290a
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Figure 6.4: A screenshot of the BAM file format showing the header that starts with (@ character and contains information about
the entire file, such as sample name and sample length, and the alignments section contains read name, read sequence, read
quality, and custom tags in binary format.
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Variants calling format (VCF) files were also created using the GATK HaplotypeCaller
program that call variants based on their precise alignment (696). The VCF is a text
format file that is used in bioinformatics analysis for storing gene sequence variations. It
contains meta information lines and describes the INFO, FILTER, and FORMAT entries
used in the body of the VCF file, Header line, and data lines containing variant
information, such as, chromosome number, position, reference allele, and alternated

allele, Figure 6.5.

Afterward, machine learning analysis was utilized to detect and correct for patterns of
systematic errors in the base quality scores, which are confidence scores emitted by the
sequencer for each base (696). Base quality scores play an important role in weighing the
evidence for or against possible variant alleles during the variant discovery process, so it's
important to correct any systematic bias observed in the data. Biases can originate from
biochemical processes during library preparation and sequencing, from manufacturing
defects in the chips, or instrumentation defects in the sequencer. The recalibration
procedure involves collecting covariate measurements from all base calls in the dataset,
building a model from those statistics, and applying base quality adjustments to the
dataset based on the resulting model. The initial statistics collection was parallelized by
scattering across genomic coordinates, typically by chromosome or batches of
chromosomes, but this can be also broken down further if needed to boost throughput
(696). Then, the per-region statistics were gathered into a single genome-wide model of
covariation; that was not parallelized, but it was computationally trivial, and therefore not

a bottleneck. Finally, the recalibration rules derived from the model were applied to the
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##fileformat=VCFv4.0

##fileDate=20110705

##reference=1000GenomesPilot—-NCBI37

##phasing=partial

##INFO=<ID=NS, Number=1, Type=Integer, Description="Number of Samples With Data">
##INFO=<ID=DP, Number=1, Type=Integer, Description="Total Depth">
##INFO=<ID=AF, Number=., Type=Float, Description="Allele Frequency">
##INFO=<ID=ARA, Number=1, Type=String, Description="Ancestral Allele">
##INFO=<ID=DB, Number=0, Type=Flag, Description="dbSNP membership, build 129">
##INFO=<ID=H2, Number=0, Type=Flag, Description="HapMap2 membership">
##FILTER=<ID=qgl0, Description="Quality below 10">

##FILTER=<ID=s50, Description="Less than 50% of samples have data">
##FORMAT=<ID=GQ, Number=1, Type=Integer, Description="Genotype Quality">
##FORMAT=<ID=GT, Number=1, Type=String, Description="Genotype">
##FORMAT=<ID=DP, Number=1, Type=Integer, Description="Read Depth">
##FORMAT=<ID=HQ, Number=2, Type=Integer, Description="Haplotype Quality">

#CHROM POS IDp REF ALT QUAL, FILTER INFO FORMAT Samplel SampleZ2 Sample3
2 4370 rs6057 G B 29 c NS=2;DP=13;AF=0.5;DB;H2 GT:GQ:DP:HQ 010:48:1:52,51 110:48:8:51,51
1/1:43:5:., .

2 7330 c T B 3 gl0 NS=5;DP=12;AF=0.017 GT:GQ:DP:HQ 010:46:3:58,50 011:3:5:65,3 0/0:41:3
2 110696 rs6055 F G, T 67 PASS NS=2;DP=10;AF=0.333,0.667;ARA=T;DB GT:GQ:DP:HQ 112:21:6:23,27 211:2:0:18,2 2/2:35:4
2 130237 . T < 47 c NS=2;DP=16;ARA=T GT:GQ:DP:HQ 010:54:7:56,60 010:48:4:56,51 0/0:61:2
2 134567 microsatl GTCT G,GTACT 50 PASS NS=2;DP=9;22=G GT:GQ:DP 0/1:35:4 0/2:17:2 1/1:40:3
chrl 45796269 c G =

chrl 45797505 - & G

chrl 45798555 c T =

chrl 45798901 c G T

chrl 45805566 c G (=

chr2 47703379 c C T

chr2 48010488 c G n

chr2 48030838 - ps T

chr2 48032875 c CTAT =

chr2 48032937 c T =

Figure 6.5: A screenshot of the VCF file format that is a text format file. VCF file contains meta information lines that starts
with ## characters and describe the INFO, FILTER and FORMAT entries used in the body of the VCF file. Also, the VCF
contains the header line that starts with # character and data lines containing variant information, such as, chr number, position,
reference, and alternated variant, variant sequencing quality, filter, and information.
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original dataset to produce a recalibrated dataset. This was parallelized in the same way
as the initial statistics collection, over genomic regions, then followed by a final file

merging to produce a single analysis ready VCF file per sample (696).

6.4.3 Variant Annotation analysis:

The resulted VCEF files were then used for the functional annotation of candidate variants
to acquire genetic information using Annotate Variation (ANNOVAR) software.
ANNOVAR program facilitates fast and easy update to date information to functionally
annotate genetic variant in a form of SNVs and INDELs. It identifies variants functional
consequence throughout the available biological databases. Hence, it eliminates the
genetic variants that are unlikely to be disease causing and identifies the putative genes
implicated in disease throughout gene-based, region-based, and filter-based annotations

analysis using the command-line tool (698).

Gene-based annotation analysis examines variants functional consequence on genes base
on the information from Reference Sequence (RefSeq) genes (699); University of
California, Santa Cruz (UCSC) genes (700); the European Bioinformatics (ENSEMBL)
genes (701); genome research of the Encyclopedia of DNA Elements (GENCODE) genes
(702); or the molecular annotations of the transcripts (AceView) genes (703). It identifies
whether SNP, CNV, or INDEL cause protein coding changes and detects the possibly

affected amino acids (698).
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Region-based annotation analysis of ANNOVAR infers cytogenetic bands that are
containing the identified variants and identifies variants in specific genomic regions,
including conserved regions among 44 species, predicted transcription factor binding
sites, segmental duplication regions, GWAS hits, database of genomic variants, DNAse I
hypersensitivity sites, the Encyclopedia of DNA Elements (ENCODE)
H3K4Mel/H3K4Me3/H3K27Ac/CTCF sites, and ChIP-Seq peaks, RNA-Seq peaks

(698).

Also, ANNOVAR filter-based annotation analysis finds whether the identified variants
are documented in specific databases, such as single nucleotide polymorphism database
(dbSNP) (704), and it identifies variants’ MAF in the general population based on the
1000 genomes project (592), exome aggregation consortium (ExAC) (705), and genome
aggregation database (gnomAD) (706). Also, it reports the functional importance scores
of identified variants based on the pathogenicity prediction bioinformatics tools including
the Sorting Intolerant From Tolerant (SIFT) algorithm (707), Polymorphism Phenotyping

v2 (PolyPhen-2) method (708), Likelihood Ratio Test (LRT) (709), MutationTaster

application score (710), MutationAssessor score (711), the Functional Analysis through
Hidden Markov Models (FATHMM) (712), Protein Variation Effect Analyzer
(PROVEAN), phylogenetic within PHAST (PhyloP) conservation score (713,714), the
Genomic Evolutionary Rate Profiling (GERP++) (715), and the Combined Annotation-

Dependent Depletion (CADD) methods (716,717).
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Recently, CADD score became a widely recommended and used measure that uses a
machine learning model to effectively prioritize the deleteriousness of genetic variants in
form of SNVs and INDELSs in the genetic analyses (717). CADD score is based on
diverse genomic features derived from surrounding sequence context including introns or
UTRs (717,718), evolutionary score from SIFT (707) and GERP++ (715), and functional
predictions information on variants in both coding from PolyPhen-2 (708) and non-
coding epigenetic measurements from ENCODE (719) and Roadmap Epigenomics

Mapping Consortium (720).

ANNOVAR analysis begins with converting the list of genetic variations included in the
VCF files into the ANNOVAR input (*.avinput) file format using (convert2annovar.pl)
Perl program from the ANNOVAR package; then, conducting ANNOVAR annotation by
using the (table_annovar.pl) Perl program from the ANNOVAR package to annotate the
genetic variants; and performing the QC filtering using inhouse developed Perl programs
pipeline. The QC analysis was performed to: a) retain the genetic variants with > 20X
overall and with > 5X alternative allele depth of coverage; b) include the SNVs and
INDELSs with MAF > 0.01 and < 0.1 in the general population based on the 1000
genomes project (592), ExAC (705), and gnomAD databases (706); c) retain intronic,
splicing, and exonic variants. For the exonic variants, missense and nonsense changes that
are frameshift insertions/deletions, non-frameshift insertions/deletions, stop gain,
stop_loss, or nonsynonymous SNV were retained; d) retain possibly deleterious variants

based on at least four pathogenicity prediction bioinformatics tools (721) including SIFT
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score > 0.95 (707), PolyPhen-2 score > 0.5 (708), LRT score 0-1 (709), MutationTaster

score > 0.5 (710), MutationAssessor score > 0.65 (711), FATHMM score > 0.45 (712),
PROVEAN score <-2.5 ,PhyloP score > 1.6 (713,714), and GERP++ score > 4.4 (715),
in addition to CADD score > 15 (716,717); and e) include variants identified in at least

80% of the OA patients to be considered in further analyses.

6.4.4 Case-only digenic interaction analysis:

Digenic interaction is the simplest genetic model with alleles at two different loci being
necessary and sufficient to determine disease status (722). This approach used the gene as
the unit of analysis and tests all pairs of genes to detect pairwise (gene*gene) interactions

underlying a disease (723-725).

Additional to variant annotation analysis, a genome-wide case-only analysis was
performed in this project to investigate two-locus genome-wide digenic interaction in the
WES data of 200 OA patients using the case-only digenic interaction in the WES data
pipeline developed by Kerner et al (2020) (726). This approach uses a classic variant
aggregation approach to combine multiple rare variants within a gene as the unit of
analysis to address the lack of power inherent to studies of rare variants Then, it assumes
that aggregated rare variants at a first locus (first gene) interact with a common variant at
a second locus (second gene) to detect gene-pair interactions underlying diseases, and the
cohort allelic sums test (CAST) approach was used to perform burden tests, allowing for

further improved statistical power (726).
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To conduct the case-only digenic interaction test, the master clean BAM files that were
produced by the GATK Best Practices pipeline were used in the FreeBayes software
(1.3.6) from the Broad Institute (727) with base quality > 10 and mapping quality > 10 cut

off threshold to call for all possible genotypes in the WES data and create the VCF files.

FreeBayes is a haplotype-based Bayesian genetic variant calling software that uses short-
read alignments BAM files with Phred+33 encoded quality scores for any number of
individuals from a population and a reference genome FASTA file to determine the most-
likely combination of SNVs, and INDELSs genotypes for the population at each position in
the FASTA reference genome. Then, it reports positions which are putatively

polymorphic in VCF format (727).

Following the creation of VCF files by the FreeBayes software, the OA WES data in the
form of VCF files was annotated with the GRCh37.75 reference genome dataset using the

SnpEff tool and the GnomAD dataset with the SnpSift program (728).

Subsequently, the QC filtering was performed using the SnpEff software to: a) retain
variants that have depth of coverage (DP) > §; b) genotype quality (GQ) > 20; ¢) minor
read ratio (MRR) < 0.2; and d) call-rate > 95%. Also, only diallelic variants from
autosomal regions to be missense or loss of function (LOF), including frameshift,
stop_gained, stop_lost, start lost, splice donor, and splice acceptor with the gnomAD

bioinformatics “PASS” filter status were kept for further analysis (706). Moreover, rare
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variants, those with a MAF < 0.05 in the 1000 genomes project database were included in
further analysis as suggested by the case-only digenic test pipeline developer. Finally, the
analysis followed a dominant mode of inheritance for each gene, and OA patients
carrying at least one copy of at least one allele within a gene were considered carriers of

the gene variation (726).

Also, to control for the type I error inflation in this case-only test, the pairs of variants and
genes separated 6 < 2 Mb were excluded after the LD analysis, and three principal
components were identified by PLINK(V2.0) and used to adjust for population
stratification and to increase the study power based on the pipeline developer
recommendations (586). Therefore, this case-only test yielded reasonable type I error
rates like those for the analogous case-control approach by limiting the analysis to pairs

of genes with 6 > 2 Mb to avoid the LD and adjustment for population stratification (726).

Furthermore, the SnpSift tool (728) was used to create a VCF file for rare variants with
MAF < 0.0001 for the first locus, and a VCF file for common variants having MAF >
0.01 for the second locus based on the GnomAD allele frequency in the general
population (706). For the first locus, only genes with at least 0.05 rare variant carriers

were retained, to ensure sufficient study power (726). While for the second locus, sliding

windows of 100 kb were used to identify variants in strong LD (r2 > (0.6) and remove

them from the analysis (726).
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Finally, all the information was provided in the 2*2 contingency table for OA patients,
Table 6.1. Also, the digenic analysis using generalized linear regression (glm) was
performed to test for gene*gene interaction for every pairwise combination of 17,803

genes using the SeqArray and gdsfmt packages in R (4.1.2) (729,730).

Table 6.1: The 2*2 contingency table used for the interaction analysis between the
aggregated rare variants in each gene and each variant from other genes under the
assumption of dominant inheritance using the generalized linear regression (glm) in R
(4.1.2).

Gene 2
Gene 1 Carriers Non-carriers
Carriers Gene 1 and 2 Gene 1 but not 2
Non-carriers Not gene | but 2 Neither gene 1 and 2

6.5 Results:

144 knee and 56 hip OA patients from the NFOAS (mean age 62.83077.61 years, mean
BMI 34.24(77.16 kg/m?, and 51.5% of them were females) were included in this study. A
total of 526,459 raw genetic variants were identified in the cohort after the variant
annotation analysis using ANNOVAR software. We found 401,815 variants including

196,62 1lintronic; 150,416 exonic; 14,618 intergenic; 12,433 UTR3’; 9,278 UTRS’; 9,115
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ncRNA intronic; 3,857 ncRNA_exonic; 2,909 upstream; 1,426 downstream; 865
splicing; 154 upstream/downstream; 51 exonic/splicing; 38 ncRNA_splicing; 29
UTRS5’/UTR3’; and 5 ncRNA_exonic/splicing variants that passed the QC filtering and

were used in the further variant prioritizing analysis.

Out of these variants, 55 were identified in > 80% of the OA patients with a MAF of ~
0.4 for both knee and hip OA (Table 6.2), and the MAFs of these variants in all public
available databases including the 1000 genomes project (592), ExAC (705), and

gnomAD databases (706) were < 0.097.
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Table 6.2: List of the 55 variants that were found in at least 80% of the OA patients from the NFOAS with MAF > 0.4 for both

knee and hip OA.
Chr | Position Variant ID Ref _allele Alt_allele }]z:;ici?otn lI?zgziicoZariant Gene OA MAF I?/Ilgl;al :)T:‘lendcitci?il(:?ll tools SCc‘:zD
1 12907400 rs149302457 C T exonic nonsynonymous SNV | HNRNPCLI; 3; and 4 0.49 0.05 4 23.8
1 16901757 53872317 C A intronic NBPF1 0.49 0.05
1 117142613 rs76151115 G A exonic nonsynonymous SNV | IGSF3 0.47 0.04 5 15.93
1 117142641 rs76417519 C T exonic nonsynonymous SNV | IGSF3 0.48 0.03 8 26.4
1 143767628 rs6604514 C T exonic nonsynonymous SNV | PPIAL4G; PPIAL4H 0.40 0.06
1 143767878 | rs7513869 C T UTRS PPIALAG; PPIAL4H 0.46 0.00
1 145295539 rs3872115 A G ncRNA intronic NBPF25P 0.48 0.00
1 146250905 | rs587717447 | G C intronic NBPF10; 19; and 20 0.43 0.06
2 96517824 1576217973 C T intronic ANKRD36C 0.45 0.01
2 132905664 | 1201427646 | G T UTR3 ANKRD30BL 0.44 0.08
2 132905682 | rs199535616 | T C UTR3 ANKRD30BL 0.49 0.04
2 132905693 | rs150889759 | T C UTR3 ANKRD30BL 0.49 0.09
3 75786252 rs140641854 C A exonic nonsynonymous SNV | ZNF717 0.46 0.00 6 23.5
7 142247530 | rs764426432 GC - exonic frameshift deletion TRBV73 0.45 0.01
7 142247535 rs751581456 - AA exonic frameshift deletion TRBV73 0.47 0.01
7 142247540 | rs748246110 | G A exonic TRBV73 0.47 0.01
7 142247546 | 1575564328 | C A exonic TRBV73 0.47 0.01
7 142247567 | 1s372792593 A G UTRS TRBV73 0.48 0.04
7 142247605 | rs370122363 G A intronic MIR11400; MTRNR2L6 | 0.47 0.06
7 142458873 | rs373388800 | A C intronic PRSS1 0.50 0.07
7 142458881 | rs376074412 | A T intronic PRSS1 0.50 0.02
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7 142458884 | 1370405149 | C G intronic PRSS1 0.50 0.03

7 142458886 | rs373808731 T A intronic PRSS1 0.50 0.02

7 142458887 | 1s368632869 | T C intronic PRSS1 0.50 0.02

7 142458898 | rs371109898 A T intronic PRSS1 0.50 0.01

7 142458906 | rs374242167 T G intronic PRSS1 0.50 0.01

7 142458967 | 1367567937 A T intronic PRSS1 0.50 0.05

7 142458972 | rs371766102 T C intronic PRSS1 0.50 0.05

7 142458987 | 1375094420 | C G intronic PRSS1 0.50 0.02

7 142460238 | rs749152254 | G A intronic PRSS1 0.48 0.02

7 142460251 1374503586 | AC - intronic PRSS1 0.49 0.02

7 142460255 | 1s376880201 C - intronic PRSS1 0.49 0.02

7 142460690 | rs370873919 - TCTT intronic PRSS1 0.47 0.02

7 142460744 rs150930992 G C exonic nonsynonymous SNV | PRSS1 0.47 0.09 22.5
7 142499836 | 1s782572802 T C ncRNA_exonic TCRVB 0.45 0.02

7 142499854 rs782379154 T C ncRNA_exonic TCRVB 0.45 0.04

7 142499862 | 1782010780 | C T ncRNA_exonic TCRVB 0.45 0.03

9 33385690 rs139024279 C A exonic nonsynonymous SNV | AQP7 0.48 0.05 25.4
9 33385698 rs145516206 T C exonic nonsynonymous SNV | AQP7 0.46 0.05 24.1
9 33794798 15773515866 GA - exonic frameshift deletion PRSS3 0.46 0.04

9 33794907 15761203400 | TGAAACA | - intronic PRSS3 0.41 0.07

9 33794916 15754499022 TCC - intronic PRSS3 0.42 0.06

10 126678063 | 15767562982 G A UTR3 CTBP2 0.47 0.02

11 1017035 1s754561621 - AT exonic frameshift insertion MUC6 0.42 0.10

11 64083320 rs201072913 T exonic nonsynonymous SNV | ESRRA 0.44 0.03 25
11 64083328 rs79204587 C exonic nonsynonymous SNV | ESRRA 0.44 0.05 26.6
11 64083331 rs80310817 C exonic nonsynonymous SNV | ESRRA 0.44 0.05 25.2

237




16 70010517 rs372253115 TGT - ncRNA_exonic PDXDC2P-NPIPB14P 0.50 0.05
16 70977695 1512149139 T C intronic HYDIN 0.44 0.02
16 70998808 18056408 G A intronic HYDIN 0.50 0.02
16 74425703 rs200974911 G A exonic nonsynonymous SNV | NPIPB15 0.42 0.04 20.9
17 45234430 rs78072949 A G exonic nonsynonymous SNV | CDC27 0.48 0.01 20.8
19 8999386 1577049866 A G intronic MUC16 0.41 0.06
19 8999449 rs76798407 G T exonic nonsynonymous SNV | MUC16 0.45 0.05 16.3
20 29623147 1s777364323 C T ncRNA exonic FRG1BP; FRG1DP 0.41 0.05

Ref allele: Reference allele; Alt allele: Alternative allele; OA MAF: Minor allele frequency in the OA patients; Global MAF:
Minor allele frequency in the global population; CADD: The Combined Annotation-Dependent Depletion methods.
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Ten exonic nonsynonymous SNVs were found to be deleterious based on at least four
pathogenicity prediction bioinformatics tools and CADD score > 15, Table 6.3. These
variants included rs149302457 (c.C743T, p.A248V) in exonl of the Heterogeneous
Nuclear Ribonucleoprotein C Like 1 (HNRNPCLI) gene on chrl that was found in 196
(98%) of the OA patients with MAF = 0.49, while its MAF in the general population was
0.05. This variant was predicted to be damaging based on four functional prediction tools
and CADD score = 23.8. This analysis also identified rs76151115 (¢.G2039A:p.R680Q)
in exon8 and rs76417519 (c.C1951T:p.R651W) in exon7 of the Immunoglobulin
Superfamily Member 3 (IGSF3) gene on chrl. Interestingly, these two variants are 28 bps
apart. Variant rs76151115 was detected in 191 (95.5%) of the OA cohort with MAF =
0.47 in OA patients and MAF = 0.04 in the general population, This SNV was predicted
to be deleterious based on five pathogenicity prediction bioinformatics tools and CADD
score = 15.93, while the missense mutation (rs76417519) was found in 192 (96%) of the
OA samples with MAF = 0.48 in OA patients and global MAF = 0.03. Based on the
score from six functional prediction tools and CADD score = 26.4, rs76417519 was
predicted to be damaging variant. Moreover, we identified rs140641854 (c.C2522A,
p.P841H) in exon5 of the Zinc Finger Protein 717 (ZNF717) gene on chr3, this SNV was
detected in 183 (91.5%) of the OA patients with MAF of 0.46 in the OA cohort and MAF
= 0.003 in the general population. It was predicted to be damaging based on four
pathogenicity prediction bioinformatics tools and CADD score = 23.5. Also,
rs150930992 (c.G617C, p.C206S) in exon5 of the Serine Protease 1 (PRSSI) gene on
chr7 was found in 189 (94.5%) of the OA patients with MAF = 0.47 in the OA samples

and global MAF = 0.086. The SNV rs150930992 was predicted to be damaging based on
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seven functional prediction tools and CADD score = 22.5. Moreover, variants
1s139024279 (c.C529A, p.R177S) and rs145516206 (c.T521C, p.L174P) in exon6 of the
Aquaporin 7 (AQP7) gene on chr9 were identified to associate with OA. SNV
rs139024279 was found in 190 (95%) of the OA patients with MAF = 0.48 in the OA
samples and approximately 0.05 globally, while rs145516206 was identified in 183
(91.5%) of the OA patients with MAF = 0.46 in the OA cohort and 0.048 in the general
population. The identified variants in the AQP7 gene were predicted to be damaging
based on nine pathogenicity prediction bioinformatics tools and CADD score > 24.1.
Additionally, rs201072913 (c.T1154C, p.L385P), rs79204587 (c.C1162T, p.L388F), and
rs80310817 (c.C1165T, p.R389C) in exon7 of the Estrogen Related Receptor Alpha
(ESRRA) gene on chrl1 were found in 176 (88%) of the OA patients with MAF of 0.44
in the OA samples and < 0.05 in the global population. These three variants were
assumed to be deleterious based on nine functional prediction tools and CADD score >
25. This analysis also detected two frameshift deletions and two frameshift insertions to
be associated with OA, Table 6.3. These variants included the deletion rs764426432 (c.
35 36del, p.C12Sfs*17) and the insertion rs751581456 (¢.30 _31insTT, p.L11Ffs*29) in
exonl of the T Cell Receptor Beta Variable 7-3 (TRBV73) gene on chr7. The deletion
rs764426432 was identified in 187 (93.5%) of OA samples with MAF = 0.45 in OA
patients, while its MAF in the general population was 0.012, while the insertion
rs751581456 was detected in 189 (94.5%, MAF = 0.47) of OA samples and global MAF
= 0.01. Furthermore, the deletion rs773515866 (c.9 10del, p.ESDfs*28) in exon2 of the
of the Serine Protease 3 (PRSS3) gene on chr9 was detected in 194 (97%) of the OA

patients with MAF=0.46 in OA cohort, but MAF = 0.04 in the general population.
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Table 6.3: List of the variants that were prioritized in our WES analysis to be associated with OA.

Chr | Position Variant D | Ref allele | Alt allele ;’z;‘;‘:;n Eﬁgg‘; I‘I’ariam Gene OA MAF | Global MAF i?%%%ﬁ SCC‘EED
1 12907400 rs149302457 | C T exonic nonsynonymous SNV HNRNPCLI1;3;and4 | 0.49 0.05 4 23.8
1 117142613 | rs76151115 | G A exonic nonsynonymous SNV IGSF3 0.47 0.04 5 15.93
1 117142641 | rs76417519 | C T exonic nonsynonymous SNV IGSF3 0.48 0.03 6 26.4
3 75786252 rs140641854 | C A exonic nonsynonymous SNV ZNF717 0.46 0.00 4 23.5
7 142247530 | 15764426432 | GC - exonic frameshift deletion TRBV73 0.45 0.01

7 142247535 | rs751581456 | - AA exonic frameshift insertion TRBV73 0.47 0.01

7 142460744 | rs150930992 | G C exonic nonsynonymous SNV PRSS1 0.47 0.09 7 22.5
9 33385690 rs139024279 | C A exonic nonsynonymous SNV AQP7 0.48 0.05 9 25.4
9 33385698 rs145516206 | T C exonic nonsynonymous SNV AQP7 0.46 0.05 9 24.1
9 33794798 rs773515866 | GA - exonic frameshift deletion PRSS3 0.46 0.04

11 1017035 1s754561621 | - AT exonic frameshift insertion MUC6 0.42 0.10

11 64083320 rs201072913 | T exonic nonsynonymous SNV ESRRA 0.44 0.03 9 25

11 64083328 rs79204587 | C exonic nonsynonymous SNV ESRRA 0.44 0.05 9 26.6
11 64083331 rs80310817 | C exonic nonsynonymous SNV ESRRA 0.44 0.05 9 25.2
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Finally, our analysis identified the insertion rs754561621 (c.5765 5766insAT,
p.-S1923Ffs*63) in exon31 of the Mucin 6 (MUC6) gene on chrl1 that was found in 169
(84.5%) of OA samples with MAF = 0.42 in OA patients, while its global MAF was

0.097.

In the genome-wide case-only digenic interaction analysis, 369,853,788 tests were
conducted on the WES data of 200 OA patients to investigate gene*gene interaction
between 17,803 genes that included 38,731 variants (on average, 2 rare variants per gene)
following the QC filtering. As a result, one exonic nonsynonymous SNV (rs56158521,

c.G208A, p.D70N) in the HLA Class Il Histocompatibility Antigen, DR-1 Beta Chain

(HLA-DRBI) gene on chr6 was detected to be significantly (P < 7.70* 1072 ) interacting

with aggregated rare variants in each of five genes, Table 6.4. The most significant

gene*gene interaction (P=9.45%* 10_6, OR=13.75) was of rs56158521 SNV (MAF=0.139
in the European population) with aggregated rare variants in each of the Cadherin 19
(CDH19), the Suppressor of Glucose, Autophagy Associated 1 (SOGAI), and the MORC
Family CW-Type Zinc Finger 4 (MORC4) genes. This analysis revealed strong
enrichment of rare heterozygous variants in the CDH19, SOGA 1, and MORC4 genes
among 27 out of the 200 OA patients (13.5%), twelve of these 27 OA patients were also
carriers of the rs56158521, Figure 6.6. As well as, rs56158521was significantly

interacting with the aggregated rare heterozygous variants in the Transmembrane O-

Mannosyltransferase Targeting Cadherins 4 (TMTC4, P=4.30* 1072 , OR=8.56) gene.

We found that 28 of the 200 OA study participants (14%) having strong enrichment

242



Table 6.4: The digenic interaction results listing the significant interaction between the aggregated rare variants in each of the
CDH19, SOGA1, MORC4, TMTC4, and ANK3 genes separately with the rs56158521 common missense variant in the HLA-

DRBI gene.
Chr Position Variant ID | OA Global | BP change | AA change | Gene | Gepe 2 OR P-value
MAF | MAF variants
6 32552048 | rs56158521 | 0.12 | 0.14 c.208G>A | p.Asp70Asn | HLA-DRBI | CDH19 | 13.75 | 9.45*10¢
6 32552048 | rs56158521 | 0.12 | 0.14 c.208G>A | p.Asp70Asn | HLA-DRBI | SOGA1 | 13.75 | 9.45*10¢
6 32552048 | rs56158521 | 0.12 | 0.14 c.208G>A | p.Asp70Asn | HLA-DRBI | MORC4 | 13.75 | 9.45*10¢
6 32552048 | rs56158521 | 0.12 | 0.14 c.208G>A | p.Asp70Asn | HLA-DRBI | TMTC4 | 8.56 | 4.30*107
6 32552048 | rs56158521 | 0.12 | 0.14 c.208G>A | p.Asp70Asn | HLA-DRB1 | ANK3 17.23 | 7.70*%10°°

Chr: chromosome number, OA MAF: minor allele frequency in the OA patients, Global MAF: minor allele frequency in the
general population based on the data from the GnomAD database, BP change: change of the DNA base, AA change: change of
the amino acid, Gene 1: the first gene containing the common variant, Gene 2 variants: aggregated rare variants in the second
gene, OR: Odd Ratio.
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of the rare heterozygous variants in the TMTC4 gene, twelve of them also carried the

rs56158521, Figure 6.6. Finally, rs56158521was found to significantly interacting

(P=7.70*10_5, OR=17.23) with the aggregated rare heterozygous variants in the Ankyrin
3 (ANK3) gene. Strong enrichment of the rare heterozygous variants in the ANK3 gene
were identified in 77 out of 200 OA patients (38.5%), and 27 of them were carriers of the

rs56158521 common SNV in the HLA-DRBI gene, Figure 6.6.
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Figure 6.6: Bar chart illustrates the number of OA samples carrying the (rs56158521,
c.G208A, p.D70N) variant in the HLA-DRB1gene on chr6 and its interaction with the
aggregated variants in each of the CDH19, SOGA1, MORC4, TMTC4, and ANK3 genes.
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6.6 Discussion:

To our knowledge, this study was the first study that used WES data for variant
annotation analysis and the first ever study that investigated the genome-wide case-only
digenic (gene*gene) interaction in OA. Interestingly, all of the identified genetic
variations in our study are novel and have not been reported previously to be linked with

OA development and progression.

Our variant annotation analysis using ANNOVAR software identified ten deleterious
missense mutations to be associated with OA based on the pathogenicity prediction
bioinformatics tools. SNV (rs149302457) in exonl of the HNRNPCLI gene was detected
in 98% of the OA patients with MAF = 0.49. HNRNPCL1 gene is located on 1p36.21 and
codes for a protein that may play a role in nucleosome assembly by neutralizing basic
proteins (731). This protein also has a glycine rich arginine-glycine-glycine region called
the (RGG) box which enables protein and RNA binding. It was estimated to affect many
critical genes that are responsible for controlling metabolic pathways at the
transcriptional, post-transcriptional, translation, and post-translation levels (731).
Multiple studies reported the involvement of the HNRNPCLI gene up regulation in
different cancer types and their lower prognosis (732—734). However, HNRNPCLI gene
was not reported previously to play a role in musculoskeletal conditions, our findings
suggested the implication of the HNRNPCLI gene in the OA development and

progression through the regulation of the genes in the metabolic pathways.
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Two missense damaging variants in the /GSF3 gene including rs76151115 and
rs76417519 were also identified in this study. These variants were found in > 95.5%
(MAF > 0.47) of OA patients, but they were rare (MAF < 0.04) in the global population.
The /GSF3 gene that is located on 1p13.1 is a member of the immunoglobulin (Ig)
superfamily. The protein encoded by this gene is an immunoglobulin-like membrane
protein containing several V-type Ig-like domains with a molecular background in
immune synapse. IGSF3 belongs to a novel Ig subfamily containing a Glu-Trp- Ile (EWI)
motif not seen in other Ig proteins. This Ig subfamily play a role in the T-cell activation
and IL-17 production regulation in inflammatory bowel, rheumatoid diseases, and
autoimmune disorders (735). Also, the IGSF3 has been known to regulate neuronal
morphogenesis that might function through interactions with multiple partners including
the tetraspanin TSPAN7 (736). We hypothesized that these damaging variants in the
IGSF3 gene are possibly implicated in the OA inflammatory pathway and pain

mechanisms.

Moreover, rs140641854 (c.C2522A, p.P841H) in exon5 of the ZNF717 gene on chr3 was
common (91.5%) in the OA patients with MAF = 0.46, while it has MAF = 0.003 in the
general population. The ZNF717 gene encodes a Kruppel-associated box (KRAB) zinc-
finger protein, which belongs to a large group of transcriptional regulators in mammals.
These proteins bind nucleic acids and play important roles in various cellular functions,
including cell proliferation, and differentiation (737). Recent studies identified a role of
the ZNF717 gene in osteogenic differentiation of mesenchymal stem cells (738). Also,

mutations in the ZNF717 gene were identified in patients with growth retardation and
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intellectual disability (739). A study performed by Alkhateeb et al. (2021) identified
mutations in the ZNF717 gene to be implicated in the multiple sclerosis that is a chronic
inflammatory autoimmune disease leading to neurodegenerative processes that cause
neuron demyelination (740). Another study by Lamot et al. (2017) identified six
pathogenic variants in the ZNF717 gene that are implicated in the clavicular cortical
hyperostosis rare inflammatory bone disorder (741). These studies suggested a possible
critical role of the ZNF717 gene in the inflammatory pathway and bone deformity. Thus,
our findings suggested that the ZNF717 gene abnormalities may lead to stimulate the

pro-inflammatory and bone growth defect in OA patients.

Also, we identified the rs150930992 in exon5 of the PRSS! gene in 994.5% of the OA
patients with MAF = 0.47 in the OA cohort and global MAF = 0.086. Interestingly, our
results also identified the deletion rs773515866 (c.9_10del, p.E5SDfs*28) in exon2 of the
of the PRSS3 gene that was detected in 194 (97%) of the OA patients with MAF=0.46 in
OA cohort, but MAF = 0.04 in the general population. The PRSS! gene is localized to
the T cell receptor beta locus on chr7, while the PRSS3 gene was translocated from chr7
and localized to the locus of the T cell receptor beta variable orphans on chr9 (742). The
PRSSI and PRSS3 genes encode trypsinogens, which are members of the trypsin family
of serine proteases (743). The PRSS1 enzyme is secreted by the pancreas and cleaved to
its active form in the small intestine. While the PRSS3 enzyme is expressed in the brain
and pancreas and is resistant to common trypsin inhibitors. Both serine proteases are
active on peptide linkages involving the carboxyl group of lysine or arginine. The PRSS/

gene was reported to act in the metabolism of water-soluble vitamins and cofactors and
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extracellular matrix organization pathways. Mutations in this gene are associated with
hereditary pancreatitis (743). Moreover, a CNV study identified a heterozygous fusion of
exons 1 and 2 from the protease serine 2 (PRSS2) gene with exons 3-5 from the PRSS!
gene that causes gout in a family from the French Caucasian ancestry (744). Also, the
PRSS1 gene has been found to play a role in the human chronic pain conditions
(745,746). Moreover, a study performed by Bandesh ef al. (2020) reported that mutations
in the PRSS3 gene were significantly associated (p = 5.7*107%) with type 2 diabetes
(747). Another study detected the PRSS3 gene to be implicated in autoimmune and
mental disorders in the Danish population (748). Also, the expression of the PRSS3 gene
was reported to be 2.84 fold in RA patients compared to controls (749). Our results
suggested that the PRSS1 and PRSS3 genes may be involved in OA pathogenesis through
metabolic disorders and immunoinflammatory reactions, as well as implicated in the OA

pain mechanisms.

The AQP7 gene forms a channel that mediates water and glycerol transport across cell
membranes at neutral pH (80). The channel is also permeable to urea (752). This gene
plays an important role in body energy homeostasis under conditions that promote lipid
catabolism, giving rise to glycerol and free fatty acids (750). The AQP7 gene also
mediates glycerol export from adipocytes. After release into the blood stream, glycerol is
used for gluconeogenesis in the liver to maintain normal blood glucose levels and
prevent fasting hypoglycemia (753,754). This gene was found previously to play a role in
the hydrarthrosis, which is characterized by effusion of watery liquid into the cavity of a

joint, and inflammatory synovitis (755). Studies in animal models investigated obesity-
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induced inflammation in the pancreas using the AQP7-silenced rat B-cells stimulated by
TNF-a and lipopolysaccharide (LPS). The AQP7 gene as a main aquaglyceroporin in
endocrine pancreas that is involved in insulin exocytosis was impaired by TNF-a along
with an extreme reduction in insulin secretion, while it was upregulated by the LPS
(756,755). These finding estimated the involvement of the AQP7 gene in the immune
cells’ physiology and inflammation activation (756). Also, a study performed by
Nagahara et al. (2010) in Japan revealed that the AQP7 gene was expressed in the
synovial tissues of 29 (91%) OA patients and nine (75%) RA patients of study subjects
(754) suggesting the involvement of the AQP7 gene in the inflammatory pathway
activation and development of OA and RA (754). Moreover, Zhang et al. (2020)
identified the AQP7 gene among 118 up-regulated genes in the knee lateral tibial and
medial tibial subchondral bone samples in OA patients from China (757). This study
reported a role of the AQP7 gene in the chemical homeostasis, intrinsic and integral
component of plasma membrane, regulation of lipolysis in adipocytes, and the
peroxisome proliferator-activated receptors signaling pathways (84). Interestingly, our
variant annotation analysis findings came in agreement with these studies and detected
rs139024279 and rs145516206 that are eight bps apart in exon6 of the AQP7 gene on
chr9 with high frequency (= 91.5%, MAF > 0.46) in study participants and global MAF <
0.05. These findings may explain the implication of the AQP7 gene in the cartilage and
synovial fluid homeostasis, extracellular degradation, and inflammatory pathway

activation in the OA patients from NFOAS.

249



Moreover, the ESRRA gene encodes a nuclear receptor that is most closely related to the
estrogen receptor (758). This protein binds to an estrogen-related receptor-alpha response
element containing a single consensus half-site, 5'-“TNAAGGTCA-3'. Thus, it acts as a
site-specific transcription factor and interacts with members of the peroxisome
proliferator-activated receptor y coactivator 1 alpha (PGC-1A) family of transcription
cofactors and form the ERRalpha/PGC1A complex that regulates the expression of
majority of cellular energy production genes in energy metabolism, as well as it acts in
the process of mitochondrial biogenesis (759). It also induces the expression of the
PERM]1 gene in the skeletal muscles (760). An animal study performed in 2021 identified
systematic reduction of the mitochondrial functional genes including the ESRRA gene to
be associated closely with skeletal muscle aging in mice. This analysis suggested that the
ESRRA gene may play significant roles in the progression of skeletal muscle aging and
serves as potential biomarker for future diagnosis and treatment (761). Another study
reported that the ESRRA gene mutations inhibit the gene transcriptional activities and
subsequently increase the risk of eating disorders (EDs) development including anorexia
nervosa and bulimia nervosa (762). Also, a study performed by Tang et al. (2021)
suggested an inflammatory cytokines, and growth factor’s regulatory role of the ESRRA
gene and thus exert significant effects on the occurrence and development of OA (763).
Remarkably, our variant annotation analysis detected rs201072913 (c.T1154C, p.L385P),
r$79204587 (c.C1162T, p.L388F), and rs80310817 (c.C1165T, p.R389C) in exon7 of the
ESRRA gene on chrll in 176 (88%) of the OA patients with MAF of 0.44 in the OA
samples and < 0.05 in the general population. Thus, we hypothesized that the identified

variants in the ESRRA gene may play a critical role in the metabolic disorders, skeletal
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muscles weakness, and pro-inflammatory pathway activation that are associated with

development and progression of OA.

Also, this analysis detected two frameshift deletions and two frameshift insertions to be
associated with OA. These frameshift variants included rs764426432 (c.35_36del,
p.C12Sfs*17) and rs751581456 (c.30 31insTT, p.L11F{s*29) in exonl of the TRBV73
gene on chr7. The deletion rs764426432 was identified in 187 (93.5%) of OA samples
with MAF = 0.45 in OA patients, while its MAF in the general population was 0.012,
insertion rs751581456 was detected in 189 (94.5%, MAF = 0.47) of OA samples and
global MAF = 0.01. The TRBV'73 is a protein coding gene that is a part of the T cell
receptor complex estimated to be involved in plasma membrane receptor signaling
pathway. Alpha-beta T cell receptors (TRs) are antigen specific receptors which are
essential to the immune response and are present on the cell surface of the T
lymphocytes. Recognize peptide-major histocompatibility (pMH) complexes that are
displayed by antigen presenting cells, a prerequisite for efficient T cell adaptive
immunity against pathogens (764). Thus, three major signaling pathways including the
calcium, the mitogen-activated protein kinase (MAPK), and the nuclear factor NF-kappa-
B (NF-kB) pathways are recruited, leading to the mobilization of transcription factors
that are critical for gene expression and essential for the T cell growth and differentiation
(765). The T cell repertoire is generated in the thymus, by V-(D)-J rearrangement. This
repertoire is then shaped by intrathymic selection events to generate a peripheral T cell
pool of self-MH restricted, non-autoaggressive T cells. Post-thymic interaction of alpha-

beta TR with the pMH complexes shapes TR structural and functional avidity (766).
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Despite the critical role of the TRBV'73 gene in the immune response and gene
transcription, it has not been reported previously to be implicated in autoimmune and
musculoskeletal conditions. Our results suggested that due to consequences of aging in
joints, abnormalities in the immune mechanisms cascade in the carriers of these
identified frameshift variants in exonl of the TRBV'73 gene may lead to the development

and progression of OA.

Furthermore, the MUC6 gene encodes a member of the mucin protein family. The MUC6
gene encodes high-molecular-weight mucin that forms an insoluble mucous barrier of the
protective mucous layer of the gastrointestinal tract (767). It is well known that the trefoil
factor family (TFF) peptides and mucins are co-expressed in mucin-producing epithelia,
especially of the gastrointestinal tract. For instance, the TFF3 interacts with MUCSAC in
the human stomach and with MUC2 in the duodenum, while the TFF2 is co-produced
with MUCS6 in the human stomach and duodenum (768). The TFF1 is also bound to
MUCSAC in human gastric mucosa (769). However, the molecular mechanisms of these
interactions are still not fully understood, there are only a few studies concerning the
expression of mucins in synovial tissue. For example, the TFF peptides were estimated to
modify the viscosity of the synovial fluid in in mucin solutions and have been shown to
support catabolic functions in OA (770). A study performed by Popp et al. (2019)
reported that the TFF2 was significantly upregulated in RA and OA samples. While the
TFF3 protein was significantly downregulated in OA patients in comparison to healthy
individuals, and it was significantly upregulated in the RA compared to the OA patients

(771). Moreover, other studies reported an upregulated MUC3 mucin expression, and the
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expression of MUCSAC in synovial tissues of OA and RA patients compared to healthy
tissues (772). Also, the MUCI was identified in synovial membrane cells and
mononuclear cells in RA synovial tissues, but not in OA, suggesting the implication of
mucins in the RA and OA pathogenesis (773). Remarkably, Our analysis detected the
insertion rs754561621 (c.5765_5766insAT, p.S1923Ffs*63) in exon31 of the MUC6
gene on chrl1 that was found in 169 (84.5%) of OA samples with MAF = 0.42 in OA
patients, while its global MAF was 0.097. This finding suggests the possible involvement
of the MUC6 gene in the pathogenies of the synovial tissues and immunoinflammatory

reactions in OA patients from NFOAS.

I also conducted in this project a genome-wide case-only digenic interaction in the OA
patients using the WES data. Following the case-only digenic analysis pipeline developer
recommendations, I used 200 OA samples in this analysis to optimize the study power
(726). Although, the digenic (gene*gene) interaction of the OA has not been investigated
previously based on the information from the DIgenic diseases Database (DIDA) (774),
our analysis identified the common (MAF=0.14) missense rs56158521 variant in the
HLA-DRBI gene to be significantly interacting (p<7.70*10-) with aggregated rare

variants in each of the CDH19, SOGAI, MORC4, TMTC4, and ANK3 genes.

The HLA-DRBI gene belongs to the human leukocyte antigen (HLA) complex family of
genes called histocompatibility complex class II (MHC class II) that provide instructions
for making proteins on the surface of certain immune system cells (775). These proteins

attach to polypeptides outside the cell that help the immune system to distinguish
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between the body's own proteins and proteins made by foreign invaders, such as viral or
bacterial proteins. If the immune system recognizes the peptides as foreign, it triggers a
response to attack the invading viruses or bacteria (775). Each MHC class II gene has
many possible variations, allowing the immune system to react to a wide range of foreign
invaders. Different variations of the HLA-DRBI gene affect different amino acids in the
beta chain. These changes occur near the antigen-recognizing binding groove, which is
the part of the protein that binds to viral or bacterial peptides (776,777). This binding

triggers the immune response that attacks foreign invaders.

Different transcripts of the HLA-DRBI gene have been associated with the increased
susceptibility of type 1 diabetes (778) and many other autoimmune disorders, including
pemphigus vulgaris (779), sarcoidosis (780), and RA (777). Multiple variations of

the HLA-DRBI gene have been identified to elevate person’s susceptibility to develop
RA, and the variations of this gene are the most significant known genetic risk factor for
the disease (781). Although the mechanism by which the HLA-DRB]I variations increase
the risk of RA is unclear, researchers suspect it to be related to changes in peptide
binding that stimulate an abnormal immune response (782). Moreover, a GWAS
conducted by Nakajima et al. (2010) in Japan identified two SNPs (rs7775228 and
rs10947262) adjacent to the HLA-DRBI gene to be significantly associated with knee OA
(301). Also, Moos et al. (2002) stated that due to up-regulation of the inflammatory
cytokines including TNF-a, IL6, and/or IL-1 in chondrocytes of the OA patients, the
HLA-DRBI gene is up-regulated in immunological response to the low-grade

inflammation of OA (783). Furthermore, a study performed by Kooshkaki ez al. (2020)
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identified a significant association of the HLA-DRBI1*0101 gene variants with knee OA

(784).

In this analysis two aggregated rare variants in the CDH19 gene were identified to
significantly interacting (p=9.45*10) with the common rs56158521 in the HLA-DRBI
gene in 27 (13.5%) of the OA patients. CDH19 is one of three related type II cadherin
genes situated in a cluster on chr18. This gene encodes a protein that is a calcium
dependent cell-cell adhesion glycoprotein containing five extracellular cadherin repeats
(785,786). Cadherins preferentially interact with themselves in a homophilic manner in
connecting cells, and they may thus contribute to the sorting of heterogeneous cell types
(785). The CDH19 gene is also involved in vascular remodeling and plays a central role
in the structural integrity of blood vessels (787). Recent studies have reported the
involvement of classic cadherin in many complex processes including angiogenesis,
morphogenesis, cellular communication, and cellular proliferation (788-790).
Angiogenesis is fundamental to many physiological events including embryogenesis,
growth, wound healing, and female reproductive cycle (791). A study performed by Niu
et al. (2008) identified that the knockdown of CDH12 and CDH19 expression
significantly inhibits monocyte chemotactic protein-1-induced protein (MCPIP) and
suppresses the capillary-like tube formation in human umbilical vascular endothelial cells
(HUVECS) (792). Inflammation and angiogenesis are closely associated in OA. Blood
vessels from the subchondral bone invade the articular cartilage and stimulate the

progression of forming osteophytes and development of OA (793). Angiogenesis also
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associated with synovitis (794), it can impair chondrocyte function and homeostasis of
the articular cartilage (795), in part by redistributing blood vessels away from the
synovial surface and thus contributing towards articular hypoxia (796). Interestingly, Sun
et al. (2014) reported a significant association between angiogenesis and downregulation
of the HLA-DRBI gene in OA patients (797). Furthermore, a recent analysis conducted
by Deng et al. (2022) identified the CDH19 gene among the immune genes that were
upregulated in the epicardial adipose tissue from patients with coronary artery disease

(798).

Moreover, our analysis revealed that two aggregated rare variants in the SOGAI gene
were significantly interacting (p=9.45*10°) with the common rs56158521 in the HLA-
DRBI gene in 27 (13.5%) of the OA patients. The SOGA! gene acts in insulin receptor
signaling pathway; negative regulation of gluconeogenesis; and regulation of autophagy
by playing a role in the reduction of glucose production in an adiponectin- and insulin-
dependent manner (799). Following to nutritional scarcity, autophagy stimulates the
release of glucose from the liver by promoting the hydrolysis of proteins, glycogen, and
triglycerides (800—-802). Due to adiponectin-stimulated activation of the insulin signaling
pathway in hepatocytes, expression of the SOGA! gene increases, and this increase
contributes to the reduction of glucose production by inhibiting autophagy through not
fully understood mechanism (803). Thus, SOGA1 may regulate glucose and glycogen
metabolism by directly cooperating with glycogen synthase and the glycogen synthase-

associated protein glycogenin (803). There is evidence that impaired glucose homeostasis
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promotes release of the TNF-a and activate the Nf-kB, which cause inflammation and
oxidative stress intracellularly and might promote cartilage degradation in the OA

patients, in turn the immune response pathway is activated (804,805).

Additionally, our analysis revealed that two aggregated rare variants in the MORC4 gene
were significantly interacting (p=9.45*10°) with the common rs56158521 in the HLA-
DRBI gene in 27 (13.5%) of the OA patients. The MORC4 gene is a histone methylation
reader binding to non-methylated (H3K4me0), monomethylated (H3K4mel),
dimethylated (H3K4me2) and trimethylated (H3K4me3) 'Lys-4' on histone (806) that is
located on the X-chromosome. This gene belongs to the microrchidia (MORC) family of
CW zinc finger proteins. Compared with the other MORC members, MORC4 protein has
an N-terminal ATPase-like ATP-binding region containing an HATPase-c domain,
followed by a putative nuclear matrix-binding domain and a two-stranded coiled-coil
motif near its C-terminus (807). In addition, MORC4 has 3 putative nuclear localization
signals and 4 potential SUMOylation sites and is able to recruit targeting of C-terminal
binding protein (CtBP) corepressors (807). MORC proteins participate in fundamental
biologic processes ranging from DNA-based activities, such as transcription, replication,
and recombination to ubiquitination and assembly of large protein complexes (806,807).
They are widely expressed in testis formation and male germ cell development. Also,
emerging evidence reveals an important role of the MORC members in cancer
development and bone homeostasis (807). However, the MORC4 gene was not reported
previously to be associate with OA, previous studies reported the involvement of the

MORCH4 gene in inflammatory diseases including Crohn’s disease, ulcerative colitis
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(808), tropical calcific pancreatitis (809), and alcohol or non-alcohol chronic pancreatitis.
Differential expression of the MORC4 gene was found in diffuse large B-cell lymphoma.
The MORC4 gene encodes OX-TES-4 antigen, which could elicit an antibody response
in 50% of diffuse large B-cell lymphomas, suggesting a role for the MORC4 as a

potential lymphoma biomarker (807).

Also, we identified two aggregated rare variants in the 7TMTC4 gene were significantly
interacting (p=4.30*10°) with the common rs56158521 in the HLA-DRBI gene in 28
(14%) of the OA patients. The TMTC4 gene encodes a transmembrane protein that
belongs to a family of proteins containing an N-terminal transmembrane domain and a C-
terminal tetratricopeptide repeat (TPR) domain. TPR domains mediate protein-protein
interactions in various cellular processes, such as synaptic vesicle fusion, protein folding,
protein translocation, and protein glycosylation pathways (810). The TMTC4 protein
contains a potential N-terminal signal sequence, 10 and 12 hydrophobic segments and 11
and eight C-terminal TPR motifs, respectively possess five and three predicted N-linked
glycosylation consensus sites (811). A transcriptome-wide association study identified an
important role of the TMTC4 gene in influencing BMD suggesting involvement of the

TMTC4 gene in the skeletal muscles satellite cell differentiation (812).

Finally, our analysis revealed eight aggregated rare variants in the ANK3 gene to be
significantly interacting (p=7.70*107) with the same common rs56158521 in the HLA-
DRBI gene in 77 (38.5%) of the OA patients. The ANK3 is an immunologically distinct

gene product from ankyrins 1 and 2 that participates in the maintenance and/or targeting
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of ion channels and cell adhesion molecules at the nodes of Ranvier and axonal initial
segments (813). However, the role of ANK3 gene in inflammatory diseases, especially in
arthritis, has not been studied thoroughly, a study performed by Liu et al. (2018) in China
identified dramatical higher regulation of the ANK3 gene in OA compared to the RA
patients and healthy controls (814). Another study conducted by Long et al. (2019)
reported a significantly higher expression of the ANK3 gene in the OA compared to the
RA patients and healthy controls from the Korean population (815). These findings
suggested a role of the ANK3 gene in the pro-inflammatory cytokines and immune

response in the articular cartilage and synovial fluid of the OA patients.

Based on these results, we hypothesized that due to the impaired glucose homeostasis
and age-related muscles weakness, immunoinflammatory reactions and angiogenesis are

possibly stimulated in the pathogenesis of OA.

The main weakness of the functional variant annotation study using ANNOVAR software
was the lack of OA-free controls from the NL population. Thus, we were not able to
compare the MAF of the identified variants in > 80% of the OA patients with their MAF
in controls from the same population, and instead we compared the MAF of the identified
variants in our OA patients with their MAF in the general (Caucasian) population from
the single nucleotide polymorphism database (dbSNP), the 1000 genomes project, exome

aggregation consortium (ExAC), and genome aggregation database (gnomAD).
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It is worth mentioning that rare variant association analyses in complex diseases using
sequencing data have several limitations (816,817). The limitation of these analyses
include how to account for population structure, control for unbalanced case-control
designs, and model different data types in a statistical test to address the challenges of
inflated type I error and increase the statistical power of the rare variants test (816).
However this case-only approach is based on the aggregation of rare variants within a
gene as a unit of analysis to address the lack of power inherent to the studies of rare
variants, reduce the number of tests required relative to testing at allele level, and
potentially decrease the amount of computer time required (726). Moreover, case-only
model has multiple advantages over classic case-control tests by avoiding recruitment of
controls and its potential associated bias. Also, case-only method is more powerful than
the corresponding case-control test for detecting digenic interactions in various
population stratification scenarios when common variants are tested for interaction in the
context of GWAS, and case-only test is a powerful and timely tool for detecting digenic

interaction in WES data from patients (726).

While confirmation is required, the findings of our genome-wide case-only digenic

interaction analysis provided new insights into better understanding of knee and hip OA

pathogenesis and hold promising as druggable targets for developing OA therapies.
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7.2 Abstract

Purpose: TJR is considered by far as the most effective treatment for end-stage OA
patients. Majority of patients achieve symptomatic improvement following the TJR.
However, about 22% either do not improve or deteriorate after the surgery. The aim of
this study was to identify the genetic variants for the poor outcome of the TJR in primary

OA patients by a GWAS analyses.

Methods: Study participants were total knee or hip replacement patients due to primary
OA who were recruited to the NFOAS before 2017. The WOMAC-OA index was used to
assess pain and functional impairment pre- and up until 3.99+1.38 years post-surgery.
Participants with a change score less than 7/20 points for pain were considered as pain
non-responders; and those with less than 22/68 points for function were classified as
function non-responders based on the absolute WOMAC score change. Also, the
WOMAC point score was transformed into 0-100 interval scale. Then, the Outcome

Measures in Arthritis Clinical Trials and the Osteoarthritis Research Society International
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(OMERACT-OARS]I) criteria were implemented, and participants with an improvement
<50% and absolute score change <20 for pain or function were considered as pain or
function non-responders, respectively. Blood DNA samples were genotyped using the
[llumina HumanOmni2.58 and Infinium Global Diversity 8 v1.0 genotyping microarrays.
Then, pre-association QC filtering and population structure analyses were performed for
the study participants based on the genotyping data, genome-wide imputation analysis
was conducted, and the GWAS analysis was performed using the MLR implemented in
the MilorGWAS package in R version 4.1.2 to investigate the association between the
whole-genome genetic variants and non-responders to the TJR pain, function, both (pain

and function) and either (pain or function) in the OA patients from the NFOAS.

Results: 441 primary OA patients with WOMAC data available were included in the
current study. These OA patients included 315 (71.43%) knee and 126 (28.57%) hip OA
patients. There was no significant difference (all p> 0.35) in the estimated prevalence of
the TJR non-responders between the absolute WOMAC change score and the
OMERACT-OARSI classification criteria. Our analysis identified four chromosomal
regions on chr7, 9, 18, and 21 to be significantly associated with non-responders to the
TJR. We found that rs563726736 in the DGKB gene and rs62456377 in the VW2 gene
on chr7; rs2441639 in the PGM5P2 gene, 1149992177 and rs9408586 adjacent to the
FOXDA4L6 gene on chr9; rs4797006 and rs146474469 in the MC5R gene on chrl8; in
addition to rs376101925 that is close to the TEKT4P2 Pseudogene and rs1907506 that is
adjacent to the 7PTE gene on chr21 were significantly associated with the TJR pain non-

responders (all p<2.79*10-%). The GWAS analysis of the 315 knee OA patients revealed
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that only rs4797006 and rs146474469 on chr18 remained significantly associated with the
non-responding to TJR pain (OR= 0.15, p=2.79*10!"), while none of the identified
variants were associated with non-responding to TJR pain in the 126 hip OA patients.
Furthermore, our association analysis identified two loci on chr21 to be significantly
associated with non-responding to TJR function in all 441 OA samples. We found that
rs373135624 in the TEKT4P2 Pseudogene, rs28971219 and rs113445703 that are
adjacent to the 7PTE gene on chr21 were significantly associated with the non-
responding to TJR function (all p<1.87*10"%). Following to the association analysis in the
315 knee OA patients, only rs28971219 on chr21 remained to be significantly associated
with non-responding to TJR function (OR= 0.24, p=1.78*10%). Whereas none of the
identified variants were associated with non-responding to TJR pain in the 126 hip OA

patients.

Conclusion: Our results suggested that genes implicated in the pro-inflammatory
response, prolonged OA pain, and pathogenesis of the Fibroblast-like synoviocytes (FLS)
to be associated with the TJR poor outcome and could be novel targets for developing

strategies to improve the outcome of the TJR.

7.3 Introduction:

Despite the high prevalence and societal burden of OA, there is no cure for it yet. When
non-surgical treatments, such as medication and physiotherapy do not relieve pain and

restore joint function of the OA joint, doctors recommend TJR surgery (367,818). TIR is
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considered by far the most effective therapy and a commonly performed surgical
intervention for the end-stage OA patients (819). More than 55,000 hip and 67,000 knee
replacements were performed in Canada between 2015-2016, and these numbers increase
annually by more than 15% (820,821). Most of the patients achieve symptomatic
improvement in pain reduction, joint function improvement, and better health related
quality of life following the TJR. However, a significant proportion of the patients either
do not achieve improvement or deteriorate after surgery even within groups implanted
with the same prosthesis in the same institution (822,823). Latest studies showed that up
to 23% of THR patients and 34% of TKR patients reported an unfavorable long-term
post-operative pain outcome (824). Therefore, it has been important to identify factors
that are associated with poor outcome of these surgical procedures and develop strategies

to improve post-operative therapies and interventions.

A number of potential non-genetic predictors for the TJR outcome have been
investigated, which include (pre-operative pain and function score, joint replaced, implant
type, anesthesia used, time in surgery, length of hospital stay, and experience of
surgeons), demographics (age, sex, BMI, ethnicity), anthropological factors
(socioeconomic status, marital status, level of education), comorbidities, medical history
(radiographic OA grade, mental health, history of joint injury or surgery), and patient
expectations. However, the results were either inconclusive or had a very limited
predictive power (822,825,826). Also, the clinical risk prediction tool created by Judge at
al. (2012) for the outcome of THR with predictors including pre-operative function, age,

sex, BMI, previous hip injury, and radiographic OA severity can only predict up to 29.9%

265



of the THR improved patients (823). The discriminatory ability of a predictive model for
non-satisfaction following TKR created with predictors including pre-operative pain and
function, current smoking, treatment for anxiety and not having been treated with injected
corticosteroids was very moderate as indicated by the corrected area AUC of 0.65 (equal
or less than 0.5 indicates no discriminatory ability) and has a poor generalizability to
other populations (827). Thus, there is an urgent need to identify novel predictors for the
outcome of the TJR that improve our understanding of the potential mechanisms leading

to a poor outcome in non-responders to the TJR.

Our initial analysis in 830 primary OA patients from the NFOAS showed that ~22% of
patients did not reach the MCID in term of pain reduction or function improvement. Thus,
these patients were classified as non-responders to the TJR operations. A previous study
performed by Costello et al (2020) to investigate the association between the
epidemiological factors and non-responders to the TJR from the NFOAS identified a
significant association between the clinical depression, multisite musculoskeletal pain,
and younger age with pain, function, and/or pain and function non-responders (828). For
female-related variables, the study found age at menopause to be significantly associated
with pain, function, and both (pain and function) non-responders, while it did not detect
association between non-responders and BMI, comorbidities, and type of prosthesis
(828). Therefore, we hypothesized that genetic factors may contribute to the TJR poor

outcome and can be used to predict the outcome in non-responders to the TJR.
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The GWAS remains one of the most suitable methods of identifying key genes and
variants that are associated with many common human diseases (681,829). Thus, we
conducted a GWAS analysis in a well-established NFOAS to identify the genetic variants

for poor outcome of the TJR in primary OA patients.

7.4 Materials and methods:

7.4.1 Study participants:

This study was performed as part of the NFOAS, which was initiated in 2011 and aimed
to identify novel genetic, epigenetic, and biochemical biomarkers for the OA (441). Study
participants were THR or TKR patients due to primary OA who were recruited to the
NFOAS (450) between November 2011 and September 2017 in St Clare’s Mercy
Hospital and Health Science Centre General Hospital in St John’s, NL, Canada (441).
Knee and hip OA diagnosis was made based on the ACR-OA clinical diagnostic criteria
(71). Pathology reports on cartilage and osteophytic irregularities were investigated
following the surgery to confirm the OA diagnose. Ethical approval for the study was
obtained from the Health Research Ethics Authority of NL (reference number 11.311,
Appendix C), and a written consent was received from all study participants, Appendix

D.

7.4.2 Assessment of total joint replacement outcome:
The outcome of the TJR is assessed by the Patient-reported outcomes (PROs), which are

accepted endpoints in the evaluation of patients’ treatment. One of the common PROs is
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the WOMALC score that is a self-reported standard questionnaire used to assess the TJR
pain and function, Appendix A. The study participants completed the WOMAC Likert
version 3.0 to assess their TJIR outcome pre- and up to 3.99+1.38 years post-surgery by
2017 (575). The WOMAC Likert version 3.0 estimated the pain during walking, using
stairs, in bed, sitting or lying, and standing. As well as it evaluated the physical function
during stair use, rising from sitting, standing, bending, walking, getting in/out of a car,
shopping, putting on/taking off socks, rising from bed, lying in bed, getting in/out of bath,
sitting, getting on/off toilet, heavy and light household duties. Score of four points was
given to each of these items. Where pain had 0-20 points, and function had 0-68 points,
with 0 represents no pain or functional difficulties (64). Un-answered WOMAC questions
were imputed with the average responses of that question across all patients. Patients with
more than four missing questions in the pain section and more than eleven missing
questions in the function section were considered missing for analysis on the respective
subsection (828). Then, the MCID of patient-reported WOMAC was used to identify the

smallest amount of patient’s response to the surgery (576).

Classification of OA patients based on their response to the TIR was performed using two
previously reported non-responder classification criteria (16,25-27) to control for
variation in classification methods and allow for comparison of significant genetic
variations under both sets of criteria. The first criteria used the MCID of the absolute
WOMAC change score over the follow-up period. Participants with absolute WOMAC

change score less than 7 of 20 points for pain relief were considered as pain non-
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responders; and those patients with the WOMAC change score less than 22 of 68 points

for function improvement were classified as function non-responders (830).

The second classification method used in our analysis was the Outcome Measures in
Arthritis Clinical Trials and the OARSI (OMERACT-OARSI) criteria which used the
transformed WOMAC score on a scale of 0-100 to estimate the high improvement
(16,27). Transformed-pain score was calculated as (pain*100/20) points and transformed-
function score was identified as (function*100/68) points. Study participants with pain or
function transformed score < 20 points and < 50% improvement at the follow-up point

compared with the baseline scores were considered as non-responder to TJR (831).

Based on the TJR non-responding categories resulted from each of the classification
criteria used in this analysis, if the OA patients were considered as non-responders to TJR
pain relief and non-responders to TJR function improvement, they were classified as non-
responders to both TJR pain and function. While the study participants who were
categorized as non-responders to TJR pain and responders to TJR function, or the
participants who were categorized as responders to TJR pain and non-responders TJR

function were considered as non-responders to either TJR pain or function.

7.4.3 Demographic information:
Self-administered questionnaire was used to collect the patients’ demographic,
occupation, medical history, and family history information including age, sex, height,

and weight at surgery, Appendix E. Patient’s age was calculated by subtracting the birth
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date from the TJR surgery date, then divided by 365.25 to get the number of years. The
BMI was calculated by dividing patient’s weight in kilograms by the squared height in

meters (441,513).

7.4.4 Genome-wide genotyping:
The genome-wide genotyping analysis was previously described in detail in section 5.4.4

of the materials and methods of chapter 5 of this thesis.

7.4.5 Pre-association QC and imputation analysis of the genotyping data:

Since pre-association QC filtering is one of the necessary steps in the GWAS analysis to
eliminate low genotyping quality of the DNA samples and genetic variants, the QC check
was performed separately for the [llumina HumanOmni2.58 and the Infinium GDA 8 v1.0
SNP genotyping datasets as described in detail in section 5.4.5 of the materials and
methods in chapter 5 (583). Then, the genetic variations IDs were updated in both SNP
genotyping datasets using PLINK (V2.0) (586) and were used in the genome-wide

imputation analysis.

For this study, imputation analysis using ShapelT4 (589) and Impute5 (590) programs
was performed on the Compute Canada computing cluster and the Wellcome Trust
Sanger Imputation Service for both SNP genotyping datasets as explained in chapter 5,

section 5.4.6 (588).
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Subsequently, both OA Illumina HumanOmni2.58 and the Infinium GDA 8 v1.0 SNP
genotyping datasets were merged into one VCF file using BCFtools (591) and converted
to PLINK binary BED file format with PLINK(V2.0) (586). Then, the post imputation
QC filtering was performed with PLINK(V1.7) (584) to exclude duplicated and non-OA
samples, as well as eliminate rare SNPs with MAF<0.01 that are deviated from the HWE

(p <0.0001).

7.4.6 Genome-wide association analysis:

The genome-wide association analysis was performed to investigate the association
between the whole-genome genetic variants and non-responders to TJR pain, function,
both (pain and function), and either (pain or function) in all OA, knee OA, and hip OA
patients. This GWAS analysis was conducted using the mixed effects logistic regression
(MLR) of the genome-wide association analysis implemented in the MilorGWAS
package in R version 4.1.2 and included the top 10 PCs to completely correct for
population structure (601) similar to the genome-wide association analysis conducted in
section 5.4.7 of the materials and methods in chapter 5. Finally, the genome-wide

significance level was defined at (p < 5*107%) to control for multiple testing.

7.5 Results:

The pre-association QC check of the [llumina HumanOmni2.58 SNP genotyping raw data
led to the exclusion of 865,471 variants with MAF<1%; three individuals with

discordance sex information; a total of 39,242 non-autosome variants; two participants
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and 9,717 variants with genotyping call rate <95%; a number of 192 variants deviated
from the HWE with p < 0.0001; and four non-Caucasian study participants were
identified by the PCA as outliers. Therefore, the clean [llumina HumanOmni2.58 dataset
contained 95 subjects and 1,466,378 autosomal genetic variants subsequence to the QC

filtering that were used in the downstream imputation analyses.

Similarly, a total of 947,440 variants with MAF<1%; one study participant with
disagreement of the sex information; 35,324 non-autosome variants; one sample and
18,787 variants with genotyping call rate <95%; a number of 61 variants out of HWE
with p <0.0001; two duplicated samples with IBD>0.5; and two non-Caucasian subjects
were identified by the PCA as outliers were excluded from the Illumina Infinium GDA 8
v1.0 dataset following to the QC filtering. Thus, the remaining 482 OA patients and

823,710 genetic variants were used for the imputation analyses.

In-house genotype imputation analysis pipeline detected 81,181,531 and 81,126,288
autosomal variants in the [llumina HumanOmni2.58 and Illumina Infinium GDA 8 v1.0
datasets, respectively. Our imputation results came in concordance with the imputation
findings from the Wellcome Trust Sanger Imputation Service. Subsequence to merging
the imputed genetic variations, a total of 9,617,754 autosomal genetic variants from 577
samples passed the post-imputation QC check, 441 of them were primary OA patients
with WOMAC data available and were included in the current study. Theses OA patients

included 315 (71.43%) knee and 126 (28.57%) hip OA patients, Table 7.1.
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Table 7.1: The characteristics of the 315 knee OA patients and 126 hip OA patient of this

study.
All OA patients | Knee OA patients | Hip OA patients Difference bptween
(n=441) (n=315) (n=126) Knee and Hip OA
patients P-value
Sex: Female N (%) 251 (56.9) 186 (59.05) 65 (51.59) 0.19
Age (mean+SD) years | 65.67+7.7 65.49+7.38 66.11+8.43 0.44
BMI (mean+SD) kg/m? | 33.93+7.03 35.09+6.93 31.01+6.42 0.0001

Values are mean = SD for continuous variable and percentage for sex. P-values were
obtained from Chi squared test for sex distribution and Student’s t-test for age and
BMI continuous variables.

Classification of the OA patients based on the absolute WOMAC change score identified
383 responders and 53 non-responders to the TJR pain; 369 responders and 68 non-
responders to the TJR function; 356 responders and 42 non-responders to the TJR both
(pain and function); and 357 responders and 79 non-responders to the TJR either (pain or
function), Table 7.2. While the OMERACT-OARSI classification criteria detected 378
responders and 52 non-responders to the TJR pain, 364 responders and 69 non-responders
to the TJR function, 349 responders and 42 non-responders to the TJR both (pain and
function), and 349 responders and 79 non-responders to the TJR either (pain or function),
Table 7.2. Moreover, Table 7.2 illustrates the joint specific (knee and hips) classification
of OA non-responders based on the absolute WOMAC change score and OMERACT-

OARSI classification criteria.
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Our analyses did not identify statistically significant differences (all p>0.35) of the TIR
responders and non-responders between the absolute WOMAC change score and
OMERACT-OARSI classification criteria, and we estimated the prevalence of the OA
non-responders to be about 20% of the TJR patients in the Newfoundland population,

Table 7.2.

Moreover, we did not find significant difference (all p> 0.06) between the TJR responders
and non-responders within each classification method, and there was no significant
difference in the TJR non-responders between the absolute WOMAC change score and
OMERACT-OARSI classification criteria except for BMI of THR pain (p=0.029) and

either (pain or function, p=0.001) non-responders, Table 7.3.
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Table 7.2: Classification of the OA patients of this study to responders and non-responders to the TJR surgery based on the
absolute WOMAC change score and the OMERACT-OARSI classification criteria.

All OA (n=441)

Knee OA (n=315)

Hip OA (n=126)

Absolute OMERACT- Absolute OMERACT- Absolute OMERACT-
WOMAC OARSI P-value] WOMAC OARSI P-value | WOMAC OARSI P-value
Score Score Score
Pain Responders # (%) 383 (86.85) | 378 (85.71) 272 (86.35) [ 269 (85.40) 111 (88.10) | 109 (86.51)
. ) .52
Non-responders # (%) | 53 (12.02) 52 (11.79) 0.53 42 (13.33) 42 (13.33) 0.53 11 (8.73) 10 (7.94) 0-5
Function | Responders # (%) 369 (83.67) | 364 (82.54) 261 (82.86) | 254 (80.63) 108 (85.71) | 110 (87.30)
Non-responders # (%) | 68 (15.42) 69 (15.65) 0.48 52 (16.51) 56 (17.77) 0.35 16 (12.70) 13 (10.32) 0.35
Both Responders # (%) 356 (80.73) | 349 (79.14) 252 (80) 245(77.78) 104 (82.54) | 104 (82.54)
Sl 4 0.51
Non-responders # (%) | 42 (9.52) 42 (9.52) 05 33 (10.48) 34 (10.79) 0.46 9(7.14) 8 (6.35)
Either Responders # (%) 357 (80.95) | 349 (79.14) 253 (80.32) [ 245 (77.78) 104 (82.54) | 104 (82.54)
Non-responders # (%) | 79 (17.91) 79 (17.91) 0.48 61 (19.37) 64 (20.32) 0.38 18 (14.29) 15 (11.90) 0.38

Difference between percentages of responders and non-responders to TJR was calculated using the Chi-square test.
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Table 7.3: Differences between responders and non-responders of the TJR patients in each classification method, and the
differences of non-responders to the TJR between the absolute WOMAC change score and the OMERACT-OARSI

classification criteria.

The absolute WOMAC change score

The OMERACT-OARSI
classification criteria

difference between TJR
non-responders in both
classification methods

Responders  |Non-responders [P-value |Responders |[Non-responders |[P-value |P-value

Sex (female #, %) | 218 (56.92) 33 (62.26) 0.461 |217(57.41)| 31(59.62) 0.763 0.83
TIR pain Age (meantSD) | 64.09+7.78 64.03+6.83 0.109 | 65.72+7.78 | 64.08+6.73 0.148 0.969
BMI (meantSD) | 33.93£7.16 34.15+6.07 0.829 |34.08+7.16 | 33.85+5.88 0.823 0.798
Sex (female #, %) | 207 (56.10) 43 (63.24) 0.275 204 (56.04)| 44 (63.77) 0.236 0.87

TJR function  |Age (mean+SD) | 65.90+7.75 64.29+7.29 0.116 |65.90+£7.75| 64.29+7.29 0.079 1

BMI (mean+SD) | 33.90+7.13 34.29+6.45 0.673 | 33.90+7.13 34.29+6.45 0.257 1
_ Sex (female #, %) | 202 (56.74) 28 (66.67) 0.221 199 (57.02)| 27 (64.29) 0.369 0.94
:ﬁft"l i’ltchﬁ(frf‘)m Age (meantSD) | 65.95+7.74 | 64485685 | 0242 |6581+7.76| 63.90+642 | 0.128 0.689
BMI (meantSD) | 33.89+7.12 33.9845.56 0.931 |34.00£7.17 | 34.44+5.84 0.700 0.713
. _ |Sex (female #, %) | 203 (56.86) 48 (60.76) 0.526 199 (57.02)| 48 (60.76) 0.544 0.93
ggiﬁgﬂiﬁlgpam Age (meantSD) | 65.98+7.75 | 64024722 | 0041 |6581+7.76| 64.18+7.16 | 0.09 0.889
BMI (meantSD) | 33.87+7.12 34.36+6.64 0.575 |34.00£7.17 | 34.44+6.30 0.612 0.936
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The absolute WOMAC change score

The OMERACT-0OARSI
classification criteria

difference between TJR
non-responders in both
classification methods

Responders [Non-responders |P-value |Responders [Non-responders |P-value |P-value

Sex (female #, %) | 161 (59.19) | 25 (59.52) 0.967 |161(59.85)| 24(57.14) 0.739 0.89
TKR pain Age (mean£SD) | 65.75+7.46 | 63.96+6.67 0.144 | 65.71£7.50 | 63.59+6.10 0.084 0.7915
BMI (mean+SD) |35.01+7.09 | 35.50+5.84 0.666 |35.05£7.12| 35.05+6.62 0.938 0.742

Sex (female #, %) | 152 (58.24)| 33 (63.26) 0.485 | 149 (58.66)| 35 (62.50) 0.597 0.77
TKR function  |Age (mean+SD) | 65.71£7.41 | 64.29+7.05 0.204 | 65.74£7.49 | 63.99+6.57 0.109 0.8194
BMI (mean+SD) |35.03£7.07 | 35.43+6.22 0.703 |35.02+7.12 | 35.74+6.03 0.484 0.7931

_ |Sex (female #, %) | 149 (59.13) | 22 (66.67) 0.407 |146(59.59)| 21(61.76) 0.81 0.94
:rﬁRffrfctgcfg)am Age (meantSD) | 65.9557.74 | 64.48£6.85 | 0234 |657147.45| 63.08+528 | 0.06 0.3514
BMI (mean+SD) |33.89+7.12 | 33.98+5.56 0.860 |35.13£7.15| 35.68+5.48 0.668 0.212

_ _ |Sex (female #, %) | 150 (59.29) | 36 (59.02) 0.969 |146(59.59)| 38(59.37) 0.975 0.76
gfflznftﬁf)(pam Age (meantSD) | 65.85+7.42 | 64.1127.05 | 0102 | 65714745 64214686 | 0.148 0.9361
BMI (mean+SD) | 34.95+7.05 35.61+6.40 0.503 |35.13£7.15 35.32+6.06 0.850 0.7951
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difference between TJR
The absolute WOMAC change score The OMERACT-OARSI non-responders in both
classification criteria classification methods
Responders [Non-responders |[P-value |Responders [Non-responders [P-value |P-value

Sex (female #, %) | 57 (51.35) 8 (72.73) 0.188 56 (51.38) 7 (70.00) 0.269 0.83

THR pain Age (mean£SD) | 66.07+8.50 |  64.32+7.42 0.512 | 65.75+8.42| 66.12+8.58 0.895 0.612
BMI (mean+SD) | 28.99£3.69 | 34.15+6.07 0.26 31.48+6.56 | 28.814+3.99 0.208 0.029

Sex (female #, %) | 55 (50.93) 10 (62.50) 0.389 | 55(50.00) 9 (69.23) 0.198 0.83

THR function |Age (mean+SD) | 66.34+8.51 | 64.32+8.01 0.376 | 66.14+8.36 | 64.45+8.79 0.507 0.967
BMI (mean+SD) | 31.15+6.50 | 30.57+5.75 0.734 | 31.1246.45| 31.12+6.10 0.948 0.805

_ISex (female #, %) | 53 (50.96) 6 (66.67) 0.372 | 53 (50.96) 6 (75.00) 0.207 1

:i%fgg(fgfm Age (meantSD) | 66.3048.48 |  65.58+7.65 | 0.806 |66.04:843| 67.38+9.12 | 0.666 0.664
BMI (mean+SD) |31.24+6.58 | 29.53+3.76 0.441 |31.33+6.49| 29.19+4.15 0.358 0.807

_ _ |Sex (female #, %) | 53 (50.96) 12 (66.67) 0.223 53 (50.96) 10 (66.67) 0.26 0.69
glfl;nfttﬁ)f)(p MM A ge (meantSD) | 66.3048.48 |  63.69+7.77 | 0228 | 66.04+843| 64.04£829 | 0.394 0.901
BMI (mean+SD) |31.25£6.59 | 30.13£5.60 0.498 |31.33+6.49 | 37.25+5.92 0.73 0.001

Values are numbers percentage for sex and mean+SD for age and BMI variables. P-values were obtained from Chi squared test for
sex distribution and Student’s t-test for continuous variables. TJR: total joint replacement, TKR: total knee replacement, THR: total
hip replacement, BMI: body mass index.
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Remarkably, the association analysis using the MLR in the R - MilorGWAS package between
the genetic variations and the TJR poor outcome based on both TJR non-responders’
classification methods identified similar associated variants. Our GWAS analysis in the entire
441 OA patient’s cohort based on both classification criteria identified four chromosomal regions
on chr7, 9, 18, and 21 to be significantly associated with non-responders to the TJR pain at the
GWAS significance level as shown in the Manhattan plot in Figure 7.1. There was no evidence
of population stratification in the association analysis between the genetic variations and non-
responding to the TJR pain relief throughout the 441 OA patients based on the Absolute
WOMAC Score classification criteria with inflation factor (A)=0.97, and the OMERACT-OARSI
classification method with inflation factor (1)=0.98. Moreover, the Q-Q plot of the association

test P-values did not visually show obvious deviation from what was expected under the

assumption of no genetic association in both classification criteria, Figure 7.2.
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Figure 7.1: A Manhattan plot of the GWAS results showing the significantly associated genetic
variations with non-responders to the TJR pain in 441 OA patients from the NFOAS based on A)
the Absolute WOMAC Score, and B) the OMERACT-OARSI classification methods. The red
line indicates the GWAS significance at o= 5*1078,
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Figure 7.2: The Q-Q plot that shows the deviation of the observed P-value from the null
hypothesis that there is no association between the genetic variants and the non-responders to the
TJR pain in the 441 OA patients based on A) the Absolute WOMAC Score, and B) the
OMERACT-OARSI classification methods.
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Two regions on chr7 were detected to be significantly associated with the TJR pain non-
responders in the whole 441 OA cohort. The INDEL rs563726736 was significantly associated
with the TJR pain non-responders with OR of 12.8 (p=9.64*107'%) and OR of 10.3 (p=1.26*10"%)
based on the Absolute WOMAC Score and the OMERACT-OARSI classification methods
(Table 7.4), respectively. This INDEL is an intronic variant in intron one of the diacylglycerol
kinase betas (DGKB) gene on chr7 as shown in the regional association plot in Figure 7.3A. The
second variant that was detected to be significantly associated with the TJR poor pain outcome
was 1862456377 with OR of 6.71 (p=2.79*10"%%) based on the Absolute WOMAC Score criteria
and OR of 6.76 (p=9.95*10"°) based on the OMERACT-OARSI classification criteria, Table
7.4. This SNP is intronic variant that falls in the intron two of the von Willebrand factor C

domain containing 2 (VWC2) gene on chr7, Figure 7.3B.

Moreover, we found that A allele of the rs2441639 SNP was significantly associated with the
TJR pain non-responders with OR of 9.10 (p=8.13*10'°) from the Absolute WOMAC Score
classification method, and OR of 7.53 (p=7.07*10"'%) based on the OMERACT-OARSI
classification criteria, Table 7.4. This SNP is in intron two of the Phosphoglucomutase 5
Pseudogene 2 (PGM5P2) on chr9, Figure 7.3C. The other significantly associated variants with
the TJR pain poor outcome on chr9 are adjacent to the rs2441639 SNP and included the INDEL
1149992177 (OR=5.98, p=3.28*10") from the Absolute WOMAC Score classification method,
and (OR=5.59, p=5.47*10"") based on the OMERACT-OARSI classification criteria, and SNP
1$9408586 (OR=7.89, p=2.57*1071%) from the Absolute WOMAC Score, and (OR=7.18,

p=4.03*1071%) from the OMERACT-OARSI classification method, Table 7.4. These two variants
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are adjacent to the Forkhead Box Protein D4-Like 6 (FOXD4L6) gene on chr9 as shown in the

regional association plot in Figure 7.3C.
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Table 7.4: The most significantly associated genetic variants with the TJR pain non-responding in the 441 OA samples.

. . The Absolute WOMAC Score The OMERACT-OARSI
CHR | position Variant ID Allele 1
MAF Aff | MAF Un-aff | OR P-value MAF Aff MAF Un-aff | OR P-value
ACACACAC
7 14983262 rs563726736 | ACACACAC 0.11 0.01 12.8 9.64*107'° 0.11 0.01 10.29 1.26%10
ACACACAC
7 49914144 | 1s62456377 | G 0.13 0.02 6.76 2.79%10% | 0.13 0.02 6.71 9.95%10™"
9 52415 1$2441639 A 0.25 0.03 9.10 8.13*10"° | 0.23 0.03 7.53 7.07%¥10
9 52625 rs149992177 | CA 0.18 0.02 5.98 3.28%10% | 0.17 0.03 5.59 5.47%10°%
9 55099 rs9408586 C 0.18 0.02 7.89 2.57*%1071° 0.17 0.03 7.18 4.03*%1071°
18 13824807 rs4797006 G 0.15 0.02 8.96 7.43*%10"! 0.16 0.02 11.25 1.09%107"
18 13825028 | rs146474469 | C 0.15 0.02 8.96 7.43*10" 1 0.16 0.02 11.25 | 1.09%10"2
21 0827857 rs71236670 C 0.12 0.46 0.19 6.14*%10% 0.12 0.46 0.17 2.34%10°%
21 9955015 rs189820349 | A 0.18 0.52 0.24 5.40%10” | 0.19 0.52 0.26 2.38%10%
21 9972507 rs376101925 | A 0.20 0.54 0.26 4.75%10°% 0.20 0.54 0.27 9.96*10"
21 9972611 rs4361469 A 0.20 0.53 0.27 1.37%10 0.20 0.53 0.29 3.18*10%
21 10476925 | rs1907506 A 0.18 0.51 0.25 1.07%10% | 0.16 0.51 0.22 2.11*10%
21 10775663 rs111909407 | A 0.09 042 0.16 8.28*10°" 0.11 042 0.19 1.48%108
21 10839945 | rs113445703 | CGAATG 0.15 0.48 0.21 6.55*10 | 0.15 0.48 0.22 1.07*10

CHR: chromosome, Allele 1: the risk allele, MAF _Aff: minor allele frequency of the risk allele in the TJR pain non-responders,
MAF _un-Aff: minor allele frequency of the risk allele in the TJR pain responders, Allele 2: Major allele, OR: odd ratio.
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Figure 7.3: The regional association plot for the chromosomal region showing the most
significantly associated genetic variants with the TJR pain non-responders: A) INDEL
1$563726736 with p<1.26*10-%. This INDEL is an intronic variant in intron one of the
diacylglycerol kinase beta (DGKB) gene on chr7; B) The second locus on chr7 included SNP
1$62456377 with p<2.79*10"%, This SNP is intronic variant that falls in the intron two of the von
Willebrand factor C domain containing 2 (VWC2) gene on chr7; C) The top SNP on chr9 was
12441639 with p<7.07*107'4, Variants on this locus are in intron two of the
Phosphoglucomutase 5 Pseudogene 2 (PGM5P2) and adjacent to the Forkhead Box Protein D4-
Like 6 (FOXD4L6) gene on chr9; D) Variants rs4797006 and rs146474469 on chr18 (p<7.43*10"
1), These variants are intronic variants in locate in intron one of the melanocortin5 receptor
(MC5R) gene; E) The top SNP in the first associated chromosomal region on chr21 was
1s376101925 with p<9.96*10~. SNPs of this locus are adjacent to the Tektin 4 Pseudogene 2
(TEKT4P2) Pseudogene; F) the top variant of the second associated locus on chr21 was
rs1907506 with p<1.07*10%, Variants of this region fall ~ 400 KBPs upstream of the
Transmembrane Phosphatase With Tensin Homology (TPTE) gene on chr21.
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Furthermore, we found that SNP rs4797006 (T>G, MAF=0.16) and INDEL rs146474469
(CTTACTTAC>CTTAC, MAF=0.16) on chr18 were significantly associated with non-
responders to the TJR pain (OR= 8.96, p=7.43*10"!") based on the Absolute WOMAC Score, and
(OR=11.25, p=1.09 *10°'?) based on the OMERACT-OARSI classification method in the 441
OA patients, Table 7.4. Pairwise linkage analysis revealed that these two variants are in LD,

r’=1 in intron one of the melanocortin3 receptor (MC5R) gene on chrl8 as shown in the regional

association plot in Figure 7.3D.

Additionally, two chromosomal regions on chr21 were found to be significantly associated with
non-respon